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Andrea Santos, Ion Cristóbal, Jaime Rubio, Cristina Caramés, Melani Luque and Marta
Sanz-Alvarez et al.
MicroRNA-199b Deregulation Shows Oncogenic Properties and Promising Clinical Value as
Circulating Marker in Locally Advanced Rectal Cancer Patients
Reprinted from: Int. J. Mol. Sci. 2022, 23, 2203, doi:10.3390/ijms23042203 . . . . . . . . . . . . . . 243

Brian G. Jorgensen and Seungil Ro
MicroRNAs and ‘Sponging’ Competitive Endogenous RNAs Dysregulated in Colorectal
Cancer: Potential as Noninvasive Biomarkers and Therapeutic Targets
Reprinted from: Int. J. Mol. Sci. 2022, 23, 2166, doi:10.3390/ijms23042166 . . . . . . . . . . . . . . 259

vi



Citation: Gazzillo, A.; Polidoro, M.A.;

Soldani, C.; Franceschini, B.; Lleo, A.;

Donadon, M. Relationship between

Epithelial-to-Mesenchymal Transition

and Tumor-Associated Macrophages

in Colorectal Liver Metastases. Int. J.

Mol. Sci. 2022, 23, 16197. https://

doi.org/10.3390/ijms232416197

Academic Editor: Donatella

Delle Cave

Received: 24 October 2022

Accepted: 13 December 2022

Published: 19 December 2022

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2022 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

 International Journal of 

Molecular Sciences

Review

Relationship between Epithelial-to-Mesenchymal Transition and
Tumor-Associated Macrophages in Colorectal Liver Metastases
Aurora Gazzillo 1, Michela Anna Polidoro 1 , Cristiana Soldani 1 , Barbara Franceschini 1, Ana Lleo 1,2,3

and Matteo Donadon 1,4,5,*

1 Hepatobiliary Immunopathology Laboratory, IRCCS Humanitas Research Hospital, 20089 Rozzano, MI, Italy
2 Department of Biomedical Sciences, Humanitas University, 20072 Pieve Emanuele, MI, Italy
3 Division of Internal Medicine and Hepatology, Department of Gastroenterology, IRCCS Humanitas Research

Hospital, 20089 Rozzano, MI, Italy
4 Department of Health Sciences, Università del Piemonte Orientale, 28100 Novara, NO, Italy
5 Department of General Surgery, University Maggiore Hospital Della Carità, 28100 Novara, NO, Italy
* Correspondence: matteo.donadon@uniupo.it

Abstract: The liver is the most common metastatic site in colorectal cancer (CRC) patients. Indeed,
25–30% of the cases develop colorectal liver metastasis (CLM), showing an extremely poor 5-year sur-
vival rate and resistance to conventional anticancer therapies. Tumor-associated macrophages (TAMs)
provide a nurturing microenvironment for CRC metastasis, promoting epithelial-to-mesenchymal
transition (EMT) through the TGF-β signaling pathway, thus driving tumor cells to acquire mesenchy-
mal properties that allow them to migrate from the primary tumor and invade the new metastatic
site. EMT is known to contribute to the disruption of blood vessel integrity and the generation of
circulating tumor cells (CTCs), thus being closely related to high metastatic potential in numerous
solid cancers. Despite the fact that it is well-recognized that the crosstalk between tumor cells and the
inflammatory microenvironment is crucial in the EMT process, the association between the EMT and
the role of TAMs is still poorly understood. In this review, we elaborated on the role that TAMs exert
in the induction of EMT during CLM development. Since TAMs are the major source of TGF-β in the
liver, we also focused on novel insights into their role in TGF-β-induced EMT.

Keywords: colorectal liver metastases; epithelial-to-mesenchymal transition; tumor-associated
macrophages; TGF-β signaling

1. Background

Colorectal cancer (CRC) is the third most commonly diagnosed malignancy, as well
as the second leading cause of cancer-related mortality worldwide. It is the second most
frequent cancer in women, after breast cancer, and the third most frequent in men, following
lung and prostate cancer [1]. Although the incidence and mortality of CRC is showing a
steady decrease in population over age 50 due to effective cancer screening measures, the
occurrence of this malignancy in people younger than 50 years has been rapidly rising over
the past 10 years [2]. Despite significant improvements in its diagnosis and treatments,
most deaths are due to the development of distant metastasis characterized by a highly
resistance to conventional therapies [3,4]. Indeed, 25–30% of CRC patients already have
colorectal liver metastasis (CLM) at the time of diagnosis, or they will develop them after
the resection of the primary tumor with an extremely poor 5-year survival rate [5].

In the last years, the crosstalk between cancer cells and the tumor microenvironment
(TME) has been shown to play a key role in the clinical outcomes of CRC patients [6,7]. Indeed,
tumor-associated macrophages (TAMs), the most abundant cells in TME, have been shown to
promote tumor cells invasion and extravasation, to provide a supportive microenvironment for
metastases and to be key determinants for the efficacy of anticancer strategies [8,9]. Among the
pro-tumor mechanisms promoted by TAMs, TGF-β signaling represents a powerful activator
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of epithelial-to-mesenchymal transition (EMT), a process that plays a crucial role in CRC
metastasis and in the resistance to chemotherapy and immunotherapy drugs [10–13]. Notably,
the EMT represents an interesting therapeutic target in the treatment of cancer and could
be exploited either to prevent tumor dissemination in patients with high risk to develop
metastatic lesions or to eradicate existing metastatic cancer cells in patients with advanced
disease [14]. Furthermore, despite it is well-recognized that the crosstalk between tumor
cells and the inflammatory microenvironment is crucial in the EMT process, the association
between the EMT and the role of TAMs is still poorly understood [15].

In this light, we reviewed the current knowledge about the EMT in CRC invasion,
focusing on the role that TAMs play in the development of CLMs by inducing EMT through
the TGF-β signaling pathway.

2. The Role of Epithelial-to-Mesenchymal Transition (EMT) in CRC

The liver is the most common CRC metastatic site as it receives and filter the blood
from the intestine through the portal vein [16]. CLMs represent the final stage of a multi-
step biological process. Firstly, cancer cells begin to migrate to the surrounding tissues near
the primary CRC site and then they spread in venules, capillaries and lymphatic vessels
until they enter the systemic circulation [17]. Once in the vasculature, circulating tumor
cells (CTCs) reach the sinusoidal vessels of the liver [18]. The EMT mechanism provides
tumor cells with several dynamic properties that help them to overcome environmental
selective limitations of the metastatic translocation [19]. Upon EMT activation, tumor
cells undergo to a wide range of biological and molecular changes, which facilitate their
dissemination from the primary site, to the formation of metastases in distant organs [20].
Morphologically, EMT leads to the loss of typical polygonal shape of the cancer epithelial
cells and the emergence of a more spindle-shaped fibrous mesenchymal-like cells. Epithelial
cells are characterized by tight junctions, the expression of intercellular adhesion molecules
and apical–basal polarity [21,22]. During EMT, they downregulate the expression of several
epithelial proteins, such as Epithelial-cadherin (E-cadherin), claudins, and occludins, while
upregulating the mesenchymal proteins, such as neural-cadherin (N-cadherin), fibronectin,
and vimentin [23]. The loss of epithelial markers during EMT causes the nuclear translo-
cation of β-catenin, activating the NF-kB pathway and thereby inducing the expression
of different matrix metalloproteases (MMPs) [24]. Upon secretion of proteolytic enzymes,
MMPs may degrade almost all the components of the extracellular matrix (ECM), such as
collagens and laminin, influencing cell proliferation, migration, and adhesion [25]. In CRC,
the EMT pathway has been associated with the increased expression of several MMPs,
such as MMP2/7/9, by both in vitro studies in CRC cell lines and integrated multi-omics
investigations [26,27]. Therefore, EMT may lead to the epithelial cell–cell junction disrup-
tion, loss of apical–basal polarity and cytoskeleton remodeling. Meanwhile, mesenchymal
characteristics such as enhanced migratory capacity, invasiveness and elevated resistance
to apoptosis are acquired [28]. Accordingly, recent studies showed that metastatic CRC
patients with CTCs expressing EMT-related genes have worse progression free survival
(PFS) and shorter overall survival (OS), suggesting the possibility of exploiting EMT-CTCs
as prognostic factors in CRC [29].

CLMs spread can be enhanced by angiogenesis process. It has been shown that, in
the presence of the primary tumor, the liver parenchyma adjacent to the liver metastases
provides an angiogenic prosperous environment for metastatic tumor growth [30]. How-
ever, recent studies demonstrated that CLMs can also metastasize via a non-angiogenic
process mediated by EMT, known as vessel co-option [31]. Interestingly, CRC cells can
hijack pre-existing vessels of the host liver when conditions are not favorable to form new
ones [32]. In CLMs, high levels of EMT markers have been detected in co-opted tumors
compared to their angiogenic counterpart [33]. Indeed, Rada et al. recently demonstrated
that EMT enhances CRC cells infiltration within liver parenchyma and the motility in
hepatocytes, which displaced at the edge of tumor nests to allow the occupation of their
space by cancer cells [34]. Another crucial step for metastatic invasion is represented by
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the disruption of blood vessels integrity [35]. The resulting altered vascular permeabil-
ity allows tumor cells intravasation in the blood stream and subsequent extravasation in
the metastatic site (Figure 1). The adherence of circulating CRC cells to the sinusoidal
endothelial cells (SECs) of the liver is a crucial process involved in liver invasion and occurs
upon selectins binding [36]. Rigorous blood vessel integrity is normally maintained by
adherent junctions, whose basal organization is dictated by vascular endothelial cadherin
(VE-cadherin), enforced by p120-catenin (p120) and spans the plasma membrane [37,38].
In such scenario, Dou et al. demonstrated that CRC cells that underwent EMT can inter-
act with endothelial cells to increase vascular permeability. Specifically, EMT-CRC cells
produced exosomal miR-27b-3p, which once transferred to endothelial cells, enhanced
blood vessel permeability, thus facilitating cancer cell extravasation in the metastatic site
by targeting VE-cadherin and p120 [39].
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Once in the circulation, CTCs are subjected to a harsh selective pressure imposed by
shear forces within the vessels but also the evasion of immune surveillance by the numer-
ous immune cells in the plasma [40]. Accordingly, recent studies in mouse models showed
CTCs survive in blood circulating for a short time, before being rapidly eradicated [41].
In order to survive in the bloodstream and form a niche at secondary sites, CTCs exploit
EMT that activates survival pathways (such as activation of Akt, PI3K or EGFR pathways),
that enable EMT-shifted cells to better resist apoptosis [19]. Moreover, EMT-mediated
overexpression of the cell–cell junction marker plakoglobin may lead to generation of CTCs
clusters, comprised of tumor cells with or without other non-malignant cell types, such as
mesenchymal cells, epithelial cells, immune cells, platelets, and cancer-associated fibrob-
lasts, that can contribute to the survival and metastatic advantages of CTC clusters [42].
Furthermore, the development of strong intercellular bonds allows invading cancer cells to
resist the forces of plasma flow and circulating blood cells, when they adhere to hepatic
sinusoids. Tumor cell adhesion and stabilization under the hydrodynamic conditions of
blood flow are correlated to the expression of multiple signaling molecules, such as focal
adhesion kinase, paxillin, and cytoskeletal proteins, such as actin or microtubules [43].

Subsequently, tumor cells start to interact with the extracellular matrix (ECM) of the
invaded tissue, exploiting integrins, essential receptors able to stabilize the tumor cell
adhesion [44]. Once disseminated to a distant site, cancer cells are believed to regain
epithelial properties in a reverse process, referred to as mesenchymal-epithelial transition
(MET), characterized by loss of migratory ability, with cells adopting an apical–basal
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polarization and expressing junctional complexes [45]. MET leads to the inhibition of
cancer cells migration and induces their proliferation, leading to the growth of the new
tumor. However, the definition of EMT has now been broadened, based on many new
observations of intermediate hybrid epithelial and mesenchymal phenotypes, referred as
partial EMT state [46]. These intermediate states that easily induce or reverse EMT process
reflect the delicate balance of transcriptional drivers and suppressors of EMT and offer a
more dynamic interpretation of the fluidity and plasticity of this phenomenon. Indeed, a
recent study performed on CRC tissue samples showed the involvement of partial EMT at
the invasive tumor front and the involvement of partial MET in both lymph node and liver
metastases, based on the expression patterns of the miR-200 gene family in these critical
locations [47]. These results highlighted that CRC cells undergo EMT at the invasive front
of primary site along with their ability to recapitulate the phenotype of the primary tumor
in the metastatic site.

3. The Molecular Mechanisms of EMT in CRC

One of the most distinguishing features for the establishment of an EMT phenotype
is the overexpression of mesenchymal markers and deregulation of structural adhesion
proteins. Among the aforementioned mesenchymal proteins, the most relevant ones
induced in CRC during EMT are N-cadherin, vimentin, and fibronectin [21]. N-cadherin is
a calcium-dependent transmembrane glycoprotein that mediates cell–cell adhesion, whose
aberrant expression has been observed in many cancers because of it is closely related to
cancer cells transformation and invasiveness [48]. Instead, vimentin is a major constituent of
the intermediate filament family of proteins, whose physiological role is to maintain cellular
integrity and provide resistance against stress in normal mesenchymal cells [49]. In CRC,
the mesenchymal markers, N-cadherin and vimentin, have been shown to drive malignant
progression of tumor cells and to correlate with metastasis development and a worse OS
in patients [50,51]. Fibronectin is a soluble protein, part of the extracellular matrix (ECM),
which in physiological conditions plays a role in wound healing [52]. Downregulation of
fibronectin has been shown to inhibit colorectal carcinogenesis by suppressing proliferation,
migration, and invasion [53]. Furthermore, fibronectin has been demonstrated to promote
tumor cells growth and drugs resistance through a CDC42-YAP-dependent signaling
pathway in CRC [54].

On the counterpart, E-cadherin, essential for the maintenance of adherent junctions,
is fundamental for the physical integrity and polarization of epithelial cells [55]. Notably,
loss of E-cadherin expression has been associated with poor prognosis in stage III CRC
patients [56]. E-cadherin expression can be regulated at different levels in response to vary
induction signals, including transcriptional repression [57], promoter methylation [58], as
well as protein phosphorylation and degradation [59]. Indeed, the discovery that transcrip-
tional repressors of E-cadherin contribute to invasion and metastasis has strengthened the
evidence for the importance of the EMT in tumor progression.

EMT is modulated at different levels by epigenetic modifications, transcriptional
control, alternative splicing, protein stability, and subcellular localization [21]. The tran-
scriptional control of EMT is mainly driven by three groups of EMT-inducing transcription
factors: Snail, Zeb, and Twist families (Table 1). Snail family is characterized by zinc finger
transcription factors, all of which bind to a common binding motif known as the E-box
and comprise SNAIL1 and SNAIL2 (also known as SLUG) genes [60]. Besides their role
to repress E-cadherin expression, Snail transcription factors are involved in promoting
the expression of mesenchymal genes, such as vimentin, N-cadherin, and fibronectin [61].
Indeed, Snail1 expression in CRC is associated with tumor progression and metastasis
because it leads to the silencing of E-cadherin expression and to the induction of EMT [62].
Franci et al. showed that about 77% of colon cancer samples display Snail1 immunoreactiv-
ity both in activated fibroblasts and in carcinoma cells that underwent EMT, suggesting
that the presence of Snail1 immunoreactive cells may be exploited as prognostic marker
in patients with colon cancer [63,64]. Instead, the Zeb family comprises the 2-handed
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zinc finger/homeodomain proteins Zeb1 and Zeb2, which are especially overexpressed
in CRC [65,66]. These transcription factors regulate EMT by binding E-box on E-cadherin
promoter region and by upregulating LAMC2 mesenchymal gene to promote tumor inva-
sion [67]. A recent study showed that the loss of a circadian gene, named Timeless, was able
to induce EMT and E-cadherin downregulation in CRC cell lines, via a Zeb1-dependent
mechanism [68]. Furthermore, it has been described that transcription factor Zeb1 causes
severe alterations in the expression patterns of chromatin-modifying enzymes in CRC [69].
This study reported that the Zeb1-mediated upregulation of histone methyltransferase
SETD1B stabilized Zeb1-mediated EMT through a positive feedback loop between Zeb1 and
SETD1B, thus each protein can reinforce the activity/expression of the other. Lastly, Twist
family, which comprehend Twist1 and Twist2 transcription factors, activate N-cadherin
promoter and switch on mesenchymal markers such as N-cadherin and fibronectin, lead-
ing to E-cadherin-mediated cell–cell adhesion is lost and thereby promoting EMT [70].
Twist mediates an aggressive phenotype in human CRC cells. Indeed, a recent experiment
performed on human CRC cell lines showed that Twist overexpression triggers EMT by
E-cadherin downregulation and enhances tumor migration and invasion [71]. In addition,
Twist-overexpressing CRC cells were more chemo-resistant to the drug oxaliplatin than
control cells (Figure 2) [72].

Table 1. EMT transcription factors and their role in EMT mechanisms to promote CLM development.

EMT-TFs Members of TF Family Mechanisms in CLM-Related EMT References

Snail Snail1, Snail2
(SLUG genes)

� E-cadherin downregulation
� Vimentin, N-cadherin, and fibronectin mesenchymal genes upregulation

[60,61]

Zeb Zeb1, Zeb2
� E-cadherin downregulation
� LAMC2 mesenchymal gene upregulation
� Severe alterations in the expression pattern of chromatin-modifying enzymes

[67–69]

Twist Twist1, Twist2

� N-cadherin and fibronectin upregulation
� Loss of E-cadherin-mediated cell–cell adhesion
� Tumor migration and invasion
� Possible induction of chemoresistance to the drug oxaliplatin

[70–72]
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Multiple miRNAs are thought to even govern EMT. In CRC, it has been found that miR-
17-5p overexpression in tumor cell lines significantly decreased vimentin mRNA and pro-
tein expression, cell migration, and invasion, whereas downregulation of miR-17-5p in CRC
cell lines increased vimentin protein expression, cell migration and invasion in vitro [73].
In addition, the authors’ findings suggested that overexpression of miR-17-5p inhibited
liver metastasis in an intra-splenic injected mouse model. In another study, it has been
found that miR-566 overexpression markedly increased the E-cadherin expression and
inhibited the levels of vimentin and N-cadherin in several CRC cell lines (SW480, SW620,
LoVo, HT29 and Caco-2) [74]. Therefore, miR-566 overexpression inhibited PSKH1 gene,
suppressing cell proliferation, whereas inhibition of its expression enhanced cell survival
and proliferation. The correlation between altered expression of specific miRNAs and
CRC insurgency have triggered the examination of microRNAs as urinary noninvasive
biomarkers, alternatively to invasive colonoscopy to detect early stages of the disease [75].

4. The Relationship between EMT and TGF-β Signaling Pathway in CRC

The transforming growth factor-β (TGF-β) is multifunctional cytokine that plays a role
not only in the regulation of EMT, but also in the survival, development and differentiation
of almost all cell types and tissues [76]. In cells of epithelial- and endothelial-origins, TGF-β
also is a powerful suppressor of cell growth and proliferation [77]. Indeed, in the colon
tissue, TGF-β signaling regulates the growth of normal cells in the colonic crypt and villi [78].
However, CRC can evade the tumor suppressing effects of TGF-β pathway, which represents
one of the most commonly altered pathways in human cancers [79]. TGF-β signaling exists
in three isoforms (TGFβ1, TGFβ2, TGFβ3) and it is mainly divided into two subfamilies:
the TGF-β-activin-nodal subfamily and the bone morphogenetic protein (BMP) subfamily.
TGF-β pathway is triggered via transmembrane serine/threonine kinase TGF-β type I re-
ceptors (TGF-βRI or ALK5) and TGF-β type II receptors (TGF-βRII). Upon TGF-β binding,
TGF-βRII recruits and phosphorylates the cytoplasmatic domain of TGF-βRI, leading to the
phosphorylation and activation of downstream transcription factors, SMAD2 and SMAD3 in
the TGF-β-activin-nodal subfamily and SMAD1/5/8 in BMP subfamily [80]. In both cases,
these activations allow them to bind SMAD4, generating SMAD complexes that translocate
into the nucleus and bind DNA in a cell-specific manner, thus regulating the transcription of a
multitude of TGF-β-responsive genes, including transcription factors belonging to the Snail
family (e.g., Snail, Twist, or ZEB1), or of STAT3 [81,82]. The activation of these transcription
factors elicits EMT-gene expression and ultimately promotes the prolonged induction of EMT
via DNA methylation-mediated silencing of E-cadherin expression, as well as the upregu-
lation of mesenchymal markers [83]. Among the numerous mesenchymal EMT-associated
genes upregulated by TGF-β, there are N-cadherin, vimentin, and fibronectin, but also β3
integrin and several matrix metalloproteinases, such as MMP-3 and MMP-9 [84]. Indeed,
TGF-β is often used in the cell culture to induce EMT and metabolic reprogramming in
various epithelial cells [85,86]. Alternatively, activation of noncanonical TGF-β signaling,
such as mitogen-activated protein kinase (MAPK), phosphoinositide 3-kinase (PI3K)/Akt
and Rho/Rho-associated protein kinase (ROCK) pathways, also works with TGF-β in its
regulation of EMT [83].

Altered functions of TGF-β lead to different gene expression patterns contributing to
the development of oncogenic signaling and increasing the invasiveness ability of cancer
cells [87]. Indeed, the initiation of oncogenic signaling boosted by TGF-β converts the
regulation of physiological EMT in normal epithelial cells to pathological EMT in their
malignant counterparts [84]. Loss of SMAD proteins represents one of the leading causes,
and almost 25% of patients affected by CRC display a mutation in the SMAD4 protein
complex [88]. Notably, the consensus molecular subtype (CMS) 4 of CRC displays the
downregulation of SMAD4 [89]. Instead, SMAD4 upregulation suppresses invasion and
restores the epithelial phenotype in the SW480 CRC cell line. Knockdown of SMAD4 led
to increased levels of endogenous TGF-β cytokines, which upregulated TGF-β signaling
and induced EMT [90]. SMAD4 is also a central component of the BMP signaling pathway,
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implicated in CRC pathogenesis. Hence, it has been shown that loss of SMAD4 alters BMP
signaling and promotes CRC metastases via activation of Rho and ROCK pathways, leading
BMP signaling to switch from tumor suppressive to metastasis-promoting function [91].
Contrarily, a recent study showed a SMAD4-independent EMT pathway in CRC, in which
two epithelial SMAD4mut CRC cell lines were able to acquire mesenchymal characteristics
and regulate EMT marker genes in response to Snail1 induction, with phenotype inde-
pendent from TGF-β and BMP receptor activity. These results suggested that there might
be alternative transcription factors taking over the gene regulatory functions of SMAD4
during EMT in CRC [92].

TGF-β signaling has been shown to possess a dual role in the tumor microenvironment
(TME), known as the “TGF-β paradox” [93]. In early-stage tumors, the TGF-β pathway acts
as a tumor suppressor by inducing apoptosis, triggering cell cycle arrest, and thus inhibiting
the proliferation of cancer cells [94]. In contrast, in late-stage tumors, it has pro-tumoral
effects by modulating genomic instability, epithelial-mesenchymal transition (EMT), neo-
angiogenesis, immune evasion, cell motility, and metastasis [95,96]. In this context, in
CRC with high microsatellite instability (MSI-H subtype), TGF-βRII mutations interfere
with TGF-β-induced EMT and therefore reduce the migratory and invasive capabilities
of CRC cells, providing a better prognosis than microsatellite-stable CRCs [97,98]. On the
other hand, the CMS4 subtype, with reduced expression of SMAD4, has been associated
with poor OS [89,99]. In such a scenario, the bidirectional activity performed by TGF-β
signaling in different CRC subtypes reflects the complexity of this signaling pathway in this
tumor. Indeed, TGF-β signaling mutations enhance EMT and, subsequently, tumorigenesis
and metastases in the CRC-CMS4 subtype, while TGF-βRII mutation impairs EMT and
provides a better prognosis [100].

5. The Role of Tumor-Associated Macrophages (TAMs) in CRC Progression

The tumor microenvironment (TME) provides an essential dynamic niche with a
key role in cancer initiation and progression [8,101,102]. In CRC, the microenvironment
is composed of stromal cells and immune cells such as granulocytes, lymphocytes, and
tumor-associated macrophages (TAMs), which affect tumor immune-suppression and
inflammation [103,104]. Among the immune cells, TAMs represent the dominant cell type
in TME and exhibit different functional polarization, known as M1 or M2 phenotype,
in response to various stimuli from both tumor and stromal cells [105,106]. Different
methodological approaches have allowed for highlighting the heterogeneity of TAMs
in terms of function, polarization, and tissue localization [107]. Within the liver, these
technologies include gene expression profiling [108], morphological identification [109], and
evaluation of TAMs-specific markers [110]. Moreover, high dimensional analysis exploiting
single-cell and spatial genomics technologies, such as single-cell RNA sequencing and mass
cytometry by time-of-flight (CyToF), have allowed us to assess TAMs heterogeneity at an
unprecedented resolution [111].

The classical M1 polarization is induced by recognition of pathogen-associated moieties,
such as lipopolysaccharides (LPS) and Interferon gamma (INF-γ), with a key role in the
innate response against pathogenic infection. Indeed, M1 macrophages are mainly involved
in proinflammatory responses by producing proinflammatory cytokines (such as IL-12, IL-23)
and chemokines (such as CXCL9 and CXCL10) [112,113]. M1 polarization can be identified by
overexpression of CD80, CD86 and CD16/32 markers [114]. In contrast, M2 macrophages,
which are induced by IL-4 and IL-13, exert a more anti-inflammatory response This population
is characterized by elevated expression of arginase-1 (Arg-1), mannose receptor (CD206) and
by secretion of anti-inflammatory factors (IL-10), chemokines (CCL17, CCL2) and matrix
metalloproteinase 9 (MMP9) [114,115]. The majority of intra-tumoral macrophages has been
shown to exhibit an M2 phenotype and to be correlated with poor prognosis in several
tumors, including CRC [116,117]. In such scenario, flourishing literature demonstrated that
in response to signals released from cancer cells, adaptive immune cells, B cells, fibroblasts,
and macrophages themselves, such as IL-10, CCL2/3/4/5/7/8 and CXCL12 (colony stimulus
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factor 1 (CSF-1)), VEGF and interleukin-6 (IL-6), monocytes are recruited in the tumor niche
and differentiate into the TAMs with an M2-like phenotype [118]. This population creates an
environment that supports tumor growth and metastases by promoting tissue remodeling,
angiogenesis, and secreting immunosuppressive cytokines, thus inhibiting innate and adaptive
immune responses [112].

As mentioned above, TAMs play an important role in promoting tumor development
and recurrence, as well as in the efficacy of anticancer strategies [8]. Despite the dichoto-
mous M1/M2 classification, recent single-cell-resolution approaches have been useful
in recognizing the heterogeneity of TAMs beyond the classic M1-like or M2-like pheno-
types [102]. TAMs constitute a diverse macrophage population that shares features of both
the M1 and M2 subsets. Therefore, TAMs plasticity could be associated with peculiar roles
that macrophages exert in different cancers. With a particular focus on CRC, numerous
studies have shown that a high density of macrophages is indicative of favorable outcomes
in patients with stage III CRC [119]. The abundance of TAMs, particularly in CRC stage III
metastatic lymph-nodes, might modify the efficacy of 5-fluorouracil chemotherapy, increas-
ing CRC cell death and thus leading to better disease-free survival (DFS) [111]. Meanwhile,
other data support the opposite findings. Herrera et al. reported that infiltration of CD163+

macrophages together with cancer-associated fibroblasts (CAFs) in CRC tissues was related
to worse OS and PFS [120]. A recent study showed that a high density of macrophages
correlates with worse DFS in patients who underwent chemotherapy for unresectable
metastatic CRC after resection of the primary tumor. Indeed, TAMs were observed to
induce chemoresistance by promoting malignant angiogenesis [121]. Furthermore, TAMs
exert immunosuppressive roles in the CRC microenvironment. They recruit regulatory T
cells (Tregs) by secreting the chemokine CCL2 and IL-10. TAMs suppress the antitumor
immune response of T cells by metabolic starvation and inappropriately skew dendritic
cells toward an immature and tolerogenic state [122]. In addition, immunosuppressive
TAMs are characterized by high expression of immune-checkpoint molecules (such as
PD-L1), causing T-cell exhaustion [123].

6. Mechanisms Exploited by TAMs to Regulate EMT in Colorectal Liver Metastasis
(CLMs): A Focus on TGF-β Signaling Pathway

Despite the huge amounts of studies addressing the role and clinical relevance of
TAMs in primary CRC, less is known concerning their role in CLMs, probably due to
the different phenotypic profiles expressed by macrophages in the liver [124]. Kupffer
cells (KCs) are tissue-resident macrophages localized within the lumen of the liver si-
nusoids. KCs perform phagocytic and cytokine secretion activities that allow them to
eliminate circulating molecules and pathogens [125]. On the other hand, monocyte-derived
macrophages are mainly resident in the portal triad, where they contribute to iron and
cholesterol metabolism [126]. Therefore, TAMs with different morphologies and molecular
fingerprints coexist in CLMs and correlate with clinicopathological variables [112]. In-
deed, a recent study demonstrated that the morphology of tumor-associated macrophages
(TAMs) correlates with prognosis in CLM patients. Specifically, while TAMs density did
not correlate with survival in CLM patients, large (L)-TAMs, characterized by a bigger cell
area and perimeter, were associated with statistically significantly worse prognosis and
DFS, compared to small (S)-TAM ones [110].

The crosstalk between TAMs and EMT-CRC cells has been experimentally investigated
by both in vitro and in vivo approaches. A co-culture assay was recently realized in vitro
to evaluate the role of TAMs in CRC EMT, migration, and invasion [127]. This assay allows
us to appreciate the changing morphology and gene expression profile of both cellular
populations during their crosstalk, as well as to characterize the cytokines involved in
cell–cell interactions by the analysis of the co-culture supernatants. Although in vitro
metastasis models allow for the manipulation of each metastasis step, they do not provide a
comprehensive analysis of the whole metastatic process [128]. In contrast, in vivo metastasis
models may be more accurate in the representation of the metastatic process and can be
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genetically manipulated to mimic human cancer. In CLMs, in vivo experiments have been
performed by realizing mouse xenografts, in which HCT116 CRC cell line and in vitro
polarized TAMs were subcutaneously injected in 6–8-weeks-old nude mice [127]. Moreover,
HCT116 xenografts can be coupled with macrophage depletion, such as by intravenous
liposomal clodronate injection [129]. In this context, it is possible to study TAMs–CRC
cells interactions in vivo, TAMs migration, and polarization, as well as how this crosstalk
can change in the presence of specific microRNAs or interleukins that can be injected
into the implanted tumor. However, the disadvantages of this model are the difficulty in
assessing the contribution of the immune system in the metastatic process, because the
various populations of immune cells may not properly function in the xenograft TME [128].
Moreover, xenografts do not show tumor heterogeneity or histopathologic and genetic
characteristics of the original tumor. Therefore, additional research should be performed to
develop more precise models to study TAMs and EMT-CRC cell interaction.

In CRC metastatic process, increasing evidence highlighted that TAMs are responsi-
ble for the induction of EMT because of the release of multiple factors, such as IL-6 and
TGF-β [112]. Particularly, CD163+ TAMs have been observed to secrete IL-6, which, upon
binding of IL-6 receptor (IL6R) on the cancer cell surface, phosphorylate STAT3 (pSTAT3)
that translocated to the nucleus and regulates the expression of varying microRNAs, in-
cluding miR-506-3p, which promotes EMT (Figure 3A). Indeed, E-cadherin gene expression
was reduced in TAMs-mediated EMT, while the mesenchymal marker, vimentin, was
upregulated in CRC cell lines. Therefore, the crosstalk between TAMs and tumor cells
has been proposed to play an important role in inducing EMT in CRC and promoting
EMT-mediated metastasis [127]. Moreover, IL-6 secretion by TAMs has been observed to
induce chemoresistance through the activation of the IL6R/STAT3/miR-204-5p pathway in
CRC cells [130]. M1 macrophages exhibited a potential to induce EMT in HCT116 and RKO
CRC cell lines by secreting TNF-α and IL-1β [131,132]. Specifically, TNFα expression can
improve Snail protein expression and nuclear localization through the AKT pathway, upreg-
ulating N-cadherin and fibronectin with a concomitant decrease in E-cadherin [132]. Il-1β
secretion, instead, led to EMT of colon cancer cells with loss of E-cadherin, upregulation
of Zeb1, and gain of the mesenchymal phenotype in CRC cell lines [131]. Recent evidence
highlighted that CRC cells, through the NOTCH2/GATA3 pathway, undergo to EMT
process and secrete IL-4, thus polarizing macrophages into an M2-like phenotype [133].
Another study showed that the expression of protein phosphatase of regenerating liver-3
(PRL-3) in CRC cells was able to activate the MAPK pathway in TAMs, thus leading to the
release of IL-6 and IL-8 and inducing the EMT in cancer cells [134]. Furthermore, in vivo
and in vitro studies showed that mesenchymal CRC cells obtained by Snail-induced EMT
were able to secrete CXCL2, which promoted M2 macrophage infiltration and tumor cell
metastasis [135]. These results suggest that not only macrophages play a role in EMT, but
also tumor cells undergoing EMT could influence TAMs polarization. However, although
most of the studies in CRC have focused on TAMs’ roles in promoting tumor metastasis and
EMT, recent evidence showed that TAMs could inhibit EMT in patients affected by sporadic
CRC, thus exerting a protective role against the development of metastases [136]. Strong
CD68+ infiltration was reported to inhibit tumor burden, demonstrating that macrophages
could have an important role in fighting against CRC cells with EMT traits.
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IL-6, which then interacts with IL-6R, subsequently activating the JAK-STAT pathway that regulates
the expression of genes involved in tumor progression. (B) TGF-β secreted by TAMs interacts with
TGF-βI and TGF-βII receptors, leading to phosphorylation of SMAD2/3 and subsequent generation of
a complex with SMAD4, which finally leads to the expression of cancer-related genes. TAMs: Tumor-
associated macrophages; IL-6: Interleukin-6; IL-6R: Interleukin-6 receptor; TGF-b: Transforming
growth factor beta; TGF-βR: TGF-β receptor; JAK: Janus kinase; STAT3: signal transducer and
activator of transcription 3; SMAD: Suppressor of Mothers against Decapentaplegic.

TGF-β signaling pathway was highlighted to be involved in the crosstalk between
TAMs and tumor cells in CLMs tumor microenvironment and to facilitate the induction of
EMT in CRC cells [80]. It has been described that TGF-β secreted by TAMs activated the
SMAD signaling pathway by binding to the TGF-β receptors, followed by the phospho-
rylated Smad2/Smad3 to form a complex with Smad4 and regulate transcription of Snail.
Once TGF-β triggered EMT, Snail could repress the expression of E-cadherin, resulting in
CRC metastasis [137]. Further evidence demonstrated that Collagen Triple Helix Repeat
Containing 1 (CTHRC1) produced by CRC cells increased tumor burden and the number of
CLMs nodules in mouse models by modulating macrophage polarization to M2 phenotypes
through TGF-β signaling. Hence, CTHRC1 bound directly to TGF-βRII and TGF-βRIII in
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TAMs, stabilizing the TGF-β receptor complex and activating TGF-β signaling. Moreover,
the inhibition of TGF-β signaling in macrophages through CTHRC1 monoclonal antibodies,
coupled with PD-1/PD-L1 blockade, effectively led to the reduction of CLMs [138]. Inter-
estingly, different studies showed that CTHRC1 overexpression has been associated with
worse OS and DFS in CRC patients, driving the pathogenesis of the EMT process in CRC by
activating the TGF-β pathway [138,139]. TAMs and the TGF-β pathways are also involved
in the induction of CRC immune evasion [111]. In pediatric patients, it has been observed
that CD163+ macrophages promoted the progression of colorectal polyps by inhibiting the
local T-cell response through TGF-β production [140]. In another study performed on surgi-
cally resected CRC tissues, immunohistochemistry analysis showed that M2 macrophages
induced immunosuppressive T-reg cell generation through activation of the TGF-β/SMAD
signaling pathway (Figure 3B) [141]. Furthermore, increasing evidence suggests that TGF-β
secreted by TAMs could play crucial roles in pathophysiological processes by regulating
multiple microRNAs (miRNAs) [142,143]. In this context, TGF-β1 protein levels were
found to be highly expressed in CRC tumor tissues and in vitro polarized macrophages.
TAMs, obtained by in vitro co-culturing of macrophages with conditioned medium from
CRC cells, downregulated the expression of miR-34a in tumor cells by secreting TGF-β1,
inducing VEGF upregulation and thereby promoting cell proliferation and invasion of
CRC cells [142]. TGF-β1 upregulation has been observed in vessel co-opting CLMs as
well. Indeed, recent evidence showed that the TGF-β1 pathway may act as a mediator
contributing to hepatocyte displacement during CLM development [34]. Although the role
of TAMs remains unclear in this process, recent research showed that M1-macrophages are
predicted to interact with pericytes via TGF-β signaling in vessel-co-opted tumors [144].
However, other studies found that the expression of TGF-β1 and SMAD4 in the cytoplasm,
as well as the presence of TGF-βRII in the membranes of CRC cells, were associated with
lower levels of CD68+ macrophages. Hence, the main components of the TGF-β1 signaling
pathway (e.g., TGF-β1, SMAD4, TGF-βRII) could have an immunosuppressive effect via
inhibition of macrophage recruitment [143]. Therefore, although TAMs can be one of the
sources of TGF-β expression, the effects of TGF-β signaling on TAMs in CRC are not fully
understood and requires further investigation.

Among the different mechanisms correlating TAMs and EMT, recent studies showed
the potential use of anti-TGF-β strategies to impair CRC development, particularly in its
late stages [145]. However, anti-TGF-β therapy alone is insufficient to mediate antitumor
immunity in CRC. To overcome this problem, studies on the combination of other biological
agents or irradiated tumor vaccine with anti-TGF-β treatment showed a reduction in TGF-
β-induced EMT and correlated CRC metastasis [146]. Therefore, the combination therapy
of chemotherapy/radiotherapy/targeted therapy with anti-TGF-β might be developed to
achieve enhanced antitumor efficacy by regulating the tumor microenvironment. For these
reasons, the exploration of the mechanisms of TGF-β signaling to develop TGF-β-based
combination therapies might be very crucial for the development of new therapeutic
applications in CRC and CLM [147].

7. Concluding Remarks and Future Perspectives

In this review, we discuss the involvement of EMT in the development of colorectal
liver metastases (CLMs) and focus on the different signaling pathways exploited by TAMs
to promote EMT in CRC, particularly describing the TGF-β signaling pathway.

Curative treatment of CLMs relies on surgical resection and systemic chemotherapy,
providing the greatest chance for long-term survival. The 5-year survival after surgical
resection is approaching 50%, with a 5-year disease-free survival of 25% [148,149]. Unfortu-
nately, only 10–20% of patients are candidates for curative surgery. Instead, unresectable
patients display 3-year survival of only 15% and are left with palliative chemotherapy as
their only treatment option [150,151]. Fluoropyrimidine-based combinations (FOLFOX
and FOLFIRI) with or without target therapy using anti-vascular endothelial growth factor
(VEGF) or anti-epidermal growth factor receptor (EGFR) inhibitors represent the systemic
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treatments for CLM [152]. This combined approach offers the possibility to undergo hepatic
resection even to those patients who would not have been considered for surgery until a
few years ago. However, CLM patients display varying degrees of response to therapy, and
research over the last decade has aimed to characterize the invasion of immune cells into
the TME to stratify patient outcomes [153]. Anti-PD-1 or anti-PD-L1 blocking antibodies
have shown significant results in CRC with microsatellite instability (MSI) [154]. Moreover,
the neutralization of IL-10 effects in human CLMs has shown therapeutic potential as only
treatment and to augment the function of administered CAR-T cells [155]. Nevertheless, the
characterization of the immune landscape in CLM patients is complicated by the profound
heterogeneity of tumor lesions across patients and the frequent neoadjuvant treatments of
CLM patients, which could potentially affect the type of immune infiltrate [153].

Tumor-associated macrophages (TAMs) are essential players in CRC metastatic pro-
cess, exerting a crucial role in EMT [156]. Upon secretion of various cytokines and other
signaling molecules, such as exosomes, macrophages can crosstalk with CRC cells, pro-
moting the EMT of tumor cells. In turn, mesenchymal tumor cells have been observed
to enhance the recruitment of TAMs to the tumor site and promote their M2 polarization
by secreting IL-10 and IL-4 [157]. In recent years, strategies targeting TAMs, including
TAMs depletion, reprogramming, and inhibition of TAMs recruitment, have been inves-
tigated [111]. However, due to the significant heterogeneity of TAMs in the liver and
in regulating tumor metastasis, results obtained from clinical studies not always were
satisfying [158]. Therefore, it is necessary to further investigate the more unknown mech-
anisms by which TAMs promote CRC metastases, including EMT. Indeed, targeting a
single EMT receptor is unlikely to be effective because of the redundant nature of several
pathways and the biological features of EMT-transformed cells, such as increased cell
mobility, invasiveness, and chemoresistance, further complicating drug development [159].
A wide range of targets associated with EMT is required to be elucidated in the future to
overcome therapy resistance. Novel therapies have been proposed in oncology targeting
the TGF-β signaling pathway, exploited by TAMs to promote EMT and responsible for
resistance to conventional therapies in CRC [160]. Several TGF-β pathway antagonists
have advanced to clinical trials and demonstrated acceptable safety profiles and significant
therapeutic efficacy in cancer patients. In addition, TGF-β agonists may be exploited in
patients resistant to conventional therapies [161]. Chemotherapy drugs ginsenoside Rb2
and tanshinone II A displayed therapeutic effects acting as inhibitors of TGF-β-induced
EMT and angiogenesis, respectively [146,162]. Among the numerous pharmacological
approaches targeting TGF-β that have undergone preclinical and clinical stages, there are
neutralizing antibodies, TGF-β inhibitors, ligand traps, antisense oligonucleotides, and
vaccines [145]. In CRC, preclinical trials have shown that the combination with TGF-β
inhibitor Galunisertib, a selective inhibitor of TGFβRI, was able to enhance the efficacy
of chemotherapy and radiotherapy [163]. Coadministration of TGF-β inhibitors and anti-
PD-L1 antibodies displayed effective response in CRC patients by promoting CD8+ T
cells penetration into the tumor [164]. Moreover, it has been shown that dual blockade
of TAM recruitment and TGFβ signaling significantly augments the therapeutic efficacy
of chemotherapy via suppressing PD-L1 expression in metastatic CRC [165]. However,
despite the suitable results obtained in the ongoing clinical trials, the mechanisms under-
lying TGF-β mediated EMT promoted by TAMs remains unclear in CLMs patients. For
this reason, further investigations in this field may provide new therapeutic strategies for
fighting CLMs, which are still responsible for most of the deaths in CRC patients.
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88. Chruścik, A.; Gopalan, V.; Lam, A.K. The clinical and biological roles of transforming growth factor beta in colon cancer stem

cells: A systematic review. Eur. J. Cell Biol. 2018, 97, 15–22. [CrossRef]
89. Mooi, J.K.; Wirapati, P.; Asher, R.; Lee, C.K.; Savas, P.; Price, T.J.; Townsend, A.; Hardingham, J.; Buchanan, D.; Williams, D.; et al.

The prognostic impact of consensus molecular subtypes (CMS) and its predictive effects for bevacizumab benefit in metastatic
colorectal cancer: Molecular analysis of the AGITG MAX clinical trial. Ann. Oncol. 2018, 29, 2240–2246. [CrossRef]

90. Pohl, M.; Radacz, Y.; Pawlik, N.; Schoeneck, A.; Baldus, S.E.; Munding, J.; Schmiegel, W.; Schwarte-Waldhoff, I.; Reinacher-Schick,
A. SMAD4 Mediates Mesenchymal–Epithelial Reversion in SW480 Colon Carcinoma Cells. Anticancer Res. 2010, 18, 601–608.
[CrossRef]

91. Voorneveld, P.W.; Kodach, L.L.; Jacobs, R.J.; Liv, N.; Zonnevylle, A.C.; Hoogenboom, J.P.; Biemond, I.; Verspaget, H.W.; Hommes,
D.W.; de Rooij, K.; et al. Loss of SMAD4 Alters BMP Signaling to Promote Colorectal Cancer Cell Metastasis via Activation of Rho
and ROCK. Gastroenterology 2014, 147, 196–208.e13. [CrossRef] [PubMed]

92. Frey, P.; Devisme, A.; Rose, K.; Schrempp, M.; Freihen, V.; Andrieux, G.; Boerries, M.; Hecht, A. SMAD4 mutations do not
preclude epithelial–mesenchymal transition in colorectal cancer. Oncogene 2022, 41, 824–837. [CrossRef] [PubMed]

93. Wu, F.; Weigel, K.J.; Zhou, H.; Wang, X.-J. Paradoxical roles of TGF-&beta; signaling in suppressing and promoting squamous cell
carcinoma. Acta Biochim. Biophys. Sin. 2018, 50, 98–105. [CrossRef] [PubMed]

94. Seoane, J.; Gomis, R.R. TGF-β Family Signaling in Tumor Suppression and Cancer Progression. Cold Spring Harb. Perspect. Biol.
2017, 9, a022277. [CrossRef] [PubMed]

95. Lin, Y.-T.; Wu, K.-J. Epigenetic regulation of epithelial-mesenchymal transition: Focusing on hypoxia and TGF-β signaling. J.
Biomed. Sci. 2020, 27, 39. [CrossRef] [PubMed]

96. Bagati, A.; Kumar, S.; Jiang, P.; Pyrdol, J.; Zou, A.E.; Godicelj, A.; Mathewson, N.D.; Cartwright, A.N.R.; Cejas, P.; Brown, M.; et al.
Integrin αvβ6–TGFβ–SOX4 Pathway Drives Immune Evasion in Triple-Negative Breast Cancer. Cancer Cell 2021, 39, 54–67.e9.
[CrossRef] [PubMed]

97. Taieb, J.; Svrcek, M.; Cohen, R.; Basile, D.; Tougeron, D.; Phelip, J.-M. Deficient mismatch repair/microsatellite unstable colorectal
cancer: Diagnosis, prognosis and treatment. Eur. J. Cancer 2022, 175, 136–157. [CrossRef]

98. Pino, M.S.; Kikuchi, H.; Zeng, M.; Herraiz, M.; Sperduti, I.; Berger, D.; Park, D.; Iafrate, A.J.; Zukerberg, L.R.; Chung, D.C. Epithelial
to Mesenchymal Transition Is Impaired in Colon Cancer Cells with Microsatellite Instability. Gastroenterology 2010, 138, 1406–1417.
[CrossRef]

99. Mizuno, T.; Cloyd, J.M.; Vicente, D.; Omichi, K.; Chun, Y.S.; Kopetz, S.E.; Maru, D.; Conrad, C.; Tzeng, C.-W.D.; Wei, S.H.; et al.
SMAD4 gene mutation predicts poor prognosis in patients undergoing resection for colorectal liver metastases. Eur. J. Surg.
Oncol. 2018, 44, 684–692. [CrossRef]

100. Okita, A.; Takahashi, S.; Ouchi, K.; Inoue, M.; Watanabe, M.; Endo, M.; Honda, H.; Yamada, Y.; Ishioka, C. Consensus molecular
subtypes classification of colorectal cancer as a predictive factor for chemotherapeutic efficacy against metastatic colorectal cancer.
Oncotarget 2018, 9, 18698–18711. [CrossRef]

101. Jahchan, N.S.; Mujal, A.M.; Pollack, J.L.; Binnewies, M.; Sriram, V.; Reyno, L.; Krummel, M.F. Tuning the Tumor Myeloid
Microenvironment to Fight Cancer. Front. Immunol. 2019, 10, 1611. [CrossRef] [PubMed]

102. Locati, M.; Curtale, G.; Mantovani, A. Diversity, Mechanisms, and Significance of Macrophage Plasticity. Annu. Rev. Pathol. Mech.
Dis. 2020, 15, 123–147. [CrossRef] [PubMed]

103. Coussens, L.M.; Zitvogel, L.; Palucka, A.K. Neutralizing Tumor-Promoting Chronic Inflammation: A Magic Bullet? Science 2013,
339, 286–291. [CrossRef] [PubMed]

104. Morrison, C. Immuno-oncologists eye up macrophage targets. Nat. Rev. Drug Discov. 2016, 15, 373–374. [CrossRef]
105. Qian, B.-Z.; Pollard, J.W. Macrophage Diversity Enhances Tumor Progression and Metastasis. Cell 2010, 141, 39–51. [CrossRef]
106. Tamura, R.; Tanaka, T.; Yamamoto, Y.; Akasaki, Y.; Sasaki, H. Dual role of macrophage in tumor immunity. Immunotherapy 2018,

10, 899–909. [CrossRef]
107. Laoui, D.; Van Overmeire, E.; Di Conza, G.; Aldeni, C.; Keirsse, J.; Morias, Y.; Movahedi, K.; Houbracken, I.; Schouppe, E.; Elkrim,

Y.; et al. Tumor Hypoxia Does Not Drive Differentiation of Tumor-Associated Macrophages but Rather Fine-Tunes the M2-like
Macrophage Population. Cancer Res. 2014, 74, 24–30. [CrossRef]

108. Galon, J.; Angell, H.K.; Bedognetti, D.; Marincola, F.M. The Continuum of Cancer Immunosurveillance: Prognostic, Predictive,
and Mechanistic Signatures. Immunity 2013, 39, 11–26. [CrossRef]

16



Int. J. Mol. Sci. 2022, 23, 16197

109. Donadon, M.; Torzilli, G.; Cortese, N.; Soldani, C.; Di Tommaso, L.; Franceschini, B.; Carriero, R.; Barbagallo, M.; Rigamonti, A.;
Anselmo, A.; et al. Macrophage morphology correlates with single-cell diversity and prognosis in colorectal liver metastasis. J.
Exp. Med. 2020, 217, e20191847. [CrossRef]

110. Malesci, A.; Bianchi, P.; Celesti, G.; Basso, G.; Marchesi, F.; Grizzi, F.; Di Caro, G.; Cavalleri, T.; Rimassa, L.; Palmqvist, R.; et al.
Tumor-associated macrophages and response to 5-fluorouracil adjuvant therapy in stage III colorectal cancer. OncoImmunology
2017, 6, e1342918. [CrossRef]

111. Mantovani, A.; Allavena, P.; Marchesi, F.; Garlanda, C. Macrophages as tools and targets in cancer therapy. Nat. Rev. Drug Discov.
2022, 21, 799–820. [CrossRef] [PubMed]

112. Boutilier, A.J.; Elsawa, S.F. Macrophage Polarization States in the Tumor Microenvironment. Int. J. Mol. Sci. 2021, 22, 6995.
[CrossRef] [PubMed]

113. Sica, A.; Mantovani, A. Macrophage plasticity and polarization: In vivo veritas. J. Clin. Investig. 2012, 122, 787–795. [CrossRef]
[PubMed]

114. Mantovani, A.; Sozzani, S.; Locati, M.; Allavena, P.; Sica, A. Macrophage polarization: Tumor-associated macrophages as a
paradigm for polarized M2 mononuclear phagocytes. Trends Immunol. 2002, 23, 549–555. [CrossRef] [PubMed]

115. Atri, C.; Guerfali, F.; Laouini, D. Role of Human Macrophage Polarization in Inflammation during Infectious Diseases. Int. J. Mol.
Sci. 2018, 19, 1801. [CrossRef]

116. Väyrynen, J.P.; Haruki, K.; Lau, M.C.; Väyrynen, S.A.; Zhong, R.; Dias Costa, A.; Borowsky, J.; Zhao, M.; Fujiyoshi, K.; Arima, K.;
et al. The Prognostic Role of Macrophage Polarization in the Colorectal Cancer Microenvironment. Cancer Immunol. Res. 2021, 9, 8–19.
[CrossRef]

117. Macciò, A.; Gramignano, G.; Cherchi, M.C.; Tanca, L.; Melis, L.; Madeddu, C. Role of M1-polarized tumor-associated macrophages
in the prognosis of advanced ovarian cancer patients. Sci. Rep. 2020, 10, 6096. [CrossRef]

118. Yunna, C.; Mengru, H.; Lei, W.; Weidong, C. Macrophage M1/M2 polarization. Eur. J. Pharmacol. 2020, 877, 173090. [CrossRef]
119. Cavalleri, T.; Greco, L.; Rubbino, F.; Hamada, T.; Quaranta, M.; Grizzi, F.; Sauta, E.; Craviotto, V.; Bossi, P.; Vetrano, S.; et al.

Tumor-associated macrophages and risk of recurrence in stage III colorectal cancer. J. Pathol. Clin. Res. 2022, 8, 307–312. [CrossRef]
120. Herrera, M.; Herrera, A.; Domínguez, G.; Silva, J.; García, V.; García, J.M.; Gómez, I.; Soldevilla, B.; Muñoz, C.; Provencio, M.

Cancer-associated fibroblast and M 2 macrophage markers together predict outcome in colorectal cancer patients. Cancer Sci.
2013, 104, 437–444. [CrossRef]

121. Shibutani, M.; Nakao, S.; Maeda, K.; Nagahara, H.; Kashiwagi, S.; Hirakawa, K.; Ohira, M. The Impact of Tumor-associated
Macrophages on Chemoresistance via Angiogenesis in Colorectal Cancer. Anticancer Res. 2021, 41, 4447–4453. [CrossRef]
[PubMed]

122. DeNardo, D.G.; Ruffell, B. Macrophages as regulators of tumour immunity and immunotherapy. Nat. Rev. Immunol. 2019, 19, 369–382.
[CrossRef] [PubMed]

123. Sugimura-Nagata, A.; Koshino, A.; Inoue, S.; Matsuo-Nagano, A.; Komura, M.; Riku, M.; Ito, H.; Inoko, A.; Murakami, H.; Ebi,
M.; et al. Expression and Prognostic Significance of CD47–SIRPA Macrophage Checkpoint Molecules in Colorectal Cancer. Int. J.
Mol. Sci. 2021, 22, 2690. [CrossRef] [PubMed]

124. Cortese, N.; Soldani, C.; Franceschini, B.; Barbagallo, M.; Marchesi, F.; Torzilli, G.; Donadon, M. Macrophages in Colorectal Cancer
Liver Metastases. Cancers 2019, 11, 633. [CrossRef]

125. Guilliams, M.; Scott, C.L. Liver macrophages in health and disease. Immunity 2022, 55, 1515–1529. [CrossRef]
126. Krenkel, O.; Tacke, F. Liver macrophages in tissue homeostasis and disease. Nat. Rev. Immunol. 2017, 17, 306–321. [CrossRef]
127. Wei, C.; Yang, C.; Wang, S.; Shi, D.; Zhang, C.; Lin, X.; Liu, Q.; Dou, R.; Xiong, B. Crosstalk between cancer cells and tumor

associated macrophages is required for mesenchymal circulating tumor cell-mediated colorectal cancer metastasis. Mol. Cancer
2019, 18, 64. [CrossRef]

128. Heijstek, M.W.; Kranenburg, O.; Borel Rinkes, I.H.M. Mouse Models of Colorectal Cancer and Liver Metastases. Dig. Surg. 2005,
22, 16–25. [CrossRef]

129. Yang, C.; Dou, R.; Wei, C.; Liu, K.; Shi, D.; Zhang, C.; Liu, Q.; Wang, S.; Xiong, B. Tumor-derived exosomal microRNA-106b-5p
activates EMT-cancer cell and M2-subtype TAM interaction to facilitate CRC metastasis. Mol. Ther. 2021, 29, 2088–2107. [CrossRef]

130. Yin, Y.; Yao, S.; Hu, Y.; Feng, Y.; Li, M.; Bian, Z.; Zhang, J.; Qin, Y.; Qi, X.; Zhou, L.; et al. The Immune-microenvironment Confers
Chemoresistance of Colorectal Cancer through Macrophage-Derived IL6. Clin. Cancer Res. 2017, 23, 7375–7387. [CrossRef]

131. Li, Y.; Wang, L.; Pappan, L.; Galliher-Beckley, A.; Shi, J. IL-1β promotes stemness and invasiveness of colon cancer cells through
Zeb1 activation. Mol. Cancer 2012, 11, 87. [CrossRef] [PubMed]

132. Wang, H.; Wang, H.-S.; Zhou, B.-H.; Li, C.-L.; Zhang, F.; Wang, X.-F.; Zhang, G.; Bu, X.-Z.; Cai, S.-H.; Du, J. Epithelial–Mesenchymal
Transition (EMT) Induced by TNF-α Requires AKT/GSK-3β-Mediated Stabilization of Snail in Colorectal Cancer. PLoS ONE
2013, 8, e56664. [CrossRef] [PubMed]

133. Lin, X.; Wang, S.; Sun, M.; Zhang, C.; Wei, C.; Yang, C.; Dou, R.; Liu, Q.; Xiong, B. miR-195-5p/NOTCH2-mediated EMT
modulates IL-4 secretion in colorectal cancer to affect M2-like TAM polarization. J. Hematol. Oncol. 2019, 12, 20. [CrossRef]
[PubMed]

134. Zhang, T.; Liu, L.; Lai, W.; Zeng, Y.; Xu, H.; Lan, Q.; Su, P.; Chu, Z. Interaction with tumor-associated macrophages promotes
PRL-3-induced invasion of colorectal cancer cells via MAPK pathway-induced EMT and NF-κB signaling-induced angiogenesis.
Oncol. Rep. 2019, 41, 2790–2802. [CrossRef] [PubMed]

17



Int. J. Mol. Sci. 2022, 23, 16197

135. Bao, Z.; Zeng, W.; Zhang, D.; Wang, L.; Deng, X.; Lai, J.; Li, J.; Gong, J.; Xiang, G. SNAIL Induces EMT and Lung Metastasis of
Tumours Secreting CXCL2 to Promote the Invasion of M2-Type Immunosuppressed Macrophages in Colorectal Cancer. Int. J.
Biol. Sci. 2022, 18, 2867–2881. [CrossRef]

136. Li, S.; Xu, F.; Zhang, J.; Wang, L.; Zheng, Y.; Wu, X.; Wang, J.; Huang, Q.; Lai, M. Tumor-associated macrophages remodeling EMT
and predicting survival in colorectal carcinoma. OncoImmunology 2018, 7, e1380765. [CrossRef]

137. Cai, J.; Xia, L.; Li, J.; Ni, S.; Song, H.; Wu, X. Tumor-Associated Macrophages Derived TGF-β–Induced Epithelial to Mesenchymal
Transition in Colorectal Cancer Cells through Smad2,3-4/Snail Signaling Pathway. Cancer Res. Treat. 2019, 51, 252–266. [CrossRef]

138. Zhang, X.-L.; Hu, L.-P.; Yang, Q.; Qin, W.-T.; Wang, X.; Xu, C.-J.; Tian, G.-A.; Yang, X.-M.; Yao, L.-L.; Zhu, L.; et al. CTHRC1
promotes liver metastasis by reshaping infiltrated macrophages through physical interactions with TGF-β receptors in colorectal
cancer. Oncogene 2021, 40, 3959–3973. [CrossRef]

139. Ni, S.; Ren, F.; Xu, M.; Tan, C.; Weng, W.; Huang, Z.; Sheng, W.; Huang, D. CTHRC1 overexpression predicts poor survival and
enhances epithelial-mesenchymal transition in colorectal cancer. Cancer Med. 2018, 7, 5643–5654. [CrossRef]

140. Zhang, S.; Li, X.; Zhu, L.; Ming, S.; Wang, H.; Xie, J.; Ren, L.; Huang, J.; Liang, D.; Xiong, L.; et al. CD163+ macrophages suppress
T cell response by producing TGF-β in pediatric colorectal polyps. Int. Immunopharmacol. 2021, 96, 107644. [CrossRef]

141. Ma, X.; Gao, Y.; Chen, Y.; Liu, J.; Yang, C.; Bao, C.; Wang, Y.; Feng, Y.; Song, X.; Qiao, S. M2-Type Macrophages Induce Tregs
Generation by Activating the TGF-β/Smad Signalling Pathway to Promote Colorectal Cancer Development. OncoTargets Ther.
2021, 14, 5391–5402. [CrossRef] [PubMed]

142. Zhang, D.; Qiu, X.; Li, J.; Zheng, S.; Li, L.; Zhao, H. TGF-β secreted by tumor-associated macrophages promotes proliferation and
invasion of colorectal cancer via miR-34a-VEGF axis. Cell Cycle 2018, 17, 2766–2778. [CrossRef] [PubMed]

143. Gulubova, M.; Ananiev, J.; Yovchev, Y.; Julianov, A.; Karashmalakov, A.; Vlaykova, T. The density of macrophages in colorectal
cancer is inversely correlated to TGF-β1 expression and patients’ survival. J. Mol. Histol. 2013, 44, 679–692. [CrossRef] [PubMed]

144. Teuwen, L.-A.; De Rooij, L.P.M.H.; Cuypers, A.; Rohlenova, K.; Dumas, S.J.; García-Caballero, M.; Meta, E.; Amersfoort, J.;
Taverna, F.; Becker, L.M.; et al. Tumor vessel co-option probed by single-cell analysis. Cell Rep. 2021, 35, 109253. [CrossRef]

145. Peng, D.; Fu, M.; Wang, M.; Wei, Y.; Wei, X. Targeting TGF-β signal transduction for fibrosis and cancer therapy. Mol. Cancer 2022,
21, 104. [CrossRef]

146. Dai, G.; Sun, B.; Gong, T.; Pan, Z.; Meng, Q.; Ju, W. Ginsenoside Rb2 inhibits epithelial-mesenchymal transition of colorectal
cancer cells by suppressing TGF-β/Smad signaling. Phytomedicine 2019, 56, 126–135. [CrossRef]

147. Villalba, M.; Evans, S.R.; Vidal-Vanaclocha, F.; Calvo, A. Role of TGF-β in metastatic colon cancer: It is finally time for targeted
therapy. Cell Tissue Res. 2017, 370, 29–39. [CrossRef]

148. House, M.G.; Ito, H.; Gönen, M.; Fong, Y.; Allen, P.J.; DeMatteo, R.P.; Brennan, M.F.; Blumgart, L.H.; Jarnagin, W.R.; D’Angelica,
M.I. Survival after Hepatic Resection for Metastatic Colorectal Cancer: Trends in Outcomes for 1600 Patients during Two Decades
at a Single Institution. J. Am. Coll. Surg. 2010, 210, 744–752. [CrossRef]

149. Hughes, K.; Simon, R.; Songhorabodi, S.; Adson, M.; Ilstrup, D. Resection of the liver for colorectal carcinoma metastases: A
multi-institutional study of patterns of recurrence. Surgery 1986, 31, 278–284. [CrossRef]
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Abstract: Recently it has been reported that the tumor adjacent colon tissues of 1,2-dymethylhydrazine
induced (DMH)-rats revealed a high paracellular permeability. We hypothesized that the changes
might be induced by cytokines. Colorectal cancer is accompanied by an increase in tumor necrosis fac-
tor alpha (TNFα) and interleukin 10 (IL10) that exert opposite regulatory effects on barrier properties
of the colon, which is characterized by morphological and functional segmental heterogeneity. The
aim of this study was to analyze the level of TNFα and IL10 in the colon segments of DMH-rats and
to investigate their effects on barrier properties of the proximal and distal parts of the colon in healthy
rats. Enzyme immunoassay analysis showed decreased TNFα in tumors in the distal part of the colon
and increased IL10 in proximal tumors and in non-tumor tissues. Four-hour intraluminal exposure
of the colon of healthy rats with cytokines showed reduced colon barrier function dependent on
the cytokine: TNFα decreased it mainly in the distal part of the colon, whereas IL10 decreased it
only in the proximal part. Western blot analysis revealed a more pronounced influence of IL10 on
tight junction (TJ) proteins expression by down-regulation of the TJ proteins claudin-1, -2 and -4, and
up-regulation of occludin only in the proximal part of the colon. These data may indicate a selective
role of the cytokines in regulation of the barrier properties of the colon and a prominent role of IL10
in carcinogenesis in its proximal part.

Keywords: barrier properties; colon; heterogeneity; cytokines; tumor necrosis factor alpha;
interleukin 10; tight junction proteins; 1,2-dimethylhydrazine; colorectal cancer; rat

1. Introduction

The large intestine is characterized by morphological and functional segmental hetero-
geneity [1–3]. The specificity of its two main different parts—the proximal and the distal
colon, is manifested in many aspects, particularly, in development of right- or left-side
colorectal carcinogenesis (CRC) [4–13]. Tumors more often appears in the proximal colon in
adults [14], whereas in adolescents and young adults these are predominantly located in the
distal colon [15]. A precancerous lesion of CRC as serrated adenoma was predominantly
found in the distal part of the colon [16].

The most adequate to human CRC model of experimental carcinogenesis is 1,2-
dymethylhydrazine (DMH)-induced CRC. DMH is a pro-carcinogenic agent that is ac-
tivated in the liver and transported to the intestine by bile and blood. The mechanism
of action of DMH is associated primarily with DNA methylation of the stem colonocytes
which are located at the base of the intestinal crypts, with the subsequent development of
colon adenocarcinomas [17–19]. The majority of colon tumors in the DMH-rats are located
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in the distal colon, while are less frequent in the proximal colon [17,18,20]. The cause of
this preference remains unclear.

One of the reasons for the development of CRC is considered to be an imbalance
between pro- and anti-inflammatory cytokines [21]. Pre-neoplastic lesions under DMH
carcinogenesis may be connected with an increase in pro-inflammatory cytokines, especially
tumor necrosis factor alpha (TNFα) [22]. It can be assumed that the different incidences of
the colon may be associated with heterogeneity of pro- and anti-inflammatory cytokine
production. The first group includes TNFα, while the second group includes interleukin 10
(IL10). There is no data available regarding the concentration of the cytokines in intestinal
tissue in DMH-induced carcinogenesis.

CRC is accompanied by destroying the interactions between neighboring epithelial
cells, cell dedifferentiation, loss of polarity, and metastasis. Impairment of the barrier
properties of the colon and changes in the molecular composition of tight junctions (TJs)
may lead to disturbance of the epithelial integrity [23].

TJs are composed of various transmembrane proteins, which belong to the MARVEL
protein family, such as occludin and tricellulin, and the claudin family, which is divided
in two groups according to their contribution to paracellular permeability [24]. Whereas
some claudins as claudin-1, -3, -4 reduce epithelial permeability [25], others, particularly
claudin-2, form pores and increase paracellular permeability for ions, water, and macro-
molecules [26]. One of the functions of TJs is to combine epithelial cells into unified sheets
and maintain the integrity of the epithelial layer [27]. Under conditions of possible disin-
tegration of TJs, the expression of claudins changes [28]. Therefore, one of the features of
carcinogenesis, in particular in the colon, is a change in the expression of TJ proteins [29–32].
The physiological parameter for analysis of the destroying of the epithelial barrier function,
consider the change in transepithelial resistance (TEER), short-circuit current (Isc) and
paracellular permeability to some macromolecules such as sodium fluorescein [33].

Previously we have shown that DMH changed the intestinal permeability and in-
duced alteration in expression of TJ proteins in the rat colon and IPEC-J2 cells [34,35]. We
hypothesized that different incidence of the colon may be due to the different effects of the
cytokines in carcinogenesis. TNFα decreased barrier properties of the colon ex vivo in Uss-
ing chambers [36] and monolayers of epithelial cells in vitro [37–40]. IL10, on the contrary,
had a protective effect, preventing disruption of the intestinal barrier function [41,42] and,
perhaps, IL10 prevents the development of tumors in the proximal colon. Yet, the effects of
cytokines on the barrier properties of the proximal and the distal parts of the colon have
not been studied before. The aim of this study was to analyze the levels of TNFα and IL10
in the different segments of rat colon in DMH-induced carcinogenesis and to investigate
the barrier properties of the main parts of the colon after intraluminal incubation with the
cytokines in healthy rats.

2. Results
2.1. Study of the Level of TNFα and IL10 in Segments of Different Parts of the Colon during
DMH-Induced Carcinogenesis

In the colon tissues, TNFα was different significantly only in the distal part. It was
lower in the tumors compared to the control and tumor-adjacent tissues (Figure 1A). In
comparison, IL10 was different only in the proximal part of the colon, where it was higher
in tumors and non-tumor tissues compared to the control (Figure 1B).

2.2. Study of TEER, Isc and Paracellular Permeability to Sodium Fluorescein in the Proximal and
Distal Parts of the Colon

The incubation with TNFα revealed an increase in paracellular permeability with
a more pronounced effect in the distal part compared to controls (from 0.6 ± 0.1 to
1.4 ± 0.3·10−4 cm/s and 1.5 ± 0.3 to 4.5 ± 0.4·10−4 cm/s accordingly) (Figure 2A). TEER did
not differ significantly compared to the control. Isc increased (from 15 ± 2 to 25 ± 3 µA/cm2)
only in the distal part of the colon (Figure 2C).
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Figure 1. Elisa kit analysis of (A) TNFα and (B) IL10 in tumor, tumor-adjacent and non- tumor
segments in the proximal and distal parts of the colon in DMH-rats. * p < 0.05, ** p < 0.005, # p < 0.05,
Mann–Whitney U-test. The number of symbols corresponds to the number of samples.

Figure 2. Cont.

23



Int. J. Mol. Sci. 2022, 23, 15610

Figure 2. (A) Paracellular permeability for sodium fluorescein (P), (B) TEER, (C) Isc of the proximal
and distal segments of the rat colon under the action of TNFα and IL10, * p < 0.05, ** p < 0.01,
*** p < 0.001, Mann–Whitney U–test. The number of symbols corresponds to the number of samples.

In the proximal colon, incubation with IL10 revealed an increase in paracellular
permeability (from 0.6 ± 0.1·to 1.2 ± 0.2·10−4 cm/s) (Figure 2A) and a decrease in TEER
(from 170 ± 18 to 118 ± 12 Ω·cm2) (Figure 2B), whereas Isc did not show a significant
change compared to the control.

2.3. Western Blotting in the Colon Tissues

The expression of TJ proteins, namely claudin-1, -2, -3, -4, occludin and tricellulin,
after incubation with the cytokines was determined by immunoblotting, revealing that the
level of TJ proteins significantly changed only in the proximal part of the colon (Figure 3).
There were not significant differences in the distal part (Figure 4). TNFα reduced the
level of claudin-1 (55 ± 22% vs. control, n = 4), while IL10 reduced the level of claudin-
1 (32 ± 16% vs. control, n = 4), claudin-2 (36 ± 13% vs. control, n = 4) and claudin-4
(47 ± 17% vs. control, n = 4). At the same time IL10 increased the level of occludin
(367 ± 209% vs. control, n = 4) (Figure 3). Other TJ proteins, namely, claudin-3 and
tricellulin, did not show significant differences in all studied groups.

Figure 3. Western blot analysis of TJ proteins in the proximal colon. (A) Densitometric analysis
revealed decreased Cld-1 under the action of TNFα, decreased claudin (Cld)-1, -2 and -4 and increased

24



Int. J. Mol. Sci. 2022, 23, 15610

occludin (Occl) after IL10 action, Tricellulin (Tricell), * p < 0.05, Mann–Whitney U-test, n for each
protein = 4. The values were normalized to total protein amount. The number of symbols corresponds
to the number of samples. (B) Representative Western blot bands.

Figure 4. Western blot analysis of TJ proteins in the distal colon. (A) Densitometric analysis did not
reveal any significant differences, p < 0.05, Mann–Whitney U-test, n for each protein = 4. The values
were normalized to total protein amount. The number of symbols corresponds to the number of
samples. (B) Representative Western blot bands.

Thus, the cytokines induced a change in TJ proteins level only in the proximal part of
the colon, and IL10 showed the most pronounced effect.

3. Discussion

Previously, it was found that the tumor-adjacent tissues in DMH-rats were character-
ized by a high paracellular permeability [34]. We hypothesized that these changes might be
induced by cytokines. Therefore, we chose pro-inflammatory TNFα and anti-inflammatory
IL10, which play opposite roles in the development of CRC, as well as regarding participa-
tion in the regulation of the barrier properties of the colon [36–42].

The role of cytokines in the development of CRC is ambiguous. An amount of TNFα
in human blood serum was negatively correlated with proliferation of tumor cells [43];
however, increased circulating TNFα was associated with poor overall and cancer-specific
patient survival [44]. In contrast, the level of IL10 has been shown to be positive correlated
with the intensity of tumor proliferation and apoptosis [43]. However, it decreased in colon
tissues with increased tumor invasion and lesion of lymph nodes at the late stages of CRC,
corresponding to poor patient survival [45].

Most authors indicate that the concentration of TNFα in human blood serum in CRC
is increased compared to the control [46–50]. The concentration of circulating TNFα was
significantly higher compared to the control at all stages of CRC and showed highest values
at the last, IV stage [46]. Expression of TNFα mRNA in tumor was significantly higher than
in neighboring tissues [51]. Some authors reported that the level of IL10 was increased in
human blood serum in CRC [49,50,52], while others showed that its concentration remained
practically unchanged [53].
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We investigated the cytokines level in the segments of the colon in DMH-rats in
accordance with the mapping scheme we used earlier [34]. The study of the level of the
cytokines into three types of segments—tumors, adjacent to tumors, and not adjacent to
tumors, allowed us to analyze their concentration in the entire organ in detail, making a note
of the possible influence in the tumor and tumor microenvironment on the colon tissues.

The level of TNFα was changed only in the distal part of the colon, it was lower
in tumors compared to the control and tumor-adjacent tissues. We suppose that these
results are explained by the features of our experimental model. Increased production
of TNFα is usually associated with inflammation, and TNFα is a key cytokine that links
inflammation and carcinogenesis [54]. DMH-induced carcinogenesis is not the direct result
of an inflammatory process. It is believed that in the distal colon, histogenesis follows
aberrant crypt foci-adenoma-carcinoma sequences, while in the proximal colon, carcinomas
arise de novo without an intermediate stage of colon carcinogenesis [17]. Taking into
account the inhibitory effect of TNFα on tumor cell proliferation [43] and that its pro-
tumorigenic properties may rather be invoked by low chronic TNFα production than by
an intensive outburst that activates reactive oxygen species and kills malignant cells [55],
reduced concentration of TNFα in the tumors should have promoted tumor growth in the
distal part of the colon. In fact, our hypothesis about the potential role of TNFα in the
impairment of barrier properties of the colon and the possible negative effect of the tumor
on neighboring tissues through the production of TNFα in DMH-induced carcinogenesis
was not confirmed. That does not exclude its possible role in the disturbance of the barrier
function with other types of CRC.

In our study IL10 was higher compared to the control in tumors, tumor-adjacent and
not tumor-adjacent segments in the proximal part of the colon. It was most pronounced in
the proximal not tumor-adjacent segments that significantly differed from the distal not
tumor-adjacent segments. Thus, IL10 was significantly increased in all the segments of
the proximal part of the colon in DMH-rats with right-side carcinogenesis. The studies
revealed that IL10 can be a protective factor in animal CRC models [56,57]. Based on
the fact that a decrease in IL10 in cancerous tissue is an independent risk factor for poor
survival [45], elevated IL10 could have a protective effect in CRC. However, given that
cytokines can play a dual role in tumor development—they can either participate in the
suppression of carcinogenesis, or contribute to its progress [58], increased IL10 associated
with tumors in the proximal part of the colon where tumors develop only in 20–25% of
cases of CRC, could stimulate their development. Some studies suggest that IL10 serum
levels are lower in the control group than in the CRC patients [59]. Patients in the fourth
clinical stage of CRC have a higher level of serum IL10 when compared to lower stages,
while a high serum concentration of IL10 correlates with poor survival of patients with
CRC [60,61]. Additionally, IL10 overexpression was positively correlated with metastasis
occurrence [62].

Previously, we conducted a segmental analysis of the barrier properties of the colon [63].
It was shown that the barrier properties were more pronounced in the proximal part of
the colon compared to the distal part. We assume that the heterogeneity of the barrier
properties of the colon and different effects of cytokines which are elevated in pathologies
may determine how pathological processes develop and contribute to different incidences
of CRC in two main parts of the colon.

Based on the literature, most studies of the barrier properties of the intestinal epithe-
lium under cytokines action were carried out in vitro on cell cultures, with stimulation
mainly from the basolateral side of the epithelium [37,64,65]. We stimulated the colon in
situ from the apical side of the epithelium according to the approach we successfully used
in our previous study [63]. We supposed that the addition of the cytokines to the mucosal
side ensured their prolonged action and prevented their rapid enzymatic degradation by
tissue cells.

We have shown that the four-hour prolonged action of cytokines on the colon of
healthy rats led to the changes in the parameters of its barrier properties—a decrease
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in TEER, an increase in Isc, and an increase in paracellular permeability of the colon.
Thus, under the action of TNFα and IL10 on the apical side of the epithelium, the barrier
properties of the colon were reduced.

Regarding the main hypothesis that we checked, whether cytokines have the same
regulatory effect on different parts of the colon, we analyzed barrier properties of the
segments taken from its proximal and distal part. It was shown that TNFα changed the
barrier properties mainly of the distal part of the colon, and IL10—only of the proximal one.

TJ proteins only showed changes in the proximal colon: TNFα reduced claudin-1,
while IL10 decreased claudin-1, -2, -4, and increased occludin, demonstrating the most
pronounced effect. The decrease of claudin-1 and -4, which increases the barrier properties
of the colon, is consistent with the data obtained in Ussing chambers—an increase in
paracellular permeability under the action of TNFα and IL10 and a decrease in TEER under
the action of IL10 for the proximal colon segments. At the same time, increased occludin
and decreased claudin-2 indicated an increase in the barrier properties of the proximal
part of the colon and indicated a different effect of IL10 on the expression of TJ proteins in
this region. Changes in TJ proteins expression only in the proximal part of the colon could
indicate a greater sensitivity of this region to the action of cytokines and its ability to more
pronounced molecular rearrangements.

Data on low TNFα in tumors in the distal part of the colon indicated that TNFα was
probably not involved in the impairment of the barrier properties of the colon in DMH-
induced carcinogenesis. Increased IL10 in the proximal segments of the colon of DMH-rats
with proximal tumor location indicated that IL10 could play an important role in regulating
the barrier properties in this colon segment. IL10 decreased the barrier properties and
contributed to the restructuring of the TJ proteins only in the proximal part of the colon.
Thus, IL10 altered intercellular interactions and could influence the development of CRC
in the proximal part of the colon.

Our results have provided following novel findings: (1) cytokines have selective effects
on the regulation of barrier properties of the colon: TNFα decreases barrier properties
mainly in the distal part of the colon, while IL10 decreases the barrier properties only in the
proximal one, (2) IL10 plays a prominent role in regulation of carcinogenesis and barrier
function of the proximal part of the colon and may contribute to different incidences of
CRC in the proximal and distal parts of the colon.

The heterogeneity of the cytokines production during cancer development and the
selective effects of the cytokines on barrier properties of the proximal and the distal parts
of the colon may contribute to different involvement of the colon in CRC.

4. Materials and Methods
4.1. Animals

Male Wistar rats for Experiment 1 were obtained from the Animal Laboratory of the
I.P. Pavlov Institute of Physiology (Experiment 1, below: 5.1.) and from the vivarium of
St. Petersburg University (Experiment 2, below: 5.2.). They were kept under a standard
light/dark cycle (12 h light:12 h dark) at 22 ± 2 ◦C with ad libitum access to tap water and
complete pelleted feed (Delta Feeds, BioPro, Novosibirsk, Russia). The studies were carried
out in accordance with the guidelines of the FELASA [66] and approved by the Ethics
Committee for Animal Research of St. Petersburg State University (Conclusion No. 131-03-1
dated 2 February 2021).

4.2. Chemicals

The cytokines were obtained from Sigma-Aldrich (Taufkirchen, Germany): TNFα
from rat, recombinant, expressed in E. coli, IL10 human, recombinant, expressed in HEK
293 cells, HumanKine®.
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5. Experimental Design
5.1. Experiment 1

Animals weighing 120–150 g (n = 20) were randomly subdivided into 2 groups—a
control group (n = 6) and an experimental group (n = 14).

The rats in the control group were not exposed to the carcinogen, whereas the rats in
the experimental group were administered 5 subcutaneous injections of DMH weekly at
21 mg/kg of body weight (each dose). DMH was obtained from Sigma-Aldrich (Tokyo,
Japan). Six months after the first carcinogen injection, the rats were decapitated with a
guillotine (Open Science, Moscow, Russia).

Mapping of the colon segments in the experimental group of DMH-induced rats
depended on tumor location and was carried out according to the previously described
method [34] (Figure 5).

Figure 5. Design of experiment 1 (scheme).

Study of TNFα and IL10 in Colon Tissues in DMH-Rats by Enzyme Immunoassay

The colon segments were immediately frozen at −80 ◦C and stored at this temperature
until analysis. A total of 50–60 mg colon tissue samples were homogenized in 1 mL RIPA
buffer with protease inhibitors (150 mM NaCl; 10 mM Tris-HCl, pH 7.4; 0.5% Triton X-100;
0.1% SDS), the suspension was sonicated and centrifuged (10,000× g, 5 min at 4 ◦C). In
the supernatants, the concentration of total protein was determined. The cytokines in the
samples were determined following the manufacturers’ instructions by sandwich ELISA
and commercial reagent kits (High Sensitive ELISA Kit for IL10 and TNFα, Cloud-Clone
Corp., Wuhan, China) using spectrophotometer SPECTROstar Nano (BMG LABTECH,
Ortenberg, Germany). TNFα and IL10 concentration values were recalculated per mg of
total protein.

5.2. Experiment 2

Animals weighing 280–380 g (n = 20) were randomly subdivided into four groups—
one control group and three experimental groups with five animals in each group. The rats
were anesthetized intraperitoneally with Zoletil 100 (Virbac, Carros, France, 100 mg/kg of
the body weight). Narcosis was verified by the disappearance of the reaction to a painful
stimulus (tail prick). An incision was made along the midline of the abdomen from the
processus xiphoideus of the sternum in the distal direction. Two ligatures isolated the colon
loop between the cecum and the anus, thus limiting the colon. Two tubes were inserted at
the beginning and at the end of the loop, and the system was filled hermetically with the test
solution. In the control group, the loop was luminally filled with Krebs-Ringer’s solution,
while in the experimental groups it was filled with one of the cytokine solutions with
200 ng/mL TNFα and 100 ng/mL IL10. After 4 h of incubation the rats were decapitated,
the large intestine was divided into proximal and distal segments, as described in our
previous studies [34] and then investigated in Ussing chambers for 1 h (Figure 6).

5.2.1. Electrophysiological Assay of the Colon Segments

Isc and TEER of the large intestine wall were studied according to the previously
described protocol [67]. Briefly, the segments of the large intestine were mounted in Ussing
chambers filled with Krebs-Ringer solution at 37 ◦C, which was maintained throughout the
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experiment, and permanently oxygenated with a mixture of 95% oxygen and 5% carbon
dioxide. The Krebs-Ringer solution was composed as follows (mM): NaCl (119), KCl (5),
MgCl2·6H2O (1.2), NaHCO3 (25), NaH2PO4·H2O (0.4), Na2HPO4·7H2O (1.6), CaCl2 (1.2),
and D-glucose (10). The short circuit current was recorded when the voltage was set at 0
mV. To evaluate TEER, we recorded voltage fluctuations when the current was 10 µA and
calculated it using Ohm’s law: R = U/I (Ω). The size of the examined tissue was calculated
by using the diameter of the slotted opening between the two chamber halves (4 mm) and
was equal to 0.13 cm2. With regard to the size of the examined tissue, we adjusted the
obtained transepithelial voltage values for 1 cm2 of tissue (Ω·cm2).

Figure 6. Design of experiment 2 (scheme).

5.2.2. Assessment of the Paracellular Permeability of the Colon Segments

To study the paracellular permeability of the intestine in the Ussing chamber, we
added sodium fluorescein to the mucosal bathing solution at a final concentration of
100 µM. This concentration was determined from earlier published reports [68,69]. Thirty
minutes after the experiment started, the serosal bathing solution was removed to ana-
lyze the concentration of the diffused sodium fluorescein. To assess the optical density of
this solution, we used Cary Eclipse Fluorescence Spectrophotometer (Agilent Technolo-
gies, CA, USA). The excitation and emission wavelengths were 460 and 515 nm, respectively.
The permeability coefficient (Papp, cm/s) was calculated using the following equitation:
Papp = (dQ/dt)/(A·C0), with: dQ/dt as the concentration of sodium fluorescein in the
serosal bathing solution (mol/s), A as the size of the examined tissue (cm2), and C0 as the
concentration of sodium fluorescein in the mucosal bathing solution.

5.2.3. Western Blotting of Colon Tissues

TJ protein levels were analyzed in the colon segments, as described in detail earlier [70],
and stain-free immunoblotting was performed, as described previously [71–73].

Briefly, tissues were homogenized in RIPA buffer (150 mM NaCl; 10 mM Tris-HCl,
pH 7.4; 0.5% Triton X-100; 0.1% SDS) with protease inhibitor (Complete ULTRA Tablets,
Mini; Roche, Mannheim, Germany), then centrifuged (15 min, 15,000× g, 4 ◦C), and
a quantitative protein analysis using Thermo BCA assay kit (Thermo Fisher Scientific,
Waltham, MA, USA) was performed by a spectrophotometer SPECTROstar Nano (BMG
Labtech, Ortenberg, Germany). SDS buffer (Laemmli) was added to extracted proteins, and
samples were loaded on 10% Stain-Free gels and electrophoresis was performed. Proteins
from the gels were transferred to PVDF membranes with a 0.2 µm pore size (Bio-Rad,
Hercules, CA, USA), which were first incubated with primary antibodies raised against
claudin-1, -2, -3, -4, occludin or tricellulin and then visualized using secondary goat anti-
rabbit and anti-mouse IgG antibodies and chemiluminescence reaction (Bio-Rad). The
following antibodies were used: claudin-1 (#51-9000, Invitrogen, Carlsbad, CA, USA),
claudin-2 (#32-5600, Invitrogen), claudin-3 (#34-1700, Invitrogen), claudin-4 (#36-4800,
Invitrogen), occludin (#DF7504, Affinity Biosciences, Cincinnati, OH, USA), tricellulin (#48-
8400, Invitrogen). The protein bands were detected and identified using Clarity Western
ECL Substrate and the ChemiDoc XRS+ imager (Bio-Rad). Normalization of detected
proteins was performed using the Image Lab 6.1 Software (Bio-Rad) to the total protein
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load measured in the membrane. The signal density in the control group was set as 100%
(Supplementary Materials).

5.3. Statistical Analysis

Statistical analysis was performed using the Anova group analysis in GraphPad
Prism 8.4.3 (Graphpad Software Inc., San Diego, CA, USA). The data were analyzed using
Mann–Whitney U-test. The results of the analyses are presented as mean ± standard error
(M ± SEM). Statistically reliable differences were reported with a probability value of 95%
(p < 0.05).

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/ijms232415610/s1, Figure S1: Original images.
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Abstract: Colorectal cancer (CRC) is a serious public health issue, and it has the leading incidence
and mortality among malignant tumors worldwide. CRC patients with metastasis in the liver, lung
or other distant sites always have poor prognosis. Thus, there is an urgent need to discover the
underlying mechanisms of metastatic colorectal cancer (mCRC) and to develop optimal therapy
for mCRC. Transforming growth factor-β (TGF-β) signaling plays a significant role in various
physiologic and pathologic processes, and aberrant TGF-β signal transduction contributes to mCRC
progression. In this review, we summarize the alterations of the TGF-β signaling pathway in mCRC
patients, the functional mechanisms of TGF-β signaling, its promotion of epithelial–mesenchymal
transition, its facilitation of angiogenesis, its suppression of anti-tumor activity of immune cells in
the microenvironment and its contribution to stemness of CRC cells. We also discuss the possible
applications of TGF-β signaling in mCRC diagnosis, prognosis and targeted therapies in clinical trials.
Hopefully, these research advances in TGF-β signaling in mCRC will improve the development of
new strategies that can be combined with molecular targeted therapy, immunotherapy and traditional
therapies to achieve better efficacy and benefit mCRC patients in the near future.

Keywords: colorectal cancer; metastasis; TGF-β signaling; targeting therapy; immune-suppressive

1. Introduction

Colorectal cancer (CRC) is a type of cancer in which abnormal cells grow out of control
in the large intestine. According to global cancer statistics, more than 1.9 million new
cases and 935,000 deaths from CRC occurred in 2020. CRC is the third most commonly
diagnosed malignancy worldwide and ranks second in cancer-related mortality. In other
words, CRC accounts for 10% of all cancer cases and deaths [1]. In the United States, CRC
ranked fourth in estimated new cases and second in estimated cancer-related deaths (thus
far) in 2022 [2,3]. Due to the prevalence of obesity and lack of exercise in recent decades,
the incidence of CRC is on the rise among the entire population in China, and it is currently
the fifth leading cause of cancer death there [4]. The accumulation of genetic mutations
and environmental risk factors are the main causes of CRC [5].

CRC metastasis is always a thorny problem in clinical situations. At the time of
diagnosis, about 20% of CRC patients already have metastasis and 35–45% succumb to
recurrence within five years after surgery [6]. The five-year survival rate of stage I-III CRC
patients can be as high as 80%, whereas it drops to roughly 13% for patients with stage IV
CRC [7]. It is reported that up to 60% of patients with stage IV CRC develop liver metastasis,
demonstrating that the liver is the most common site for CRC metastatic spread [8,9]. The
lung is the second most common metastatic target organ for CRC. Consequently, although
modern surgical techniques and multidisciplinary systematic care have led to significant
improvements in survival, long-term remission can only be achieved in 20% of patients
with metastasis, and relapse occurred in 60–70% of patients [10,11]. Therefore, there is an
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urgent need to identify the underlying mechanisms of metastatic colorectal cancer (mCRC)
and for new optimal therapeutic strategies for mCRC to be developed.

The transforming growth factor-β (TGF-β) signaling pathway plays a multifaceted
role in various biological processes, such as cell growth and differentiation, apoptosis, cell
motility, epithelial–mesenchymal transition (EMT), extracellular matrix (ECM) remodeling,
angiogenesis and cellular immune responses [12,13]. Therefore, malfunction of the TGF-β
signal pathway, either via genetic mutation or misexpression, is associated with many
diseases, including cancer, fibrosis, inflammation, cardiovascular diseases, myelodysplastic
syndrome, Marfan syndrome, scleroderma, endometriosis and more [14–16]. Currently,
33 members in the TGF-β superfamily have been identified in human beings, including
three TGF-β isoforms, three activins, nodal, growth and differentiation factor (GDF) and the
bone morphogenetic protein (BMP) subfamily, which are involved in various physiologic
and pathologic mechanisms [17]. There are three isoforms of TGF-β: TGF-β1, TGF-β2, and
TGF-β3. They manifest different expression patterns, bioavailability and physiological func-
tions in organisms, respectively [18]. In addition to these ligands, downstream intracellular
effectors, termed SMAD, are a group of proteins that include eight different members in
mammalian cells and can transduce extracellular signals to the nucleus [19]. Aberrant sig-
nal transduction of TGF-β signaling may lead to a variety of tumors, including esophageal
cancer, hepatocellular carcinoma, pancreatic cancer, gastric cancer, CRC, etc. [20]. TGF-β
signaling can suppress tumor development by inhibiting cell proliferation and stimulating
cell differentiation in the early stages of cancer. However, it induces tumor progression and
metastasis in late stages of cancer, which is known as the “TGF-β paradox” [21]. Variation
in the TGF-β pathway is also a common event in CRC tumorigenesis and metastasis. When
TGF-β or SMAD are mutated, an abnormal TGF-β signaling pathway would contribute to
CRC metastasis [22].

The present review mainly focuses on the role of altered TGF-β signaling in mCRC,
the mechanisms through which TGF-β affects CRC metastasis and the clinical application
of the key components in TGF-β signaling as potential therapeutic targets for mCRC. These
research advances will surely shed new light on TGF-β targeting therapy and benefit the
mCRC patients in the near future.

2. Alterations in TGF-β Signaling Pathway in mCRC
2.1. TGF-β Signaling Pathway

Research has shown that TGF-β signaling is transduced from cell membrane surface
receptors to the nucleus. TGF-β ligands secreted by cells disperses in the matrix in an
inactive form, and it can be activated in an integrin-dependent manner [23]. TGF-β1 and
TGF-β3 can be activated by avβ6 or avβ8 integrins while TGF-β2 cannot, which implies
a different mechanism for TGF-β2 [24]. There are three receptors in the TGF-β signaling
pathway: TGFBR1, TGFBR2 and TGFBR3. The TGF-β ligand first binds to the TGFBR2
and induces the formation of a hetero-tetrameric complex of TGFBR2 and TGFBR1 [25,26].
Subsequently, this complex causes the TGFBR2 kinase domain to phosphorylate TGFBR1
in a region of the juxtamembrane domain that is rich in glycine and serine residues. This
then activates TGFBR1 and subsequently phosphorylates SMAD2/3 [27,28]. Following
this, phosphorylated SMAD2 and SMAD3 can be assembled into complexes with SMAD4
and then translocated to the nucleus where they can regulate the expression of target
genes [28]. SMAD7, a negative regulator of the TGF-β pathway, competes with SMAD2/3
for the catalytic site of TGFBR1 phosphorylation and thereby inhibits the phosphorylation
of SMAD2/3 [29]. SMAD proteins can be divided into three categories, including the
common-mediator SMAD (Co-SMAD), the receptor-regulated SMAD (R-SMAD) and the
inhibitory SMAD (I-SMAD). The Co-SMAD (SMAD4) is the central mediator of the TGF-β
signaling pathway. The R-SMAD (SMAD1, -2, -3, -5 and -8/9) can be phosphorylated
by activated type I receptor kinases. The I-SMAD (SMAD6/7) can competitively inhibit
R-SMAD phosphorylation and thereby antagonize TGF-β signaling [19].
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In addition to the canonical SMAD-dependent signaling pathway, there are also several
non-canonical pathways within the TGF-β superfamily, such as the Rho-associated kinase
(ROCK) pathway, the phosphoinositide 3-kinase (PI3K)/protein kinase B (AKT) and the
mitogen-activated protein kinase (MAPK) pathway [30]. These activated non-canonical
SMAD pathways also crosstalk with the canonical SMAD pathway.

2.2. Aberrant TGF-β Pathway Signals in mCRC

It is generally accepted that the occurrence of cancer is accompanied by the accumula-
tion of gene mutations [31]. Mutations in TGF-β receptors and SMAD proteins occur more
frequently in CRC resulting in malignant phenotypes, whereas mutations in TGF-β ligands
are relatively rare.

With advances in next-generation sequencing technology, variations in TGF-β signal-
ing in mCRC on different levels have become more accessible for clinical investigators.
According to the Ingenuity Pathway Analysis, Wnt, PI3K/AKT and TGF-β/SMAD sig-
naling are the most commonly mutated pathways in colorectal cancer metastasis [32].
Carcinoembryonic antigen (CEA) is widely used as a prognostic clinical marker of metasta-
sis, and the TGF-β signaling pathway is significantly enriched in CEA-induced colorectal
liver metastases (CRLM) according to the Kyoto Encyclopedia of Genes and Genomes
(KEGG) pathway analysis [33]. In a study utilizing targeted next-generation sequencing
(NGS) to assess 128 patients with mCRC, alterations of TGF-β pathways were identified in
17% of the mCRC tissues [34]. In another study involving 579 patients undergoing CRLM
resection, 11.2% of patients were found to have TGF-β mutations [35]. Furthermore, aber-
rant DNA-methylation-regulated genes showed enrichment in TGF-β signaling pathway
based on data of DNA methylation (GSE90709, GSE77955) downloaded from the Gene
Expression Omnibus database [36].

Although most studies utilize genetic and pharmacological strategies to investigate
TGF-β signaling of all three isoforms, these three isoforms actually function through distinct
mechanisms. The knockout mice of the three isoforms demonstrated non-overlapping de-
fects: TGF-β1-null mice showed inflammatory disease, TGF-β2-null mice exhibit multiple
developmental defects in a wide range of organs, while TGF-β3 knockout led to defective
palatogenesis [37–39]. TGF-β1 is expressed more abundantly in the tumor microenviron-
ment (TME) in various human tumors than the other two isoforms and contributes to
resistance to checkpoint blockade therapy [40]. TGF-β2 was shown to be involved in neu-
trophil recruitment in an organoid model of mCRC [41]. In addition, TGF-β1 and TGF-β3
are reported to both be activated in stroma cells and to contribute to the prometastatic
process in CRC [42].

The receptor of the TGF-β signaling pathway is indispensable and its change can
lead to abnormalities of the pathway. Reports indicated that TGFBR1*6A can switch TGF-
β1 growth-inhibitory functions into growth-stimulatory functions, which significantly
increased the invasion of SW48 and DLD-1 cells compared with transfected TGFBR1*9A
cell lines [43]. The germline allele-specific expression (ASE) of TGFBR1 increases CRC
risk for the Caucasian-dominated population in the United States [44]. In the majority of
microsatellite instability (MSI) CRC tumors, the gene encoding TGFBR2 has a very high
frequency of uniquely inactivating mutations. According to public databases, tumors
harboring TGFBR2 mutations showed a greater degree of vascular invasion than tumors
without such mutations, which contributes to tumor progression in MSI-positive CRC [45].
In addition, frameshift mutations of TGFBR2 were present in three quarters of late-stage
MSI CRC, and this mutation might mediate CRC progression from the early to late stage [46].
In an MSI CRC model cell line, inactivating frameshift mutations of TGFBR2 can reprogram
the protein content and regulate the cytokine secretion profile. These changes are related to
tumor angiogenesis, migration, metastasis and immune escape of recipient cells [47]. In
the HCT116-TGFBR2 MSI CRC cell line model system, which reflects the inverse situation
of the TGFBR2-deficient MSI CRC, sialylated β1-integrin is significantly decreased, and
variant sialylation could affect metastasis and migration of CRC cells [48]. Additionally, in
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a cohort of 184 CRC patients and 307 healthy volunteers, male CRC patients with TGFBR2-
875A genotypes had a lower risk of CRC progression and metastasis compared with CRC
patients with TGFBR2-875G [49].

Because SMAD proteins are key factors in the transduction of the classical TGF-β
signaling pathway, alterations in SMAD proteins play a crucial role in late stages of CRC
by contributing to migration and metastasis. As reported, CRC patients who lose SMAD
activity are more likely to have lymph node metastasis resulting in a poor prognosis [50].
As reported in an analysis of exome capture DNA sequencing from 224 participants, both
those with tumors and without, SMAD4 and TGFBR2 are two commonly mutated genes.
The mutation frequency of SMAD4 and SMAD2 in non-hypermutated tumors is 10%, while
that of TGFBR2 in hypermutated tumors (including MSI-high) is 51% [51]. According to
the sequencing analysis of SMAD4, SMAD2 and SMAD3 in a group of 744 primary CRC
patients and 36 CRC cell lines, the prevalence of SMAD4, SMAD2 and SMAD3 mutations
was found to be 8.6%, 3.4% and 4.3% in sporadic CRC, respectively. In addition, the
mutation spectra of SMAD2/3 were highly similar to that of SMAD4, and joint biallelic hits
in SMAD2/3 were highly frequent and mutually exclusive to SMAD4 mutation, indicating
the crucial roles of these three SMAD proteins in the TGF-β signaling pathway [52].

According to a series of high-throughput analyses, SMAD4 was one of the most
commonly mutated genes in mCRC, which will now be further discussed. The results of
one study that used targeted NGS sequencing involving 123 non-MSI-high mCRC patients
showed a 22.8% mutation frequency of SMAD4 [34]. Similarly, in another study of 32 mCRC
patients, the SMAD4 mutation frequency rate was approximately 6% [53]. Similar results
were achieved for SMAD4 mutation rates (15% vs. 14%) in primary and metastatic CRCs by
comparing genetic profiles [54]. In CRC patients, SMAD4 mutation and deletion detected
with NGS were significantly associated with invasive-front pathological markers [55].
In 330 early onset (EO) mCRC patients, SMAD4 was recurrently mutated, resulting in
aberrance of the TGF-β pathway in 30% of patients [56]. Using samples obtained from
32 patients, Lopez-Gomez et al. found that SMAD4 expression was at similar levels and
was positively associated between the formalin-fixed paraffin-embedded (FFPE) mCRC
tumor and their matched liver metastases [57]. Moreover, there is an increased frequency
of SMAD4 alterations in ovarian metastases from CRC, suggesting that the oncogenic
properties conferred by aberrant TGF-β signaling may contribute to CRC metastasis to the
ovaries [58].

SMAD7 is a crucial negative regulator of the TGF-β signaling pathway [59]. Reports
indicated that the expression of SMAD7 was remarkably lower in mCRC tissues than in
non-tumor tissues [60]. Compared with control mice, mice injected with SMAD7-expressing
clones had elevated levels of TGFBR2 expression and TGF-β secretion in liver metastases,
which could then lead to phosphorylation and nuclear accumulation of SMAD2. In the
nude mouse CRC model, ectopic expression of SMAD7 promoted CRC metastasis to the
liver in the splenic injection model [61].

Furthermore, TGF-β mutations always occur concurrently with variations in other
signaling pathways, demonstrating that the accumulation of these mutations in mCRC has
a synergistic effect on CRC metastasis. For example, KRASG12D mutation can induce an
EMT-like morphology of tumors when combined with mutations in Tgfbr2-/-. Moreover,
KRAS activation promotes liver metastasis when combined with adenomatous polyposis
coli (APC) ∆716 and TGFBR2 mutations [62]. In the colon epithelium of a CRC mouse model,
combined inactivation of APC and TGFBR2 promoted development of adenocarcinoma in
the proximal colon, and gasdermin C expression was upregulated by TGFBR2 mutation,
resulting in increased CRC cells proliferation [63]. Based on the mCRC mouse model that
harbored a KRASmut allele, conditional null alleles of APC and transformation-related
protein 53 (Trp53), the TGF-β pathway was a critical mediator of KRASmut-driven invasive-
ness, as proven by system-level and functional analysis [64]. Fumagalli et al. found that the
accumulation of genetic mutations in the Wnt, epidermal growth factor receptor (EGFR),
P53 and TGF-β signaling pathways can drive CRC cells to migrate and grow at distant sites
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in an orthotopic organoid transplantation model and in engineered human colon tumor
organoids [65]. In a Chinese CRLM cohort, CRLM patients with differing primary tumor
sites had differences in survival rates, which could be driven by combined variations in
the TGF-β, PI3K and RAS signaling pathways [66]. Reports showed patients with mutated
SMAD4 had shorter progression-free survival (PFS) than patients with wild-type SMAD4
after receiving anti-EGFR therapy, which may imply a synergistic effect of SMAD4 loss and
EGFR in mCRC [67].

In addition, some key proteins or factors can act on the TGF-β signaling pathway and
affect CRC progression. Compared with a control group, CRC cells overexpressing Tripar-
tite Motif Containing 25 (TRIM25) exhibit a two-fold higher migration rate. TRIM25 also
promotes CRC tumor progression in a nude mice xenograft model by positively regulating
the TGF-β signaling pathway [68]. The overexpression of Helicase-like Transcription Factor
(HLTF) and activation of Slit2/Robo1 signaling can suppress both CRC cell migration
and invasion through the TGF-β/SMAD pathway [69,70]. Prolyl 4-Hydroxylase Subunit
Alpha 3 (P4HA3) promotes subcutaneous tumorigenesis in nude mice by upregulating
the TGF-β/SMAD signaling pathway, and the knockdown of P4HA3 strongly inhibits the
proliferation and invasion abilities of CRC cells [71]. ETS homologous factor could activate
the canonical TGF-β pathway through directly upregulating TGF-β1 expression at the
transcriptional level and could promote CRC cell proliferation and migration in vitro and
in vivo [72]. Glypicans 1 (GPC1) knockdown significantly suppressed levels of TGF-β1 and
p-SMAD2, resulting in inhibition of the migration of CRC cells [73]. In vivo experiments
showed ZIC2, a protein involved in the advancement of many types of tumors, induced
TGF-β1 expression and SMAD3 phosphorylation, resulting in CRLM progression [74].

3. Mechanism of TGF-β Functions in mCRC

CRC metastasis is a dynamic, multistep and multifactorial process, which includes
the following successive steps: detachment from the primary CRC site, infiltration into
adjacent tissues, invasion into blood/lymphatic circulation, transportation through the
circulatory system, intravasation from vasculature and formation of CRC colonies in
distant sites. Three critical factors contribute to CRC cells migration (pivotal for early
metastasis): regulating the EMT process, stemness and the microenvironment of CRC cells.
Additionally, angiogenesis facilitates CRC cell transportation to distal locations. TGF-β
signaling contributes to mCRC mainly through the following four mechanisms: promoting
EMT, facilitating angiogenesis, creating an immunosuppressive microenvironment and
regulating the stemness of mCRC (as shown in Figure 1) [21,28].

3.1. TGF-β Signaling in EMT in mCRC

Epithelial cells undergoing EMT will lose their apicobasal polarity and adhesion,
acquire motile mesenchymal characteristics and become more invasive, which contributes
to the onset of CRC metastasis [75]. Epithelial and mesenchymal cells can be distinguished
by specific molecular markers expressed in cells. For instance, epithelial cells express
E-cadherin and cytokeratins, while N-cadherin, Snail, Slug and Vimentin are markers of
mesenchymal cells [76]. Cells undergoing the EMT process are distinguished by the loss of
E-cadherin expression, a decrease of epithelial cell junctions and cytoskeleton and display
a mesenchymal pattern with enhanced cell motility and invasiveness [77].
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Figure 1. The mechanism of TGF-β signaling in CRC metastasis. TGF-β mainly affects CRC metas-
tasis in four different ways: EMT, angiogenesis, immunosuppression and stemness. Together, they 
work to facilitate the metastasis of CRC. Tumor cells undergo the EMT process, acquire a mesen-
chymal-like phenotype in response to TGF-β signaling and then becoming more invasive and 
spread to distant sites. TGF-β signaling can mediate the formation of new blood vessels, which can 
promote intravasation of tumor cells from primary lesions into the blood vessels, resulting in tumor 
metastasis. In the tumor microenvironment (TME), immune cells such as CAFs and TAMs contrib-
ute to the immunosuppressive microenvironment and induce dissemination of tumor cells to dis-
tant places through TGF-β signaling. Moreover, TGF-β signaling can regulate CSCs in CRC, further 
promoting tumor metastasis. The molecules upstream or downstream of TGF-β signaling have been 
enclosed by dotted lines of different colors, and they function through EMT, angiogenesis, 
immunosuppression and stemness, respectively (distinguished by four different background 
colors). The symbols in front of the molecules represent whether it is a chemical, a signal factor or a 
molecule secreted by CRC cells, epithelial cells or immune cells in the TME. EMT, epithelial-to-
mesenchymal transition. The legend for different cell types is shown in the lower right. 
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Figure 1. The mechanism of TGF-β signaling in CRC metastasis. TGF-β mainly affects CRC metastasis
in four different ways: EMT, angiogenesis, immunosuppression and stemness. Together, they work
to facilitate the metastasis of CRC. Tumor cells undergo the EMT process, acquire a mesenchymal-
like phenotype in response to TGF-β signaling and then becoming more invasive and spread to
distant sites. TGF-β signaling can mediate the formation of new blood vessels, which can promote
intravasation of tumor cells from primary lesions into the blood vessels, resulting in tumor metastasis.
In the tumor microenvironment (TME), immune cells such as CAFs and TAMs contribute to the
immunosuppressive microenvironment and induce dissemination of tumor cells to distant places
through TGF-β signaling. Moreover, TGF-β signaling can regulate CSCs in CRC, further promoting
tumor metastasis. The molecules upstream or downstream of TGF-β signaling have been enclosed by
dotted lines of different colors, and they function through EMT, angiogenesis, immunosuppression
and stemness, respectively (distinguished by four different background colors). The symbols in front
of the molecules represent whether it is a chemical, a signal factor or a molecule secreted by CRC
cells, epithelial cells or immune cells in the TME. EMT, epithelial-to-mesenchymal transition. The
legend for different cell types is shown in the lower right.

TGF-β signaling is an essential regulator of the process of EMT. As reported, TGF-β
can induce the EMT process by downregulating the expression of tight junction proteins,
resulting in weakened tight junctions, which is the key point for EMT induction of TGF-β
signaling [78]. SMAD4 is demonstrated to downregulate the expression of Claudin 1,
which contributes to CRC metastasis [79]. Most of these observations were made in vitro,
although the results of in vivo experiments are more convincing and important. In light of
research in human SW480 CRC cells, TGF-β1 can induce Alu RNA expression, the accu-
mulation of which promotes the EMT process, and Alu expression significantly correlates
with CRC progression [80]. TGF-β1 upregulates the expression of C-terminal tensin-like
(Cten) and EMT markers, and it promotes the cell motility of the CRC cell lines SW620
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and HCT116 [81]. TGF-β1 can also induce the upregulation of acyl-CoA synthetases 3
(ACSL3) which produces ATP and reduces NADPH, thus sustaining redox homeostasis
and mediating the EMT and metastasis of CRC cells [82]. A functional study indicated that
TGF-β can induce SMAD4-dependent EMT followed by apoptosis in HCT-116 and DLD1
CRC cell lines [83]. As reported in CRC cell assays and murine models, acidosis-induced
TGF-β2 activation promotes the formation of lipid droplets, which provides energy for
cancer cell metastasis and partially promotes EMT [84]. SMAD4 in TGF-β signaling is
frequently inactivated in human CRC, and SMAD4 codes for a transcription factor central
to canonical TGF-β signaling. Therefore, it is generally understood that EMT will not occur
in SMAD4-mutant tumors. However, in SMAD4-mutant CRC cell lines and analyses of
human CRC transcriptomes, EMT is not categorically precluded. Possible explanations
for this may be that SMAD4-mutant tumors escape the tumor-suppressive function of
TGF-β or undergo SMAD4-independent EMT [85]. Moreover, CRC patient tissues exhib-
ited higher GDF-15 expression compared with non-cancerous controls, and in the human
CRC cell line LoVo, the overexpression of GDF-15 could upregulate the marker genes of
mesenchymal cells. Thus, GDF-15 could lead to EMT and promote CRC cell invasion and
migration [86]. Based on the systematic analysis of samples from seven CRC patients,
it was found that some potential EMT biomarkers were enriched in TGF-β/Snail and
TNF-α/nuclear factor-κB (NF-κB) pathways, and the integrated pathway may be the main
axis connecting cancer cells with their TME during EMT [87]. In an immunohistochemical
study of 48 resected CRC specimens, SMAD4 was positively linked with the expression of
Snail-1, Slug and Twist-1, while it was negatively correlated with E-cadherin expression,
implying that SMAD4 promotes the process of EMT [88].

There are also other factors that affect EMT by regulating the TGF-β pathway. For
example, atypical protein kinase C-ι (aPKC-ι) knockdown inhibits TGF-β1-induced EMT
and cell migration in CRC cells [89]. Furthermore, in 5-fluorouracil (5-FU)-resistant CRC
cell lines, knockdown of transmembrane protein 45A (TMEM45A) attenuated multidrug-
resistance-enhanced EMT by suppressing the TGF-β/SMAD signaling pathway [90]. In
studies utilizing cell line experiments and nude mouse models, Numb expression was
negatively correlated with TNM stage and lymph node metastasis, and inhibiting Numb
expression promoted the EMT process and the invasion of CRC cells induced by TGF-β [91].
It was found that Paraneoplastic antigen Ma family number 5 (PNMA5) accelerated CRC
cell proliferation, invasion and migration in nude mice lung metastasis models, and the
knockdown of PNMA5 attenuated TGF-β-induced EMT in CRC cells [92]. As reported
in cell assays and mouse xenograft tumors, beta human chorionic gonadotropin (hCGβ)
changed expression of EMT-associated genes, and these changes could be reversed by
TGFBR1 and TGFBR2 inhibitors, indicating that hCGβ induces EMT in a manner that
depends on the TGF-β pathway [93].

3.2. TGF-β Signaling in Angiogenesis in mCRC

Angiogenesis in the TME is a pivotal process that promotes tumor development
and metastasis [94]. Newly formed blood vessels can provide oxygen and nutrients to
tumor cells as well as allow them to enter into blood circulation and metastasize to distant
sites [95].

First, the TGF-β pathway can regulate tumor metastasis by affecting vascular en-
dothelial growth factor (VEGF). In the CRC HCT116 cell line, the upregulation of VEGF
expression caused by the absence of SMAD4 enhanced vascular density and promoted
the development of metastasis [96]. Additionally, SMAD4 overexpression can inhibit
CRC growth by inhibiting VEGF-A and VEGF-C expression in the HCT116 cell line and
an promote tumor cell apoptosis in HCT116 cells and nude mouse models [97]. There
are primarily two histopathological patterns of vascular changes in CRLM: angiogenic
desmoplastic and non-angiogenic replacement [98]. Overexpression of Runt-Related Tran-
scription Factor-1 (RUNX1) in cancer cells of the replacement lesions, which is mediated
by TGF-β1 and thrombospondin 1 (TSP1), enhances cell motility to achieve vessel co-

41



Int. J. Mol. Sci. 2022, 23, 14436

option [98]. TGF-β expression is increased in the AlCl3-exposed human CRC cell line
HT-29, and this particularly promoted endothelial cell angiogenesis via the induction of
VEGF secretion [99]. In an orthotopic mouse model of liver metastasis, the inhibition of
TGF-β-induced protein ig-h3 (TGFBI) suppressed angiogenesis of CRC cells and inhibited
the progression of CRLM [100]. Second, the synergistic effects of TGF-β and other signal
cascades can stimulate angiogenesis by accelerating endothelial cell migration and prolifer-
ation [77]. TGF-β can interact with other proteins or pathways to foster angiogenesis in
mCRC. The downregulation of platelet-derived growth factor-D (PDGF-D), a downstream
signal of TGF-β, inhibited the growth, migration and angiogenesis of CRC cells in vitro
and in vivo [101]. Thrombospondin-4 (THBS4), an ECM protein, plays an essential role in
the TME and augments the effects of TGF-β1 on angiogenesis [102,103].

3.3. TGF-β Signaling in Immunosuppressive Microenvironment in mCRC

Growing evidence has shown that the TME performs a significant role in tumor
initiation, progression and metastasis. The TME comprises non-cancerous cells in the
tumor, including cancer-associated fibroblasts (CAFs), endothelial cells, pericytes and dif-
ferent types of immune cells (dendritic cells (DCs), tumor-associated macrophages (TAMs),
tumor-associated neutrophils (TANs), natural killer (NK) cells, myeloid cells, T cells, B
cells, monocytes etc.), as well as non-cellular components, including ECM and soluble
products such as collagen, various cytokines, chemokines and other factors that contribute
to CRC metastasis [104–106]. Direct cell-to-cell contact between cancer cells and secretion
of cytokines in the TME caused crosstalk, resulting in CRC progression and ultimately
metastasis. It was reported that the activity of TGF-β signaling in TME cells such as T
cells, macrophages, endothelial cells and fibroblasts improved the organ colonization effi-
ciency of CRC cells, while treating the mice with the TGFBR1-spesific inhibitor LY2157299
inhibited CRC metastasis formation [42]. Elevated TGF-β expression levels is an important
feature in the TME of CRC, and TGF-β signaling can regulate the development of CRC,
form the system structure of tumors and inhibit the activity of anti-tumor immune cells,
which results in an immunosuppressive microenvironment [28,107,108].

Here we summarize recent research and find that most of studies focused on CAFs
and immune cells such as TAMs, TANs, DCs, T cells, myeloid cells and monocytes. Only a
few studies on TGF-β signaling-mediated CRC progression and metastasis were related to
collagen (discussed in the CAF section). TGF-β-signaling-related CRC metastasis involving
CAFs and immune cells will be further discussed in detail in the following sections.

3.3.1. CAFs

CAFs are the most numerous cells in the TME, and they affect CRC metastasis by
regulating TGF-β signaling directly or indirectly [108,109]. TGF-β is mainly produced by
CAFs in CRC, and increased TGF-β promotes T cell exclusion and inhibits the effector
phenotype acquisition of type 1 T helper cells (TH1). It has been reported that inhibition
of TGF-β enhances the cytotoxic T cell response to tumor cells, thus suppressing liver
metastasis [110]. TGF-β activates CAFs to secrete activin A, a TGF-β family member, which
induces colon epithelial cell migration and EMT, resulting in a more metastatic phenotype of
CRC [111]. Wang et al. have recently reported that the activation of C-X-C motif chemokine
ligand 12 (CXCL12)/CXCR7 axis drove CRC cells to secrete exosomal miR-146a-5p and
miR-155-5p, which could be taken up by CAFs, thus enhancing CAF activation via JAK2-
STAT3/NF-κB signaling. CAFs could secrete more inflammatory cytokines, including
TGF-β, further promoting EMT and CRC metastasis to the lung in vivo [112]. ZNF37A,
which is upregulated in CRC, is reported to facilitate tumor cell metastasis to the lung
and liver via the activation of Thrombospondin Type-1 Domain-Containing protein 4
(THSD4)/TGF-β signaling, and increased TGF-β secretion contributes to transforming
fibroblasts to CAFs in the TME, further promoting CRC metastasis [113]. Integrin αvβ6
secreted by CRC cells induced the expression of TGF-β, thereby converting fibroblasts into
CAFs and promoting CRC metastasis through the stromal cell derived factor-1 (SDF-1)/C-
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X-C motif chemokine receptor type 4 (CXCR4) axis [114]. Treatment of co-cultured CRC and
CAF-like cells with vincristine, which is a chemotherapy drug used widely in mCRC clinical
treatment, increased the secretion of TGF-βs, induced EMT and promoted the formation of
CAFs, thereby enhancing the invasion and metastasis of CRC [115]. Interleukin-11 (IL-11)
secreted by TGF-β-stimulated CAFs is a TGF-β target gene, and it activated GP130/signal
transducer and activator of transcription 3 (STAT3) signaling in CRC cells and promoted the
initiation of CRC cells to metastasis [42]. Endoglin, a TGF-β family coreceptor produced by
CAFs, enhanced CRC cell metastasis to the liver in both zebrafish and mouse models [116].
In addition, it has been demonstrated that tumor necrosis factor-related apoptosis-inducing
ligand (TRAIL) secreted by SMAD4-deficient CRC cells promotes fibroblasts to produce
BMP2, resulting in CRC cell invasion and metastasis [117].

Moreover, TGF-β1 can be secreted by tumor cells in metastasis. Neutral endopeptidase
(NEP) co-culturing human colon cancer cell line SW620 (derived from metastatic tumors)
with normal colon fibroblasts induced a significant increase in expression of TGF-β1 in
SW620 cells, and this effect could be reversed by deletion of NEP [118]. As reported,
TGF-β1 promoted the co-migration of colon cancer cells and CAFs, resulting in enhanced
liver metastasis and tumor burden [119]. CAF-derived exosomal microRNA (miR)-17-5p
caused CRC cells to secrete TGF-β1 into the TME through RUNX3/MYC/TGF-β1 sig-
naling, which triggered CAFs to release more exosomal miR-17-5p to CRC cells, thus
establishing a positive feedback loop for CRC metastasis [120]. In CRC, fibroblasts could
be converted to CAFs via IL-1β/TGF-β1 signaling, and both TGF-β-activated kinase 1
(TAK1) and TGFBR1 inhibitors suppressed CRC metastasis and CAF accumulation [121].
Two additional studies revealed that CXCR4/TGF-β1 signaling plays an important role in
the transformation of mesenchymal stem cells or hepatic stellate cells into CAFs, further
promoting CRLM [122,123].

However, CAFs can also suppress CRC progression in some situations. In a genet-
ically modified metastatic CRC mouse model, depletion of alpha smooth muscle actin
(αSMA)+ CAFs resulted in an increase of forkhead box protein 3 (Foxp3)+ regulatory T cells
(Tregs) and suppression of CD8+ T cells via BMP4/TGF-β1 paracrine signaling, ultimately
promoting CRC invasiveness and lymph node metastasis [124]. A recent study showed
that gremlin 1 (GREM1) and the immunoglobulin superfamily contain leucine-rich repeat
(ISLR), representing two different types of fibroblast subpopulations that exert opposing
roles in the signal transduction of BMP. Neutralization of GREM1 or overexpression of
ISLR in fibroblasts could reduce CRC hepatic metastasis [125].

Furthermore, decreased expression of hyaluronan and proteoglycan link protein-1
(HAPLN1) regulated collagen deposition in CRC via the TGF-β signaling pathway, and
increased collagen resulted in TME changes and CRC cell proliferation, migration and
invasion [126].

3.3.2. Immune Cells

TAMs, one of the most common immune cells in the TME, have been reported as
key contributors to promote tumor metastasis [127,128]. Liu et al. found severe TAM
infiltration in tumor tissues of mCRC patients, and TAM-derived TGF-β could activate
HIF1α/TRIB3/β-catenin/Wnt signaling to enhance CRC progression [129]. GDF-15, se-
creted by macrophages, is a divergent member of the human TGF-β superfamily, and it can
increase expression of EMT genes, thereby promoting the invasion and metastasis of CRC
via the ERK1/2/c-Fos signaling pathway [130]. Shimizu et al. found that Kupffer cells,
known to be resident hepatic macrophages, released TGF-β1 and promoted liver metastasis
of CRC through angiotensin II subtype receptor 1a (AT1a) signaling. Moreover, depletion
of Kupffer cells reduced metastatic areas [131]. It has been proven that TGF-β1 secretion
of CRC cells upregulated macrophage expression of Response Gene to Complement 32
(RGC-32) and thus enhanced macrophage migration and promoted tumor progression [132].
Recently, Chen et al. found that oxaliplatin-based chemotherapy induced TAM recruitment
to release TGF-β, which was mediated by CRC-cell-derived CSF1, resulting in programmed
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cell death-Ligand 1 (PD-L1) upregulation and an immunosuppressive TME. Inhibition of
PD-L1 expression in CRC could make cancer cells sensitive to chemotherapy, reduce CRC
lung metastasis and increase infiltration of CD8+ T cells. Both CSF1R+ TAM depletion
and TGF-β receptor blockade combined with chemotherapy could inhibit tumor growth
significantly [133]. Through specific differentiation, macrophages can be polarized into
two different phenotypes: activated M1-type and alternatively activated M2-type. M1-type
macrophages inhibit tumor growth and progression, whereas M2-type macrophages induce
the progression and metastasis of tumors in CRC [127,134]. Ma et al. found that M2-type
macrophages were positively correlated with infiltrating Foxp3+ Tregs in CRC, which may
promote the development of CRC via the TGF-β/SMAD signaling pathway [135]. Cai et al.
reported that M2-type macrophages that secreted TGF-β promoted EMT by activating the
SMAD2,3-4/Snail/E-cadherin signaling pathway, resulting in CRC lung metastasis [136].
Zhang et al. revealed that Collagen Triple Helix Repeat Containing 1 (CTHRC1) secreted
by CRC cells induced macrophages to the M2-type through activation of TGF-β signaling,
further enhancing CRC liver metastasis [137]. Recently, Li et al. developed a thermosensi-
tive hydrogel called Gel/(regorafenib + NG/LY3200882 (LY)), which could sequentially
release regorafenib and LY (a selective TGF-β inhibitor) in tumor cells. Using colorectal
tumor-bearing mouse models, they found that Gel/(regorafenib + NG/LY) can effectively
inhibit tumor growth and liver metastasis, which was achieved by increasing levels of CD8+

T cells, reducing infiltration of TAMs and myeloid-derived suppressor cells and shifting
macrophage polarization from M2-type to M1-type in TME [138].

Apart from CAFs and TAMs, other cellular components, such as TANs, myeloid cells,
monocytes, DCs and T cells, in the TME can also affect CRC metastasis through TGF-β
signaling. TAN infiltration was demonstrated to be positively correlated with the clinical
stage of CRC patients [139]. Anti-TGF-β treatment attenuated tumor growth, which was
mediated by inhibition of PI3K/AKT signaling pathways in TANs and TGF-β/SMAD sig-
naling pathways in CRC cells [140]. Activation of epithelial NOTCH1 enhanced epithelial
TGF-β2 expression and facilitated liver metastasis of CRC through TAN infiltration, which
was mediated by TGF-β signaling. Neutrophil depletion led to increased CD8+ T cells in
both primary tumors and livers and decreased metastasis. In addition, blocking TGF-β
signaling in neutrophils can effectively reduce CRC metastasis [41]. Using mouse xenograft
models, Itatani et al. found that a deficiency of SMAD4 in human CRC cells upregulated
CCL15 expression, thus recruiting CCR1+ myeloid cells and promoting liver metastasis of
CRC [141]. Furthermore, inflammation is an important driver for CRC development and
metastasis. CRC cells treated with lipopolysaccharide-stimulated monocyte conditioned
medium showed reduced expression of Growth Factor Independence 1 and enhanced
EMT and CRC cell metastatic formation, which might have been mediated by TGF-β
signaling [142]. Wang et al. suggested that silencing poly (ADP-ribose) glycohydrolase
(PARG) in CT26 cells could suppress liver metastasis of colon carcinoma by suppression
of poly (ADP-ribose) polymerase (PARP) and NF-κB and that it could reduce secretion
of IL-10 and TGF-β, thus promoting the proliferation and differentiation of DCs and T
cells, resulting in inhibition of metastasis by changes in immune function [143]. Treg and
T helper 17 (Th17)-related genes seem to contribute greatly to CRC development and
progression. Miteva et al. investigated the expression of Treg and Th17-related genes in
CRC tissues and found that Foxp3, IL-10 and TGF-β1 expression was increased in CRC
metastases in contrast to IL17A and NOS2. Treg and Th17-related gene expression in both
primary tumor and regional lymph nodes might provide a suitable microenvironment
for accelerating CRC metastasis [144]. The mechanism by which other cells in the TME
influence T cells via TGF-β signaling directly or indirectly was covered in the previous
section [41,110,124,133,135,138,143].

3.4. TGF-β Signaling in Stemness in mCRC

Most tumors, including CRC, contain a small population of cancer stem cells (CSCs)
which are regarded as key contributors to tumor generation, progression, recurrence,
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metastasis and chemotherapy drug resistance [145,146]. According to recent studies, the
TGF-β signaling pathway can affect metastasis of CRC by affecting CSCs in CRC or the
stemness of CRC cells.

Mesenchymal stem cells co-cultured with CRC cells showed enhanced invasive ability,
which was mediated by increased expression of TGF-β1 and decreased expression of p53,
resulting in effective inhibition of CRC metastasis [147]. Reports suggested that TGF-β
could convert Nur77’s role from cancer inhibition to cancer promotion, which is associated
with CRC stemness, metastasis and oxaliplatin resistance [148]. CSCs have specific markers
on their surface. CD51, a novel functional marker for colorectal CSCs, could increase the
sphere-forming abilities, tumorigenic capacities and migratory potentials of CRC cells, and
it may regulate EMT and chemoresistance through TGF-β/SMAD signaling [149]. In a
novel mouse model of CRLM, proteomic analysis revealed that the expression of CRC
stem cell markers in CRC cells was elevated compared with the non-metastatic model,
and the expression of these markers was regulated negatively by the TGF-β/SMAD4
pathways [150].

3.5. Other Mechanisms of TGF-β in mCRC

In addition to the four mechanisms mentioned above, TGF-β can also affect the
metastasis of CRC through some additional mechanisms. TGF-β regulates matrix metallo-
proteinase (MMP) expression in cancer cells, while MMPs produced by either cancer cells
or stroma cells activate latent TGF-β, together facilitating progression of CRC [151]. The
expression of TGF-β and the podocalyxin-like (PODXL) protein in CRC cells could increase
under radiation and then promote ECM deposition, resulting in cell migration and inva-
siveness [152]. Bioinformatic analysis and functional characterization indicated that TGF-β
and Snail promoted CRC migration by preventing degradation of the non-coding RNA
LOC113230-related argininosuccinate synthase 1 (ASS1) [153]. Reports indicate that cancer
epithelial cells show a robust outward apical pole throughout the process of dissemination,
which is referred to as tumor spheres with inverted polarity (TSIPs). TSIPs form and prop-
agate via the collective apical budding of hypermethylated CRCs downstream of TGF-β
signaling, which could drive the formation of peritoneal metastases [154]. Moreover, TrkC,
which was overexpressed in CRC, could also increase the ability to form tumor spheroids,
thus enhancing the metastatic potential of CRC by activation of AKT and suppression of
TGF-β signaling [155]. It has been demonstrated that TGF-β inhibits lymph angiogenesis
by inhibiting collagen and calcium-binding EGF domain-1 (CCBE1) expression, and CCBE1
has a pro-tumorigenic role in lymphatic metastasis of CRC [156]. TGF-β2 could enhance
the metastatic potential of human CRC cell lines via upregulating the expression of catalase
and controlling H2O2 output [157].

4. Potential Application of TGF-β Signaling in Diagnosis and Prognosis of mCRC

Specific molecular biomarkers are significant tools for early diagnosis and prognosis
of mCRC, and early prognosis is the most successful and effective method to improve the
survival rate of CRC patients [158]. Through integrative clustering of the expression profiles
of miRNA-correlated genes and methylation-correlated genes, four molecular subtypes
(S-I, S-II, S-III and S-IV) were confirmed in CRC patients from The Cancer Genome Atlas
(TCGA) [159].

Due to the poor prognosis of patients with mCRC, it is crucial to make a rapid and
accurate diagnosis of mCRC based on specific biomarkers as early as possible. Many
reports on applications of TGF-β signaling in the diagnosis of mCRC have been published.
According to relative mRNA quantification, the expression of TGF-β1 in CRC distant
metastases is significantly increased compared with primary tumor tissues [160]. The
increased expression of TGF-β2 is a dependable predictor of lymph node metastasis in
CRC patients [161]. Compared with healthy controls, serum levels of GDF-15, a member of
the TGF-β superfamily, were remarkably upregulated in mCRC patients and had the same
sensitivity as the standard tumor marker CEA, indicating that GDF-15 could be an effective
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biomarker in mCRC patients [162]. The morphogen nodal is dramatically overexpressed
in malignant transformation in CRC, and it could be a potential marker for the consensus
molecular subtype 4 (CMS4) subtype of CRC [163].

More reports of TGF-β signaling on prognosis have been shown in mCRC patients.
The combined activin and TGF-β ligand expression score was utilized to predict shorter
OS in a group of 40 CRC tumors, 10 metastasis and 10 control samples [164]. In EO
mCRC patients, mutated TGF-β pathways were found to be associated with unfavorable
OS by capture-based targeted sequencing [56]. For the TGFB1-509C/T single nucleotide
polymorphism (SNP), CRC patients with the TT allele have the shortest median survival,
which is due to malignant progression in advanced stages [165]. High levels of TGF-β
in blood samples are negatively correlated with PFS in mCRC patients before treatment
with regorafenib, and these results suggest that the cytokine signature can distinguish
whether patients respond to regorafenib treatment or not [166]. The survival analysis
demonstrated that MYC and TGF-β pathway alterations were related to a shorter OS in
mCRC patients, and this negative prognostic impact was maintained after receiving an anti-
EGFR antibody [34]. Using tumor tissues from 230 mCRC patients treated with oxaliplatin
combined with 5-FU chemotherapy, Baraniskin et al. reported that SMAD4 expression was
decreased in 34% of mCRC samples, and these patients had a shorter PFS and OS compared
with patients in which SMAD4 is stably expressed [167]. In an analysis of multiple gene
mutation assessments in 123 regorafenib-treated mCRC patients, researchers detected a
SMAD4 mutation in one patient who had long response to regorafenib [168]. In addition,
SMAD4-mutated patients performed significantly worse in terms of PFS than those without
SMAD4 mutations in a study with 76 regorafenib-treated mCRC patients [169]. Whole
exome sequencing analysis of 77 mCRC patients revealed that SMAD4 mutations were
significantly correlated with poor prognosis [170]. Patients with SMAD4 mutations devel-
oped CRLM and had worse OS after hepatic resection [171]. In general, changes in TGF-β
signaling pathways in CRC cause cancer cells to become more aggressive and more likely
to metastasize; thus, patients harboring mutations in TGF-β signaling components often
have a poor prognosis.

Other members associated with the TGF-β family can also be utilized as prognostic
biomarkers in mCRC. Studies imply that high tumor expression of activin A (a homodimer
of inhibin beta A) is associated with poor prognosis in patients with CRC, and activin
A receptor type 2A (ACVR2A) (a membrane receptor in the TGF-β signaling pathway)
depletion plays an important role in CRC distant metastasis and may be recommended as
a prognostic biomarker in CRC patients [172,173]. As mentioned in the previous section,
the entry level of GDF-15 might be a prognostic factor that is strongly relevant to OS
in mCRC patients [162]. Overexpression of inhibin subunit beta B (INHBB) (a protein-
coding gene that participates in the synthesis of TGF-β family members) was positively
associated with CRC invasion and distant metastasis, suggesting that it could be a potential
prognostic biomarker for mCRC [174]. Furthermore, knockdown of high inhibin, beta A
(INHBA) in vitro can inhibit CRC cell migration and invasion by inhibiting the TGF-β
pathway, and INHBA expression is closely related to poor prognosis in CRC patients [175].
Overexpression of lncRNA-activated by TGF-β (lncRNA-ATB) was significantly associated
with CRC metastasis, and lncRNA-ATB expression could be a prognosis biomarker of
OS in CRC patients [176]. Additionally, TGFBR2 deficiency is positively correlated with
upregulation of miR-31-3p [177], which is a predictive biomarker for the efficacy of anti-
EGFR treatment that mCRC patients received [178].

5. Targeting TGF-β Signaling Pathway in mCRC

As we have discussed in previous sections, TGF-β signaling plays a significant role
in CRC metastasis by promoting EMT, facilitating angiogenesis, contributing to an im-
munosuppressive TME, regulating stemness of mCRC cells and other mechanisms. These
research achievements led us to explore more strategies targeting TGF-β signaling which
may have promising application prospects in mCRC therapy. So far, long non-coding RNAs
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(lncRNAs), miRNAs, kinase inhibitors and natural compounds are common strategies that
have been utilized for TGF-β targeting in clinical trials, and new sequencing techniques
could facilitate the development of personalized medicine for mCRC patients. These
various factors targeting TGF-β signaling in CRC metastasis are summarized in Table 1.

5.1. LncRNAs

LncRNAs are a class of multifunctional noncoding RNAs whose sizes are greater
than 200 nucleotides. Many recent studies have shown that lncRNAs play a critical
role in regulating progression and metastasis in CRC [179,180]. In CRC patients, out-
lier expression of the lncRNA MIR31HG was observed and was characterized by elevated
EMT, TGF-β and IFN-α/γ gene expression signatures in pre-clinical models [181]. The
lncRNA CTBP1-AS2 increased CRC cell invasion and decreased apoptosis by activating
the TGF-β/SMAD2/3 pathway and was closely associated with worse survival rate in
CRC patients [182]. Additionally, the lncRNAs TP73-AS1 and MIR503HG inhibited the
migration and invasion of CRC cells by inactivating TGF-β1 and downregulating TGF-β2,
respectively [183,184]. Transwell assays showed that TGF-β2 overexpression increased
cell invasion, while overexpression of the lncRNA HOXC-AS3 could reverse the effect of
overexpression of TGF-β2 [185]. According to an experiment in CRC cell lines, silencing
of the lncRNA ezrin antisense RNA 1 (lncRNA EZR-AS1) accelerated CRC cell apoptosis
and inhibited the migration and EMT of CRC cells by blocking TGF-β signaling [186].
Silencing of the lncRNA MIR22HG promoted CRC cell proliferation and tumor metastasis
in vitro and in vivo by competitively interacting with SMAD2 [187]. Moreover, LINC00941
enhanced invasive capacity and accelerated lung metastasis by activating EMT by directly
binding SMAD4 and preventing SMAD4 protein degradation in mCRC [188].

5.2. MiRNAs

Increasing evidence has shown that miRNAs that regulate TGF-β signals have sig-
nificant roles in the progression and metastasis of CRC; they act as oncogenes or tumor
suppressors to regulate expression of specific targets [189]. Compared with primary CRC, a
series of studies on related miRNAs reported epigenetic alternations in CRLM [36]. MiR-425
and miR-576 were significantly upregulated in CRLM based on GSE81581 and GSE44121
datasets, and the two miRNAs were associated with CRC metastasis by co-participating
in inhibition of the TGF-β signaling pathway [190]. It has been proven that upregulation
of miR-329 suppresses CRC cell invasion by inhibiting TGF-β1, and low expression of
miR-329 is correlated with lymph node metastasis in CRC patients [191]. Upregulated
expression of plasma miR-211 and 25, which are relevant to the high expression of TGF-β1
in CRC patients, was positively correlated with lymph node metastasis [192]. In HCT116
colon cancer cells in which kallikrein 6 was knocked down, miR-203 was demonstrated to
inhibit migration and invasion of CRC cells by inhibiting the EMT through suppression of
TGF-β2 [193].

Some miRNAs function through targeting the TGF-β receptors in mCRC. For instance,
downregulation of miR-301a was shown to inhibit CRC migration and invasion both
in vitro and in vivo by repressing TGFBR2 protein expression in an analysis containing
48 cases of CRC tissues, adjacent non-tumor tissues and five CRC cell lines [194]. TGFBR2
repression by overexpression of the entire miR-371~373 cluster decreased tumor-initiating
potential in tumor-initiating cells [195]. Reports indicated that miR-3191 promoted CRC
cells migration and invasion by downregulating TGFBR2 [196]. Artificial overexpression of
miR-490-3p inhibited cell migration and invasion in CRC cell lines through the suppression
of TGFBR1 and MMP2/9 [197]. CircFAM120B overexpression blocked CRC cell migration
and reduced the expression of miR-645. In addition, TGFBR2 was a target of miR-645, whose
inhibition suppressed CRC cell migration and can be restored by TGFBR2 knockdown [198].
As reported in the LoVo cell experiment and subcutaneous tumor model, the inhibition of
miR-424 suppressed migration and invasion of CRC cells as well as arrested CRC cells at
the G0/G1 phase by repressing TGFBR3 [199].
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There are also many reports on miRNAs that affect CRC metastasis through SMAD
proteins in the TGF-β signaling pathway. Functional studies showed that miR-27a inhibited
SMAD2 expression at transcriptional and translational levels and that it promoted colon
cancer cell apoptosis and attenuated cell migration [200]. Ectopic expression of miR-140
inhibited EMT partially through downregulating SMAD3, and it enhanced invasive ca-
pacities of CRC cells in vitro, while overexpression of miR-140 inhibited the metastasis of
CRC in vivo [201]. Studies confirm that miR-20a-5p promoted the invasion and metastasis
ability of CRC cells and liver metastasis, as well as accelerated the EMT process by reducing
SMAD4 expression, which is slightly controversial compared with most other reports [202].
Furthermore, bioinformatic predictions and experimental validation demonstrated that
SMAD7 is a direct target of miR-25 in mCRC, and miR-25 inhibition could promote the
migratory ability of CRC cells via the suppression of SMAD7 [203]. High miR-4775 ex-
pression promoted CRC cell metastasis and EMT via downregulating SMAD7 and thereby
activated the TGF-β pathway both in vitro and in vivo [204]. Wang et al. demonstrated
that miR-21-mediated inhibition of SMAD7 accelerated TGF-β-dependent EMT in CRC,
indicating that loss or inhibition of SMAD7 could promote CRC metastasis [205]. This
implies that the overexpression of circTBL1XR1 enhances the proliferation and migration
of CRC cells by binding to miR-424, which inhibits SMAD7 [206]. All these examples
show that miRNAs can inhibit SMAD7, promote TGF-β-dependent EMT and contribute to
CRC metastasis.

5.3. Kinase Inhibitors

Some kinase inhibitors for the TGF-β signaling pathway have been evaluated in vari-
ous models for mCRC combination treatment to improve the efficacy of therapy. TGFBR1,
TGFBR2 and TGFBR3 mutations were found in mCRC patients who responded to re-
gorafenib, suggesting that the TGF-β signaling pathway may play a leading role in the
regorafenib response [207]. While using regorafenib, a novel oral multikinase inhibitor,
mCRC patients with SMAD4 mutations or activation of the TGF-β pathway showed a
worse PFS, which was demonstrated by NGS-based cancer panel tests [169]. Based on a
TGF-β-inducible reporter system, Zhang et, al. showed that the TGF-β receptor kinase
inhibitor LY2109761 inhibited CRLM by blocking the tumor promoting function of TGF-β
in vivo [208]. In a colon cancer liver metastases murine model, mice were treated with
adoptive natural killer cells combined with the TGF-β receptor kinase inhibitor LY2157299,
and a significant eradication of liver metastases occurred [209]. A study using human
CRC cell lines demonstrated that sitagliptin can inhibit CRC cell metastasis by partially
blocking TGF-β1-driven EMT [210]. According to the targeted NGS analysis of tumor
samples with pre- and post-cetuximab treatment, the copy number of the SMAD4 gene
changed, while the TGF-β signaling pathway had various recurrent mutations [211]. The
therapeutic potential of these variants requires further clarification.

Correspondingly, dual treatments with the TGF-β galunisertib (LY2157299) inhibitor
and AXL inhibitor prominently reduced migration capabilities of human CRC cell lines [212].
Moreover, melatonin, hyperbaric oxygen and combined treatments inhibited CRC metasta-
sis through a variety of mechanisms, including restraining cancer stemness [213]. However,
the application of inhibitors should be taken under careful consideration, as it has been
reported that epithelial truncation of TGFBR2 leads to fatal inflammatory diseases and
invasive CRC in APC mice (a model of intestinal neoplastic disease). Moreover, APC mice
with global suppression of TGF-β signaling present with an overall increase in inflamma-
tion and tumor formation, suggesting that CRC patients treated with TGF-β inhibitors may
have a worse outcome by enhancing inflammatory responses [214].

5.4. Natural Compounds and Chinese Herbal Formulas

Some natural compounds and Chinese herbal formulas can also be utilized as indirect
approaches for targeting TGF-β. In vitro results from transwell and scratch wound assays
demonstrated that solasodine inhibited CRC cell invasion and migration, which was
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strengthened by TGF-β1. Solasodine also attenuated TGF-β1-induced EMT in vivo [215]. A
traditional Chinese herbal medicine, Hedyotis diffusa Willd, may develop its anti-metastatic
activity by restraining TGF-β/SMAD4 pathway-mediated EMT in 5-FU-resistant CRC
cells [216]. In addition, baicalin caused cell cycle arrest in the G1 phase and EMT inhibition
through inhibiting the TGF-β/SMAD pathway in CRC RKO and HCT116 cell lines [217].
Celastrol significantly inhibited human CRC cells growth, adhesion and metastasis by
repressing the TGF-β1/SMAD signaling pathway [218]. The ethanol extract of Scutellaria
barbata D. Don (EESB) significantly reduced the migration ability of HCT-8 cells in a
dose-dependent manner. Furthermore, EESB decreased expression of MMPs and proteins
involved in PI3K/AKT and TGF-β/SMAD signaling [219]. Mechanistically, metformin
can block the activation of TGF-β signaling by INHBA, which is an important ligand
of TGF-β signaling. It can then downregulate the activity of the PI3K/AKT pathway,
leading to cell cycle arrest and inhibition of the proliferation of CRC [220]. In vitro, ursolic
acid inhibited the migration and invasion of human CRC HCT116 and HCT-8 cells by
interfering with the TGF-β1/ZEB1/miR-200c signaling network [221]. Compared with
control mice, Modified Shenlingbaizhu Decoction (MSD) treatment significantly reduced
the size of CRC tumors and the serum content of TGF-β1. Similarly, MSD inhibited CRC cell
migration and invasion by limiting TGF-β/SMAD signaling [222]. Qingjie Fuzheng granule
(QFG), a traditional Chinese medicine, suppressed the growth, wound-healing abilities
and migration of HCT-8 and HCT116 cells. Moreover, QFG decreased the expression of
lncRNA ANRIL, TGF-β1, p-SMAD2/3, SMAD4 and N-cadherin in CRC cells, suggesting
that QFG inhibits the metastasis of CRC through the TGF-β1/SMAD axis [223]. Combined
with the TCGA database results and previous network pharmacology, reports indicated
that Fuzheng Xiaojijinzhan might play an anti-CRC metastasis role by inhibiting the TGF-
β-Snail1 pathway [224].

Since strong genetic heterogeneity exists in CRC patients, development of personalized
medicine for CRC patients is of extraordinary significance and value in clinical trials [225].
Based on large-scale data sharing and analytics, CRC is divided into four CMSs with
distinguishing features: CMS1 (microsatellite instability immune, 14%), CMS2 (canonical,
37%), CMS3 (metabolic, 13%) and CMS4 (mesenchymal, 23%). Among them, CMS4 has
prominent TGF-β activation, stromal invasion, angiogenesis and an immunosuppressive
phenotype [226]. In the past decade, more and more efforts have been made to select the
appropriate patient subsets for specific treatment of mCRC. Although the development
of novel biological agents for therapies such as VEGF and EGFR has further changed the
prospects for the treatments of mCRC, not all patients respond similarly to these therapies,
so individualized medical treatments are in great need [227]. Designing personalized
medicine targeting TGF-β signaling is definitely a good choice for CMS4 subtypes patients
of CRC.

Table 1. Summary of factors targeting TGF-β signaling and acting on CRC metastasis.

Types Targets Involvements in Metastasis Clinical Application References

LncRNAs

MIR22HG TGF-β pathway Interact with SMAD2 and
inhibit EMT

Facilitating immunotherapy
in CRC [187]

MIR31HG TGF-β pathway Promote CRC cell migration and
immunosuppression Biomarker of cellular state [181]

EZR-AS1 TGF-β pathway Promote CRC cell migration,
proliferation and EMT — [186]

TP73-AS1 TGF-β1 Promote CRC cell migration Prognosis marker in CRC [183]
MIR503HG TGF-β2 Inhibit CRC cell migration Prognosis marker in CRC [184]

HOXC-AS3 TGF-β2 Reverse the effect of
overexpression of TGF-β2 — [185]

CTBP1-AS2 TGF-β/SMAD2/3
pathway

Promote CRC cell migration and
inhibit apoptosis Prognosis marker in CRC [182]

LINC00941 TGF-β/SMAD2/3
pathway

Prevent SMAD4 protein
degradation and activate EMT Prognosis marker in CRC [188]
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Table 1. Cont.

Types Targets Involvements in Metastasis Clinical Application References

miRNAs

miR-425 PTEN-P53/TGF-β Inhibit cellular immune function Shortened overall survival [190]
miR-576 PTEN-P53/TGF-β Inhibit cellular immune function Shortened overall survival [190]
miR-329 TGF-β1 Inhibit CRC cell migration — [191]
miR-203 TGF-β2 Inhibit EMT — [193]

miR-490-3p TGFBR1 Inhibit CRC cell migration Associated with poor
prognosis of survival [197]

miR-301a TGFBR2 Promote CRC cell migration — [194]

miR-371~373 TGFBR2 Decrease tumor-initiating
potential of CRC cells — [195]

miR-3191 TGFBR2 Promote CRC cell migration — [196]

miR-645 TGFBR2 Promote CRC cell migration
and glycolysis — [198]

miR-424 TGFBR3/SMAD7
Promote CRC cell migration and

arrest cell cycle/promote
proliferation

— [199,206]

miR-27a SMAD2 and SGPP1 Inhibit CRC cell migration and
promote apoptosis

Biomarker for monitoring
CRC development

and progression
[200]

miR-140 SMAD3 Inhibit CRC cell migration — [201]

miR-20a-5p SMAD4 Promote CRC cell migration
and EMT

Predicts poor prognosis in
CRC patients [202]

miR-25 SMAD7 Inhibit CRC cell migration — [203]

miR-4775 SMAD7 Promote CRC cell migration
and EMT Predicts poor survival [204]

miR-21 SMAD7 Accelerate TGF-β
dependent EMT — [205]

circRNAs
circFAM120B miR-645 Inhibit CRC cell migration and

glycolysis — [198]

circTBL1XR1 miR-424 Promote CRC cell migration — [206]

Kinase
Inhibitors

Sitagliptin TGF-β1 Inhibit EMT and impair cell cycle
Prevents colon cancer and
lung metastasis in animal

models and humans
[210]

LY2157299 TGF-β receptor
Mitigate TGF-β driven
impairment of NK cell

cytotoxicity

Currently in clinical trials
for various malignancies [209]

LY2109761 TGF-β receptor Downregulated the
phosphorylation of SMAD2

Applied mostly in
preclinical animal

experiments
[208]

regorafenib TGF-β/SMAD4
pathway —

While using regorafenib,
patients with SMAD4

mutation or activation of
TGF-β pathway showed a

worse PFS

[169]

Natural
com-pounds
and Chinese

herbal
formulas

solasodine TGF-β1 Inhibit CRC cell stemness
and EMT — [215]

MSD TGF-β1 Inhibit CRC cell migration Reduced the size of CRC
tumors in mouse model [222]

Celastrol TGF-β1/SMAD
pathway Inhibit CRC cell migration — [218]

baicalin TGF-β/SMAD
pathway

Inhibit EMT, stemness and
cell cycle — [217]

QFG TGF-β/SMAD
pathway

Inhibit CRC cells growth
and migration — [223]

Hedyotis diffusa
Willd

TGF-β/SMAD4
pathway

Inhibit CRC cell migration
and EMT — [216]

ursolic acid TGF-β1/ZEB1/
miR-200c Inhibit CRC cell migration — [221]

metformin
TGF-β ligand and

PI3K/AKT
pathway

Arrest cell cycle and inhibit
cell proliferation — [220]

EESB
PI3K/AKT and
TGF-β/SMAD

signaling

Inhibit CRC cell migration and
decrease the expression of MMPs — [219]

Fuzheng
Xiaojijinzhan TGF-β-Snail1 Anti-CRC metastasis role — [224]
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6. Conclusions and Future Perspective

Metastatic CRC is an intractable disease due to its poor prognosis, high mortality and
limited optimal therapies in clinical situations worldwide, even in developed countries.
Several key areas in mCRC research include: early identification of metastasis, recognition
of specific prognostic and predictive biomarkers, discovery of new molecular targets,
development of new drugs and clinical operations. TGF-β represents a conserved signaling
pathway that is widely involved in various physiological and pathological processes. In
this review, we summarized the changes in the TGF-β signaling pathway in mCRC patients,
its functional mechanisms and its possible applications in mCRC diagnosis, prognosis and
potential targeted therapies in clinical trials. We explained in detail that TGF-β signaling
functions to promote EMT, facilitate angiogenesis, suppress anti-tumor activity of the
immune cells in the microenvironment and contribute to stemness of CRC cells in mCRC
(as shown in Figure 1). Following these working mechanisms of TGF-β signaling in mCRC,
molecular targeting therapies aimed at the different key factors upstream and downstream
of TGF-β signaling could be accordingly developed to improve the efficacy and safety of
treatments, especially in MCS4 subtypes of mCRC.

Various remaining problems regarding TGF-β signaling in CRC metastasis still need
to be clarified. Initially, TGF-β was not considered as a good target for tumor treatments
because of its dual roles in tumor early development and late-stage metastasis. However,
recent years witnessed an increasing number of new therapies that target TGF-β signaling
in CRC metastasis. These include suppressing TGF-β or downstream components of
the signaling, blocking crosstalk between TGF-β signaling pathways and other signal
pathways and redirecting TGF-β signaling from pro-tumor to anti-tumor functions in CRC
metastasis [228]. Additionally, because mCRC is a complicated disease, we should attach
importance to not only TGF-β signals from inside but also outside of CRC cells, namely
from the stroma cells and microenvironment of mCRC. Hopefully, in-depth and systematic
studies in this research field will help us understand more in the future.

Due to the heterogeneity of CRC cells and individual differences among mCRC pa-
tients, it is impossible to find an optimal treatment strategy that fits everyone. Thanks to
improved knowledge of the molecular mechanisms underlying CRC metastasis, promising
advances help us modify traditional treatments. Recent reports demonstrated that target-
ing TGF-β could be combined with other signal inhibitors such as combinatorial synergy,
reverse therapy resistance or sensitize radiotherapy to achieve a sustained therapy response
in CRC patients [28,229]. Moreover, since TGF-β signaling is an immunosuppressive reg-
ulator in the TME of mCRC, there is great potentials in combining TGF-β targeting with
immunotherapy agents to enhance the efficacy and benefit for patients. In order to move
forward, applications of NGS and genetic profiling in clinical trials will help us characterize
the molecular subtypes of TGF-β signaling in mCRC patients, and appropriate personal-
ized medicine specifically targeting TGF-β can be definitely and smoothly translated into
mCRC treatments.
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Abbreviations

5-FU 5-fluorouracil
αSMA alpha smooth muscle actin
ACSL3 acyl-CoA synthetases 3
ACVR2A activin A receptor type 2A
AKT protein kinase B
APC adenomatous polyposis coli
aPKC-ι atypical protein kinase C-ι
ASE allele-specific expression
ASS1 argininosuccinate synthase 1
AT1a angiotensin II subtype receptor 1a
BMP bone morphogenetic protein
CAFs cancer-associated fibroblasts
CCBE1 collagen and calcium-binding EGF domain-1
CEA Carcinoembryonic antigen
CMS consensus molecular subtype
Co-SMAD common-mediator SMAD
CRC colorectal cancer
CRLM colorectal liver metastases
CSCs cancer stem cells
Cten C-terminal tensin-like
CTHRC1 collagen triple helix repeat containing 1
CXCL12 C-X-C motif chemokine ligand 12
CXCR4 C-X-C motif chemokine receptor type 4
DCs dendritic cells
ECM extracellular matrix
EESB ethanol extract of Scutellaria barbata D. Don
EGFR epidermal growth factor receptor
EMT epithelial-mesenchymal transition
EO early onset
FFPE formalin-fixed paraffin-embedded
Foxp3 forkhead box protein 3
GDF growth and differentiation factor
GPC1 Glypicans 1
GREM1 gremlin 1
HAPLN1 hyaluronan and proteoglycan link protein-1
hCGβ beta human chorionic gonadotropin
HLTF helicase-like transcription factor
IL-11 interleukin-11
INHBA inhibin, beta A
INHBB inhibin subunit beta B
ISLR immunoglobulin superfamily containing leucine-rich repeat
I-SMAD inhibitory SMAD
KEGG Kyoto Encyclopedia of Genes and Genomes
lncRNA-ATB lncRNA-activated by TGF-β
lncRNA EZR-AS1 lncRNA ezrin antisense RNA 1
lncRNAs long non-coding RNAs
MAPK mitogen-activated protein kinase
mCRC metastatic colorectal cancer
MiR microRMA
MMPs matrix metalloproteinases
MSD Modified Shenlingbaizhu Decoction
MSI microsatellite instability
NEP neutral endopeptidase
NF-κB nuclear factor-κB
NGS next-generation sequencing
OS overall survival
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PARG poly (ADP-ribose) glycohydrolase
PDGF-D platelet-derived growth factor-D
PD-L1 programmed cell death-Ligand 1
PFS progression-free survival
P4HA3 prolyl 4-hydroxylase subunit alpha 3
PI3K phosphoinositide 3-kinase
PNMA5 Paraneoplastic antigen Ma family number 5
PODXL podocalyxin-like
QFG Qingjie Fuzheng granule
RGC-32 response gene to complement 32
ROCK Rho-associated kinase
R-SMAD receptor-regulated SMAD
RUNX runt related transcription factor
SDF-1 stromal cell derived factor-1
SNP single nucleotide polymorphism
STAT3 signal transducer and activator of transcription 3
TAK1 TGF-β-activated kinase 1
TAMs tumor-associated macrophages
TANs tumor-associated neutrophils
TCGA The Cancer Genome Atlas
TGF-β transforming growth factor-β
TGFBI TGF-β-induced protein ig-h3
TH1 type 1 T-helper cell
Th17 T helper 17
THBS4 thrombospondin-4
THSD4 thrombospondin type-1 domain-containing protein 4
TME tumor microenvironment
TMEM45A transmembrane protein 45A
TRAIL tumor necrosis factor-related apoptosis-inducing ligand
Tregs regulatory T cells
TRIM25 tripartite motif containing 25
Trp53 transformation related protein 53
TSIPs tumor spheres with inverted polarity
TSP1 thrombospondin 1
VEGF vascular endothelial growth factor
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Abstract: There is an increase in the incidence of early onset colorectal carcinoma (EOCRC). To better
understand if there is any difference in molecular pathogenesis of EOCRC and late onset colorectal
carcinoma (LOCRC), we compared the clinical, histological, transcriptome, and methylome profile
of paired CRC and healthy colonic tissue from 67 EOCRC and 98 LOCRC patients. The frequency
of stage 3 CRC, lymph node involvement, lymphovascular invasion, and perineural invasion was
higher in the EOCRC group. Many of the cancer related pathways were differentially expressed in
CRC tissue in both EOCRC and LOCRC patients. However, the magnitude of differential expression
for some groups of genes, such as DNA damage repair genes and replication stress genes, were
significantly less pronounced in the EOCRC group, suggesting less efficient DNA damage repair to
be associated with EOCRC. A more marked methylation of “growth factor receptor” genes in LOCRC
correlated with a more pronounced down-regulation of those genes in that group. From a therapeutic
point of view, more over-expression of fatty acid synthase (FASN) among the LOCRC patients may
suggest a better response of FASN targeted therapy in that group. The age of onset of CRC did not
appear to modify the response of cis-platin or certain immune checkpoint inhibitors. We found some
differences in the molecular pathogenesis in EOCRC and LOCRC that may have some biological and
therapeutic significance.

Keywords: colorectal carcinoma; early onset CRC; multi-omics; lymphovascular invasion; perineural
invasion; DNA damage repair; DNA replication repair; MMR; base excision repair; FASN; CTLA4;
HAVCR2

1. Introduction

Incidence of colorectal cancer (CRC) among young adults has increased over the last
25 years [1]. In a study involving a large cohort of 143.7 million people aged 20–49 years
from 20 European countries, a total of 187,918 individuals (0.13%) were diagnosed with CRC.
From 2004 to 2016, on average, CRC incidence incrteased by 7.9% per year among subjects
aged 20–29 years, 4.9% per year among subjects aged 30–39 years, and 1.6% per year in the
age group of 40–49 years [1]. Considering the current practice of a preventive colonoscopy
recommendation at 50 years of age, some considered CRC before the age of 50 years as early
onset CRC (EOCRC) [1–5]. Other studies have used 40 years as a cut-off for EOCRC and
late onset CRC (LOCRC) [6–8]. There are some interesting findings, such as the association
of EOCRC and obesity [9,10], the cause of which is undetermined. In a previous study,
we also reported a high proportion of CRC patients in Bangladesh presenting at or below
the age of 40 years [11]. There is a growing interest in exploring the underlying causes
of EOCRC. Like some other studies [6–8], we divided the cases as EOCRC and LOCRC
as =<40 years and >40 years, respectively.
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The clinical features of EOCRC may be different from those of LOCRC. Some studies
suggested that EOCRC is usually detected in the distal colon and rectum, whereas in the
older age group it is in the proximal colon [3,12]. The anatomical location of EOCRC
may provide important insights into the underlying disease processes and treatment
responses, since embryologically the proximal and distal colon are different. EOCRC
display different histopathological features when compared to late onset cases. Poor
differentiation, perineural invasion (PNI), venous invasion, and mucinous and/or signet
cell morphology, all of which are suggestive of an unfavorable tumor biology and associated
with worse oncological outcomes, are more common among patients with EOCRC [6,8]. It
was also found that EOCRC patients present with higher rates of metastasis and recurrence
compared to their older counterparts. Regarding the outcome of EOCRC and LOCRC,
some studies reported a worse prognosis for EOCRC, while others found equivalent or
superior outcomes among the younger patients [8,13–16].

A study showed that, among EOCRC, approximately 30% of patients were affected
by tumors harboring mutations causing hereditary cancer predisposing syndromes, and
20% have familial CRC [17]. Others also found this incidence among 19.7% to 29.4% of
EOCRC, depending on the age of onset [7,18]. Chang et al. found that, among EOCRC,
17% demonstrated abnormalities in DNA mismatch repair and 5% had known germline
genetic disorders [6]. Therefore, the remaining 50% of cases were of sporadic EOCRC.
The rate of EOCRC is increasing, and it shows some distinct characteristics regarding
the location, anatomical features, and pathological features. There is a growing interest
to explore the findings at the molecular level, which can potentially lead to improved
treatment and survival.

It is largely unclear if there are any differences in the transcriptome or methylome
profile among the EOCRC and LOCRC patients that can (a) shed light on the difference
in the molecular pathogenesis in these two groups and (b) provide a molecular basis of
potential use of different treatment options. To address these research questions, in this
study, we compared the clinical, histological, transcriptome, and methylome profiles of
paired CRC and surrounding healthy colonic tissue from the same patients who presented
with CRC at =<40 years of age and those who presented after 40 years of age.

2. Results

In this collection of 165 CRC patients from Bangladesh, we included all consecutive
patients during the multiple time periods spanning between December 2009 and May 2016,
irrespective of the age of onset of CRC. Of the 165 patients, 67 of them (40% of the patients)
were of age =< 40 years. The comparison of clinical and histological features among
the patients with LOCRC (age > 40 years) and EOCRC (age =< 40 years) is shown in
Table 1. We did not find any statistically significant difference for sex, tumor location,
tumor grading, presence of tumor infiltrating leukocyte (TIL) status, presence of signet ring
appearance, CEA level, microsatellite instability (MSI), KRAS mutation, BRAF mutation,
EGFR mutation, and relative telomere length (RTL) shortening. It may be noted that the
frequency of BRAF mutation was low in this population, and we did not find an EGFR
mutation in any patient. The analysis showed that the EOCRC patients more frequently
had advanced stage CRC and lymph node involvement than LOCRC patients (see Table 1).
In fact, we also found that the EOCRC patients more frequently had a lympho-vascular
invasion (LVI) and PNI than the LOCRC patients did (see Table 1).

Histological staging has a strong association with LVI (13.5%, 23.8%, and 50% in
stage 1, stage 2, and stage 3, respectively, p = 0.0001, Chi square test) and PNI (2.7%, 7.1%,
and 20.9% in stage 1, stage 2, and stage 3, respectively, p = 0.01, Chi-square test). Therefore,
we looked at the association between the age of onset and LVI and PNI by stratifying the
data by stage (see Table 2). Compared to LOCRC, EOCRC more frequently had LVI only in
the presence of the stage 2 disease and more frequently had PNI only in the presence of
stage 3 disease. In other words, these associations of LVI and EOCRC or PNI and EOCRC
were not independent of staging.
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Table 1. Comparison of histological and molecular changes in LOCRC and EOCRC.

Characteristic Category Late-Onset (>40 Years) Early-Onset (<40 Years)
Chi-Square Test

p-Value

Sex
Male 57 (58.2%) 39 (58.2%)

0.995
Female 41 (41.8%) 28 (41.8%)

Location

Right Colon 22 (22.4%) 11 (16.4%)

0.327Left Colon 20 (20.4%) 10 (14.9%)

Rectum 56 (57.1%) 46 (68.7%)

Stage

Stage-1 30 (30.6%) 7 (10.4%)

0.004 *Stage-2 26 (26.5%) 16 (23.9%)

Stage-3 42 (42.9%) 44 (65.7%)

Grade
Low 51 (52%) 27 (40.3%)

0.138
High 47 (48%) 40 (59.7%)

Lymph Node
Present 56 (57.1%) 23 (34.3%)

0.004 *
Absent 42 (42.9%) 44 (65.7%)

TIL
0 58 (59.2%) 41 (61.2%)

0.796
1 40 (40.8%) 26 (38.8%)

Signet Ring
Absent 70 (71.4%) 43 (64.2%)

0.325
Present 28 (28.6%) 24 (35.8%)

LV Invasion
Absent 71 (72.4%) 36 (53.7%)

0.013 *
Present 27 (27.6%) 31 (46.3%)

PN Invasion
Absent 90 (91.8%) 53 (79.1%)

0.018 *
Present 8 (8.2%) 14 (20.9%)

CEA (ng/mL)
Mean 50.221 30.133

0.180 #
(SD) 100.584 65.732

Microsatellite
MSI 26 (26.5%) 15 (22.4%)

0.545
MSS 72 (73.5%) 52 (77.6%)

KRAS (rs112445441)
Wild 68 (70.8%) 47 (70.1%)

0.925
Mutant 28 (29.2%) 20 (29.9%

BRAFV600E
Wild 89 (92.7%) 62 (93.9%)

0.76
Mutant 7 (7.3%) 4 (6.1%)

EGFR
Wild 96 (100%) 67 (100%)

NA
Mutant 0 (0%) 0 (0%)

Telomere Absent 28 (30.8%) 23 (37.7%)
0.375

Shortening Present 63 (69.2%) 38 (62.3%)

* Significant at <0.05 level; # t-test.
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Table 2. LVI and PNI stratified by stage.

Characteristic Stage Status Late-Onset (>40 Years) Early-Onset (<40 Years) Chi-Square Test
p-Value

LV Invasion

Stage-1 LVI Absent 26 (86.7%) 6 (85.7%)
0.947

LVI Present 4 (13.3%) 1 (14.3%)

Stage-2 LVI Absent 23 (88.5%) 9 (56.3%)
0.017 *

LVI Present 3 (11.5%) 7 (43.8%)

Stage-3 LVI Absent 22 (52.4%) 21 (47.7%)
0.666

LVI Present 20 (47.6%) 23 (52.3%)

PN Invasion

Stage-1 PNI Absent 29 (96.7%) 7 (100%)
0.624

PNI Present 1 (3.3%) 0 (0%)

Stage-2 PNI Absent 24 (92.3%) 15 (93.8%)
0.860

PNI Present 2 (7.7%) 1 (6.3%)

Stage-3 PNI Absent 37 (88.1%) 31 (70.5%)
0.044 *

PNI Present 5 (11.9%) 13 (29.5%)

* Significant at <0.05 level.

2.1. Differential Gene Expression in CRC
2.1.1. Age of Onset of CRC and Differential Gene Expression of Cancer Related Gene Sets

In the next step, we asked if the differential expression (CRC tissue vs. paired normal
colonic tissue) of some known cancer related gene sets were different in magnitude in
EOCRC and LOCRC patients. The detailed list of these gene sets is shown in Supplementary
Table S1. Table 3 shows that the “Growth factor receptor” genes were significantly down-
regulated in tumor tissue only in LOCRC [fold change −1.12 (95% CI: from −1.16 to
−1.08%), p = 1.21 × 10−8], but not in EOCRC patients (see Figure 1). Tumor suppressor
genes (TSG) were significantly down-regulated in both LOCRC and EOCRC patients by
a similar magnitude. However, anti-TSG (cyclin D group of genes) were significantly
up-regulated, both in LOCRC and EOCRC patients, but the magnitude of over-expression
was significantly more pronounced in LOCRC than in EOCRC patients [fold change 1.46
(95% CI 1.38–1.55) vs. 1.29 (95% CI 1.20–1.39), ANOVA interaction p = 0.007] (see Figure 2).
DNA repair genes as a whole were significantly over-expressed in both groups, but to a
lesser extent in the young onset group. Therefore, in the next step, we tested the gene sets
involved in different DNA repair mechanisms separately.

Figure 1. Differential gene expression of growth factor receptor genes in paired CRC tissue (in blue)
and healthy colonic mucosa (in red). Gene probes are arranged on the x-axis by expression level, and
the mean of log2 transformed expression value is shown on the y-axis. For many genes, there were
multiple probes on the chip. Gene symbols for all of the gene probes could not be shown on the x-axis.
Data from patients from the LOCRC group are shown on the left (A) showing down-regulation; and
data from EOCRC group are shown on the right (B), where there was no differential expression found.
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Table 3. Differential expression of cancer-related pathways in LOCRC and EOCRC.

Gene Set Interaction
p

Late-Onset (>40 Years) Early-Onset (<40 Years)

Fold
Change (95% CI) p Fold

Change (95% CI) p

Growth Factor
Receptors 6.64 × 10−3 −1.12 (−1.16 to −1.08) 1.21 × 10−8 −1.02 (−1.08 to 1.03) 0.34

Anti-TSG 7.59 × 10−3 1.46 (1.38 to 1.55) 5.23 × 10−35 1.29 (1.20 to 1.39) 3.8 × 10−11

DNA Repair 0.06 1.07 (1.05 to 1.08) 2.28 × 10−19 1.04 (1.02 to 1.06) 5.4 × 10−6

Pro-Apoptosis 0.10 1.03 (1.01 to 1.05) 7.46 × 10−3 −1.00 (−1.03 to 1.03) 0.99

Tumor Suppressor
Gene 0.10 −1.18 (−1.23 to −1.13) 3.41 × 10−12 −1.11 (−1.17 to −1.04) 8.1 × 10−4

Hexokinase 0.32 −1.20 (−1.26 to −1.14) 5.64 × 10−13 −1.15 (−1.23 to −1.08) 1.6 × 10−5

Warburg Effect 0.36 1.32 (1.21 to 1.43) 1.22 × 10−10 1.24 (1.11 to 1.38) 1.2 × 10−4

Anti-Apoptosis 0.58 −1.10 (−1.15 to −1.05) 1.27 × 10−4 −1.07 (−1.14 to −1.01) 0.02

Caspases Initiator 0.69 1.03 (1.01 to 1.05) 1.27 × 10−3 1.02 (−1.00 to 1.05) 0.05

p53 suppressor 0.76 1.00 (−1.01 to 1.02) 0.66 −1.00 (−1.02 to 1.02) 9.6 × 10−1

Caspases Executor 0.77 −1.18 (−1.23 to −1.14) 4.29 × 10−18 −1.19 (−1.25 to −1.14) 2.2 × 10−12

Growth Factors 0.78 −1.18 (−1.26 to −1.10) 3.51 × 10−6 −1.20 (−1.31 to −1.09) 9.1 × 10−5

Figure 2. Differential gene expression of anti-TSG genes in paired CRC tissue (in blue) and healthy
colonic mucosa (in red). Gene probes are arranged on the x-axis by expression level, and the mean
of log2 transformed expression value is shown on the y-axis. For many genes, there were multiple
probes on the chip. Gene symbols for all the gene probes could not be shown on the x-axis. Data from
patients from the LOCRC group are shown on the left (A), and data from patients of the EOCRC
group are shown on the right (B). The average magnitude of over-expression was significantly higher
(p = 7.59 × 10−3) if the patient had LOCRC [1.46-fold change (95% CI 1.38 to 1.55)] compared to those
with EOCRC [1.29-fold change (95% CI 1.20 to 1.39)].

2.1.2. Age of Onset of CRC and Differential Gene Expression of DNA Damage Repair
Gene Sets

The detailed gene list is shown in Supplementary Table S2. Except for genes for transle-
sion synthesis (TLS), genes involved in all other DNA repair mechanisms were significantly
over-expressed in CRC tissue, irrespective of the age of onset (see Table 4). However, in
comparison to the magnitude of over-expression in LOCRC, the over-expression of genes re-
lated to “mismatch repair” (see Supplementary Figure S1), “Fanconi anemia” (see Figure 3),
“non-homologous end joining (NHEJ)”(see Figure 4), and “microhomology mediated end
joining (MMED)” was less pronounced in EOCRC patients (see Table 4). This may suggest
a potentially low efficiency of the DNA damage repair mechanism in EOCRC.
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Table 4. Differential expression of DNA damage repair genes in LOCRC and EOCRC.

Gene Set Interaction
p

Late-Onset (>40 Years) Early-Onset (<40 Years)

Fold
Change (95% CI) p Fold

Change (95% CI) p

Mismatch Repair
(MMR) 1.16 × 10−4 1.12 (1.10 to 1.14) 2.02 × 10−33 1.06 (1.03 to 1.08) 7.01 × 10−6

Fanconi Anemia
(FA) 4.86 × 10−4 1.15 (1.13 to 1.17) 1.50 × 10−46 1.09 (1.06 to 1.12) 1.42 × 10−11

Non-homologous
end joining (NHEJ) 6.13 × 10−4 1.12 (1.10 to 1.14) 5.60 × 10−34 1.06 (1.04 to 1.09) 3.28 × 10−7

Microhomology
mediated
end joining (MMEJ)

9.09 × 10−4 1.26 (1.22 to 1.30) 1.29 × 10−49 1.16 (1.12 to 1.21) 4.24 × 10−14

Translesion
Synthesis (TLS) 0.03 1.01 (−1.01 to 1.03) 0.30 −1.02 (−1.05 to 1.00) 0.05

Homologous
Recombination (HR) 0.15 1.09 (1.07 to 1.10) 5.92 × 10−39 1.07 (1.05 to 1.09) 1.82 × 10−16

Nucleotide Excision
Repair (NER) 0.19 1.08 (1.07 to 1.09) 1.76 × 10−41 1.07 (1.05 to 1.09) 2.56 × 10−18

Checkpoint
Signaling 0.21 1.08 (1.06 to 1.09) 6.56 × 10−18 1.06 (1.03 to 1.08) 4.55 × 10−7

Base Excision Repair
(BER) 0.40 1.06 (1.04 to 1.07) 4.12 × 10−15 1.05 (1.03 to 1.07) 7.80 × 10−7

Direct Reversal
Repair (DRR) 0.49 1.20 (1.12 to 1.28) 2.96 × 10−7 1.15 (1.05 to 1.26) 2.01 × 10−3

Figure 3. Differential gene expression of Fanconi anemia genes in paired CRC tissue (in blue) and
healthy colonic mucosa (in red). Gene probes are arranged on the x-axis by expression level, and
the mean of log2 transformed expression value is shown on the y-axis. For many genes, there were
multiple probes on the chip. Gene symbols for all of the genes could not be shown on the x-axis. Data
from patients from the LOCRC group are shown on the left (A), and data from patients of the young
onset group are shown on the right (B). The average magnitude of over-expression was significantly
higher (p = 4.86 × 10−4) if the patient had old onset [1.15-fold change (95% CI 1.13 to 1.17)] compared
to those with young onset [1.09-fold change (95% CI 1.06 to 1.12)].
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Figure 4. Differential gene expression of non-homologous end joining genes in paired CRC tissue
(in blue) and healthy colonic mucosa (in red). Gene probes are arranged on the x-axis by expression
level, and the mean of log2 transformed expression value is shown on the y-axis. For many genes,
there were multiple probes on the chip. Gene symbols for all of the genes could not be shown on the
x-axis. Data from patients from the LOCRC group are shown on the left (A), and data from patients
of the young onset group are shown on the right (B). The average magnitude of over-expression was
significantly higher (p = 6.13 × 10−4) if the patient had old onset [1.12-fold change (95% CI 1.10 to
1.14)] compared to those with EOCRC [1.06-fold change (95% CI 1.04 to 1.09)].

2.1.3. Age of Onset of CRC and Differential Expression of Replication Stress Gene-Sets

In the light of the above results for the association of the age of onset of CRC and
DNA damage repair machinery, we explored if the genes involved in different biological
processes in replication stress are different depending on the age of onset of CRC. The
total list of genes at the replication stress site and their functional group [19,20] that we
tested are shown in Supplementary Table S3. Analyses of our data (see Table 5) suggested
that, in response to the cancer, on average, the genes related to “DNA replication repair”
were over-expressed in CRC tissue, irrespective of the age of onset. However, it was
significantly less pronounced in EOCRC patients compared to LOCRC patients [fold change
1.09 (95%CI 1.08–1.10) vs. 1.14 (95%CI 1.13–1.15), ANOVA interaction p = 2.54 × 10−8] (see
Supplementary Figure S2). In the same line, the metabolism related genes were also
over-expressed in both, but less pronounced in EOCRC (see Supplementary Figure S3).

Table 5. Differential expression of replication stress genes in LOCRC and EOCRC.

Gene Set Interaction
p

Late-Onset (>40 Years) Early-Onset (<40 Years)

Fold
Change (95% CI) p Fold

Change (95% CI) p

DNA Replication
Repair 2.54 × 10−8 1.14 (1.13 to 1.15) 9.40 × 10−184 1.09 (1.08 to 1.10) 2.60 × 10−53

Metabolism 5.96 × 10−6 1.12 (1.10 to 1.14) 1.34 × 10−24 1.03 (1.00 to 1.06) 0.03

Cell Movement 6.86 × 10−4 −1.06 (−1.07 to −1.05) 3.59 × 10−26 −1.03 (−1.04 to −1.01) 1.25 × 10−4

RNA Processing 0.11 1.05 (1.03 to 1.06) 6.29 × 10−13 1.06 (1.05 to 1.08) 5.88 × 10−14

GF Signaling 0.13 −1.04 (−1.06 to −1.02) 8.99 × 10−5 −1.01 (−1.04 to 1.01) 0.28

Development
Regulation 0.16 1.05 (1.03 to 1.08) 4.04 × 10−7 1.03 (1.00 to 1.06) 0.04
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Table 5. Cont.

Gene Set Interaction
p

Late-Onset (>40 Years) Early-Onset (<40 Years)

Fold
Change (95% CI) p Fold

Change (95% CI) p

Cell Survival 0.27 1.02 (1.01 to 1.03) 3.17 × 10−4 1.01 (−1.00 to 1.02) 0.18

Immune
Regulation 0.63 −1.02 (−1.03 to −1.01) 6.66 × 10−3 −1.02 (−1.04 to −1.01) 7.48 × 10−3

Protein
Translation 0.65 −1.04 (−1.06 to −1.03) 4.68 × 10−9 −1.05 (−1.07 to −1.03) 4.50 × 10−7

Stress Responses 0.73 1.04 (1.02 to 1.06) 4.78 × 10−5 1.04 (1.01 to 1.06) 7.67 × 10−3

Cell Cycle 0.8 1.04 (1.03 to 1.06) 1.08 × 10−8 1.04 (1.02 to 1.06) 5.14 × 10−5

Angiogenesis 0.91 −1.03 (−1.07 to 1.01) 0.18 −1.03 (−1.08 to 1.03) 0.37

Chromatin TF
Transcription 0.93 1.01 (−1.00 to 1.02) 0.21 1.01 (−1.01 to 1.02) 0.40

2.1.4. Age of Onset of CRC and Differential Expression of Notch4-GATA4-IRG1 axis
Gene-Sets

A recent study suggested the possible association of “NOTCH4-GATA4-IRG1 axis”
genes and “leptin and other obesity related genes” with CRC [21,22]. The gene list is
shown in Supplementary Table S4. We tested that in our data (see Figure 5). We found that
the “Notch4-GATA-IRG” set of genes were over-expressed in tumor tissue by the same
magnitude in LOCRC [fold change 1.09 (95% CI 1.07–1.12)] and in EOCRC [fold change
1.08 (95% CI 1.06–1.12)] (ANOVA interaction p = 0.71).

Figure 5. Differential gene expression of NOTCH4_GATA4-IRG1 genes in paired CRC tissue (in blue)
and healthy colonic mucosa (in red). Gene probes are arranged on the x-axis by expression level,
and the mean of log2 transformed expression value is shown on the y-axis. For many genes, there
were multiple probes on the chip. Gene symbols for all the genes could not be shown on the x-axis.
Data from patients from the LOCRC group are shown on the left (A), and data from patients of the
young onset group are shown on the right (B). The genes were similarly over-expressed in both of
the groups.

We observed the down-regulation of LEPR and GHRL in CRC, but it was not dif-
ferent by the age of onset (see Supplementary Figure S4). However, we found that
the fatty acid synthase (FASN) gene was significantly over-expressed in LOCRC [fold
change 1.69 (95%CI 1.41–2.03)] compared to a non-significant increase in EOCRC patients
[1.25-fold (95% CI: −1.009 to 1.59)] (see Supplementary Figure S5). The over-expression of
FASN has been reported in CRC [23,24]. The data may suggest FASN as a therapeutic target
in the LOCRC group, as has been suggested by others [25,26].
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2.1.5. Age of Onset of CRC and Differential Expression of KEGG Pathways

In addition to examining the selective biologically relevant gene sets, as shown above,
we also tested all of the KEGG pathways to see if the magnitude of the differential expres-
sion (CRC vs. normal colon tissue) of any pathway was different in LOCRC and EOCRC
patients. The detailed result is shown in Supplementary Table S5. It was interesting to see
that, among all of the KEGG pathways, the most significant interaction was seen in the
“DNA replication pathway”. Genes in the “DNA replication pathway” were over-expressed
by 1.27-fold (95%CI 1.25–1.28) in LOCRC patients compared to 1.16-fold (95% CI 1.14–1.18)
in EOCRC patients (ANOVA interaction p = 2.73 × 10−15).

2.1.6. Association of Differentially Expressed “Gene Sets” with Histology in CRC

Considering the significance of the tumor stage, LVI and PNI, we tried to see if the
gene expression of some of the top most differentially expressed gene sets (CRC vs. normal
tissue, EORC and LOCRC combined) were different in magnitude by these histological
changes. Assuming that the cancer cells respond to the DNA damage by increasing the
DNA damage repair and DNA replication machinery, one can expect that these gene sets
will be up-regulated in CRC tissue compared to normal colon tissue. Our data suggests
that these cellular responses for repairing the DNA damage are lower in magnitude in the
presence of LVI, PNI, and advanced stage. For example, in the absence of LVI, the base
excision repair (BER) genes are on average 1.13-fold (95% CI 1.11–1.14) over-expressed, but
in the presence of LVI, it is 1.07-fold (95% CI 1.05–1.08). The details are shown in Table 6,
which shows that perhaps LVI had the strongest influence on the magnitude of differential
expression for these DNA repair machineries. A photomicrograph example of LVI and PNI
is shown in Supplementary Figure S6A,B, respectively.

Table 6. Association of differential expression of DNA damage repair gene sets and histological
finding of LVI and PNI in CRC tissue.

Stratification
Base Excision Repair Genes Mismatch Repair Genes Non-Homologous End-Joining

Fold Change (95% CI) Fold Change (95% CI) Fold Change (95% CI)

LV Invasion
Absent 1.13 (1.11 to 1.14) 1.18 (1.16 to 1.19) 1.11 (1.09 to 1.13)
Present 1.07 (1.05 to 1.08) 1.12 (1.11 to 1.14) 1.07 (1.05 to 1.09)

p 1.39 × 10−8 1.02 × 10−5 1.60 × 10−3

PN Invasion
Absent 1.11 (1.09 to 1.12) 1.16 (1.15 to 1.17) 1.09 (1.08 to 1.11)
Present 1.07 (1.05 to 1.09) 1.12 (1.09 to 1.15) 1.07 (1.04 to 1.10)

p 2.93 × 10−3 6.58 × 10−3 0.23

Stage
Stage-1 1.13 (1.1 to 1.15) 1.18 (1.16 to 1.21) 1.11 (1.08 to 1.15)
Stage-2 1.1 (1.08 to 1.12) 1.15 (1.13 to 1.17) 1.09 (1.06 to 1.11)
Stage-3 1.09 (1.07 to 1.10) 1.14 (1.13 to 1.16) 1.08 (1.06 to 1.10)

p 0.01 0.04 0.18

2.1.7. Gene Expression Profiling from Therapeutic Point of View

T-cell inflamed gene expression profile (GEP): This group of genes has been used
to predict immunotherapy targeting programmed cell death protein-1 (PD-1, also known
as CD274)) [27,28]. We looked at the gene expression of these genes in our patients to
see if they were different by age of onset (see Figure 6A,B). In both EOCRC and LOCRC
groups, these genes were down-regulated to a similar extent. However, stratification by
MSI status showed that the down-regulation was more pronounced (ANOVA interaction
p = 1.7 × 10−7) in the MSS group [fold change −1.32 (95% CI from −1.28 to −1.36)] than in
the MSI group [fold change −1.19 (95% CI from −1.13 to −1.25)].
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Figure 6. Differential gene expression of few groups of genes related to immune target therapy
in paired CRC tissue (in blue) and healthy colonic mucosa (in red). Gene probes are arranged
on the x-axis by expression level, and the mean of log2 transformed expression value is shown
on the y-axis. For many genes, there were multiple probes on the chip. T-cell inflamed GEP was
equally down-regulated in both LOCRC and EOCRC and are shown in (A) and (B), respectively.
Differential expression of few target genes for available check-point inhibitors in LOCRC and EOCRC
are shown in (C) and (D), respectively. Note that the magnitude of difference was similar by age of
onset. However, when we divided the patients by MSI status, the difference was seen. Differential
expression of the same few target genes in MSS and MSI patients are shown in (E) and (F), respectively.
Over-expression of CTLA4 and HAVCR2 was seen only in the MSI patients, but not in the MSS group.
Differential expression of “Platinum drug resistance” genes in LOCRC and EOCRC are shown in (G)
and (H), respectively. These were equally down-regulated in LOCRC and EOCRC and are shown in
(G) and (H), respectively.
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Other ICI target genes: We also looked at targets of some other immune check-point
inhibitors—LAG3, PDCD1, CD274, CTLA4, and HAVCR2. Again, the age of onset did
not influence the differential expression (interaction p = 0.17) (see Figure 6C,D), but the
MSI status influenced the overall differential expression, as we reported in an earlier
publication [11]. LAG3, PDCD1, and CD274 (PDL-1) were down-regulated in CRC (see
Figure 6E,F), but CTLA4 and HAVCR2 were up-regulated only in the MSI–CRC group,
suggesting a potential benefit from CTLA4 and HAVCR2 inhibitors in that subset only [11]
(see Figure 6F).

Platinum drug resistance genes: The differential expression was similar in magni-
tude in EOCRC and LOCRC. The MSI status also did not have any influence either (see
Figure 6G,H). The overall slight down-regulation of these genes in CRC suggested a low
potential chance of development of cis-platin resistance.

In summary, on the basis of the gene expression profile of genes relevant to therapy (a),
it may not be surprising if PD1 blockers do not show promising results in this CRC
population, but some other ICI, such as CTLA4 or HAVCR2 blockers, may have promising
results in the MSI subgroup; (b) the possibility of platinum drug resistance may be low,
irrespective of age of onset in this population.

2.2. DNA Methylation
Age of Onset of CRC and Differential DNA Methylation

First, we carried out the differential methylation analysis (paired CRC tissue vs.
corresponding healthy colon tissue) at the individual probe level data. Using paired
analysis, we found a large number of differentially methylated loci (DML), both in LOCRC
(n = 143,646, at FDR 0.05) and in EOCRC (n = 111,066, at FDR 0.05) (see Figure 7A). A large
number of these DML (n = 100,370, which is 69.8% of those found in LOCRC and 90.36%
of those found in EOCRC) were common between the two groups (see Figure 7A). These
lists of DML do not take the magnitude of the differential methylation (delta beta = beta
value of CRC tissue—beta value of normal) into account. Considering our aim to detect
the DML, the magnitudes of delta beta of which are significantly different among LOCRC
and EOCRC, we used an ANOVA model that included an interaction term “tissue x age of
onset of CRC”. Our analysis suggested that there were 5607 loci with interaction p =< 0.05.
These three lists were used in the Venn diagram (Figure 7B). The intersections of the Venn
diagram allowed us to identify the following groups of DML:

I. DML common in both EOCRC and LOCRC and the magnitude of delta beta was not
different (n = 97,939) as the interaction p was >=0.05. This represents the largest group
of DML in CRC. The scatterplot in Figure 7C shows the magnitude of delta beta of
these DML in LOCRC and EOCRC and the cut-off lines on both axes show a large
number of loci with delta beta > 0.1 or <−0.1, indicating hyper- or hypo-methylation
exceeding 10%.

II. DML common in both EOCRC and LOCRC, but the magnitude of delta beta was
significantly different between EOCRC and LOCRC patients (n = 2431).

III. DML found only in EOCRC, but the magnitude of the delta beta was not different
between the EOCRC and LOCRC (n = 9925). The scatterplot in Figure 7D shows that
the magnitudes of delta beta of these DML were low and not different among LOCRC
and EOCRC.

IV. DML specific to EOCRC (n = 771): these DML are differentially methylated only
in EOCRC, and the magnitude of the delta beta is significantly more pronounced
from that seen in LOCRC. The details of these DML are presented in Supplementary
Table S6. The scatterplot in Figure 7E shows the magnitudes of delta beta of these
DML; only a few exceeded 0.1 or 10% differential methylation. Regardless of the low
magnitudes of delta beta of these 771 EOCRC specific DML, because of specificity,
these markers were able to separate CRC from normal among the EOCRC patients
(see the PCA plot in Figure 7F). The only hypermethylated DML with delta beta >= 0.1
was the SOX8 gene. Among the three hypomethylated loci with delta beta =< 0.1,
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one was the TACC1 gene (see Figure 7E), which is known to be associated with other
cancers. The methylation status of the TACC1 gene in LOCRC and EOCRC is shown in
Figure 7G,H, respectively, showing that TACC1 was hypomethylated only in EOCRC,
but not in LOCRC.

V. DML specific to old age onset CRC (1946): these DML are differentially methylated
only in LOCRC, and the magnitude of the delta beta is significantly more pronounced
from that seen in EOCRC. The details of these DML are presented in Supplementary
Table S7. For many of these DML, the magnitudes of delta beta exceeded 0.1 or 10%
differential methylation.

In the next step, we tried to identify if the magnitude of the differential methylation of
some gene set(s) was different among the patients with LOCRC compared to those with
EOCRC patients. We included an interaction term “tissue x age of onset” in the gene set
ANOVA model(s); the p-value of that interaction term identified pathways/gene sets that
were differentially methylated depending on the age of onset.

Among the cancer related gene sets, the genes involved in “Growth factor receptors”
and “DNA repair” showed different magnitudes of differential methylation among EOCRC
and LOCRC (see Supplementary Table S8). This methylation data for “Growth factor
receptor” genes also correlate to our gene expression data in a sense that, for these genes,
on average, we observed the hypermethylation of DNA in CRC tissue in general (more in
LOCRC than EOCRC) and the down-regulation in mRNA in CRC tissue (more pronounced
in LORC than in EOCRC). Among the DNA damage related gene sets, “Direct reversal
Repair” genes were differentially methylated depending on the age of onset (see Supple-
mentary Table S9). Among the replication stress site gene sets, “Immune regulation” genes
were differentially methylated depending on the age of onset (see Supplementary Table S10).
Finally, the top KEGG pathways which showed different magnitudes of differential methy-
lation among EOCRC and LOCRC were “Antigen processing and presentation”, “Type I
diabetes mellitus”, “JAK-STAT signaling pathway” etc. (see Supplementary Table S11).

Figure 7. Cont.
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Figure 7. Differential methylation analysis of CRC. The overlap of DML (based on FDR <0.05 only
without taking the delta beta into account) in LOCRC and EOCRC is shown in (A). In (B), we
also overlapped the methylation markers that showed different magnitude of delta beta in EOCRC
and LOCRC. We identified these markers through the “tissue x age of onset” interaction p =< 0.05
in the ANOVA models. (C) shows the 97,939 common markers in EOCRC and LOCRC that also
had similar magnitude of delta beta in both age groups (because the interaction p was >0.05). The
scatterplot shows the delta beta of these markers in LOCRC on x−axis and the delta beta of these
markers in EOCRC on the y−axis. (D) shows the 9925 DML that were found only in EOCRC, but
the delta beta was equally small; I shows the 771 EOCRC specific DML. (E) The scatterplot shows
the delta beta of these markers in LOCRC on x−axis and the delta beta of these markers in EOCRC
on the y−axis. Although they are greater than LOCRC, the majority of these DML had small delta
beta, even in EOCRC. PCA plot using these 771 EOCRC-specific DML is shown in (F). Among the
three hypomethylated loci with delta Beta =< 0.1, one was TACC1 gene. The methylation status of
TACC1 gene in LOCRC and EOCRC are shown in (G) and (H), respectively, showing TACC1 was
hypomethylated only in EOCRC.

In summary, (a) the vast majority of the DML in CRC were common in EOCRC and
LOCRC; (b) the vast majority of the robust DML [the one with the magnitude of delta
beta => 0.2 (20%)] were common between EOCRC and LOCRC; (c) although the EOCRC
specific DML were relatively small in number and also small in the magnitude of delta beta.
These EOCRC specific markers could potentially differentiate cancer from healthy tissue.

3. Discussion

The incidence of CRC among young adults has increased globally [1,29–31]. Siegel RL
et al. published a comprehensive overview of current CRC statistics in the United States,
including the estimated numbers of new cases and deaths in 2020 by age and incidence,
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survival, and mortality rates and trends by age and race/ethnicity based on incidence data
through 2016 and mortality data through 2017 [31].

In this study from a Bangladeshi population, we attempted to find any histological
and transcriptome wide and methylome wide differences in CRC tissue compared to corre-
sponding normal tissue among EOCRC and LOCRC patients. We acknowledge that such a
study cannot shed light on the etiology of the increase in incidence in EOCRC. Additionally,
we did not have any post-surgical follow-up data to comment on the difference in prog-
nosis of EOCRC, if any. From the histology perspective, we documented that EOCRC is
associated with an advanced stage. This association has been seen in other populations as
well. However, the greater proportion of patients with advanced stage could not be simply
explained by a delay in diagnosis. The other two histological features associated with
EOCRC were LVI and PNI. The significance of KRAS and BRAF mutations in CRC is well
known [32]. However, we did not see any difference in the frequency of these mutations
between EOCRC and LOCRC in our series.

The histological diagnosis of LVI on examination of the hematoxylin & eosin (H&E)-
stained slide includes the presence of tumor cells within a vascular space; erythrocytes
surrounding the tumor cells; the identification of endothelial cells lining the space; the
presence of an elastic lamina surrounding the tumor; and the attachment of tumor cells to
the vascular wall [33]. PNI is a pathologic process characterized by a tumor invasion of
nervous structures and spread along nerve sheaths. The pathogenesis of PNI likely involves
complex signaling between tumor cells, stromal cells, and the nerves. PNI is known to be a
marker for a more aggressive tumor phenotype and poor prognosis in several malignancies,
most notably head and neck and prostate cancers. PNI was defined as tumor cells within
any layer of the nerve sheath or tumor in the perineural space that involved at least one
third of the nerve circumference [34]. To our knowledge, our study is the first to show the
association of these histological markers of advanced disease (stage, LVI, and PNI) with
an underlying transcriptomic profile of impairment in DNA damage repair machinery in
CRC tissue.

In one retrospective study among LOCRC, 207 right sided and 207 left sided tumors
are compared after curative resection, the authors found that the left-sided tumor exhibited
better survival outcomes than the right-sided ones after curative resection [4]. Survival
data for EOCRC is conflicting. Survival rates among the young and older groups also
show variation depending on the CRC stages. The right sided tumor exhibited a more
advanced stage, increased tumor size, more frequently poorly differentiated tumors, more
harvested lymph nodes, and more positivity of LVI than left sided ones. They also found
better 5-year survival outcomes for the group with left sided CRC [4]. Right sided CRC
presents more with iron deficiency anemia [35]. Powell et al. compared 134 (33%) right
sided, 125 (30%) left sided, and 152 (37%) rectal tumors. Emergency presentation (p < 0.001),
anemia (p < 0.001), advanced stage (p < 0.001), poor differentiation (p < 0.001), and older
age (p < 0.05) were more commonly observed in right sided cancers [36].

There are some differences in the clinicopathological characteristics among EOCRC
and LOCRC. The differences between the 94 EOCRC (avg. 27 years) and 275 LOCRC (avg.
67 years) were studied [37]. There were differences in the stage at diagnosis—stage III and
IV (76% vs. 46%), signet ring-cell (13% vs. 1%), poorly differentiated (37% vs. 8%), MSI
status (27% vs. 13%), and the 5-year disease specific survival (48% vs. 78%) in EOCRC and
LOCRC, respectively [37], and no difference was found in KRAS and BRAF mutations. Low
BRAF mutations were reported among Bangladeshi immigrants to the UK [38]. Another
study also found that, in sporadic CRC, independent of the age, the LVI and PNI were
associated with a poor prognosis and recurrence [39]. In our study, we found advanced
stage, LVI, and PNI to be significantly associated with EOCRC compared to LOCRC.

Very few studies have compared the gene expression difference between the EOCRC
and LOCRC. Tunca B et al. looked at the expression profiles of 114 different genes which
were evaluated using mRNA PCR arrays in 39 tumors and 20 surgical margin tissue samples
from 39 sporadic CRC patients diagnosed at less than 50 years of age [40]. The expression
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levels of IMPDH2, CK20, MAP3K8, and EIF5A were strongly up-regulated in CRC tissues
compared with normal colorectal tissues, but not compared to the LOCRC. A similar study
was carried out on sporadic EOCRC and healthy controls (<50 years old). Seven genes,
CYR61, UCHL1, FOS, FOS B, EGR1, VIP, and KRT24, were consistently up-regulated in the
mucosa of all six patients compared with the mucosa from four healthy controls [41].

Gene expression variation between FFPE tissues from six EOCC patients (<50 years)
and six LOCRC patients (>65 years) were examined. Among the 770 genes assayed, changes
in expression levels of 88 genes were unique (28 up- and 60 down-regulated) to EOCC (using
the cutoff criteria of expression level differences > 2-fold and p value < 0.01) [42]. At the
pathway level, RAS, MAPK, WNT, and DNA repair pathways were similarly deregulated
in both age groups, whereas PI3K-AKT signaling was more specific to EOCC and cell cycle
pathways to LOCC [42]. Berg M et al. performed an integrated analysis of copy number
changes and gene expression in 23 sporadic EOCRC patients with a median age of 44 years
and 17 LOCRC patients with median age of 79 years [43]. Tissues were preserved in
buffer RLT. In the younger group, CLC, LTBP4, and ZNF574 were up-regulated and PPAT,
RG9MTD2, EIF4E, and PLA2G12A were down-regulated compared to the older group.
Agesen TH et al. compared gene expression in EOCRC and LOCRC and found that a good
number of genes are over- or under-expressed in EOCRC [44]. Among those, Charcot–
Leyden crystal protein (CLC) was 10 times over-expressed and interferon (alpha, beta, and
omega) receptor-1 (IFNAR1) was under-expressed.

Gene expression data in EOCRC were analyzed by Mo X et al. [45]. A total of
140 module hub genes were identified and found to be enriched in the ‘mitochondrial
large ribosomal subunit’, ‘structural constituent of ribosome’, ‘poly (A) RNA binding’,
‘collagen binding’, ‘protein ubiquitination’, and ‘ribosome pathway’. Twenty-six module
hub genes were found to have a degree score > 5 in the PPI network, seven of which
[secreted protein acidic and cysteine rich (SPARC), decorin (DCN), fibrillin 1 (FBN1), WW
domain containing transcription regulator 1 (WWTR1), transgelin (TAGLN), DEAD-box
helicase 28 (DDX28), and cold shock domain containing C2 (CSDC2)], had good prognostic
values for patients with early-onset CRC, but not late-onset CRC. Therefore, the authors
suggested that SPARC, DCN, FBN1, WWTR1, TAGLN, DDX28, and CSDC2 may contribute
to the development of early-onset CRC and may serve as potential diagnostic biomarkers.

Structurally, leptin has similarity with other proteins of the cytokine family, belong-
ing to the group of cytokines commonly called adipocytokines or adipokines. Initially
described as an anti-obesity hormone, leptin has subsequently been shown to also influence
hematopoiesis, thermogenesis, reproduction, angiogenesis, and immune homeostasis [46].
Some variants of the Leptin gene have been found to be associated with CRC in females [9].
There is an inverse correlation between adiponectin and leptin in obesity [47]. In our study,
we observed the down-regulation of LEPR GHRL in both EOCRC and LOCRC without a
significant difference; however FASN was significantly over-expressed in LOCRC compared
to a non-significant increase in EOCRC patients.

In a recent paper, Joo JE et al. compared the DNA methylation of tumor and healthy
mucosa in 110 EOCRC (<50 years), 334 intermediate onset CRC (IOCRC) (50–70 years), and
325 LOCRC (>70 years) [48]. They used FFPE samples on Methylation 450K chips using
the DNA restoration kit. They found extensive DNA methylation alterations in all CRCs,
including EOCRCs. They identified DNA methylation-related changes specific to EOCRC,
including TFAP2A and GSX1 genes, and 12 differentially methylated genes associated
with the MODY pathway. In our study, we found a relatively smaller number of EOCRC
specific DML, but those could cluster the CRC samples well from normal tissue. Some of
our methylation findings also correlated with gene expression findings in EOCRC.

We did not have any CRC patients with distal metastasis in this series and we did not
have chemotherapy or immunotherapy data. However, we tried to look for the molecular
basis in the CRC tissue for the potential use of ICI in these EOCRC and LOCRC patients.
The age of onset did not appear to be a factor that can modify the choice of ICI. Rather, the
MSI status can be used to select a potential subset of CRC patients for certain ICI. With all of
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the limitations of our study in mind, some of the strengths of the study may be noted. First,
paired tumor-normal samples from the same individual for comparison is the most robust
method for detecting any gene expression and methylation changes in cancer. Second, we
used tissue samples preserved in RNA later for RNA and fresh frozen samples for DNA,
which are the gold standard for such assays. Third, to our knowledge, this is one of the first
studies from native Bangladeshi patients with CRC to comprehensively see a difference
between EOCRC and LOCRC pathogenesis from the molecular perspective.

4. Materials and Methods

For this study, we included 330 paired (tumor and adjacent normal) samples from
165 CRC patients (m = 96, f = 69). Of them, 33 had right-sided CRC (cecum 8, ascending
colon 17, hepatic flexure 4, and transverse colon 4) and 132 had left-sided CRC (descending
colon 8, sigmoid colon 15, recto-sigmoid junction 7, and rectum 102). Sixty-seven of
the patients (39 male and 28 female) were aged =<40 years. The fresh frozen samples
were collected from 165 CRC patients from the department of Pathology, Bangabandhu
Sheikh Mujib Medical University (BSMMU), Dhaka, Bangladesh at different times spanning
between December 2009 and May 2016. The patients were at different stages of CRC (stage-
1: 37, stage 2: 42 stage 3: 86). From each patient, the specimens were collected from the
surgically resected tumor and the surrounding unaffected part of the colon about 5–10 cm
away from the tumor mass. A surgical pathology fellow collected all samples from the
operating room immediately after the surgical resection. A histopathology examination was
performed on H&E stained slides in routinely processed paraffin impregnated tissue blocks.
The slides were examined independently by two pathologists and there was concordance
in all 165 cases. For the staging and grading of the CRC, the World Health Organization
Classification of tumors was followed [49]. From each individual, we obtained a pair of
tumor and normal tissues, which were frozen immediately and shipped on dry ice to the
molecular genomics lab at The University of Chicago for subsequent DNA, RNA extraction,
and molecular assay.

For each patient, we also abstracted key demographic and clinical data and tumor char-
acteristics from hospital medical records. Written informed consent was obtained from all
participants. The research protocol was approved by the “Ethical Review Committee, Banga-
bandhu Sheikh Mujib Medical University”, Dhaka, Bangladesh (BSMMU/2010/10096), and
by the “Biological Sciences Division, University of Chicago Hospital Institutional Review
Board”, Chicago, IL, USA (10-264-E).

4.1. DNA and RNA Extraction and Quality Control

DNA was extracted from fresh frozen tissue using a Puregene Core kit (Qiagen, MD,
USA). The electropherogram from Agilent BioAnalyzer with Agilent DNA 12,000 chips
showed the fragment size to be >10,000 bp. RNA was extracted from RNA Later preserved
colonic tissue using a Ribopure tissue kit (Ambion, Austin, TX, USA, Cat# AM1924).

4.2. Relative Telomere Length (RTL) Measurement

For RTL measurement, we used a Luminex-based assay using QuantiGene Plex
chemistry (Invitrogen, Santa Clara, CA, USA). The details of the assay are described
earlier [50,51]. Briefly, the assay requires ~50 ng of DNA, which is hybridized to sequence-
specific probes for the telomere repeat sequence (TEL) and reference gene sequence
(ALK). The TEL and ALK gene signals are amplified using branched DNA technology
and detected using Luminex technology. We used custom designed probes to mea-
sure the abundance of the telomere repeat sequence. The 24-mer probe targeted four
repeats–“TTAGGGTTAGGGTTAGGGTTAGGG”. As a reference single gene, we used
ALK which showed very stable copy numbers (CN = 2) in all the DNA samples detected
by oligonucleotide-based microarray SNP chips from our previous study. The result is
a ratio, and hence there is no unit. The assay precision was good to excellent, with an
intra-class correlation coefficient (ICC) of 0.91 (95% CI 0.86–0.94) [50]. The RTL assay failed
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in 17 samples (nine CRC and eight normal tissue) out of the total 330 samples tested. This
failure rate (5.1%) was similar to what we have seen previously in a larger scale study
using the same Luminex-based RTL measurement assay [52]. RTL data of this series of
CRC patients was recently published [53].

4.3. Genome-Wide Gene Expression Assay

We used microarray data (Illumina HT12 v4 BeadChip) from the first 71 paired tumor
and normal tissue RNA (of the same set of 165 patients used for RTL assay in this study).
The chip contains a total of 47,231 probes covering 31,335 genes. Therefore, for many genes,
there were multiple probes on the chip targeting different genomic regions of the same
gene, that also enables the covering of multiple isoforms, if any. We used the probe level
data. Paired samples were processed in the same chip (12 samples/chip). One sample from
the normal tissue failed on the microarray. Therefore, we had gene expression data from
71 CRC tissues and 70 corresponding normal tissues. Gene expression data was normalized
using quantile normalization in the GenomeStudio software.

4.4. Genome-Wide Methylation Assay

We also have methylation data (Illumina HumanMethylation450 DNA analysis Bead-
Chip v1.0 Assay) from the first 125 paired tumor-normal samples (125 pairs out of the same
set of 165 patients used for this study) [11]. The DNA samples were subjected to bisulfite
conversion using EZ-96 DNA Methylation Kit (Zymo Research, Irvine, CA, USA). The chip
presents 485,577 loci of which there are 150,254 in CpG Island, 112,067 in Shore (0–2 kb
from island), 47,114 in Shelf (2–4 kb from the island), and 176,112 in deep sea (>4 kb from
CpG island). We did not include the markers in the deep sea region in the final differential
methylation analysis. Paired samples (CRC and corresponding normal) were processed
on the same chip to avoid a batch effect. From this assay, on average 17 loci per gene were
interrogated. A Tecan Evo robot was used for automated sample processing and the chips
were scanned on a single iScan reader. If the intensity of the methylated loci is X and the
intensity of the unmethylated loci is Y, then, the methylation score (beta value) is X/X + Y.
If all are unmethylated (X = 0), then the methylation level is 0/0 + Y = 0. If all loci are
methylated (Y = 0), then the beta value is X/X + 0 = 1. If 50% of probes are hybridized at
the methylated loci and 50% are hybridized at the unmethylated loci, then the methylation
score is 50/50 + 50 = 0.5.

4.5. Microsatellite Instability (MSI) Detection

A high-resolution melting (HRM) analysis method was used for the detection of
two mononucleotide MSI markers—BAT25 and BAT26 [54,55]. A tumor was defined as
having MSI when it showed instability with at least one of these markers (BAT25 and
BAT26), and as MSS when it showed no instability for both of the markers. We used
published primer sequences [54]. The amplification conditions included the polymerase
activation step at 95 ◦C for 2 min, followed by five cycles of denaturation at 95 ◦C for 15 s,
annealing starting at 60 ◦C for 30 s, extension at 72 ◦C for 30 s, and an additional 33 cycles
of denaturation at 95 ◦C for 15 s, annealing at 53 ◦C for 30 s, and extension at 72 ◦C for 30 s.
Before the HRM step, the products were heated to 95 ◦C for 1 min and cooled to 40 ◦C for
1 min, to allow for the heteroduplex formation. HRM was carried out and the data was
collected over the range from 60 to 95 ◦C, with temperature increments of 0.2 ◦C/s at each
0.05 s. The BAT25 and BAT26 products were sequenced for validation. In this way, a total
of 30 tumor samples showed MSI and all were confirmed by another relatively novel MSI
marker CAT25 [56,57].

4.6. KRAS and BRAF Mutation Detection:

Tumor and adjacent healthy colonic tissue from 165 paired (tumor and normal) tissues
were tested for KRAS (rs 112445441) and BRAFV600E mutations by high resolution melt
analysis, as described previously [55].
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4.7. Statistical Analysis

To compare the continuous variables, we used a t-test or one-way analysis of variance
(ANOVA). The principal component analysis (PCA) and sample histograms were checked
as a part of quality control analyses of the microarray data. Mixed-model multi-way
ANOVA (which allows more than one ANOVA factor to be entered in each model) was used
to compare the individual probe level expression data (for gene expression) or the beta value
of CpG loci (for methylation data) across different groups. For statistical analysis, we used
Partek Genomics Suite (version 7.0) (https://www.partek.com/partek-genomics-suite/,
accessed on 14 November 2022). In general, “tissue” (tumor/adjacent normal), age of
onset of CRC (0: =<40 years, 1: >40 years), LVI (0 = no, 1 = yes), PNI (0 = no, 1 = yes),
telomere shortening (0 = no, 1 = yes), and MSI status (MSI/MSS) were used as categorical
variables with fixed effect. These levels represent all conditions of interest, whereas “person
ID#” (as proxy of inter-person variation) was treated as a categorical variable with random
effect, since the person ID is only a random sample of all of the levels of that factor. The
method of moments estimation was used to obtain estimates of variance components for
mixed models [58]. As per the study design, we processed both the CRC tissue and the
corresponding adjacent normal sample from one individual in a single chip. In the ANOVA
model, the log2-transformed gene expression or beta-value for the CpG loci were used as
the response variable (Y), and “Tumor” (tumor or normal), person ID#, “MSI-status”, and
“age of onset” were entered as ANOVA factors.

For the paired analysis, we used the following model:

Yijk = µ + Tumori + Personj + εijk

where Yijk represents the k-th observation on the i-th tumor j-th person. M is the common
effect for the whole experiment. Eijk represents the random error present in the k-th
observation on the i-th tumor j-th person. The errors εijk are assumed to be normally and
independently distributed with mean 0 and standard deviation δ for all measurements.
Person is a random effect.

For the detection of the interaction between tumor and age of onset, the following
model was used:

Yijk = µ + Tumori + Age o f onset o f CRCJ + Tumor ∗ Age o f onset o f CRCij + εijk

where Yijk represents the k-th observation on the i-th tumor j-th age of onset. M is the
common effect for the whole experiment. Eijk represents the random error present in the
k-th observation on the i-th tumor j-th age of onset of CRC. The errors εijk are assumed to
be normally and independently distributed with mean 0 and standard deviation δ for all
measurements.

Gene ontology (GO) was used to group a set of genes into a category. In GO Enrichment
analysis, we tested if the genes found to be differentially expressed or methylated fell into
a gene ontology category more often than expected by chance [59]. We used a chi-square
test to compare the “number of significant genes from a given category/total number of
significant genes” vs. “number of genes on chip in that category/total number of genes
on the microarray chip”. The negative log of the p-value for this test was used as the
enrichment score. Therefore, a GO group with a high enrichment score represents a lead
functional group. The enrichment scores were analyzed in a hierarchical visualization and
in tabular form.

Gene set ANOVA is a mixed model ANOVA to test the expression or methylation of
a set of genes (sharing the same category or functional group) instead of an individual
gene in different groups (https://www.partek.com/partek-genomics-suite/, accessed on
14 November 2022). The analysis is performed at the gene level, but the result is expressed
at the level of the gene set-category by averaging the member genes’ results. The equation
for the model was:

Model: Y = µ + T + P + G + S (T ∗ P) + ε
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where Y represents the expression or methylation status of a gene set category, µ is the
common effect or average expression/methylation of the gene set category, T is the tissue-
to-tissue (tumor/normal) effect, P is the patient-to-patient effect, G is the gene-to-gene effect
(differential expression or methylation of genes within the gene set category independent
of tissue types), S (T*P) is the sample-to-sample effect (this is a random effect, and nested in
the tissue and patient), and ε represents the random error. All of the figures were generated
using Partek Genomics Suite (version 7.0) (https://www.partek.com/partek-genomics-
suite/, accessed on 14 November 2022).

5. Conclusions

We found that a high proportion of CRC patients presented at =<40 years of age.
Histologically, EOCRC was more frequently associated with advanced stage, LVI, and PNI.
As for molecular mechanisms for pathogenesis, the genome-wide gene expression and
methylation suggested that the EOCRC was associated with an impaired DNA damage
repair response, DNA replication repair, and immune response. From a therapeutic per-
spective, the study suggested the potential use of FASN targeted therapy, especially in the
LOCRC group in this population.
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Abstract: The purpose of this review is to decipher the mechanisms of the pathways leading to the
complex roles of neurotensin (NTS) receptor-3, also called sortilin, and of its soluble counterpart
(sSortilin/NTSR3) in a large amount of physiological and pathological functions, particularly in cancer
progression and metastasis. Sortilin/NTSR3 belongs to the family of type I transmembrane proteins
that can be shed to release its extracellular domain from all the cells expressing the protein. Since its
discovery, extensive investigations into the role of both forms of Sortilin/NTSR3 (membrane-bound
and soluble form) have demonstrated their involvement in many pathophysiological processes from
cancer development to cardiovascular diseases, Alzheimer’s disease, diabetes, and major depression.
This review focuses particularly on the implication of membrane-bound and soluble Sortilin/NTSR3
in colorectal cancer tissues and cells depending on its ability to be associated either to neurotrophins
(NTs) or to NTS receptors, as well as to other cellular components such as integrins. At the end of the
review, some hypotheses are suggested to counteract the deleterious effects of these proteins in order
to develop effective anti-cancer treatments.

Keywords: sortilin; neurotensin; neurotensin receptor-3; soluble sortilin; colorectal cancer; cell
signaling; cell morphology

1. Introduction

The development of cancerous tumors is known to be the consequence of the over-
expression of growth factors. Unfortunately, when treated with radiotherapy or chemical
therapy, some tumors can metastasize as a result of the weakening of cancer cell–cell interac-
tions in the tumor tissue, leading to the dissemination of cancer cells in the circulation [1,2].
Both mechanisms of cancer growth and metastasis are regulated by a large panel of cir-
culating activators from several neuropeptides [3,4] to membrane-bound factors released
by matrix metalloprotease (MMP)-dependent shedding [5], such as Epidermal Growth
Factor Receptor (EGFR) ligands [6,7]. One of the most studied neuropeptides involved in
cancer progression is neurotensin (NTS), the three known receptors of which (two G-protein
coupled receptors, NTSR1 and NTSR2, and a type I receptor, NTSR3) are expressed in nu-
merous cancers and particularly in digestive cancers [8–11]. Interestingly, NTSR3 [12], also
previously identified as Sortilin [13], is shed from the plasma membrane [14], leading to the
release of a soluble form of sortilin (sSortilin). However, growing evidence indicates the
emerging role of membrane-bound Sortilin/NTSR3 and its soluble counterpart in cancer
cell proliferation and dissemination.

The identification of Sortilin/NTSR3 by three different experimental approaches pre-
dicted the complexity of the functions of the protein. Chronologically, by using the chaperon
protein RAP (receptor-associated protein) affinity column, Petersen and collaborators iden-
tified and purified a 95 kDa protein from human brain extract using the detergent CHAPS.
Molecular cloning of the encoding gene showed that the protein was a type I receptor with
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homology to the yeast vacuolar protein sorting 10 protein (Vps10p) of the sorting proteins
family [13]. On another hand, by using an affinity column made with antibodies against
the glucose transporter Glut4, Kandror’s team identified a glycoprotein of 110 kDa as a
major component of Glut4-containing vesicles. The molecular cloning of sortilin protein
from rat adipocytes indicated a 93% identity to human sortilin [15]. Finally, at the same
time, the 100 kDa protein previously identified as the NTS binding site was purified from
CHAPS-solubilized mouse and human brain extracts by using an NTS affinity column. The
cloning of the human 100 kDa NTS binding site identified the protein as sortilin [12].

Therefore, since its discovery, several cellular functions have been described for Sor-
tilin/NTSR3, including the sorting of proteins to the plasma membrane [16,17] or to lyso-
somes [18,19]. In addition to its involvement in intracellular trafficking, Sortilin/NTSR3
also displays a receptor function for NTS [20], for a lipoprotein lipase [21], and a co-receptor
function to initiate the action of NTS in pancreatic beta cells [22–24], as well as in the
HT29 adenocarcinoma colorectal cancer cells [25,26]. Additionally, Sortilin/NTSR3 has
been shown to interact with the receptor of Nerve Growth Factor (NGF), the p75 neu-
rotrophin receptor (p75NTR), to trigger neuronal apoptosis induced by the precursor of
Nerve Growth Factor (pro-NGF) [27,28] and the precursor of Brain-Derived Neurotrophic
Factor (pro-BDNF) [29,30]. Recently, it was identified that Sortilin/NTSR3 acts as a receptor
for the brain lipids carrier Apolipoprotein E (apoE), which confers the most important
genetic risk factor for Alzheimer’s disease (AD), demonstrating the involvement of Sor-
tilin/NTSR3 in the neuroprotective action of apoE in AD pathology [31]. Finally, the role
of Sortilin/NTSR3 as a biomarker of risk in cardiovascular disorders in humans has been
largely confirmed [32,33].

In the field of cancer, the initial involvement of Sortilin/NTSR3 has been observed by
its implication in the NTS-induced proliferation of several cancer cell lines [9]. Subsequently,
a series of works were developed to investigate the role of Sortilin/NTSR3 either as an actor
or as a biomarker in the development of human cancers [34]. Briefly, the overexpression of
Sortilin/NTSR3 is linked to proliferation and migration in neuroendocrine tumors [35], in
breast and ovarian carcinomas [36–38], in gliomas [39–41], in thyroid cancers [42], and in
chronic lymphocytic leukemias [43].

This review focuses on the role of the two predominant protein forms of sortilin (the
membrane-bound and the soluble form), particularly in colorectal cancer, through their
interaction with various types of membrane receptors such as NTSR1, epidermal growth
factor receptor (EGFR), and tropomyosin receptor kinase B (TrkB).

2. The Membrane-Bound Sortilin/NTSR3

At the cellular level, from its translation to its targeting to the plasma membrane, Sor-
tilin/NTSR3 has been described to be classically associated with the membrane in the en-
doplasmic reticulum, the trans-Golgi network, and finally, in the plasma membrane after
transport in membrane vesicles. Note that the three independent works described above that
led to the cloning of Sortilin/NTSR3 indicated that only 10% of the protein was associated
with the surface membrane, whilst 90% of the protein remained intracellular [12,13,15]. Once
at the cell surface, Sortilin/NTSR3 could be released into the circulation by shedding [14,44]
or released in extracellular micro-vesicles termed exosomes [45].

2.1. The Role of Membrane Sortilin/NTSR3 in the Signaling and Trafficking of
Neurotrophin Receptors

Neurotrophins (NTs) are growth factors that control a series of functions in the ner-
vous system. The mature forms of NGF and BDNF, as well as those of NT4/5 and NT3,
are involved in Trk-dependent neuronal cell survival, whereas their unmatured forms
are responsible for cell death through p75NTR [46]. In fact, all the functions described
above for NT receptors necessitate their association with Sortilin/NTSR3, which was well
described in a previous review [47]. Focusing on colorectal cancer cells, the interaction
of Sortilin/NTSR3 with either TrkB or p75NTR, both expressed in colorectal cancer cells,
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triggers opposite functions. On the one hand, BDNF, the secretion of which is activated by
Sortilin/NTSR3 [48], induces cell proliferation and displays anti-apoptotic effects through
TrkB [49]. One the other hand, exogenous pro-BDNF induced colorectal cancer cell apop-
tosis through Sortilin/NTSR3 as a co-receptor of p75NTR, the high-affinity receptor for
pro-neurotrophins, suggesting a mechanism of Sortilin/NTSR3 action that can counterbal-
ance cell survival [49] (Figure 1).
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2.2. The Role of Membrane Sortilin/NTSR3 in the Signaling and Trafficking of
Neurotensin Receptors

NTS and its receptors NTSR1 and Sortilin/NTSR3 are significantly overexpressed in
colorectal cancer cells when compared to the surrounding normal epithelium, an observa-
tion that can potentially be used as a prognostic biomarker associated with more advanced
colorectal cancer and poorer disease-free survival [50].

In the human colonic adenocarcinoma cell line HT29, Sortilin/NTSR3 is co-expressed
with the G-protein coupled receptor NTSR1 (Figure 2). Immunoprecipitation experiments
provided evidence for endogenous complex formation between these two receptors. It
has also been demonstrated that the NTSR1–Sortilin/NTSR3 complex is internalized on
NTS stimulation [25]. More interestingly, the interaction of Sortilin/NTSR3 with NTSR1
modulates both the NTS-induced phosphorylation of mitogen-activated protein (MAP)
kinases and the phosphoinositide (PI) turnover mediated by NTSR1 [51], suggesting that
Sortilin/NTSR3 may act as a co-receptor to participate in true NTS signaling. To further
examine the functionality of Sortilin/NTSR3 trafficking in HT29 cells, the internalization
of the Sortilin/NTSR3–NTS complex was followed from the plasma membrane to the
trans-Golgi network (TGN), where NTS was bound to a lower molecular form of the
receptor compared to the form found at the cell surface or on early endosomes [51]. This
result suggested that the signaling and transportation functions of Sortilin/NTSR3 may
be mediated through different molecular forms of the protein, a high-molecular-weight
membrane form responsible for NTS endocytosis and a low-molecular-weight intracellular
form responsible for the sorting of internalized NTS to the TGN. Once again, the role of
Sortilin/NTSR3 in HT29 proliferation appears rather essential in the regulation of the action
of NTS to modulate cancer cell proliferation.
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In the same colorectal cell line, a study from Navarro et al. demonstrated that NTS-
induced proliferation was dependent on the internalization of the Sortilin/NTSR3-NTS
complex [52]. Inhibition of the internalization process affected NTS-induced Erk1/2 phos-
phorylation and cell proliferation, whereas the peptide-induced activation of phospholipase
C was unaffected, indicating that the two intracellular pathways activated by NTS in HT29
cells (phospholipase C and MAP kinases) are independent. This can be explained by
distinct conformational structures formed by the associated NTSR1 and Sortilin/NTSR3,
leading to either G-protein activation or to the process of sequestration. This also indicates
that inhibiting the trafficking of surface protein receptors could be an alternative method
through which to develop anti-cancer treatments.

3. The Soluble Form of Sortilin/NTSR3
3.1. Shedding of the Cell Surface Sortilin/NTSR3

The shedding of Sortilin/NTSR3 was not stimulated by NTS itself, but the amount
of shed protein (sSortilin/NTSR3) recovered in the extracellular medium was enhanced
when the internalization process was blocked by hyperosmolar sucrose suggesting an
accumulation of the protein at the cell surface and also an increase in the amount of shed
protein in these conditions. The shedding process of Sortilin/NTSR3 is activated in a
concentration- and time-dependent manner by PMA (Phorbol 12-Myristate 13-Acetate), a
protein with a molecular weight of 100 kDa, which is slightly lower than that detected in
crude homogenates (110 kDa). PMA acts as an activator of MMPs via the PKC pathway
in several types of cells such as neurons, microglial cells, and cancer cells [14]. In the
same way, other PKC activators such as carbachol or PGE2 [53] increased the shedding of
Sortilin/NTSR3 [54]. Note that other members of the Vps10p receptor family, SorLA and
SorCS1-3, are also shed [44,55].

3.2. Binding and Internalization Properties of sSortilin/NTSR3

The shed Vps10p proteins could display their own activities as ligands or could serve
as transporters/protectors to avoid the proteolytic degradation of their ligands. Binding
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experiments performed on HT29 cell homogenates using 125I-radiolabeled proteins showed
that sSortilin/NTSR3 specifically bound to HT29 membranes with an affinity of 5 nM
but not to the other NTS receptors [54]. Although in numerous cancer cell systems, NTS
signaling depends on EGFR activation [56,57], this is not the case in HT29 cells, since
sSortilin/NTSR3 is unable to compete with EGF on the EGFR, and reciprocally, EGF is
unable to compete with sSortilin/NTSR3 on its binding sites [54]. These results indicate
that sSortilin/NTSR3 recognizes a specific receptor in HT29 cells that is neither sortilin nor
EGFR (Figure 2).

After binding to a specific receptor, sSortilin/NTSR3 is rapidly and efficiently seques-
trated at 37 ◦C into HT29 cells by a mechanism dependent on hyperosmolar sucrose [54].
Following its internalization, 60–70% of the sequestered protein is recovered into lyso-
somes and degraded. The remaining non-degraded sSortilin/NTSR3 could be sorted to
recycling vesicles or to other cellular compartments to trigger unidentified functions. The
intracellular fate of sSortilin/NTSR3 appears to follow the same sorting to lysosomes that
the membrane-bound Sortilin/NTSR3 undergoes [58].

3.3. Cell Functions of sSortilin/NTSR3 in HT29 Cells

sSortilin/NTSR3 induces plasma membrane translocation of PKCα and consequently
increases the intracellular concentration of calcium at low concentrations (10 nM) [54]. It
was shown that the effect of sSortilin/NTSR3 on calcium concentrations can be desensitized,
a mechanism frequently observed by the internalization and uncoupling of functional
receptors such as G-protein coupled receptors [59] and the low-density lipoprotein lipase
receptor family [60].

In HT29 cells, sSortilin/NTSR3 rapidly and transiently activates Akt phosphorylation
through the upstream phosphorylation of the complex focal adhesion kinase FAK-Src [54].
The activation of the phosphatidylinositol 3-kinase (PI3 kinase) pathway is an important
step to induce calcium release from the intracellular stores (for a review, see [61]), a pathway
involved in the development of colorectal cancers [62]. It is important to note that the
activation of the FAK pathway is involved in survival mechanisms, and especially in a
variety of distinct cancer cell development and metastasis processes [63,64].

3.4. Morphological Changes of HT29 Cells Induced by sSortilin/NTSR3

The activation of the focal adhesion kinase (FAK) pathway is known to be correlated
with numerous cellular processes such as cell spreading, adhesion, migration, and sur-
vival [65]. In HT29 cells, the shape and the morphology on sSortilin/NTSR3 incubation
were investigated to determine the role of the protein in the regulation of cancer cell
detachment [66].

The geometric distribution (polygon classes) of cells, assessed using labeling with flu-
orescent anti-E-cadherin antibodies, illustrates that resting confluent HT29 cells presented
a geometric distribution corresponding to 46% hexagons, a distribution in agreement with
several other resting cells [67,68]. Interestingly, sSortilin/NTSR3-treated HT29 cells dis-
played a significant reduction (to 30%) in the proportion of hexagons in favor of pentagons,
as well as an increase in the cell surface [66].

The modifications by sSortilin/NTSR3 of the actin cytoskeleton and the cell shape,
as well as its ability to activate FAK, were likely linked to the cell–matrix contact weaken-
ing, which can lead to cell migration. However, HT29 cells are non-migrating cells [69];
therefore, the role of sSortilin/NTSR3 could correspond to involvement in the first step of a
mechanism responsible for cell detachment.

Could the reorganization of the cell shape by sSortilin/NTSR3 be in agreement with
the modifications of the architecture of ultra-structural components such as desmosomes
and intermediate filaments? [66]. To answer this question, the number and structure
of desmosomes have been analyzed. Desmosomes are formed by plaque densities and
bundles of intermediate filaments. These structures are involved in cell–cell adhesion by
connecting the proteins forming plaque densities to the interfilaments’ cytoskeleton. The
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desmosomes are important to ensure tissue integrity and to maintain homeostasis [70]. In
fact, sSortilin/NTSR3 decreases the average number of desmosomes per cell and modifies
the architecture of desmosomes, thus weakening the cell–cell and cell–matrix interactions
(Figure 2). The disorganization of desmosomes may contribute to the weakening of the cell
barrier, which can allow for the crossing of growth factors leading to tissue dysfunction,
particularly in the development or progression of human epithelial cancer cells (for reviews
see [71,72]).

The marked changes observed in the sSortilin/NTSR3-treated HT29 cell morphology
were correlated with the decreased expression of E-cadherin and a series of integrin family
members, proteins implicated in cell–cell junctions or cell adhesion [66,73]. A decrease in
or loss of integrin couples has already been described in colonic epithelial cells [74,75] in
association with a poor prognosis.

Cell detachment from the plates has previously been observed in resting colonic cancer
cells including HCT116, HT29, and SW620 cell lines. The action of sSortilin/NTSR3 in the
weakening of cell–cell contact and cell–matrix interactions may be part of a mechanism
responsible for the initial steps leading to cancer cell detachment and diffusion from
primary tumors to healthy non-tumoral cells, thus facilitating metastasis (Figure 2).

4. Another Crucial Function of Sortilin/NTSR3: Possible Role in the Field of Cancer
Involvement of Sortilin/NTSR3 in the Membrane Expression of TREK-1OK

A previous study demonstrated the interaction between the two proteins sortilin
and TREK-1, in which mice with deletions of the sortilin (sort1) or TREK-1 (kcnk2) genes
displayed a similar phenotype of resistance to depressive-like behavior during resignation
tests such as the forced swimming test (FST) and the tail suspension test (TST) [76]. TREK-
1 belongs to the family of two-pore-domain potassium channels, which play important
roles in neuroprotectioTablen, pain, analgesia, and depression [77–79]. As one of the
first functions identified for Sortilin/NTSR3 was to address numerous proteins from the
intracellular compartments to the plasma membrane or lysosomes [17,80], it was crucial to
determine whether sortilin and TREK-1 were associated, and if they were, how sortilin was
involved in the sorting of TREK-1. This hypothesis was firstly confirmed by demonstrating
that the TREK-1 channel expression at the plasma membrane of COS-7 cells was strongly
enhanced by the co-expression of Sortilin/NTSR3 [76], and secondly, by observing that
the brain of sort1−/− mice had an altered TREK-1 function due to a dramatically lower
expression of the channel at the plasma membrane of neurons [81]. Therefore, the regulation
of the functional expression of TREK-1 could be of importance in a series of human cancers,
including prostate [82,83] and endometrial [84] cancers, in which the overexpression of the
potassium channel appears to be responsible for tumor development. The ability of spadin,
a shorter analog of the pro-peptide (PE) released from the maturation of Sortilin/NTSR3 to
block the activity of TREK1, indicates that it could possibly be used as a tool to decrease
the proliferation of cancer cells.

5. Conclusions

The initial multiplicity of functions described for Sortilin/NTSR3 has been enhanced
by the protein kinase C-dependent shedding of the membrane-bound protein, leading
to a soluble extracellular form for which additional actions have been observed. The
regulation of both forms involves complex mechanisms. From the various functions of
Sortilin/NTSR3 in numerous cell types and tissues, the implications of membrane-bound
and soluble Sortilin/NTSR3 in CRC cells are summarized in Table 1.
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Table 1. Implication of membrane-bound and soluble Sortilin/NTSR3 in CRC cells.

Membrane-Bound Sortilin
as a Co-Receptor

Ligand and receptor Function Pathways

NTS, NTSR1
BDNF, TrkB
Pro-BDNF, p75NTR

Cell proliferation
Cell proliferation,
anti-apoptotic
Cell apoptosis

PKC, ERK1/2, PI3K/Akt
PI3K/Akt

Soluble Sortilin
as a Ligand

Receptor Function Pathways

Unknown
Unknown

Unknown, EGFR- independent

Cell-cell disruption
Cell morphological
changes
Cytoskeleton
redistribution
Cell proliferation

FAK/Src, PI3K/Akt
Integrins expression
changes

ERK1/2, PKCα

CRC colorectal cancer, NTS neurotensin, NTSR neurotensin receptor, EGFR epidermal growth factor recep-
tor, BDNF brain-derived neurotrophic factor, pro-BDNF precursor of BDNF, Trk tropomyosin receptor kinase,
p75NTR p75 neurotrophin receptor, PKC protein kinase C, ERK extracellular signal-regulated kinase, PI3K
phosphatidylinositol 3-kinase, FAK, focal adhesion kinase.

Focusing on cancers, and particularly on colorectal cancers, most studies on the role
of Sortilin/NTSR3 have been performed on in vitro models (human colorectal cancer cell
lines). A recent study carried out on both cell lines and primary cultures from patients
demonstrated that the overexpression of Sortilin/NTSR3 was associated with 5-fluorouracil
(5-FU) resistance and a poor prognosis in colorectal cancer [85].

At the plasma membrane level, the association of Sortilin/NTSR3 with the neu-
rotrophin receptors TrkA/B/C induced cell proliferation, whereas its association with
the neurotrophin receptor p75NTR triggered cell death (Figure 1). In addition, p75NTR can
dimerize with other Trk receptors, as well as with NTS receptors 1 and 2 (NTSR1-2) [86].
The observation that p75NTR can undergo ectodomain shedding by γ-secretase and TNFα-
convertases, a cleavage that abolishes ligand-induced signaling and produces an active
intracellular fragment, increases the complexity of the role of these proteins either in cell
survival or in cell death [87].

Although not demonstrated in all cases, the role of the complex Sortilin/NTSR3–
NTSR1 in NTS-induced cancer cell proliferation was described to be dependent on the
internalization process, at least in the HT29 cell line [52], thus increasing the complexity of
the mechanisms of action that regulate cancer cell growth. Further investigations regarding
the importance of the internalization process in cancer cell proliferation should assist in the
identification of new molecular target(s) to counteract cancer development.

The cleavage of the membrane Sortilin/NTSR3 by a mechanism dependent on the
activation of protein kinase C leads to the release of the luminal part of Sortilin/NTSR3.
Then, sSortilin/NTSR3 can bind to specific binding sites to participate in several intracel-
lular signaling pathways including the activation of PKCα, an autoregulation process of
the expression of the soluble protein in the HT29 cell line. The effective concentrations
of sSortilin/NTSR3 that induce PKCα activation and calcium increase are around 10 nM,
concentrations that are in accordance with both circulating serum levels of sSortilin/NTSR3
determined in several previous works and with the affinity of sSortilin/NTSR3 to its
unidentified receptor [54].

In order to control the expression of Sortilin/NTSR3 and its soluble counterpart, regard-
ing their positive or negative behavior in the development of numerous pathologies, the
use of specific inhibitors of the proteins, their unknown receptors, and/or their associated
co-receptors would ameliorate treatments, particularly in cancers. However, it is important
to avoid targeting sortilin non-selectively due to its physiological expression and function in
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numerous crucial tissues. In the present case of colorectal cancers, the use of a cytotoxic agent
conjugated to NTS, for example, can provide an efficient treatment against tumor develop-
ment, as shown in breast cancer [88]. Another possibility could be the use of the natural NTS
antagonist pro-peptide (PE) released from the maturation of the sortilin precursor, which has
been shown to counteract the activation of microglial cells by NTS [20].

The complex formed between Sortilin/NTSR3 and integrin(s) as a receptor for sSor-
tilin/NTSR3 may be responsible for the activation of FAK, as observed in HT29 cells, since
integrins are described as being able to stimulate intracellular kinases including FAK-Src
(for a review, see [89]). In agreement with this hypothesis, this complex can ensure strong
links between cells, which can be weakened by sSortilin/NTSR3 competition with the
membrane sortilin, a process leading to the dissociation and dissemination of cancer cells.

Finally, since sSortilin/NTSR3 exhibits important roles in the development of metas-
tasis, and given that its serum levels are deleterious in other important diseases such as
cardiovascular disease and depression [90–95], regulation of the soluble protein formation
appears to be possible by targeting the activity of MMPs. Indeed, the use of BB3103, the
ADAM10 (A Desintegrin And Metalloprotease) inhibitor, was shown to block the forma-
tion of sSortilin/NTSR3 by HT29 cells [14]. Although clinical trials targeting MMPs have
been canceled in phase I or in phase III for numerous inhibitors, increasing the selectivity
for specific MMPs could offer a useful objective for the further development of selective
treatments for each type of cancer (for a review see, [96]).

Funding: This work was supported by the Centre National de la Recherche Scientifique.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

Acknowledgments: Not applicable.

Conflicts of Interest: The author declares no conflict of interest.

References
1. Thiery, J.P. Epithelial-mesenchymal transitions in tumour progression. Nat. Rev. Cancer 2002, 2, 442–454. [CrossRef] [PubMed]
2. Peralta, M.; Osmani, N.; Goetz, J.G. Circulating tumor cells: Towards mechanical phenotyping of metastasis. eScience 2022,

25, 103969. [CrossRef]
3. Reubi, J.C. Peptide receptors as molecular targets for cancer diagnosis and therapy. Endocr. Rev. 2003, 24, 389–427. [CrossRef]

[PubMed]
4. Gao, Z.; Lei, W.I.; Lee, L.T.O. The Role of Neuropeptide-Stimulated cAMP-EPACs Signalling in Cancer Cells. Molecules 2022, 27, 311.

[CrossRef] [PubMed]
5. Park, K.C.; Dharmasivam, M.; Richardson, D.R. The Role of Extracellular Proteases in Tumor Progression and the Development

of Innovative Metal Ion Chelators that Inhibit their Activity. Int. J. Mol. Sci. 2020, 21, 6805. [CrossRef]
6. Kasina, S.; Scherle, P.A.; Hall, C.L.; Macoska, J.A. ADAM-mediated amphiregulin shedding and EGFR transactivation. Cell Prolif.

2009, 42, 799–812. [CrossRef] [PubMed]
7. Pavlenko, E.; Cabron, A.S.; Arnold, P.; Dobert, J.P.; Rose-John, S.; Zunke, F. Functional Characterization of Colon Cancer-

Associated Mutations in ADAM17: Modifications in the Pro-Domain Interfere with Trafficking and Maturation. Int. J. Mol. Sci.
2019, 20, 2198. [CrossRef] [PubMed]

8. Christou, N.; Blondy, S.; David, V.; Verdier, M.; Lalloué, F.; Jauberteau, M.O.; Mathonnet, M.; Perraud, A. Neurotensin pathway in
digestive cancers and clinical applications: An overview. Cell Death Dis. 2020, 11, 1027. [CrossRef]

9. Dal Farra, C.; Sarret, P.; Navarro, V.; Botto, J.M.; Mazella, J.; Vincent, J.P. Involvement of the neurotensin receptor subtype NTR3
in the growth effect of neurotensin on cancer cell lines. Int. J. Cancer 2001, 92, 503–509. [CrossRef] [PubMed]

10. Sánchez, M.L.; Coveñas, R. The Neurotensinergic System: A Target for Cancer Treatment. Curr. Med. Chem. 2021, 29, 3231–3260.
[CrossRef] [PubMed]

11. Iyer, M.R.; Kunos, G. Therapeutic approaches targeting the neurotensin receptors. Expert Opin. Ther. Pat. 2021, 31, 361–386.
[CrossRef] [PubMed]

12. Mazella, J.; Zsurger, N.; Navarro, V.; Chabry, J.; Kaghad, M.; Caput, D.; Ferrara, P.; Vita, N.; Gully, D.; Maffrand, J.P.; et al. The
100-kDa neurotensin receptor is gp95/sortilin, a non-G-protein-coupled receptor. J. Biol. Chem. 1998, 273, 26273–26276. [CrossRef]
[PubMed]

92



Int. J. Mol. Sci. 2022, 23, 11888

13. Petersen, C.M.; Nielsen, M.S.; Nykjaer, A.; Jacobsen, L.; Tommerup, N.; Rasmussen, H.H.; Roigaard, H.; Gliemann, J.; Madsen, P.;
Moestrup, S.K. Molecular identification of a novel candidate sorting receptor purified from human brain by receptor-associated
protein affinity chromatography. J. Biol. Chem. 1997, 272, 3599–3605. [CrossRef] [PubMed]

14. Navarro, V.; Vincent, J.P.; Mazella, J. Shedding of the luminal domain of the neurotensin receptor-3/sortilin in the HT29 cell line.
Biochem. Biophys. Res. Commun. 2002, 298, 760–764. [CrossRef]

15. Lin, B.Z.; Pilch, P.F.; Kandror, K.V. Sortilin is a major protein component of Glut4-containing vesicles. J. Biol. Chem. 1997, 272,
24145–24147. [CrossRef] [PubMed]

16. Willnow, T.E.; Petersen, C.M.; Nykjaer, A. VPS10P-domain receptors—Regulators of neuronal viability and function. Nat. Rev.
Neurosci. 2008, 9, 899–909. [CrossRef]

17. Ouyang, S.; Jia, B.; Xie, W.; Yang, J.; Lv, Y. Mechanism underlying the regulation of sortilin expression and its trafficking function.
J. Cell Physiol. 2020, 235, 8958–8971. [CrossRef] [PubMed]

18. Lefrancois, S.; Zeng, J.; Hassan, A.J.; Canuel, M.; Morales, C.R. The lysosomal trafficking of sphingolipid activator proteins (SAPs)
is mediated by sortilin. EMBO J. 2003, 22, 6430–6437. [CrossRef]

19. Barnes, J.W.; Aarnio-Peterson, M.; Norris, J.; Haskins, M.; Flanagan-Steet, H.; Steet, R. Upregulation of Sortilin, a Lysosomal
Sorting Receptor, Corresponds with Reduced Bioavailability of Latent TGFβ in Mucolipidosis II Cells. Biomolecules 2020, 10, 670.
[CrossRef]

20. Martin, S.; Vincent, J.P.; Mazella, J. Involvement of the neurotensin receptor-3 in the neurotensin-induced migration of human
microglia. J. Neurosci. 2003, 23, 1198–1205. [CrossRef] [PubMed]

21. Nielsen, M.S.; Jacobsen, C.; Olivecrona, G.; Gliemann, J.; Petersen, C.M. Sortilin/neurotensin receptor-3 binds and mediates
degradation of lipoprotein lipase. J. Biol. Chem. 1999, 274, 8832–8836. [CrossRef] [PubMed]

22. Beraud-Dufour, S.; Coppola, T.; Massa, F.; Mazella, J. Neurotensin receptor-2 and -3 are crucial for the anti-apoptotic effect of
neurotensin on pancreatic beta-TC3 cells. Int. J. Biochem. Cell Biol. 2009, 41, 2398–2402. [CrossRef] [PubMed]

23. Daziano, G.; Blondeau, N.; Béraud-Dufour, S.; Abderrahmani, A.; Rovère, C.; Heurteaux, C.; Mazella, J.; Lebrun, P.; Coppola,
T. Sortilin-derived peptides promote pancreatic beta-cell survival through CREB signaling pathway. Pharmacol. Res. 2021,
167, 105539. [CrossRef] [PubMed]

24. Blondeau, N.; Béraud-Dufour, S.; Lebrun, P.; Hivelin, C.; Coppola, T. Sortilin in Glucose Homeostasis: From Accessory Protein to
Key Player? Front. Pharmacol. 2018, 9, 1561. [CrossRef] [PubMed]

25. Martin, S.; Navarro, V.; Vincent, J.P.; Mazella, J. Neurotensin receptor-1 and -3 complex modulates the cellular signaling of
neurotensin in the HT29 cell line. Gastroenterology 2002, 123, 1135–1143. [CrossRef] [PubMed]

26. Kim, J.T.; Weiss, H.L.; Evers, B.M. Diverse expression patterns and tumorigenic role of neurotensin signaling components in
colorectal cancer cells. Int. J. Oncol. 2017, 50, 2200–2206. [CrossRef] [PubMed]

27. Nykjaer, A.; Lee, R.; Teng, K.K.; Jansen, P.; Madsen, P.; Nielsen, M.S.; Jacobsen, C.; Kliemannel, M.; Schwarz, E.; Willnow, T.E.; et al.
Sortilin is essential for proNGF-induced neuronal cell death. Nature 2004, 427, 843–848. [CrossRef] [PubMed]

28. Dedoni, S.; Marras, L.; Olianas, M.C.; Ingianni, A.; Onali, P. Valproic acid upregulates the expression of the p75NTR/sortilin
receptor complex to induce neuronal apoptosis. Apoptosis Int. J. Program. Cell Death 2020, 25, 697–714. [CrossRef]

29. Teng, H.K.; Teng, K.K.; Lee, R.; Wright, S.; Tevar, S.; Almeida, R.D.; Kermani, P.; Torkin, R.; Chen, Z.Y.; Lee, F.S.; et al. ProBDNF
induces neuronal apoptosis via activation of a receptor complex of p75NTR and sortilin. J. Neurosci. 2005, 25, 5455–5463.
[CrossRef] [PubMed]

30. Eggert, S.; Kins, S.; Endres, K.; Brigadski, T. Brothers in arms: ProBDNF/BDNF and sAPPα/Aβ-signaling and their common
interplay with ADAM10, TrkB, p75NTR, sortilin, and sorLA in the progression of Alzheimer’s disease. Biol. Chem. 2022,
403, 43–71. [CrossRef] [PubMed]

31. Asaro, A.; Sinha, R.; Bakun, M.; Kalnytska, O.; Carlo-Spiewok, A.S.; Rubel, T.; Rozeboom, A.; Dadlez, M.; Kaminska, B.; Aronica,
E.; et al. ApoE4 disrupts interaction of sortilin with fatty acid-binding protein 7 essential to promote lipid signaling. J. Cell Sci.
2021, 134, jcs258894. [CrossRef] [PubMed]

32. Di Pietro, P.; Carrizzo, A.; Sommella, E.; Oliveti, M.; Iacoviello, L.; Di Castelnuovo, A.; Acernese, F.; Damato, A.; De Lucia, M.;
Merciai, F.; et al. Targeting the ASMase/S1P pathway protects from sortilin-evoked vascular damage in hypertension. J. Clin.
Invest. 2022, 132. [CrossRef]

33. Møller, P.L.; Rohde, P.D.; Winther, S.; Breining, P.; Nissen, L.; Nykjaer, A.; Bøttcher, M.; Nyegaard, M.; Kjolby, M. Sortilin as a
Biomarker for Cardiovascular Disease Revisited. Front. Cardiovasc. Med. 2021, 8, 652584. [CrossRef] [PubMed]

34. Ghaemimanesh, F.; Mehravar, M.; Milani, S.; Poursani, E.M.; Saliminejad, K. The multifaceted role of sortilin/neurotensin receptor
3 in human cancer development. J. Cell Physiol. 2021, 236, 6271–6281. [CrossRef] [PubMed]

35. Kim, J.T.; Napier, D.L.; Weiss, H.L.; Lee, E.Y.; Townsend, C.M., Jr.; Evers, B.M. Neurotensin Receptor 3/Sortilin Contributes to
Tumorigenesis of Neuroendocrine Tumors Through Augmentation of Cell Adhesion and Migration. Neoplasia 2018, 20, 175–181.
[CrossRef]

36. Roselli, S.; Pundavela, J.; Demont, Y.; Faulkner, S.; Keene, S.; Attia, J.; Jiang, C.C.; Zhang, X.D.; Walker, M.M.; Hondermarck, H.
Sortilin is associated with breast cancer aggressiveness and contributes to tumor cell adhesion and invasion. Oncotarget 2015, 6,
10473–10486. [CrossRef] [PubMed]

93



Int. J. Mol. Sci. 2022, 23, 11888

37. Ghaemimanesh, F.; Ahmadian, G.; Talebi, S.; Zarnani, A.H.; Behmanesh, M.; Hemmati, S.; Hadavi, R.; Jeddi-Tehrani, M.; Farzi,
M.; Akhondi, M.M.; et al. The effect of sortilin silencing on ovarian carcinoma cells. Avicenna J. Med. Biotechnol. 2014, 6, 169–177.
[PubMed]

38. Charfi, C.; Demeule, M.; Currie, J.C.; Larocque, A.; Zgheib, A.; Danalache, B.A.; Ouanouki, A.; Béliveau, R.; Marsolais, C.; Annabi,
B. New Peptide-Drug Conjugates for Precise Targeting of SORT1-Mediated Vasculogenic Mimicry in the Tumor Microenvironment
of TNBC-Derived MDA-MB-231 Breast and Ovarian ES-2 Clear Cell Carcinoma Cells. Front. Oncol. 2021, 11, 760787. [CrossRef]
[PubMed]

39. Xiong, J.; Zhou, L.; Yang, M.; Lim, Y.; Zhu, Y.H.; Fu, D.L.; Li, Z.W.; Zhong, J.H.; Xiao, Z.C.; Zhou, X.F. ProBDNF and its receptors
are upregulated in glioma and inhibit the growth of glioma cells in vitro. Neuro Oncol. 2013, 15, 990–1007. [CrossRef]

40. Pinet, S.; Bessette, B.; Vedrenne, N.; Lacroix, A.; Richard, L.; Jauberteau, M.O.; Battu, S.; Lalloue, F. TrkB-containing exosomes
promote the transfer of glioblastoma aggressiveness to YKL-40-inactivated glioblastoma cells. Oncotarget 2016, 7, 50349. [CrossRef]
[PubMed]

41. Yang, W.; Wu, P.F.; Ma, J.X.; Liao, M.J.; Wang, X.H.; Xu, L.S.; Xu, M.H.; Yi, L. Sortilin promotes glioblastoma invasion and
mesenchymal transition through GSK-3β/β-catenin/twist pathway. Cell Death Dis. 2019, 10, 208. [CrossRef] [PubMed]

42. Faulkner, S.; Jobling, P.; Rowe, C.W.; Rodrigues Oliveira, S.M.; Roselli, S.; Thorne, R.F.; Oldmeadow, C.; Attia, J.; Jiang, C.C.;
Zhang, X.D.; et al. Neurotrophin Receptors TrkA, p75(NTR), and Sortilin Are Increased and Targetable in Thyroid Cancer. Am. J.
Pathol. 2018, 188, 229–241. [CrossRef] [PubMed]

43. Farahi, L.; Ghaemimanesh, F.; Milani, S.; Razavi, S.M.; Akhondi, M.M.; Rabbani, H. Sortilin as a Novel Diagnostic and Therapeutic
Biomarker in Chronic Lymphocytic Leukemia. Avicenna J. Med. Biotechnol. 2019, 11, 270–276. [PubMed]

44. Hermey, G.; Sjogaard, S.S.; Petersen, C.M.; Nykjaer, A.; Gliemann, J. Tumour necrosis factor alpha-converting enzyme mediates
ectodomain shedding of Vps10p-domain receptor family members. Biochem. J. 2006, 395, 285–293. [CrossRef]

45. Wilson, C.M.; Naves, T.; Vincent, F.; Melloni, B.; Bonnaud, F.; Lalloue, F.; Jauberteau, M.O. Sortilin mediates the release and
transfer of exosomes in concert with two tyrosine kinase receptors. J. Cell Sci. 2014, 127 Pt 18, 3983–3997. [CrossRef]

46. Bartkowska, K.; Turlejski, K.; Djavadian, R.L. Neurotrophins and their receptors in early development of the mammalian nervous
system. Acta Neurobiol. Exp. 2010, 70, 454–467.

47. Blondy, S.; Christou, N.; David, V.; Verdier, M.; Jauberteau, M.O.; Mathonnet, M.; Perraud, A. Neurotrophins and their
involvement in digestive cancers. Cell Death Dis. 2019, 10, 123. [CrossRef]

48. Chen, Z.Y.; Ieraci, A.; Teng, H.; Dall, H.; Meng, C.X.; Herrera, D.G.; Nykjaer, A.; Hempstead, B.L.; Lee, F.S. Sortilin controls
intracellular sorting of brain-derived neurotrophic factor to the regulated secretory pathway. J. Neurosci. 2005, 25, 6156–6166.
[CrossRef]

49. Akil, H.; Perraud, A.; Melin, C.; Jauberteau, M.O.; Mathonnet, M. Fine-tuning roles of endogenous brain-derived neurotrophic
factor, TrkB and sortilin in colorectal cancer cell survival. PLoS ONE 2011, 6, e25097. [CrossRef]

50. Qiu, S.; Nikolaou, S.; Zhu, J.; Jeffery, P.; Goldin, R.; Kinross, J.; Alexander, J.L.; Rasheed, S.; Tekkis, P.; Kontovounisios, C.
Characterisation of the Expression of Neurotensin and Its Receptors in Human Colorectal Cancer and Its Clinical Implications.
Biomolecules 2020, 10, 1145. [CrossRef]

51. Morinville, A.; Martin, S.; Lavallee, M.; Vincent, J.P.; Beaudet, A.; Mazella, J. Internalization and trafficking of neurotensin via
NTS3 receptors in HT29 cells. Int. J. Biochem. Cell Biol. 2004, 36, 2153–2168. [CrossRef] [PubMed]

52. Navarro, V.; Martin, S.; Mazella, J. Internalization-dependent regulation of HT29 cell proliferation by neurotensin. Peptides 2006,
27, 2502–2507. [CrossRef] [PubMed]

53. Warhurst, G.; Fogg, K.E.; Higgs, N.B.; Tonge, A.; Grundy, J. Ca(2+)-mobilising agonists potentiate forskolin- and VIP-stimulated
cAMP production in human colonic cell line, HT29-cl.19A: Role of [Ca2+]i and protein kinase C. Cell Calcium 1994, 15, 162–174.
[CrossRef]

54. Massa, F.; Devader, C.; Beraud-Dufour, S.; Brau, F.; Coppola, T.; Mazella, J. Focal adhesion kinase dependent activation of the PI3
kinase pathway by the functional soluble form of neurotensin receptor-3 in HT29 cells. Int. J. Biochem. Cell Biol. 2013, 45, 952–959.
[CrossRef]

55. Hampe, W.; Riedel, I.B.; Lintzel, J.; Bader, C.O.; Franke, I.; Schaller, H.C. Ectodomain shedding, translocation and synthesis of
SorLA are stimulated by its ligand head activator. J. Cell Sci. 2000, 113, 4475–4485. [CrossRef]

56. Zhao, D.; Zhan, Y.; Zeng, H.; Koon, H.W.; Moyer, M.P.; Pothoulakis, C. Neurotensin stimulates expression of early growth response
gene-1 and EGF receptor through MAP kinase activation in human colonic epithelial cells. Int. J. Cancer 2007, 120, 1652–1656.
[CrossRef]

57. Moody, T.W.; Nuche-Berenguer, B.; Nakamura, T.; Jensen, R.T. EGFR Transactivation by Peptide G Protein-Coupled Receptors in
Cancer. Curr. Drug Targets 2016, 17, 520–528. [CrossRef]

58. Dumaresq-Doiron, K.; Jules, F.; Lefrancois, S. Sortilin turnover is mediated by ubiquitination. Biochem. Biophys. Res. Commun.
2013, 433, 90–95. [CrossRef]

59. Evron, T.; Daigle, T.L.; Caron, M.G. GRK2: Multiple roles beyond G protein-coupled receptor desensitization. Trends Pharmacol.
Sci. 2012, 33, 154–164. [CrossRef]

60. Hussain, M.M. Structural, biochemical and signaling properties of the low-density lipoprotein receptor gene family. Front. Biosci.
2001, 6, D417–D428.

61. Toker, A. Phosphoinositide 3-kinases-a historical perspective. Subcell Biochem. 2012, 58, 95–110. [PubMed]

94



Int. J. Mol. Sci. 2022, 23, 11888

62. Temraz, S.; Mukherji, D.; Shamseddine, A. Dual Inhibition of MEK and PI3K Pathway in KRAS and BRAF Mutated Colorectal
Cancers. Int. J. Mol. Sci. 2015, 16, 22976–22988. [CrossRef] [PubMed]

63. Buchheit, C.L.; Rayavarapu, R.R.; Schafer, Z.T. The regulation of cancer cell death and metabolism by extracellular matrix
attachment. Semin. Cell Dev. Biol. 2012, 23, 402–411. [CrossRef] [PubMed]

64. Fu, W.; Hall, J.E.; Schaller, M.D. Focal adhesion kinase-regulated signaling events in human cancer. Biomol. Concepts 2012,
3, 225–240. [CrossRef] [PubMed]

65. Parsons, J.T. Focal adhesion kinase: The first ten years. J. Cell Sci. 2003, 116 Pt 8, 1409–1416. [CrossRef] [PubMed]
66. Massa, F.; Devader, C.; Lacas-Gervais, S.; Beraud-Dufour, S.; Coppola, T.; Mazella, J. Impairement of HT29 Cancer Cells Cohesion

by the Soluble Form of Neurotensin Receptor-3. Genes Cancer 2014, 5, 240–249. [CrossRef]
67. Kalaji, R.; Wheeler, A.P.; Erasmus, J.C.; Lee, S.Y.; Endres, R.G.; Cramer, L.P.; Braga, V.M. ROCK1 and ROCK2 regulate epithelial

polarisation and geometric cell shape. Biol. Cell 2012, 104, 435–451. [CrossRef]
68. Farhadifar, R.; Roper, J.C.; Aigouy, B.; Eaton, S.; Julicher, F. The influence of cell mechanics, cell-cell interactions, and proliferation

on epithelial packing. Curr. Biol. 2007, 17, 2095–2104. [CrossRef]
69. Stutzmann, J.; Bellissent-Waydelich, A.; Fontao, L.; Launay, J.F.; Simon-Assmann, P. Adhesion complexes implicated in intestinal

epithelial cell-matrix interactions. Microsc. Res. Tech. 2000, 51, 179–190. [CrossRef]
70. Green, K.J.; Gaudry, C.A. Are desmosomes more than tethers for intermediate filaments? Nat. Rev. Mol. Cell Biol. 2000, 1, 208–216.

[CrossRef]
71. Dusek, R.L.; Attardi, L.D. Desmosomes: New perpetrators in tumour suppression. Nat. Rev. Cancer 2011, 11, 317–323. [CrossRef]

[PubMed]
72. Brooke, M.A.; Nitoiu, D.; Kelsell, D.P. Cell-cell connectivity: Desmosomes and disease. J. Pathol. 2012, 226, 158–171. [CrossRef]

[PubMed]
73. Takeichi, M. Dynamic contacts: Rearranging adherens junctions to drive epithelial remodelling. Nat. Rev. Mol. Cell Biol. 2014,

15, 397–410. [CrossRef]
74. Koretz, K.; Schlag, P.; Boumsell, L.; Moller, P. Expression of VLA-alpha 2, VLA-alpha 6, and VLA-beta 1 chains in normal mucosa

and adenomas of the colon, and in colon carcinomas and their liver metastases. Am. J. Pathol. 1991, 138, 741–750.
75. Stallmach, A.; Riecken, E.O. Colorectal carcinoma—Current pathogenetic concepts. Significance of cell-matrix interaction for

invasive growth and metastasis. Schweiz. Rundsch. Med. Prax. 1992, 81, 847–849. [PubMed]
76. Mazella, J.; Petrault, O.; Lucas, G.; Deval, E.; Beraud-Dufour, S.; Gandin, C.; El-Yacoubi, M.; Widmann, C.; Guyon, A.;

Chevet, E.; et al. Spadin, a sortilin-derived peptide, targeting rodent TREK-1 channels: A new concept in the antidepres-
sant drug design. PLoS Biol. 2010, 8, e1000355. [CrossRef]

77. Borsotto, M.; Veyssiere, J.; Moha Ou Maati, H.; Devader, C.; Mazella, J.; Heurteaux, C. Targeting two-pore domain K(+) channels
TREK-1 and TASK-3 for the treatment of depression: A new therapeutic concept. Br. J. Pharmacol. 2015, 172, 771–784. [CrossRef]

78. Heurteaux, C.; Lucas, G.; Guy, N.; El Yacoubi, M.; Thummler, S.; Peng, X.D.; Noble, F.; Blondeau, N.; Widmann, C.; Borsotto,
M.; et al. Deletion of the background potassium channel TREK-1 results in a depression-resistant phenotype. Nat. Neurosci. 2006,
9, 1134–1141. [CrossRef]

79. Luo, Y.; Huang, L.; Liao, P.; Jiang, R. Contribution of Neuronal and Glial Two-Pore-Domain Potassium Channels in Health and
Neurological Disorders. Neural Plast. 2021, 2021, 8643129. [CrossRef]

80. Xu, S.Y.; Jiang, J.; Pan, A.; Yan, C.; Yan, X.X. Sortilin: A new player in dementia and Alzheimer-type neuropathology. Biochem. Cell
Biol. 2018, 96, 491–497. [CrossRef]

81. Moreno, S.; Devader, C.M.; Pietri, M.; Borsotto, M.; Heurteaux, C.; Mazella, J. Altered Trek-1 Function in Sortilin Deficient Mice
Results in Decreased Depressive-Like Behavior. Front. Pharmacol. 2018, 9, 863. [CrossRef] [PubMed]

82. Voloshyna, I.; Besana, A.; Castillo, M.; Matos, T.; Weinstein, I.B.; Mansukhani, M.; Robinson, R.B.; Cordon-Cardo, C.; Feinmark,
S.J. TREK-1 is a novel molecular target in prostate cancer. Cancer Res. 2008, 68, 1197–1203. [CrossRef]

83. Zhang, G.M.; Wan, F.N.; Qin, X.J.; Cao, D.L.; Zhang, H.L.; Zhu, Y.; Dai, B.; Shi, G.H.; Ye, D.W. Prognostic significance of the
TREK-1 K2P potassium channels in prostate cancer. Oncotarget 2015, 6, 18460–18468. [CrossRef]

84. Patel, S.K.; Jackson, L.; Warren, A.Y.; Arya, P.; Shaw, R.W.; Khan, R.N. A role for two-pore potassium (K2P) channels in endometrial
epithelial function. J. Cell. Mol. Med. 2013, 17, 134–146. [CrossRef]

85. Blondy, S.; Talbot, H.; Saada, S.; Christou, N.; Battu, S.; Pannequin, J.; Jauberteau, M.O.; Lalloué, F.; Verdier, M.; Mathonnet, M.; et al.
Overexpression of sortilin is associated with 5-FU resistance and poor prognosis in colorectal cancer. J. Cell. Mol. Med. 2021,
25, 47–60. [CrossRef]

86. Tomellini, E.; Lagadec, C.; Polakowska, R.; Le Bourhis, X. Role of p75 neurotrophin receptor in stem cell biology: More than just a
marker. Cell Mol. Life Sci. 2014, 71, 2467–2481. [CrossRef]

87. Meldolesi, J. Neurotrophin receptors in the pathogenesis, diagnosis and therapy of neurodegenerative diseases. Pharmacol. Res.
2017, 121, 129–137. [CrossRef] [PubMed]

88. Demeule, M.; Charfi, C.; Currie, J.C.; Larocque, A.; Zgheib, A.; Kozelko, S.; Béliveau, R.; Marsolais, C.; Annabi, B. TH1902, a new
docetaxel-peptide conjugate for the treatment of sortilin-positive triple-negative breast cancer. Cancer Sci. 2021, 112, 4317–4334.
[CrossRef] [PubMed]

95



Int. J. Mol. Sci. 2022, 23, 11888

89. Mohan, N.; Hosain, S.; Zhao, J.; Shen, Y.; Luo, X.; Jiang, J.; Endo, Y.; Wu, W.J. Atezolizumab potentiates Tcell-mediated cytotoxicity
and coordinates with FAK to suppress cell invasion and motility in PD-L1(+) triple negative breast cancer cells. Oncoimmunology
2019, 8, e1624128. [CrossRef] [PubMed]

90. Benjannet, S.; Rhainds, D.; Essalmani, R.; Mayne, J.; Wickham, L.; Jin, W.; Asselin, M.C.; Hamelin, J.; Varret, M.; Allard, D.; et al.
NARC-1/PCSK9 and its natural mutants: Zymogen cleavage and effects on the low density lipoprotein (LDL) receptor and LDL
cholesterol. J. Biol. Chem. 2004, 279, 48865–48875. [CrossRef] [PubMed]

91. Nozue, T.; Hattori, H.; Ogawa, K.; Kujiraoka, T.; Iwasaki, T.; Michishita, I. Effects of Statin Therapy on Plasma Proprotein
Convertase Subtilisin/kexin Type 9 and Sortilin Levels in Statin-Naive Patients with Coronary Artery Disease. J. Atheroscler.
Thromb. 2016, 23, 848–856. [CrossRef] [PubMed]

92. Molgaard, S.; Demontis, D.; Nicholson, A.M.; Finch, N.A.; Petersen, R.C.; Petersen, C.M.; Rademakers, R.; Nykjaer, A.; Glerup, S.
Soluble sortilin is present in excess and positively correlates with progranulin in CSF of aging individuals. Exp. Gerontol. 2016,
84, 96–100. [CrossRef] [PubMed]

93. Hu, F.; Padukkavidana, T.; Vaegter, C.B.; Brady, O.A.; Zheng, Y.; Mackenzie, I.R.; Feldman, H.H.; Nykjaer, A.; Strittmatter, S.M.
Sortilin-mediated endocytosis determines levels of the frontotemporal dementia protein, progranulin. Neuron 2010, 68, 654–667.
[CrossRef] [PubMed]

94. Tanimoto, R.; Palladino, C.; Xu, S.Q.; Buraschi, S.; Neill, T.; Gomella, L.G.; Peiper, S.C.; Belfiore, A.; Iozzo, R.V.; Morrione, A. The
perlecan-interacting growth factor progranulin regulates ubiquitination, sorting, and lysosomal degradation of sortilin. Matrix
Biol. J. Int. Soc. Matrix Biol. 2017, 64, 27–39. [CrossRef] [PubMed]

95. Du, H.; Zhou, X.; Feng, T.; Hu, F. Regulation of lysosomal trafficking of progranulin by sortilin and prosaposin. Brain Commun.
2022, 4, fcab310. [CrossRef]

96. Bernegger, S.; Jarzab, M.; Wessler, S.; Posselt, G. Proteolytic Landscapes in Gastric Pathology and Cancerogenesis. Int. J. Mol. Sci.
2022, 23, 2419. [CrossRef] [PubMed]

96



Citation: Razali, N.N.; Raja Ali, R.A.;

Muhammad Nawawi, K.N.; Yahaya,

A.; Mokhtar, N.M. Targeted

Sequencing of Cytokine-Induced

PI3K-Related Genes in Ulcerative

Colitis, Colorectal Cancer and

Colitis-Associated Cancer. Int. J. Mol.

Sci. 2022, 23, 11472. https://doi.org/

10.3390/ijms231911472

Academic Editors: Alessandro

Ottaiano and Donatella Delle Cave

Received: 16 August 2022

Accepted: 20 September 2022

Published: 29 September 2022

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2022 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

 International Journal of 

Molecular Sciences

Article

Targeted Sequencing of Cytokine-Induced PI3K-Related Genes in
Ulcerative Colitis, Colorectal Cancer and Colitis-Associated Cancer
Nurul Nadirah Razali 1 , Raja Affendi Raja Ali 2,3, Khairul Najmi Muhammad Nawawi 2,3 , Azyani Yahaya 4

and Norfilza M. Mokhtar 1,3,*

1 Department of Physiology, Faculty of Medicine, Universiti Kebangsaan Malaysia, Cheras,
Kuala Lumpur 56000, Malaysia

2 Gastroenterology Unit, Department of Medicine, Faculty of Medicine, Universiti Kebangsaan Malaysia,
Cheras, Kuala Lumpur 56000, Malaysia

3 GUT Research Group, Faculty of Medicine, Universiti Kebangsaan Malaysia, Cheras,
Kuala Lumpur 56000, Malaysia

4 Department of Pathology, Faculty of Medicine, Universiti Kebangsaan Malaysia, Cheras,
Kuala Lumpur 56000, Malaysia

* Correspondence: norfilza@ppukm.ukm.edu.my; Tel.: +60-3-91458610

Abstract: Chronic relapsing inflammatory bowel disease is strongly linked to an increased risk of
colitis-associated cancer (CAC). One of the well-known inflammatory carcinogenesis pathways,
phosphatidylinositol 3-kinase (PI3K), was identified to be a crucial mechanism in long-standing
ulcerative colitis (UC). The goal of this study was to identify somatic variants in the cytokine-
induced PI3K-related genes in UC, colorectal cancer (CRC) and CAC. Thirty biopsies (n = 8 long-
standing UC, n = 11 CRC, n = 8 paired normal colorectal mucosa and n = 3 CAC) were subjected to
targeted sequencing on 13 PI3K-related genes using Illumina sequencing and the SureSelectXT Target
Enrichment System. The Genome Analysis Toolkit was used to analyze variants, while ANNOVAR
was employed to detect annotations. There were 5116 intronic, 355 exonic, 172 untranslated region
(UTR) and 59 noncoding intronic variations detected across all samples. Apart from a very small
number of frameshifts, the distribution of missense and synonymous variants was almost equal.
We discovered changed levels of IL23R, IL12Rß1, IL12Rß2, TYK2, JAK2 and OSMR in more than
50% of the samples. The IL23R variant in the UTR region, rs10889677, was identified to be a
possible variant that might potentially connect CAC with UC and CRC. Additional secondary
structure prediction using RNAfold revealed that mutant structures were more unstable than wildtype
structures. Further functional research on the potential variants is, therefore, highly recommended
since it may provide insight on the relationship between inflammation and cancer risk in the cytokine-
induced PI3K pathway.

Keywords: targeted sequencing; inflammatory bowel diseases; colorectal cancer; colitis-associated
cancer; phosphatidylinositol 3-kinase

1. Introduction

Carcinogenesis is the most severe complication that could arise from prolonged inflam-
matory bowel disease (IBD). Colitis-associated cancer (CAC) is a type of colorectal cancer
(CRC) that develops as a consequence of IBD due to the presence of chronic inflammation
in the gastrointestinal tract [1,2]. The likelihood of CAC developing from ulcerative colitis
(UC) and Crohn’s disease (CD), the two major subtypes of IBD, is 1.4% and 0.8%, respec-
tively [3,4]. Additionally, the prevalence rate of developing CAC is expected to range from
0.6 to 17% in Western nations and from 0.3 to 1.8% in Asia Pacific regions [5]. Moreover, in
Malaysia, the mean incidence of IBD doubled to 1.46 per 100,000 person/year in between
2010 and 2018 [6]. The rising urbanization of societies, which includes dietary changes, the
use of antibiotics, personal cleanliness standards, microbiological exposures, and pollution,
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may be the cause of the rising trend in IBD over the past decades [7]. As a result, this
increasing trend may ultimately contribute to the dynamic shift of CAC among Asians.
Moreover, CAC has contributed to 10 to 15% of IBD fatality cases in Western countries [4,8].

Generally, CAC only accounts for 1 to 2% of CRC cases [8]. There are several charac-
teristics that may distinguish CAC from sporadic CRC. Their clinicopathological charac-
teristics are comparable, but CAC has a higher proportion of numerous cancer lesions, an
increased percentage of superficial and invasive type lesions, and a higher proportion of
mucinous or signet ring cell carcinomas [9]. Contrary to CRC, CAC develops through the
inflammation–dysplasia–carcinoma sequence, where the change from low to high grade
dysplasia is triggered by field precursor cells that are present in or close to the dysplastic
mucosa [10]. According to a study by Choi et al. (2015), 20% of UC patients with low-grade
dysplasia may have developed high-grade dysplasia or CRC within 53 months of their
first diagnosis [11].

Interestingly, there are many similarities between the molecular pathogenesis of CAC
and CRC. K-Ras, p53, APC and COX2 are some of the common genes that are altered as
CAC and CRC progressed [8]. As p53 is widely distributed in the inflamed mucosal area,
this suggests that chronic inflammation has a propensity to become mutagenic [12]. In
fact, a study by Claessen et al. (2010) indicated that p53 staining was found moderately
in non-dysplastic tissue and exhibition of stronger expression was seen in the low- and
high-grade dysplastic lesion in more than 60% of IBD patients [13].

Immune cells, epithelial cells, stromal cells, cytokines, and chemokines are among the
diverse cell types that make up the inflammatory process in CAC development and are
similar to those found in the microenvironment of the malignancy [14]. Cytokines have
a tendency to control the pro-tumorigenic response in chronic inflammatory conditions
by causing cell malignancies and transformation [15,16]. Inflammatory mediators such
as tumor necrosis factor alpha (TNF-α), interleukin-6 (IL6) and STAT3 played significant
roles in pre-neoplastic growth regulation during CAC tumorigenesis as demonstrated in
an animal model study [17].

The release of those mediators is more likely to target several signaling pathways that
play major roles in carcinogenesis such as NF-κB, PI3K, JAK/STAT and Wnt/B-catenin [18].
Phosphatidylinositol 3-kinases (PI3K) were recognized in promoting cancer progression as
they play a key role in the regulation of survival, differentiation, and proliferation of cancer
cells. PI3K enzymatic activity was found to be involved in the pathogenesis of various
diseases, ranging from chronic inflammation to cancer, for instance CRC [19,20]. A recent
microarray study on UC patients with two different durations discovered PI3K as one of the
important pathways in the long-duration UC compared to short duration [21]. Nevertheless,
there is still a paucity of knowledge about the role of the PI3K signaling pathway in the
carcinogenesis progression of colitis-associated cancer. Thus, in the present study, we
have performed targeted sequencing on 13 genes that are related to the cytokines-induced
PI3K signaling pathway for the identification of driver gene mutations in colitis-associated
cancer, long-standing ulcerative colitis, and sporadic colorectal cancer patients.

2. Results
2.1. Information on Clinical Samples

Table 1 displays demographic data for all samples. The median age of all samples
was 69 years old (IQR:8.75). Malays made up the majority of the samples (70%) and were
followed by Chinese (17%) and Indians (13%). Females had a somewhat larger gender
distribution (60%) than men (40%). Most patients’ smoking status was non-smoker (93%)
as opposed to ex-smoker (7%). The mean disease duration for all long-standing UC was
28.5 ± 6.61 years. Most UC patients had a diagnosis of left-sided colitis or pancolitis, with
a Mayo index score of 1 to 3 and a Geboes score of Grade 2A.1 to 2A.2 of. Meanwhile,
patients with CAC had a chronic active history of colitis for 22 ± 13 years. The majority
of CRC and CAC patients were at stages 1 to 3, and the rectosigmoid and distal colon
were the sites of the malignancies. Histologically, the majority of CRC were moderately
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differentiated, whereas tumors from CAC patients were categorized as poorly and well
differentiated. None of the patients had a history of CRC in their families.

Table 1. Clinical and demographic details of the recruited patients. All data are expressed as n except
where indicated in the table. UC, ulcerative colitis; CRC, colorectal cancer; CAC, colitis-associated
cancer; n, number.

UC (n = 8) CRC (n = 11) Normal (n = 8) CAC (n = 3)

Median age (range) 65.5 (60–69) 60 (36–74) 64 (51–74) 59 (20–69)

Race
Malay 3 10 7 1

Chinese 3 1 1 -
Indian 2 - - 2

Gender
Male 4 5 3 -

Female 4 6 5 3

Smoking status
Ex-smoker - 1 1 -

Non-smoker 8 10 7 3

Stage

Not applicable Not applicableI 4 -
II 3 -
III 4 3

Adenocarcinoma types

Not applicable Not applicablePoorly differentiated 1 1
Moderately differentiated 9 -

Well differentiated 1 2

Mayo score (range) 1–3 Not applicable Not applicable Data unavailable

Geboes score (range) 2A.1–2A.2 Not applicable Not applicable Data unavailable

2.2. The Technical Performance of the Target Enrichment System Panel

The average percentage of clean reads across all raw reads produced by the SureSe-
lectXT Target Enrichment System was 96.4% (range 80.9 to 98.8%). The range of the total
reads was 1,200,800 to 6,106,992 reads. For each sample, the percentage of the target base
covered by at least of 100× for each sample had reached 100%.

2.3. Summary of Identified Variants in PI3K-Related Genes

Targeted sequencing was performed on 13 genes that are related to PI3K, namely
IL12Rß1, IL12Rß2, IL23R, IL31, OSMR, JAK2, TYK2, STAT1, STAT3, STAT4, STAT6, PDK1 and
SGK2. Long-standing ulcerative colitis (n = 8), colitis-associated cancer (n = 3), colorectal
cancer (n = 11) and paired normal colorectal mucosa (n = 8) made up the total 30 samples. In
total, we found 5702 variants across all samples in the cytokine-induced PI3K-related genes.
Ninety percent (5116) of such variants were intronic mutations, followed by 355 exonic
mutations (6%), 172 mutations in the 3′ and 5′ untranslated region (UTR) region (3%) and
59 mutations on the noncoding intronic region (1%) (Figure 1A).

Single-nucleotide polymorphisms (SNPs) made up most of the discovered variants
(75% = 4256 variants), followed by 25% (1446 variants) of insertion–deletion (InDel) variants.
The top three genes with the most SNPs were OSMR (640 variants), IL12Rß1 (549 variants)
and IL23R (515 variants). Meanwhile, IL12Rß2 (202 variants), IL12Rß1 (174 variants) and
STAT6 (163 variants) showed a markedly high frequency of number of InDel variants
(Figure 1B).
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Figure 1. (A) Pie chart displaying the overall distribution of the variants identified in PI3K-related
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and fractionated into Indel and SNPs. (C) Bar charts displaying the different somatic alterations
found in the exonic region across all samples.

The number of missense and synonymous mutations from a total of 355 exonic vari-
ants had somewhat similar distribution, with 179 variants (50.4%) and 171 variants (48.2%),
respectively, followed by 5 variants (1.4%) with frameshift mutations (insertion and dele-
tion). Only 5.6% (n = 10) of missense mutations in the four genes IL12Rß1, OSMR, JAK2
and STAT1 were predicted to be damaging or potentially damaging, whereas the remaining
174 variants (94.4%) were predicted to have a benign or neutral function (Figure 1C).

More than 50% of the patients had changed exonic sequences in 6 out of the 13 cytokine-
induced PI3K-related genes. IL23R missense mutations appeared in all samples including
the normal colonic mucosa, which is the paired sample of CRC patients (30/30 samples).
This was followed by IL12Rß2, where all paired normal samples had the same mutations as
CRC (28/30 samples). In contrast, missense mutations TYK2 and OSMR were found in 27
and 21 out of 30 samples, respectively, even though 6 of those samples had paired normal
colonic tissues. A total of 7 out of the 30 samples were matched normal samples where 23 of
them contained missense mutations in the JAK2. Meanwhile, IL12Rß1 missense mutations
were present in 19 out of 30 samples, including four matched normal tissues. Apart from
IL12Rß2 and JAK2, where synonymous mutations were frequently observed, practically all
top changed genes showed significant amount of missense mutation. Frameshift mutations,
however, were infrequently observed and were only found in OSMR (2/21 samples) and
TYK2 (1/27 samples) (Figure 2).

2.4. Somatic Variants Distribution in PI3K-Related Genes among All Samples

A total of 634 mutations were found as recurrent mutations, in the most frequently
mutated gene, IL23R. Almost half of the 314 overall mutations were discovered in two
or more samples. Of the 634 total mutations, 57 were recurrent missense mutations, 3
were synonymous mutations, 551 were intronic and 23 were UTR. These mutations were
discovered sporadically in exon 2 to 10 (Figure 3A).

100



Int. J. Mol. Sci. 2022, 23, 11472Int. J. Mol. Sci. 2022, 23, x FOR PEER REVIEW 5 of 16 
 

 

 

Figure 2. Oncoprint diagram showing the genetic alterations found in the exonic region of PI3K-

related genes. Each bar represents the patient’s number [22,23]. 

2.4. Somatic Variants Distribution in PI3K-Related Genes among All Samples 

A total of 634 mutations were found as recurrent mutations, in the most frequently 

mutated gene, IL23R. Almost half of the 314 overall mutations were discovered in two or 

more samples. Of the 634 total mutations, 57 were recurrent missense mutations, 3 were 

synonymous mutations, 551 were intronic and 23 were UTR. These mutations were dis-

covered sporadically in exon 2 to 10 (Figure 3A). 

Only 453 alterations with 102 recurrent mutations were found in the second-most 

frequently occurring gene, TYK2, which had a 90% incidence of mutations. A total of 362 

intronic and 3′-5′ flanking regions, 31 missense, and 6 synonymous were discovered 

throughout exon 1 to 23. TYK2 had the most splice mutations, 50 in total (Figure 3B). 

Meanwhile, IL12Rß2 reported 489 alterations with recurring 163 mutations. Among 

all groups studied, 60 recurrent synonymous mutations were distributed across exons 2 

to 15, followed by 416 intronic and 12 splice areas. In addition, exon 10 only contained one 

missense mutation (Figure 3C).  

IL12Rß1 had the highest number of alterations, with 723 mutations, including 299 

recurrences while being affected in just 60% of all cases. Between exon 7 to 15, 55 recur-

rence missense mutations were discovered, while 28 synonymous mutations were widely 

distributed around exon 1 to 16, followed by 623 intronic and 8 UTR (Figure 3D).  
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Only 453 alterations with 102 recurrent mutations were found in the second-most
frequently occurring gene, TYK2, which had a 90% incidence of mutations. A total of
362 intronic and 3′-5′ flanking regions, 31 missense, and 6 synonymous were discovered
throughout exon 1 to 23. TYK2 had the most splice mutations, 50 in total (Figure 3B).

Meanwhile, IL12Rß2 reported 489 alterations with recurring 163 mutations. Among
all groups studied, 60 recurrent synonymous mutations were distributed across exons 2 to
15, followed by 416 intronic and 12 splice areas. In addition, exon 10 only contained one
missense mutation (Figure 3C).

IL12Rß1 had the highest number of alterations, with 723 mutations, including 299 re-
currences while being affected in just 60% of all cases. Between exon 7 to 15, 55 recurrence
missense mutations were discovered, while 28 synonymous mutations were widely dis-
tributed around exon 1 to 16, followed by 623 intronic and 8 UTR (Figure 3D).

Another gene with a lot of modification numbers is OSMR, with 699 alterations, 281 of
which were recurrent mutations. Exon 2 to 18 had 641 intronic mutations, 28 UTR, 20 mis-
sense mutations, and 8 synonymous mutations. Two samples contained a single frameshift
insertion in exon 10, resulting in the protein’s function being truncated (Figure 3E).

On the other hand, JAK2 has 120 recurring mutations with 461 overall alterations.
Throughout exonic region 3 to 25, 34 synonymous, 20 3′UTR, 400 intronic and 2 splice
mutations were found in exonic region 3 to 25. Additionally, at exon 9 and 17, only two
missenses were discovered. Exon 8 and 13 both had two frameshift deletion mutations that
led to truncated proteins (Figure 3F).

However, no mutations were identified in the cancer hotspot locations of IL23R,
IL12Rß1, IL12Rß2, OSMR, TYK2, and JAK2 across all mutant distributions.
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Figure 3. Distribution of somatic mutations within the functional domain of each gene. Circle and
the hues green (missense), black (truncating mutation), and purple symbolize the mutations of other
genes. The number with asterisk displays the location of protein change. The number of mutations
identified in the coding area is shown by the length of the line. (A) IL23R, (B) TYK2, (C) IL12Rß2,
(D) IL12Rß1, (E) OSMR, and (F) JAK2 changes were identified.

2.5. Somatic Variants Distribution of PI3K-Related Genes per Group

The three main groups in this study are ulcerative colitis (UC), colorectal cancer (CRC)
and colitis-associated cancer (CAC). As a result, each group’s distribution of variants in
PI3K-related genes was also examined.

A total 1625 variants, including 51 missense, 46 synonymous, 1 frameshift, 1461 in-
tronic, 48 UTR and 18 non-coding intronic, were observed in PI3K-related genes in the
UC group. The top five altered genes were IL12Rß2, IL23R, OSMR, STAT1 and STAT3
(Figure 4A). Additionally, at least two UC samples were the only ones to contain all
26 recurrent mutations in IL12Rß1, IL12Rß2, IL23R, SGK2, OSMR, STAT4 and STAT6. All
recurrences, however, were only discovered in the intronic region (Table 2).
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Table 2. List of recurrence somatic variants in two samples or more in each UC, CRC and CAC group.
UC, ulcerative colitis; CRC, colorectal cancer; CAC, colitis-associated cancer.

Group Gene Location dbSNP Changes Prediction

UC

IL12Rß1 Intronic rs201422056 g.18174947_18174948del Not applicable
IL12Rß2 Intronic rs17838042 g.67792801G>C Not applicable

Intronic rs17129778 g.67787691A>T Not applicable
Intronic rs17129794 g.67794918A>C Not applicable
Intronic rs147756804 g.67796641_67796646del Not applicable

IL23R Intronic rs41313260 g.67706309C>T Not applicable
SGK2 Intronic rs73620603 g.42195665C>T Not applicable

OSMR Intronic rs367864552 g.38881296_38881299del Not applicable
Intronic rs55964556 g.38931022_38931024del Not applicable
Intronic rs757333768 g.38881299ins Not applicable

STAT4 Intronic rs370820216 g.191898876T>C Not applicable
STAT6 Intronic - g.57494483_57494499del Not applicable

Intronic - g.57494421ins Not applicable

CRC

IL12Rß1 Exonic rs370238890 c.1781G>A; p.G594E Benign
IL12Rß2 Intronic - g.67860953_67860954del Not applicable

IL23R Intronic rs767258696 g.67699612_67699616del Not applicable
OSMR Intronic rs113727379 g.38885647C>T Not applicable

Exonic rs34675408 c.561T>G; p.H187Q Benign
JAK2 Intronic rs3780378 g.5112288C>T Not applicable

STAT4 Intronic rs35593987 g.191916526_191916527del Not applicable
Intronic rs11272763 g.191992821ins Not applicable

STAT6 UTR5 rs71802646 g.57505072_57505076del Not applicable

CAC
IL12Rß2 Intronic Not available g.67795960ins Not applicable

TYK2 Intronic Not available g.10477409_10477412del Not applicable

In the CRC group, 2029 variants were found, including 68 missense, 61 synonymous,
3 frameshift, 1809 intronic, 68 UTR and 20 non-coding intronic variants. The top five altered
genes in the CRC group comprised IL12Rß1, IL23R, OSMR, STAT1 and STAT3 (Figure 4B).
Furthermore, at least two samples from the CRC group only had 19 recurrent mutations
in the exonic, intronic, and UTR regions of IL12Rß1, IL12Rß2, OSMR, JAK2, IL23R, STAT4
and STAT6. Both missense mutations that affected the exonic region were predicted to be
benign or neutral (Table 2).

In all, 614 variants were found in the CAC group, comprising 16 missense, 20 syn-
onymous, 561 intronic, 13 UTR and 4 non-coding intronic mutations. Most alterations
were found in IL12Rß1, IL12Rß2, IL23R, OSMR and TYK2 (Figure 4C). Only two recurrence
frameshift mutations in IL12Rß2 and TYK2 were discovered in at least two samples of CAC,
in contrast to the UC and CRC groups (Table 2).

We were able to identify variants that co-occurred in the CAC group with the UC
and CRC, respectively. Data filtration was applied on the selection of only CAC group,
paired with either the UC or CRC group which have yielded a total of 27 intronic variants.
For CAC with UC, these co-existing variants were scattered from IL12Rß1, IL12Rß2, IL23R,
OSMR, JAK2, TYK2, STAT1, STAT3 and STAT6, but for CAC with CRC, only two genes
were involved (JAK2 and STAT4) (Table 3).

Table 3. List of somatic variants from UC and CRC that co-exist with CAC group. UC, ulcerative
colitis; CRC, colorectal cancer; CAC, colitis-associated cancer.

Group Gene Location dbSNP Change

CAC with UC
IL12Rß1 Intronic rs372889 g.18173603T>C

Intronic rs439409 g.18193613A>G
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Table 3. Cont.

Group Gene Location dbSNP Change

CAC with UC

Intronic rs382634 g.18187562G>A
Intronic rs17878594 g.18173513C>T
Intronic Not available g.18179560_18179562del

IL12Rß2 Intronic rs12410480 g.67803994G>T
Intronic rs145598332 g.67833145ins
Intronic rs66726768 g.67795956_67795960del

IL23R Intronic Not available g.67672567_67672569del
OSMR Intronic rs79215370 g.38882285C>T

Intronic rs137968159 g.38919267_38919270del
JAK2 Intronic rs10283730 g.5073289G>A

Intronic rs7865719 g.5082333A>G
Intronic rs138377711 g.5111358_5111359del

TYK2 Intronic rs12720294 g.10469699A>G
Intronic rs12720293 g.10470293A>G
Intronic rs143429818 g.10469743ins

STAT1 Intronic rs2066803 g.191839459C>A
Intronic rs41371944 g.191844745T>C
Intronic rs376961322 g.191844269_191844270

STAT3 Intronic rs9909659 g.40473835G>A
Intronic rs8081037 g.40499158C>T

STAT6 Intronic Not available g.57494483ins
Intronic Not available g.57494421ins
Intronic rs398019756 g.57494880_57494881del

CAC with CRC
JAK2 Intronic rs9987451 g.5113452C>T

STAT4 Intronic Not available g.191940749_191940750del

2.6. Identification of Potential Variants That Link UC, CRC and CAC

Additional research was also carried out to identify possible polymorphisms that
link CAC with UC and CRC. In particular, we were looking for variants that should be
present in the majority of CAC samples. Data were filtered with a high CAC number
(minimum n = 2), and low paired normal number (maximum is three out of eight) for better
analysis. Data on UC and CRC numbers, however, were not filtered. In addition, because
the analysis’s objective was to detect in the coding region, data on the variants’ function
were also sorted by ‘exonic’ and ‘UTR’ exclusively.

With the help of data filtering, we identified six potential variants that were present in
at least two CAC samples, three in matched normal samples and half of the CRC and UC
samples. In IL12Rß1, IL12Rß2 and IL23R, one missense, four synonymous and one UTR
variant were found. Sanger sequencing was used to confirm these possible variants further.
Only the variant rs10889677 (c.*309C>A), located at the UTR region of IL23R, was validated,
and found in practically all CAC samples.

Other than missense mutations, it was not possible to apply protein function prediction
methods such as SIFT and PolyPhen-2. Nevertheless, based on their mRNA secondary
structure, predictions about the effects of those synonymous and UTR variations are still
possible. In terms of the enhanced presence of hairpins, stem-loops, bulge loops, multi-
branch loops, and stacking, changes in the secondary structure of the mRNA could be seen.

In silico prediction analysis showed obvious changes in the secondary structure
IL23R variant (rs10889677) (Figure 5). In comparison to the wildtype, the presence of
variant rs10889677 significantly altered the structure close to the terminal branch by adding
additional branches and loops. The minimum free energy (MFE) value predicted from
the created structure was also affected because of the changing of the color coding on the
base structure.
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3. Discussion

The risk of contracting colitis-related cancer rose in UC patients who had chronic
inflammation that persisted for an extended period of time. The development of CAC
was recently studied in relation to p53, APC and K-Ras [25]. However, the underlying role
of the inflammation–carcinogenesis pathway in the pathogenesis of CAC is still poorly
understood. We are interested in investigating how the PI3K signaling pathway contributes
to the pathophysiology of CAC. In this study, we used the targeted sequencing approach
via the SureSelectXT Target Enrichment System to test for somatic mutations in 13 cytokine-
induced PI3K-related genes in long-standing UC, CAC and CRC patients, instead of
choosing the common cancer-related genes.

Screening on the somatic alterations in our group samples showed that the majority of
the variants were found on the intron, not the exonic region. In fact, silent mutations and
neutral predicted variants predominated in the coding region. Few insertions and deletions
that could result in frameshift mutations were seen. Nevertheless, the SureSelectXT Target
Enrichment System is professed as an accurate genome analysis method from small-scale
research to large sample cohorts. It has demonstrated high performance, as measured by
capture efficiency, sensitivity, reproducibility, and SNP detection [26]. In this study, this
application has successfully sequenced more than 95% of the clean reads coverage with an
average error rate of less than 0.15% across all bases. In fact, the high precision of genome
sequencing was explained by the fact that there are at least 100× as many reads per given
nucleotides in the genome.

In each of our sample populations, interleukin-23 receptor (IL23R) was found to be
the gene that was most frequently altered. A previous study has reported IL23R as a
gene associated with inflammatory bowel disease (IBD), whereby nine SNPs in IL23R at
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various locations such as intronic, exonic and UTR have shown significant associations
with Crohn’s disease [27]. Moreover, it has been shown that IL23R variants in IBD may
operate as a protective variant or contribute to the development of inflammation [28,29]. It
has been demonstrated that IL23R polymorphisms also may increase the risk of CRC [30].

There are several IL23R variants that we have discovered, but just two of them,
rs7530511 (c.929T>C: p.L310P) and rs1884444 (c.9G>T: p.Q3H), have been linked with
colorectal-related diseases. In contrast, both variants were found in intracerebral hem-
orrhage and cancer-related disease (bladder and esophageal) [31–33]. Despite this, one
interesting variant in IL23R, rs10889677 (c.*309C>A), was primarily discovered in UC, CRC
and CAC. This is in line with recent studies that found this polymorphism to be a strong
predictor of CRC in Asians and a risk factor for IBD [34,35]. In fact, according to a prior
genome-wide association study, rs10889677 demonstrated a favorable link with IBD and
might subsequently make the condition worse clinically [27]. Additionally, IL23R has
just recently been discussed as a potential IBD treatment [36,37]. The activity of the IL23
signaling pathway could be inhibited by specific binding of the oral peptide (PTG-200) to
the IL23R, which would subsequently influence JAK2 and TYK2 activation and perhaps
result in abnormal STAT3 and STAT4 expression.

The next frequently altered gene in our study was interleukin-12 receptor beta 1
(IL12Rß1). Twenty percent of our samples included the IL12Rß1 variant (rs11575935;
c.1573G>A: p.A525T) that may be harmful. This variant has not yet been connected
to any illnesses. Only 1.7% and 0.4% of the population in Asian and European regions,
respectively, had this variant [38]. The next frequently altered gene in our study was
tyrosine kinase-2 (TYK2). TYK2 has lately gained attention as a potential therapeutic for
IBD; its connection to gastrointestinal disorders has long been established [39,40]. TYK2
mutation rs2304256 (c.1084G>T: p.V362F), which was discovered in almost 80% of our
samples, was an intriguing finding. This variant has been linked to autoimmune and
inflammatory diseases, including IBD [41,42]. The mutation rs2304256 was initially thought
to be benign, but subsequent studies showed that it might encourage exon 8 inclusion and
subtly boost TYK2 expression in whole blood [43]. In fact, the Genotype-Tissue Expression
(GTEx) database shows that rs2304256 is indeed linked to a slight increase in TYK2 in
several tissues, including colonic tissue. The Oncostatin M receptor (OSMR) is a different
gene that has drawn attention. Our finding on the OSMR variant, rs2278329 (c.1657G>A:
p.D553N), which predominately affects CRC and UC, is analogous to prior studies on
OSMR that looked at the role of OSMR in inflammation and its potential link with other
cancers such as bladder and thyroid cancer [44–46].

Apart from that, there was only one variant in the untranslated region (UTR) region
of IL23R, rs10889677, which was found in 85% of CAC samples, and validated as the
potential variant that correlates CAC with UC and CRC. Although, the selected potential
variant was not located in the coding region and predicted as damaging, yet the effect of
that variant on the translation efficacy still can be predicted via the construction of the
mRNA secondary structure. The terminal branch of the IL23R variant rs10889677’s mRNA
secondary structure was clearly altered. Compared to the wildtype structure, prominent
additional branches and loops had impacted the minimum free energy (MFE) value. MFE
demonstrates the stability of a structure. In a stable structure, there should be more negative
values. Stability is essential in the mRNA secondary structure because stable complexes
may increase translation efficiency [47]. This finding was also supported by another studies
that showed the presence of a non-damaging intronic variant had caused alteration in the
mRNA secondary structure and stability, thus affecting the mRNA expression level in the
brain tissue [48]. Moreover, results of additional studies also corroborated this assumption,
where the mutant rs10889677 variant that had aberrant translation efficiency showed lower
rates of T-cell proliferation, subsequently increasing susceptibility of the IBD and elevating
the risk for developing cancers, such as breast, lung and nasopharyngeal [49,50].

There are a few limitations of this study. This study only involved a single center.
Most likely, it was due to our stringent inclusion and exclusion criteria. Moreover, we were
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cautious in selecting the potential CAC variants, as data filtering was conducted based only
exonic and UTR variants. Therefore, further studies with a larger cohort would be highly
recommended to corroborate the results. In addition, exploring the underlying mechanism
of more variety of potential variants in CAC via in vitro functional study would be highly
beneficial in discovering the linkage of those gene variants with tumorigenesis.

Through our findings, we successfully identified somatic variants in cytokine-induced
PI3K-related genes in long-standing UC, CAC and CRC samples. Targeted therapies
for CRC now focus on a few common pathways, including EGFR (cetuximab and pan-
itumumab) and VEGF (bevacizumab), which can stimulate a number of downstream
intracellular signaling pathways including the PI3K signaling pathway [51]. So far, thera-
peutics interventions based on cytokine-induced PI3K-related genes such as IL23R have
primarily been studied in inflammatory illnesses [37,52]. Hence, introducing IL23R as the
next cancer small-molecule inhibitor may be advantageous for future therapies.

4. Materials and Methods
4.1. Sample Collection

A total of 30 fresh frozen and archive samples from long-standing UC, CAC, CRC and
the corresponding adjacent normal colorectal mucosa tissue were collected from patients
that were attending the Endoscopy Unit, Universiti Kebangsaan Malaysia Medical Centre
(UKMMC), Kuala Lumpur, Malaysia. Upon admission, informed consent was obtained
from each patient. Basic clinical and demographic data were gathered and analyzed
while reviewing the patient’s medical records. Prior to further processing, the tissues
were collected in RNAlater (Sigma Aldrich, St. Louis, MO, USA) and kept frozen at
−80 ◦C. An experienced pathologist examined the confirmation of the diagnosis, the level
of inflammation, and the presence of metastases based on the hematoxylin and eosin
(H&E)-stained sections. Only cancer tissues with more than 80% tumor cell content were
used in this study for cancer samples. The normal samples were confirmed to be free
from tumor or inflammatory cells. The Universiti Kebangsaan Malaysia Research Ethics
Committee (UKM/PPI/111/8/JEP-2019-572) granted approval for this study.

4.2. Nucleic Acid Extraction and Quality Assessment

DNA extraction from the fresh frozen tissues was performed using the AllPrep
DNA/RNA/miRNA Universal Kit (Qiagen, Valencia, CA, USA) in accordance with the
manufacturer’s protocol. Meanwhile, using GENEREAD DNA FFPE Kit (Qiagen, Valencia,
CA, USA), DNA was extracted from formalin-fixed paraffin-embedded (FFPE) blocks of
archival samples. DNA concentration was measured using DeNovix DS11+ Spectropho-
tometer (DeNovix Inc., Wilmington, DE, USA) and Qubit® DNA Assay Kit in Qubit® 2.0
Fluorometer (Life Technologies, Carlsbad, CA, USA). The agarose gel electrophoresis was
used to evaluate the extracted DNA’s purity. Targeted sequencing was performed on the
genomic DNA that was largely undamaged and free of RNA.

4.3. Targeted Sequencing

Library preparation was conducted using DNA random fragmentation by sonication
(Covaris, MA, USA) to the size of 180–280 bp fragments, followed by PCR enrichment and
purification with AMPure XP system (Beckman Coulter, Beverly, USA). The library was then
quantified using the high-sensitivity DNA assay on the Agilent Bioanalyzer 2100 (Agilent
Technologies Inc, Santa Clara, CA, USA). Targeted sequencing was carried out using
Illumina sequencing and SureSelectXT Target Enrichment System (Agilent Technologies
Inc., Santa Clara, CA, USA).

4.4. Sequence Alignment and Variant Annotation

Burrows–Wheeler Aligner (BWA) was utilized to map the paired-end clean reads to the
human reference genome (hg19). After the discovery of the genomic variant, the program
ANNOVAR [53] was used to annotate the variants in a variety of ways, including the ge-
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nomic regions impacted by the variants (RefSeq and Genecode), protein-coding changes and
deleteriousness prediction (SIFT [54], PolyPhen [55] and MutationAssessor [56]), mRNA
secondary structure (RNAfold) [24], allele frequency (1000 Human Genome) [57], disease
associations (dbSNP [58], COSMIC (cancer.sanger.ac.uk) [59], OMIM [60], GWAS Cata-
log [61] and HGMD [62]) and pathway annotation (Gene Ontology [63], KEGG [64] and
Reactome [65]).

4.5. Validation of Genomic Variants

The discovered somatic variants were then validated using the Sanger sequencing
method. Primers were designed using the NCBI Primer Tool (National Center for Biotech-
nology Information, Bethesda MD, USA) and Primer3Plus [66]. The sequencing results were
analyzed using the SnapGene Viewer 5.3.2. The primers used for validation were IL12Rß2
rs2229546 5′-GCTGAGAGCAGACAACTGGT-3′ (forward), 5′-CCATCATGGGTGGGAA
GGTC-3′ (reverse), rs2228420 5′-GGGCGCATACACCAATCAG-3′ (forward), 5′-TTTCCCTG
ACCCATGGCAG-3′, IL23R rs10889677 5′-TCTGTGCTCCTACCATCACC-3′ (forward),
5′-TGTGCCTGTATGTGTGACCA-3′ (reverse) and JAK2 rs2230722 5′-GAGATCTTGCCATG
TTGCCC-3′ (forward), and 5′-ACACTGCCATCCCAAGACAT-3′ (reverse).

4.6. Statistical Analysis

Normally distributed variables are presented as the mean ± standard deviation, and
non-normally distributed variables as the median (25th and 75th percentiles). Statistical
analyses were performed using SPSS 26 software (SPSS Inc., Chicago, IL, USA).

5. Conclusions

We were able to identify somatic variants in the PI3K-related genes among UC, CRC
and CAC, and it was discovered that most of these variants were found in the IL23R,
IL12Rß1 and IL12Rß2 genes, followed by TYK2, JAK2 and OSMR. The discovery of IL23R
variant rs10889677 as a possible mutation may help to give an insight on how the cytokine-
induced PI3K pathway links inflammation with a higher risk of developing cancer, opening
the door to improved care for CAC patients in the near future.
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Abstract: Metastasis is a leading cause of mortality and poor prognosis in colorectal cancer (CRC).
Thus, the identification of new compounds targeting cell migration represents a major clinical
challenge. Recent findings evidenced a central role for dysregulated Notch in CRC and a correlation
between Notch overexpression and tumor metastasis. MicroRNAs (miRNAs) have been reported
to cross-talk with Notch for its regulation. Therefore, restoring underexpressed miRNAs targeting
Notch could represent an encouraging therapeutic approach against CRC. In this context, S-adenosyl-
L-methionine (AdoMet), the universal biological methyl donor, being able to modulate the expression
of oncogenic miRNAs could act as a potential antimetastatic agent. Here, we showed that AdoMet
upregulated the onco-suppressor miRNAs-34a/-34c/-449a and inhibited HCT-116 and Caco-2 CRC
cell migration. This effect was associated with reduced expression of migration-/EMT-related protein
markers. We also found that, in colorectal and triple-negative breast cancer cells, AdoMet inhibited
the expression of Notch gene, which, by luciferase assay, resulted the direct target of miRNAs-34a/-
34c/-449a. Gain- and loss-of-function experiments with miRNAs mimics and inhibitors demonstrated
that AdoMet exerted its inhibitory effects by upregulating miRNAs-34a/-34c/-449a. Overall, these
data highlighted AdoMet as a novel Notch inhibitor and suggested that the antimetastatic effects of
AdoMet involve the miRNA-mediated targeting of Notch signaling pathway.

Keywords: S-adenosylmethionine; colorectal cancer; breast cancer; Notch; miRNA; metastasis; EMT

1. Introduction

Colorectal cancer (CRC) is the third most diagnosed cancer and the second leading
cause of cancer associated mortality worldwide according to a Globocan 2020 survey [1].
Despite advances in early diagnosis and treatments including chemotherapy, immunother-
apy, antiangiogenics, and surgical treatment, many of CRC patients still undergo high risks
of tumor recurrence and metastasis. Several studies indicated that CRC aggressiveness and
potential for metastatic spread are associated with the activation of epithelial-mesenchymal
transition (EMT), a process playing a crucial role in driving carcinoma invasion and metas-
tasis [2]. Thus, identifying chemical compounds targeting cancer cell migration is highly
advantageous.

CRC is the result of dysregulated cellular pathways that promote inappropriate
stem-cell-like phenotype, apoptotic resistance, uncontrolled proliferation, and metastatic
spread [3]. Recent studies indicated that Notch signaling activation is responsible for
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the induction of aggressive phenotypic and functional changes in tumor cells consistent
with mesenchymal transformation [4]. Notch signaling is an evolutionarily conserved
pathway in multicellular organisms that, through cell-to-cell contacts, influences cell-fate
decisions during embryonic and postnatal development and plays a critical role in main-
taining the balance between cell proliferation, differentiation, and apoptosis and is also
involved in metastasis, angiogenesis, and self-renewal [5]. Dysregulated Notch signaling
has been found in a variety of neoplastic diseases, where it plays a complex oncogenic
or tumor-suppressive role depending on tissue and cellular context [6]. In addition, the
overexpression of Notch signaling has been found to be associated with poor prognosis
or poor response to treatment of some solid tumors [5,7]. Therefore, therapeutic strategies
have first been developed in the preclinical phase and in early-phase clinical trials to target
oncogenic functions of Notch in tumor cells [8]. Recent findings highlighted a central role
for abnormal Notch in CRC and indicated a correlation between the overexpression of
Notch signaling components and CRC progression and metastasis [9].

Accumulating evidence suggests that microRNAs (miRNAs) play a crucial role in
the regulation of genes driving CRC initiation, progression, and metastasis [10]. MiRNAs
significantly affect numerous cellular processes, including cell development and differenti-
ation, DNA damage repair, cell death, and intercellular communication. To date, more than
2500 miRNAs have been identified in humans, and nearly a third of human genes closely
associated with many physiological processes are regulated by miRNAs [11]. Notably,
miRNAs do not need perfect complementarity for target recognition, and therefore, a
single miRNA can regulate up to one hundred target genes, showing pleiotropic effects
and providing opportunities in the field of cancer therapy [12–15]. MiRNAs are crucially
involved in cancer, acting as oncogenes or tumor suppressors depending on the regulatory
effects exerted on the expression of their target genes [16]. Generally, oncogenic miRNAs
are overexpressed, while tumor suppressive miRNAs are downregulated or completely lost
in tumorigenesis, resulting in enhanced tumor progression, invasion, and metastasis [17].
Several lines of evidence suggest that miRNAs play a crucial role in the regulation of genes
driving CRC initiation, progression, and metastasis [10]. Moreover, miRNAs have recently
been reported to cross-talk with Notch pathway for its regulation [18]. Therefore, based
on the remarkable role exerted by Notch in the promotion of CRC metastasis [4], restoring
underexpressed miRNAs that target this signaling pathway could represent a promising
therapeutic approach against CRC progression.

The new structures, the potential pharmacological activities, and the few harmful
side effects on normal cells make natural compounds and their structural analogues ef-
fective tools that have been widely used in different clinical settings. Recent findings
have documented that natural compounds exert anti-carcinogenic activities by interfering
with the initiation, development, and progression of cancer through regulating epigenetic
modifications and affecting various signaling pathways [19]. Beyond targeting protein
functions, more and more evidence has demonstrated that natural agents exert antitumor
activities by altering miRNA expression, providing a new approach to develop innovative
and more efficient anticancer strategies based on synergistic combinatorial therapies [20]. In
this context, S-adenosyl-L-methionine (AdoMet), a multitargeted and safe FDA-approved
natural compound and the universal biological methyl donor in transmethylation reactions,
has emerged, over the past two decades, as a promising anticancer therapeutic agent [21,22].
Recently, the antiproliferative properties of AdoMet and its implication in multiple cellular
processes including proliferation, differentiation, cell cycle regulation, and apoptosis in
various tumor cells have been thoroughly examined in the literature [21–31], and several
findings have highlighted the therapeutical potential of AdoMet as an effective adjuvant to
chemotherapeutic agents to be used in combined therapy to overcome drug resistance [28–31].
More and more evidence has also shown that the epigenetic modulation of miRNAs in-
volved in oncogenic functions represents one of the main mechanisms underlying the
anticancer activity of AdoMet. The regulation of miRNA’s expression profile by AdoMet
has been recently evaluated in breast and in head and neck cancer cells, suggesting that the
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ability of this natural compound to inhibit proliferation and cell migration, as well as to
induce apoptosis in these tumor cells, is mediated by miRNAs [32–35].

Growing evidence accumulating in the literature in recent years on the anticancer
activity exerted by AdoMet in colon cancer cells highlighted the pleiotropic effects of
this eclectic multi-target sulfonium compound, evidencing its ability to overcome 5-FU
chemoresistance by targeting multiple pathways such as autophagy, P-gp expression,
and NF-kB signaling activation and to influence tumor progression by modulating gene
expression [36–38].

Here, we demonstrated that AdoMet suppressed CRC progression through the in-
hibition of EMT and migration of HCT-116 and Caco-2 cells. We found that AdoMet
upregulated key tumor-suppressive miRNAs as miRNA34a, miRNA34c, and miRNA449a
in these tumor cells and that combined treatment AdoMet/miRNA inhibitors partially
reversed the antimigratory effect of AdoMet. Finally, we provided novel evidence that
AdoMet-induced inhibition of CRC cell migration involves miRNA-mediated targeting of
Notch signaling pathway and that the same mechanism is utilized by AdoMet to inhibit
cell migration in MDA-MB-231 and MDA-MB-468 triple negative breast cancer (TNBC)
cell lines. The findings highlighted AdoMet as a new Notch inhibitor and a promising
candidate for the treatment of Notch-dependent highly invasive cancers such as CRC
and TNBC.

2. Results
2.1. AdoMet Upregulated miR-34a, miR-34c, and miR-449a Expression in HCT-116 and Caco-2
CRC Cell Lines

MiR-34a, miR-34c, and miR-449a, belonging to the miRNA-34/449 superfamily, are
downregulated in many types of human cancers, including CRC, and play critical roles in
tumor development and progression [39–41]. The involvement of miRNA-34/449 super-
family in the regulation of oncogenic pathways such as cell proliferation, metastasis, and
apoptosis, proposes their potential role as tumor suppressors [41–43]. Recently, AdoMet-
induced modulation of miR-34c and miR-449a expression has been evaluated in MDA-MB-
231 and MDA-MB-468 breast cancer cell lines [33], providing evidence that the inhibition
exerted by AdoMet on TNBC cell migration is mediated by AdoMet-induced upregulation
of these tumor suppressor miRNAs.

To gain new information into the molecular mechanisms underlying AdoMet’s antitu-
mor activity in CRC cells and to confirm the ability of AdoMet to act as epigenetic regulator
of miRNAs, the expression profile of miR-34a, miR-34c, and miR-449a was analyzed in HCT-
116 and Caco-2 cells by quantitative real-time PCR (qRT-PCR) analysis with pre-designed
probe-primer sets, after cell treatment with 500 µM AdoMet (Figure 1). The results achieved
showed that after 48 h, the relative expression of the three miRNAs appeared remarkably
upregulated by AdoMet in both CRC cell lines when compared to untreated cells with
fold-change values of 3.9-fold and 1.9-fold for miR-34a, 2.0-fold and 5.2-fold for miR-34c,
and 1.9-fold and 4.2-fold for miR-449a, in HCT-116 (Figure 1A) and Caco-2 (Figure 1B) cells,
respectively. The ability to reprogram the expression of miRNA 34/449 superfamily in
HCT-116 and Caco-2 cells, in good agreement with the results obtained in MDA-MB-231
and MDA-MB-468 cells [33], is indicative of a generalized miRNA regulation mechanism
exerted by AdoMet in highly invasive cancers such as CRC and TNBC.
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Figure 1. Effect of AdoMet on miR-34a, miR-34c, and miR-449a expression in CRC cells. The relative 
expression of miR-34a, miR-34c, and miR-449a in HCT-116 (A) and Caco-2 (B) cells treated with 500 
µM AdoMet for 48 h was analyzed by qRT-PCR, following normalization with U6 endogenous con-
trol. The analysis was carried out by triplicate determination of at least 3 separate experiments. The 
results are expressed as fold-change (Log2) ± SD. The means were compared using Student’s t test, 
* p < 0.05, ** p < 0.01. 

2.2. miR-34a, miR-34c, and miR-449a Mediated the AdoMet-Induced Inhibition of HCT-116 and 
Caco-2 Cell Migration 

In order to evaluate the involvement of AdoMet-induced miRNA-34/449 superfamily 
up-regulation in the migration process of HCT-116 and Caco-2 cells, we investigated the 
effect of AdoMet, alone or in combination with miR-34a, miR-34c, and miR-449a mimics 
or inhibitors by wound healing assay monitored for 24 h (Figure 2). In both cell lines, we 
evidenced that compared to untreated cells, the treatment with 500 µM AdoMet for 48 h 
inhibited CRC cell motility causing approximately 21.1% and 42.0% wound closure in 
HCT-116 (Figure 2A) and Caco-2 (Figure 2B) cells, respectively. The inhibitory effect of 
AdoMet was significantly increased following the combined treatments with the sul-
fonium compound and miR-34a, miR-34c, and miR-449a, leading to wound closure values 
of about 12.1% and 27.3% for miR-34a, 5.6% and 28.5% for miR-34c and 11.5% and 13.5% 
for miR-449a in HCT-116 (Figure 2A) and Caco-2 (Figure 2B) cells, respectively, strongly 
indicating the role of miR-34a, miR-34c, and miR-449a as mediators of the process. Con-
firming evidence of these results came from loss-of-function experiments showing that 
treatment with AdoMet in combination with miR-34a, miR-34c, and miR-449a inhibitors 
reverted the miRNAs- and AdoMet-induced cellular effects and restored the migratory 
capacity of either HCT-116 (Figure 2A) and Caco-2 (Figure 2B) cells, as revealed by the 
wound size. Notably, the inhibitory effect exerted by miR-34a, miR-34c, and miR-449a on 
CRC cell migration is in line with other literature reports on the antimetastatic effects ex-
erted by these miRNAs in various tumors [43–45]. Overall, these data indicated that epi-
genetic regulation of miRNA-34/449 superfamily by AdoMet played a crucial role in reg-
ulating HCT-116 and Caco-2 cell motility and represented the likely mechanism underly-
ing AdoMet-induced inhibition of CRC cell migration. 

Figure 1. Effect of AdoMet on miR-34a, miR-34c, and miR-449a expression in CRC cells. The relative
expression of miR-34a, miR-34c, and miR-449a in HCT-116 (A) and Caco-2 (B) cells treated with
500 µM AdoMet for 48 h was analyzed by qRT-PCR, following normalization with U6 endogenous
control. The analysis was carried out by triplicate determination of at least 3 separate experiments.
The results are expressed as fold-change (Log2) ± SD. The means were compared using Student’s
t test, * p < 0.05, ** p < 0.01.

2.2. miR-34a, miR-34c, and miR-449a Mediated the AdoMet-Induced Inhibition of HCT-116 and
Caco-2 Cell Migration

In order to evaluate the involvement of AdoMet-induced miRNA-34/449 superfamily
up-regulation in the migration process of HCT-116 and Caco-2 cells, we investigated the
effect of AdoMet, alone or in combination with miR-34a, miR-34c, and miR-449a mimics
or inhibitors by wound healing assay monitored for 24 h (Figure 2). In both cell lines,
we evidenced that compared to untreated cells, the treatment with 500 µM AdoMet for
48 h inhibited CRC cell motility causing approximately 21.1% and 42.0% wound closure
in HCT-116 (Figure 2A) and Caco-2 (Figure 2B) cells, respectively. The inhibitory effect of
AdoMet was significantly increased following the combined treatments with the sulfonium
compound and miR-34a, miR-34c, and miR-449a, leading to wound closure values of about
12.1% and 27.3% for miR-34a, 5.6% and 28.5% for miR-34c and 11.5% and 13.5% for miR-
449a in HCT-116 (Figure 2A) and Caco-2 (Figure 2B) cells, respectively, strongly indicating
the role of miR-34a, miR-34c, and miR-449a as mediators of the process. Confirming
evidence of these results came from loss-of-function experiments showing that treatment
with AdoMet in combination with miR-34a, miR-34c, and miR-449a inhibitors reverted the
miRNAs- and AdoMet-induced cellular effects and restored the migratory capacity of either
HCT-116 (Figure 2A) and Caco-2 (Figure 2B) cells, as revealed by the wound size. Notably,
the inhibitory effect exerted by miR-34a, miR-34c, and miR-449a on CRC cell migration is in
line with other literature reports on the antimetastatic effects exerted by these miRNAs in
various tumors [43–45]. Overall, these data indicated that epigenetic regulation of miRNA-
34/449 superfamily by AdoMet played a crucial role in regulating HCT-116 and Caco-2 cell
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motility and represented the likely mechanism underlying AdoMet-induced inhibition of
CRC cell migration.
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Figure 2. Effect of AdoMet alone and in combination with miR-34a, miR-34c, and miR-449a mimics 
or inhibitors on CRC cell migration. Confluent monolayers of HCT-116 (A) and Caco-2 (B) cells 
treated or not (Control) with 500 µM AdoMet alone or in combination with miR-34a, miR-34c, and 
miR-449a mimics or inhibitors for 48 h, were scratched with a micropipette tip and snapshot pictures 
were captured by microscope to check for wound closure. Pictures of the wounds corresponding to 
time zero (T0) and 24 h (T1) from the scrape in both cell lines are reported. Histograms show the 
quantification of wound area calculated as a percentage of the control using ImageJ software 1.48v 
(U.S. National Institutes of Health, Bethesda, MD, USA). Data represent the average of three inde-
pendent experiments. The means and SD are shown. The means were compared using analysis of 
variance (ANOVA) plus Bonferroni’s t-test. * p < 0.05, ** p < 0.01 versus untreated cells (Control). 

2.3. miR-34a, miR-34c, and miR-449a Mediated AdoMet-Induced Inhibition of Migration- and 
EMT-Related Protein Expression in HCT-116 and Caco-2 Cells 

To confirm the results of the wound healing assay and to investigate whether the 
epigenetic regulation of miRNAs by AdoMet was involved in the inhibition of cell migra-
tion-associated EMT process, we analyzed by Western blot the effect of AdoMet and miR-
34a, miR-34c, and miR-449a, alone and in combination, on the expression levels of the 
main markers characterizing cell migration and EMT in HCT-116 and Caco-2 cells. First, 
we examined metalloproteinase-2 (MMP-2) and metalloproteinase-9 (MMP-9), key prote-
olytic enzymes involved in the degradation of the basement membrane and extracellular 
matrix [46] whose overexpression has been recently correlated with poor survival out-
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Figure 2. Effect of AdoMet alone and in combination with miR-34a, miR-34c, and miR-449a mimics
or inhibitors on CRC cell migration. Confluent monolayers of HCT-116 (A) and Caco-2 (B) cells
treated or not (Control) with 500 µM AdoMet alone or in combination with miR-34a, miR-34c, and
miR-449a mimics or inhibitors for 48 h, were scratched with a micropipette tip and snapshot pictures
were captured by microscope to check for wound closure. Pictures of the wounds corresponding
to time zero (T0) and 24 h (T1) from the scrape in both cell lines are reported. Histograms show
the quantification of wound area calculated as a percentage of the control using ImageJ software
1.48v (U.S. National Institutes of Health, Bethesda, MD, USA). Data represent the average of three
independent experiments. The means and SD are shown. The means were compared using analysis
of variance (ANOVA) plus Bonferroni’s t-test. * p < 0.05, ** p < 0.01 versus untreated cells (Control).

2.3. miR-34a, miR-34c, and miR-449a Mediated AdoMet-Induced Inhibition of Migration- and
EMT-Related Protein Expression in HCT-116 and Caco-2 Cells

To confirm the results of the wound healing assay and to investigate whether the epi-
genetic regulation of miRNAs by AdoMet was involved in the inhibition of cell migration-
associated EMT process, we analyzed by Western blot the effect of AdoMet and miR-34a,
miR-34c, and miR-449a, alone and in combination, on the expression levels of the main
markers characterizing cell migration and EMT in HCT-116 and Caco-2 cells. First, we
examined metalloproteinase-2 (MMP-2) and metalloproteinase-9 (MMP-9), key proteolytic
enzymes involved in the degradation of the basement membrane and extracellular ma-
trix [46] whose overexpression has been recently correlated with poor survival outcome
in CRC patients [47]. We found that AdoMet and miR-34a, miR-34c, and miR-449a in-
dividually reduced the expression of MMP-2 and MMP-9 in HCT-116 (Figure 3A) and
Caco-2 (Figure 3B) cells as compared to control and that their combined treatment was more
effective than single treatment indicating a functional relationship between AdoMet and
these miRNAs and suggesting that the antimigratory properties of AdoMet in CRC cells
are mediated by the upregulation of tumor suppressors miR-34a, miR-34c, and miR-449a.
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Figure 3. Effect of AdoMet alone and in combination with miR-34a, miR-34c, and miR-449a mimics
on the levels of migration- and EMT-related proteins in CRC cells. Cells were transfected with 100 nM
miR-34a, miR-34c, and miR-449a in the presence or not (control) of 500 µM AdoMet for 48 h. The
expression levels of MMP2, MMP9, E-cadherin, N-cadherin, vimentin, and β-catenin, were detected
by Western blot using the total cell lysate of HCT-116 (A) and Caco-2 (B) cells. The densitometric
analysis was reported as the percentage of protein expression of untreated control (100%). For the
equal loading of proteins in the lanes, β-actin was used as a standard. The images are representative
of three immunoblotting analyses obtained from at least three independent experiments. The means
were compared using analysis of variance (ANOVA) plus Bonferroni’s t-test. * p < 0.05, ** p < 0.01
versus untreated cells (Control). Uncropped images of Western blots are reported in Figures S1 and S2.

In invasive tumors, the upregulation of the mesenchymal marker N-cadherin and
downregulation of the epithelial marker E-cadherin represent the hallmark of migratory
and invasive traits during EMT [48]. We therefore analyzed the expression patterns of
EMT-associated proteins, including E-cadherin, N-cadherin, and vimentin. We found that,
after single treatment of HCT-116 (Figure 3A) and Caco-2 (Figure 3B) cells with AdoMet or
with miR-34a, miR-34c, and miR-449a, the intensity of E-cadherin protein band compared
to untreated cells became more evident in treated cells, while N-cadherin behaved in the
opposite way, resulting in an N- to E-cadherin switch [48] indicative of AdoMet-induced
inhibition of EMT. The enhanced effect observed in both CRC cell lines following combined
AdoMet/miRNAs treatment clearly indicated that AdoMet-dependent upregulation of
miR-34a, miR-34c, and miR-449a is involved in the AdoMet-induced transition from N-
to E-cadherin expression, in turn, responsible for the suppression of cell migration. We
then evaluated vimentin, the major cytoskeletal component of motile mesenchymal cells
including metastatic tumor cells of epithelial origin [49]. Additionally, in this case, a
strong decrease in the levels of this protein was observable following either single and,
more markedly, combined treatment with AdoMet and miR-34a, miR-34c, and miR-449a,
furnishing evidence that the modulation of vimentin expression by AdoMet is dependent
on these miRNAs.
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Finally, we examined β-catenin, the most important mediator of the canonical Wnt
signaling pathway, whose dysregulation has been recently demonstrated to play a primary
role in driving colon cancer cell growth, invasion, and survival [50]. The results showed,
in comparison with the control, a downregulation of β-catenin in HCT-116 (Figure 3A)
and Caco-2 (Figure 3B) cells treated with AdoMet or with miR-34a, miR-34c, and miR-
449a, which became more evident following a combined AdoMet/miRNA treatment,
thus providing evidence that AdoMet negatively regulates β-catenin signaling through
modulating miR-34a, miR-34c, and miR-449a expression.

In conclusion, our findings indicated that the combined treatment of AdoMet and
miR-34a, miR-34c, and miR-449a was more effective compared to the single agents in
inhibiting the main cell migration- and EMT-related protein markers, further confirming
the crucial role of these tumor suppressive miRNAs as mediators of the antimigratory and
antimetastatic properties of AdoMet in CRC cells.

2.4. Notch Was Directly Targeted by miR-34a, miR 34c, and miR 449a in Colorectal HCT-116 and
Caco-2 and in Triple Negative MDA-MB-231 and MDA-MB-468 Breast Cancer Cells

To unravel the molecular mechanisms of how AdoMet suppresses cell migration
and EMT in HCT-116 and Caco-2 CRC cells, the downstream mediators or effectors of
AdoMet/miR-34a/34c/449a cascade were predicted and analyzed by two distinct com-
putational algorithms, available online in silico tools, TargetScan 7.1 [51] and miRBase
software [52]. Among the putative targets of the miR34/449 superfamily, we have iden-
tified and selected Notch gene for further studies on in vitro cell lines, since, in CRC, as
well documented in the literature, Notch signaling is dysregulated, and Notch overexpres-
sion has been correlated with poor survival, cancer stem cell-like phenotype, EMT, and
metastasis resulting in tumor progression [4–9,53]. As indicated in Figure 4A, showing the
results of the miRNAs/Notch alignments, the 3′-UTR of Notch mRNA contains a perfectly
complementary binding site for the seed region of miR-34a/c and miR-449a.

To validate the binding prediction and to find out whether miR-34a/c and miR-449a
were able to establish a direct interaction with Notch mRNA, a dual-luciferase reporter
assay was performed. The 3′-UTR of Notch gene containing the putative miRNAs binding
sites was cloned downstream of luciferase reporter vector to generate the construct shown
in Figure 4B. HCT-116 and Caco-2 cells were co-transfected with 3′-UTR reporter construct
of Notch along with miR-34a/c or miR-449a mimics prior to cell harvest and luciferase assay.
As expected, co-transfected miRNA mimics substantially reduced in both cell lines the
luciferase activity of 3′-UTR reporter compared to the control cells (Figure 4C), indicating
that the miRNAs of interest target Notch, leading to its downregulation. Notably, the
transfection of cells with a luciferase reporter construct carrying mutation in the 3′-UTR
binding region abrogated the repression of luciferase expression exerted by miRNAs,
confirming the specificity of the interaction (data not shown). In addition, based on the
finding of our previous study demonstrating that miR-34c and miR-449a mediated the
AdoMet-induced inhibition of MDA-MB-231 and MDA-MB-468 cell migration [33], we
decided to carry out the same experiments also in these TNBC cell lines. Figure 4D shows
that the results obtained are indicative of a functional interaction between miRNAs and their
target site at Notch-3′-UTR, confirming the results obtained in CRC cells and demonstrating
that Notch represents the target of miR34/449 superfamily in highly invasive cancer cells
such as CRC and TNBC cells.
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Figure 4. AdoMet-upregulated miR-34a, miR-34c, and miR-449a directly bind to 3′-UTR of Notch in 
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from miRNA-mRNA integration analysis using the microRNA target prediction software Tar-
getScan (A). Schematic diagram of luciferase reporter plasmid containing 3′-UTR target sequence of 
Notch for miRNAs (B). The relative luciferase activity was determined using co-transfected CRC 
HCT-116 and Caco-2 (C) and TNBC MDA-MB-231 and MDA-MB-468 (D) cells with miR-34a, miR-
34c, and miR-449a mimics and the corresponding luciferase reporter plasmid. Each sample was run 
in triplicate. The means were compared using analysis of variance (ANOVA) plus Bonferroni’s t-
test. Error bars show mean ± SD. 
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amount of Notch mRNA (Figure 5A,B, left) and its encoded protein (Figure 6A,B) was 
detected in both cancer cell types, as compared to the control, demonstrating that AdoMet 
and miRNAs individually suppressed Notch expression at both translational and tran-
scriptional levels and highlighting Notch as an important target of AdoMet and miR-
34a/c/449a superfamily in these tumor cell lines. Interestingly, AdoMet/miRNA mimics 
co-treatment significantly potentiated the effect of AdoMet (Figures 5A,B left and 6A,B), 
providing evidence that AdoMet negatively regulated Notch expression through miR-
34a, miR-34c, and miR-449a. Notably, loss-of-function studies carried out in HCT-116 cells 
evidenced that transfection with miRNAs inhibitors was able to revert the inhibitory effect 
of AdoMet and to restore the levels of Notch mRNA (Figure 5A,B right), further confirm-
ing that miRNAs are important mediators of AdoMet-induced inhibition of Notch expres-
sion. Taken together, these data highlighted AdoMet as a novel Notch inhibitor and 

Figure 4. AdoMet-upregulated miR-34a, miR-34c, and miR-449a directly bind to 3′-UTR of Notch in
CRC and TNBC cells. Alignments of miR-34a, miR-34c, and miR-449a with Notch 3′-UTR obtained
from miRNA-mRNA integration analysis using the microRNA target prediction software TargetScan
(A). Schematic diagram of luciferase reporter plasmid containing 3′-UTR target sequence of Notch for
miRNAs (B). The relative luciferase activity was determined using co-transfected CRC HCT-116 and
Caco-2 (C) and TNBC MDA-MB-231 and MDA-MB-468 (D) cells with miR-34a, miR-34c, and miR-
449a mimics and the corresponding luciferase reporter plasmid. Each sample was run in triplicate.
The means were compared using analysis of variance (ANOVA) plus Bonferroni’s t-test. Error bars
show mean ± SD.

2.5. AdoMet Inhibited Notch Expression in CRC and TNBC Cells through miR-34a, miR-34c, and
miR-449a

To investigate the functional relevance of miRNAs/Notch-3′-UTR interaction in col-
orectal and in breast cancer cells and to explore whether AdoMet might be able to target
Notch expression through miRNAs upregulation, CRC and TNBC cells were transfected
with miR-34a, miR-34c, and miR-449a mimics in the presence and in absence of 500 µM
AdoMet and Notch expression was then analyzed by RT-qPCR and Western blot. The
results indicated that after treatment with AdoMet and miRNA mimics alone, a reduced
amount of Notch mRNA (Figure 5A,B, left) and its encoded protein (Figure 6A,B) was
detected in both cancer cell types, as compared to the control, demonstrating that AdoMet
and miRNAs individually suppressed Notch expression at both translational and transcrip-
tional levels and highlighting Notch as an important target of AdoMet and miR-34a/c/449a
superfamily in these tumor cell lines. Interestingly, AdoMet/miRNA mimics co-treatment
significantly potentiated the effect of AdoMet (Figure 5A,B left and Figure 6A,B), providing
evidence that AdoMet negatively regulated Notch expression through miR-34a, miR-34c,
and miR-449a. Notably, loss-of-function studies carried out in HCT-116 cells evidenced
that transfection with miRNAs inhibitors was able to revert the inhibitory effect of AdoMet
and to restore the levels of Notch mRNA (Figure 5A,B right), further confirming that miR-
NAs are important mediators of AdoMet-induced inhibition of Notch expression. Taken
together, these data highlighted AdoMet as a novel Notch inhibitor and strongly suggested
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that the antimetastatic effects exerted by AdoMet in colorectal and breast cancer cells are
probably mediated by miRNA 34a-34c-449a/Notch axis.
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Figure 5. Effect of AdoMet and miR-34a, miR-34c, and miR-449a on Notch mRNA levels in CRC and
TNBC cells. HCT-116 (A) and MDA-MB-468 (B) cells were transfected with miR-34a, miR-34c, and
miR-449a mimics (left) and inhibitors (right) in the presence or not (Control) of 500 µM AdoMet for
48 h. Total-RNA of HCT-116 and MDA-MB-468 cells was extracted, and cDNA was synthesized by
qRT-PCR to analyze the transcriptional level of the predicted target. The graphs show the fold-change
of Notch in the different experimental conditions normalized to GAPDH mRNA and compared
to untreated cells. Data represent the average of three independent experiments. The means were
compared using analysis of variance (ANOVA) plus Bonferroni’s t-test. Error bars show mean ± SD.
* p < 0.05, ** p < 0.01 versus control untreated cells.
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Figure 6. Effect of AdoMet and miR-34a, miR-34c, and miR-449a mimics on Notch protein levels in 
CRC and TNBC cells. CRC (A) and TNBC (B) cells were transfected with miR-34a, miR-34c, and 
miR-449a mimics, in the presence or not (Control), of 500 µM AdoMet for 48 h. Then, cell lysates 
were subjected to SDS-PAGE, incubated with antibodies against the indicated proteins and ana-
lyzed by Western blot. Housekeeping proteins, β-actin and α-tubulin, were used as a loading con-
trol. The densitometric analysis was reported as a percentage of protein expression of untreated 
control (100%). Data represent the average of three independent experiments. The means were com-
pared using analysis of variance (ANOVA) plus Bonferroni’s t-test. Error bars show mean ± SD. * p 
< 0.05, ** p < 0.01 versus control untreated cells. Uncropped images of Western blots are reported in 
Figure S3. 
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The metastatic spread of cancer cells is a leading cause of mortality in CRC patients. 

Many studies have pointed out that tumor cell migration and invasion are prerequisites 
for subsequent metastasis to distant organs and that activation of EMT, a process in which 
epithelial cells lose their adhesions and gain a mesenchymal migratory and aggressive 
phenotype, representing the early and crucial step of cancer metastasis and playing a ma-
jor role in CRC progression [2]. Therefore, it is important to elaborate therapeutic ap-
proaches able to target metastasis and its preliminary stages such as cell migration and 
EMT. Although the pathogenesis of CRC has not been fully elucidated, accumulating ev-
idence has indicated that the dysregulation of miRNAs contributes to the metastatic pro-
cess and influences CRC development. Thus, restoring the expression of underexpressed 
tumor suppressive miRNAs is considered a promising and advantageous strategy to con-
trol cancer metastasis and to improve the outcome in CRC patients [54]. 

AdoMet, identified in recent decades as a potent anticancer molecule, is one of the 
most studied epigenetic regulators. It plays a primary role in cellular metabolism and rep-
resents the major methyl donor required in numerous methylation reactions [55–57]. No-
tably, AdoMet has been found to regulate the expression of miRNAs and lncRNAs 
through epigenetic mechanisms [35]. Recently, the effect of AdoMet on miRNA expres-

Figure 6. Effect of AdoMet and miR-34a, miR-34c, and miR-449a mimics on Notch protein levels in
CRC and TNBC cells. CRC (A) and TNBC (B) cells were transfected with miR-34a, miR-34c, and
miR-449a mimics, in the presence or not (Control), of 500 µM AdoMet for 48 h. Then, cell lysates
were subjected to SDS-PAGE, incubated with antibodies against the indicated proteins and analyzed
by Western blot. Housekeeping proteins, β-actin and α-tubulin, were used as a loading control. The
densitometric analysis was reported as a percentage of protein expression of untreated control (100%).
Data represent the average of three independent experiments. The means were compared using
analysis of variance (ANOVA) plus Bonferroni’s t-test. Error bars show mean ± SD. * p < 0.05, ** p < 0.01
versus control untreated cells. Uncropped images of Western blots are reported in Figure S3.

3. Discussion

The metastatic spread of cancer cells is a leading cause of mortality in CRC patients.
Many studies have pointed out that tumor cell migration and invasion are prerequisites
for subsequent metastasis to distant organs and that activation of EMT, a process in which
epithelial cells lose their adhesions and gain a mesenchymal migratory and aggressive
phenotype, representing the early and crucial step of cancer metastasis and playing a
major role in CRC progression [2]. Therefore, it is important to elaborate therapeutic
approaches able to target metastasis and its preliminary stages such as cell migration and
EMT. Although the pathogenesis of CRC has not been fully elucidated, accumulating
evidence has indicated that the dysregulation of miRNAs contributes to the metastatic
process and influences CRC development. Thus, restoring the expression of underexpressed
tumor suppressive miRNAs is considered a promising and advantageous strategy to control
cancer metastasis and to improve the outcome in CRC patients [54].

AdoMet, identified in recent decades as a potent anticancer molecule, is one of the
most studied epigenetic regulators. It plays a primary role in cellular metabolism and
represents the major methyl donor required in numerous methylation reactions [55–57].
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Notably, AdoMet has been found to regulate the expression of miRNAs and lncRNAs
through epigenetic mechanisms [35]. Recently, the effect of AdoMet on miRNA expression
profile has been evaluated in breast [32,33] and in head and neck cancer [34], providing
evidence that the ability of AdoMet to inhibit cell proliferation and migration, as well as to
induce apoptosis in these tumor cells, is mediated by miRNAs.

In the present study, we demonstrated that AdoMet exhibited antimetastatic activity
in CRC cells and provided experimental evidence on the underlying mechanism. The novel
finding of this work indicated that AdoMet suppressed EMT and the migration of HCT-116
and Caco-2 CRC cells by activating the expression of miR-34a/c/miR-449a, which directly
targeted the Notch gene, leading to its post-transcriptional repression. Comparable results
obtained by expanding the study to MDA-MB-231 and MDA-MB-468 cell lines allow us to
propose this mechanism as a general strategy utilized by AdoMet to target EMT and cell
migration in invasive cancers such as CRC and TNBC (Table S1).

In agreement with the findings previously obtained by our laboratory in the highly
invasive breast cancer cells MDA-MB-231 and MDA-MB-468, we found that AdoMet was
able to up-regulate the expression of Mir34a/c and miR-449a in HCT-116 and Caco-2
cells, evidencing the ability of the sulfonium compound to reprogram non-coding RNA
expression in CRC cells.

The miR-34/449 family is conserved in mammals and includes six homologous genes,
miR-34a, miR-34b, miR-34c, miR-449a, miR-449b, and miR-449c, located at three genomic
loci. The miR-34/449 family is widely distributed in vertebrate organisms and is important
for the regulation of virus–host interactions by modulating immune responses and virus
replication [58]. In mammals, miR-34 includes three miRNAs with miR-34a having its
own transcript located at chromosome 1p36.22, whereas miR-34b and miR-34c share a
primary transcript located at chromosome 11q23.1 [43]. The seed sequence of miR-34a and
miR-34c is identical, while miR-34b is slightly different. The mature miR-34a sequence
shares 86% and 82% homology with miR-34b and miR-34c, respectively, suggesting that
miR-34s could recognize similar mRNA targets and thus could be functionally redun-
dant [59]. Notably, miR-34s show p53-responsive elements in their promoter regions and
have been identified as one of the first p53-regulated miRNAs [60]. Converging evidence
demonstrated that the overexpression of miR-34s triggers various p53-downstream effects
in a context-dependent manner, highlighting these miRNAs as important mediators of
tumor-suppressive activities of p53 [61]. MiR-34s play a crucial role in repressing tumor
progression by involving in EMT via p53, EMT-transcription factors, and some important
signaling pathways, including Notch and Wnt/β-catenin [59]. Consistently with their
suppressive role in tumorigenesis, miR-34s are frequently expressed at reduced levels in a
broad range of tumors due to aberrant transcriptional regulation, genomic deletions, and
promoter hypermethylation [62]. Epigenetic silencing of miR-34s is associated with the
proliferation, migration, and invasion of CRC [63]. In analogy with miR-34s, miR-449a is
a member of a cluster (miR-449a, miR-449b, and miR-449c) characterized by sequences
and secondary structures similar to those of miR-34 members. MiR-449a is considered a
tumor-suppressive miRNA, and its downregulated expression has been associated with
advanced clinical stage and the poor histological differentiation of CRC [40,64]. Recently,
it has been reported that the upregulation of autophagy-dependent miR-449a suppresses
CRC tumorigenesis both in vitro and in vivo [65]. Based on these findings, the ability to
reactivate the expression of the tumor-suppressive miR-34a/c/miR-449a, thereby restoring
their levels in CRC cells, makes AdoMet a potential therapeutic agent for colorectal cancer.

We found that AdoMet caused a decrease in the migratory rate of HCT-116 and Caco-2
cells indicative of its ability to lower the aggressiveness of these cancer cells and potentially
reduce their metastatic power.

MMPs have a key function in extracellular matrix remodeling and degradation and
play roles in all stages of carcinogenesis [46,47]. Among MMPs, MMP-2 and MMP-9 have
drawn much attention for their implication in tumor invasion and metastasis. These en-
zymes have a unique ability to break down type IV collagen, which is a major component
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of the basement membrane. Elevated expression of MMP-2/9 has been associated with
increased metastatic potential in many tumor cells, including CRC [46]. Moreover, many
studies revealed a correlation between increased MMP-2/9 expression and worst outcome
of CRC suggesting that the control of the expression and/or the activity of these prote-
olytic enzymes may offer a new therapeutic opportunity for treating this highly invasive
cancer [66]. In line with this view, we found that the decrease in cell migration induced
by AdoMet in HCT-116 and Caco-2 cells was associated with decreased protein levels of
MMP-2 and MMP-9.

The switch from E-cadherin to N-cadherin expression is considered an important
marker of ongoing EMT and has been shown to promote cancer cell motility and inva-
sion [48]. Furthermore, tumor cells subjected to EMT significantly modify the composition
of cytoskeletal intermediate filaments with the repression of keratin and expression of
vimentin that is believed to be responsible for the adoption of a mesenchymal shape and
increased motility and is regarded as the main and canonical marker of EMT [67]. Vi-
mentin is highly expressed in CRC cells, where it plays a critical role in metastasis and
prognosis [68]. Notably, our results showed that in HCT-116 and Caco-2 cells, AdoMet
significantly decreased vimentin levels and promoted the switch from N- to-E-cadherin
expression, as evidenced by comparing the intensities of the corresponding protein bands
in AdoMet-treated and untreated cells highlighting the ability of AdoMet to slow down
CRC cell migration by inhibiting the transition from the epithelial to the mesenchymal state.

Wnt/β-catenin signaling is one of the most frequently dysregulated pathways in
CRC [69]. Aberrant activation of this signaling causes the accumulation of β-catenin in the
nucleus and promotes the transcription of many Wnt target genes involved in the initiation,
progression, metastasis, drug resistance, and immune evasion of cancer [70]. Notably,
β-catenin has been recently recognized as a direct target of miR-34b in human colon cancer
cells and it has been reported that miR-34b may inhibit migration and invasion of Caco-2
cells by regulating Wnt/β-catenin signaling [71]. Several inhibitors of Wnt/β-catenin
signaling pathway have been developed for CRC treatment [71]. Interestingly, many of
these inhibitors currently under investigation include natural compounds, drugs, small
molecules, and biological agents [72]. In line with this evidence, we found that AdoMet
caused a decrease in β-catenin level in HCT-116 and Caco-2 cells, allowing us to consider
this physiological sulfonium compound a promising agent for the selective targeting of
Wnt/β-catenin signaling pathway.

The activation of Notch signaling has been shown to play a key role in the induc-
tion of the aggressive and metastatic phenotype of CRC cells [73]. In recent literature, a
complex network of mutual interconnections between miR-34s and Notch signaling has
been reported and discussed indicating that this interplay is implicated in cancer initia-
tion/progression, metastasis, and chemoresistance [73]. In ovarian cancer, the overexpres-
sion of miR-34 mimic induced cell death and autophagy through downregulating Notch1,
whereas Notch1 transfection reverted anti-proliferative effects of miR-34 [74]. In CRC, it has
been reported that miR-34 inversely correlated with metastasis and that its overexpression
suppressed cell invasiveness and migration by targeting Notch1 and JAG1 [75]. Moreover,
a natural compound, genistein, inhibited cell growth and induced apoptosis in pancre-
atic cancer cells through the upregulation of miR-34a, leading to decreased Notch1 [76].
Regarding miR-449a, it has been recently reported that its overexpression in vitro led to
the silencing of genes associated with Notch signaling in prostate cancer cells [77]. Con-
sistent with these reports, we identified Notch as a direct target of miR-34a/c/miR-449a
and provided new evidence that AdoMet was able to inhibit Notch expression through
upregulation of miR-34a/c/miR-449a.

Members of miR-34/miR-449 family sharing similar sequences allow to expect similar
biological roles and target genes [78]. Notably, we found that: (i) the overexpression
of miR-34a/c/miR-449a induced by AdoMet or through transfecting the cells with the
corresponding miRNA mimics, caused comparable inhibitory effects on the migratory
power of HCT-116 and Caco-2 cells and on the expression levels of relevant proteins
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associated with cell migration and EMT such as MMP-2, MMP-9, E-cadherin, N-cadherin,
vimentin, β-catenin, and Notch; (ii) the ectopic expression of miR-34a/c/miR-449a in cells
transfected with miRNA mimics significantly enhanced the inhibitory effects induced by
AdoMet resulting in a gain-of-function; (iii) the loss-of-function studies performed by
transfecting CRC cells with miRNA inhibitors reverted the AdoMet-induced inhibition on
cell migration and on the levels of Notch mRNA and its encoded protein. Consistent with
these findings, the key primary step of the antimetastatic activity of AdoMet in HCT-116
and Caco-2 cells is represented by the AdoMet-induced upregulation of miR-34a/c/miR-
449a. In fact, transfection with miRNA inhibitors significantly diminished the observed
inhibitory effects of AdoMet on EMT and cell migration. In turn, miR-34a/c/miR-449a
act as crucial players downstream of AdoMet through the directly targeting of Notch
signaling pathway.

4. Materials and Methods
4.1. Materials

Tissue culture dishes were purchased from Corning (Corning, NY, USA). Bovine serum
albumin (BSA), fetal bovine serum (FBS), Dulbecco’s modified Eagle’s medium (DMEM),
phosphate-buffered saline (PBS), and trypsin-EDTA were obtained from Gibco (Grand
Island, NY, USA). AdoMet was provided from New England Biolabs, prepared in a solution
of 5 mM H2SO4 and 10% ethanol, filtered, and stored at −20 ◦C until use. Opti-minimal
essential medium (Opti-MEM), mirVANA PARIS Kit, Lipofectamine 2000, TaqMan-MiRNA
Reverse Transcription Kit, High-capacity cDNA reverse transcription kit, TaqMan Universal
PCR Master Mix, small-nuclear-U6, miRNA-34a, miRNA-34c and miRNA-449a mimics and
inhibitors, SYBR™ Green PCR Master Mix and custom DNA Oligos: neurogenic locus notch
homolog protein (Notch), glyceraldehyde 3-phosphate dehydrogenase (GAPDH) were
obtained from Thermo Fisher Scientific (Waltham, MA, USA). The pEZX-MT06 plasmid
containing 3′-UTR of Notch were obtained from GeneCopoeia (Rockville, MD, USA), and
Dual-Luciferase Reporter Assay System was purchased from Promega (Madison, WI, USA).
Radioimmunoprecipitation assay buffer (RIPA buffer) was purchased from Sigma-Aldrich
(St. Louis, MO, USA). Monoclonal antibodies (mAbs) to β-actin (#3700, dilution: 1:5000),
α-tubulin (#2125, dilution: 1:5000), MMP9 (#13667, dilution: 1:1000), vimentin (#5741,
dilution: 1:1000), β-catenin (#8480, dilution: 1:1000), N-cadherin (#13116, dilution: 1:1000),
E-cadherin (#14472, dilution: 1:1000), and Notch (#5732, dilution: 1:1000) and polyclonal
antibodies (pAbs) to MMP2 (#4022, dilution: 1:1000) were purchased from Cell Signaling
Technology (Danvers, MA, USA). Horseradish peroxidase (HRP)-conjugated goat anti-
mouse (GxMu-003-DHRPX) and HRP-conjugated goat anti-rabbit (GtxRb-003-DHRPX)
secondary antibodies were obtained from ImmunoReagents Inc. (Raleigh, NC, USA). All
buffers and solutions were prepared with ultra-high-quality water. All reagents were of the
purest commercial grade.

4.2. Cell Cultures and Treatments

CRC cell lines HCT-116 and Caco-2 and TNBC cell lines MDA-MB-468 and MDA-
MB-231 provided from the American Type Culture Collection (ATCC, Manassas, VA,
USA) were cultured at 37 ◦C in a 5% CO2 humidified atmosphere and grown in DMEM
supplemented with 10% FBS, 2 mM L-glutamine and 50 U/mL penicillin-streptomycin.
Typically, subconfluent cells were seeded in 6-well plates at a density of 2.5× 105 cells/well
and 1.5 × 105 cells/well for CRC and TNBC cells, respectively, to achieve 80% confluence.
After 24 h, the cells were treated with 10% FBS fresh medium containing 500 µM AdoMet for
48 h. Subsequently, fluctuating cells were recovered from culture medium by centrifugation,
whereas adherent cells were collected by trypsinization.

4.3. Cell Transfections

CRC and TNBC cells, at 80% confluence, were transfected with 100 nM miR-34a, miR-
34c and miR-449a mimics or inhibitors diluted in Opti-MEM medium added or not (Control)
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with 500 µM AdoMet, using Lipofectamine 2000 according to the manufacturer’s protocol.
Lipofectamine was also used alone as a negative control. After 48 h from transfection, the
cells were harvested and then processed to carry out the appropriate analyses.

4.4. qRT-PCR for miRNAs Detection and mRNA Expression

Total RNA from cultured HCT-116 and Caco-2 cells and from MDA-MB-468 cells
transfected with 100 nM miR-34a, miR-34c and miR-449a mimics, treated or not with
AdoMet 500 µM for 48 h, was purified using the mirVANA PARIS kit, according to the
manufacturer’s protocol. RNA concentration was determined using a NanoDrop 1000 spec-
trophotometer (Thermo Fisher Scientific, Waltham, MA, USA). Subsequently, using the
TaqMan MiRNA Reverse Transcription Kit or high-capacity cDNA reverse transcription kit,
single-stranded cDNA was synthesized from total RNA samples.

The expression of individual miRNAs was determined using pre-designed probe-
primer sets from Life Technologies and TaqMan Universal PCR Master Mix by quantitative
real-time PCR (qRT-PCR) performed on a ViiA7™ Real-time PCR system (Applied Biosys-
tems, Darmstadt, Germany), as previously reported [79]. To normalize total RNA samples,
the small-nuclear-U6 was selected as endogenous control.

The expression of Notch transcript was determined independently by qRT-PCR, using
SYBR Green PCR Master Mix. To normalize total RNA samples, GAPDH was selected
as an appropriate constitutively expressed endogenous control. The qRT-PCR primer se-
quences are as follows: Notch, (Forward 5′-GGAGTCAGGGAGAGGTTCTAT-3′ and Reverse 5′-
GGAGGTGTGACTAATTGGATGT-3′); GAPDH, (Forward 5′-GGAGTCAACGGATTTGGTCG-
3′ and Reverse 5′-CTTCCCGTTCTCAGCCTTGA-3′). The relative expression of the tran-
scripts was measured by using ViiA7™ Real-Time PCR software (Applied Biosystems,
Darmstadt, Germany).

4.5. Protein Extraction and Western Blot Analysis

CRC and TNBC cell lines transfected with 100 nM miR-34a, miR-34c, and miR-449a
mimics or inhibitors, treated or not with AdoMet 500 µM, after 48 h were collected by
centrifugation, washed twice with ice-cold PBS, then lysed using 100 µL of RIPA buffer
as previously reported [80]. Protein concentration was performed by Bradford method
as previously reported [81]. Equal amounts of cell proteins were separated by sodium
dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) and electrotransferred
to nitrocellulose membranes by Trans-Blot turbo Transfer System (Bio-Rad Laboratories,
Hercules, CA, USA). The membranes were washed in 10 mM Tris-HCl, pH 8.0, 150 mM
NaCl, 0.05% Tween 20 (TBST), and blocked with TBST supplemented with 5% nonfat dry
milk. Then, membranes were incubated first with specific primary antibodies at 4 ◦C
overnight in TBST and 5% nonfat dry milk, washed, and then incubated 1 h with HRP-
conjugated secondary antibodies. All primary antibodies were used at a dilution of 1:1000;
all secondary antibodies were used at a dilution of 1:5000. Blots were then developed using
enhanced chemiluminescence detection reagents ECL (Westar, Cyanagen, Bologna, Italy)
and exposed to X-ray film. All films were scanned by using Image J software 1.48v (U.S.
National Institutes of Health, Bethesda, MD, USA).

4.6. Migration Process Evaluated by Scratch-Wound Assay

HCT-116 and Caco-2 cells were seeded in a serum-containing media in 6-well culture
plates in the appropriate number and cultured overnight until 100% confluence was reached.
The cells were then transfected with 100 nM miR-34a, miR-34c and miR-449a mimics or
inhibitors diluted in Opti-MEM free medium integrated or not (Control) with 500 µM
AdoMet, by using Lipofectamine 2000 according to manufacturer’s protocol. The wounds
were obtained by manually scratching, in a sterile environment, a confluent cell monolayer
with a sterile 200 µL pipette tip, rapidly washed twice with medium to remove cell debris
and replaced with 2 mL of complete medium. Initial images of the wounds were captured
using a microscope (Leica Microsystems GmbH) corresponding to time zero (T0). After 24 h
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(T1) of treatment, snapshot images were taken to examine the wound closure. Wound areas
of control and treated cells were quantified using ImageJ software 1.48v (U.S. National
Institutes of Health, Bethesda, MD, USA).

4.7. Luciferase Reporter Assay

CRC and TNBC cells were seeded into 24-well plates at 20,000 cells/well and 15,000 cells/well,
respectively, and cultured overnight. Thereafter, cells were co-transfected with luciferase
pEZX-MT06 plasmids containing wild-type or mutated (5′-GACAATGTCATTTTTC-3′)
3′-UTR of Notch and miR-34a, miR-34c and miR-449a mimics using Lipofectamine 2000,
following the provided manual. After 24 h incubation, cell medium was exchanged with
fresh DMEM containing 10% FBS. Dual-luciferase reporter assay was conducted using a
Dual-Luciferase reporter assay system according to the manufacturer’s instructions. Lu-
ciferase activity was detected under the control of Tecan Infinite M200 (Tecan, Männedorf,
Switzerland). For the normalization of Firefly luciferase activity, the luminescence intensity
of Renilla luciferase was used as an internal control of transfected cells.

4.8. Statistical Analysis

Experiments were performed at least three times with replicate samples. Data are
expressed as mean± standard deviation (SD). For the comparisons of mean values between
two groups, unpaired Student’s t-test was used. For the comparisons of mean values among
three or more groups, the means were compared using analysis of variance (ANOVA) plus
Bonferroni’s t-test. A p-value < 0.05 was considered to indicate a statistically significant
result, p < 0.01 was considered highly significant.

5. Conclusions

As a promising tumor suppressor, miR-34s have attracted considerable attention in
recent years for their ability to modulate a variety of oncogenic functions in different
cancers, and miR-34 mimetics are currently tested for treatment of advanced cancers [82].
However, delivery systems for miR-34 replacement therapy were not without toxicity and
side-effects. Notably, the first phase I clinical trial of MRX34, a miR-34a mimic encapsulated
in lipid nanoparticles, was stopped because of the occurrence of severe immune-related
adverse events [59]. The selective targeting of Notch could also represent an ideal strategy
for prevention and treatment of colon cancer owing to the crucial role played by Notch
signaling in CRC progression and metastasis. However, despite promising preclinical
results and early-phase clinical trials, Notch inhibitors such as anti-Notch receptors/ligands
antibodies or γ-secretase inhibitors have failed in clinical translation due to their poor
selectivity, dose-limiting toxicity, and low efficacy, encouraging to investigate dietary and
natural compounds with multi-target activities to achieve better outcomes [83].

Our study for the first time highlighted the ability of the physiological methyl donor
AdoMet to control EMT and the migratory power of CRC cells through the miR-34a/c/miR-
449a/Notch axis, thus offering a promising approach for the treatment of this highly inva-
sive cancer. Worthy of interest in this context is to mention that AdoMet is an approved
dietary supplement which can therefore be used for therapeutic purposes without the
common contraindications of chemotherapy. Moreover, as documented by several clinical
studies, AdoMet, at pharmacological doses, shows a low incidence of side-effects with
an excellent tolerability record and no toxic or antiproliferative effects in normal, non-
tumorigenic cells [21]. The ability of AdoMet to modulate miRNA expression in different
cancer cell types and the well-documented potential of miRNA mimics and miRNA in-
hibitors to restore tumor suppressor miRNAs or to downregulate oncogenic miRNAs,
respectively, greatly stimulates the design of adjuvant therapeutic approaches based on
combined AdoMet/miRNAs treatments, which could allow synergistic effects resulting in
increased cellular chemosensitivity and in reduced drug toxicity.
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Abstract: Colorectal cancer (CRC) is one of the leading causes of cancer-related deaths worldwide.
Despite significant advances in the diagnostic services and patient care, several gaps remain to
be addressed, from early detection, to identifying prognostic variables, effective treatment for the
metastatic disease, and the implementation of tailored treatment strategies. MicroRNAs, the short
non-coding RNA species, are deregulated in CRC and play a significant role in the occurrence and
progression. Nevertheless, microRNA research has historically been based on expression levels to
determine its biological significance. The exact mechanism underpinning microRNA deregulation in
cancer has yet to be elucidated, but several studies have demonstrated that epigenetic mechanisms
play important roles in the regulation of microRNA expression, particularly DNA methylation.
However, the methylation profiles of microRNAs remain unknown in CRC patients. Methylation
is the next major paradigm shift in cancer detection since large-scale epigenetic alterations are
potentially better in identifying and classifying cancers at an earlier stage than somatic mutations.
This review aims to provide insight into the current state of understanding of microRNA methylation
in CRC. The new knowledge from this study can be utilized for personalized health diagnostics,
disease prediction, and monitoring of treatment.

Keywords: microRNA; colorectal cancer; epigenetics; methylation; biomarker

1. Introduction

Colorectal cancer (CRC) is one of the most commonly diagnosed cancers worldwide.
The economic burden of CRC management of new cases in Malaysia is estimated at MYR
62 million per year [1]. While there have been significant advancements in diagnostic
services and patient care, several gaps remain, from early detection to the identification of
prognostic variables, the effective treatment of metastatic disease, and the implementation
of customized treatment strategies. A quite recent study concludes that CRC is an expensive
disease, with provider costs ranging from MYR 13,672 for stage I to MYR 27,972 for stage
IV [2].

Cancer is a global burden with over 14.1 million new incidences in 2012 and is pro-
jected to increase in the next decade. In Malaysia, CRC is the most common cancer, with
an overall incidence rate of 21.3 cases per 100,000 population [3]. Many CRC studies have
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revealed molecular alterations involved in its pathogenesis [4–6], yet the prognosis of
advanced CRC is still dismal and the search continues for biomarkers which could accu-
rately guide the medical practitioners in the management and treatment of CRC. Therefore,
robust prognostic and predictive biomarkers are undoubtedly an important goal. One
of the candidates for the biomarkers could be discovered by analyzing the epigenome of
the tumors.

MicroRNAs are small (~22 nucleotides), non-coding RNAs that modulate gene expres-
sion in various eukaryotes [7]. These single-stranded RNAs exert their roles by interacting
with specific target mRNAs through partial complementarity with sequences located mainly
in the 3′UTR, subsequently causing mRNA degradation or translational inhibition [7]. Mi-
croRNAs perform critical roles in a variety of cellular processes, including apoptosis, cell
cycle, proliferation, differentiation, and angiogenesis, by simultaneously regulating the
expression levels of several genes. MicroRNAs are found in all tissues and play a function
in every cell type [7]. A large number of studies in CRC have also revealed that microRNA
expression profiles change remarkably between normal tissues and tumors, were asso-
ciated with drug resistance, as well as possess diagnostic, prognostic, and theranostic
values [8–11]. Moreover, microRNAs play dual roles as oncogenes and tumor suppressors,
which is the key function in tumorigenesis [12].

Although the specific mechanism underlying microRNA deregulation in cancer has
yet to be determined, multiple studies have demonstrated that epigenetic mechanisms
play a significant role in the regulation of microRNA expression in cancer cells [13–15],
particularly DNA methylation, which is a biological process that adds methyl groups (CH3)
to the cytosine ring, thus producing 5-methylcytosine (5mC) (Figure 1a). Expression of
microRNAs might be epigenetically regulated via DNA methylation of CpG islands located
at promoter regions [13] (Figure 1b,c). Alterations in those mechanisms might perturb
microRNAs expression, subsequently altering gene and protein expression, leading to
cancer progression. The study of DNA methylation in microRNA genes is not entirely
new. Publications on this topic began to emerge around a decade ago, yet the gap in
knowledge remains, particularly in CRC. Most of the published data have been derived
from CRC cell lines and not from clinical specimens [16,17]. In addition, to the best of our
knowledge, there has been a limited number of publications on genome-wide microRNA
methylome profiling in this cancer [18]. Most of the studies were focused on the selected
microRNAs known to be hypermethylated in CRC, such as miR-34b/c, miR-124, miR-133b,
and miR-324, etc. [19–21]. While reports on epigenome-wide microRNA methylation
profiles have already been published in other cancers, such as pancreatic, breast, and oral
cancers [22–24], studies on CRC are severely lacking.
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Figure 1. Overview of the methylation process. (a) Methylation is defined as an addition of a methyl
group to the cytosine ring. (b) When the microRNA gene is methylated, it will be switched off and the
transcription process will stop. No mature microRNA will be expressed. (c) When there is absence of
methylation, the microRNA gene will be switched on, therefore transcription will occur and mature
microRNA will be expressed.

2. MicroRNA Methylation with Diagnostic and Prognostic Markers

MicroRNAs may function as tumor suppressor genes, and their downregulation
is commonly detected in CRCs. Epigenetic regulation, including DNA methylation, is
one of the mechanisms associated with microRNA silencing. Since epigenetic silencing
is a reversible process, aberrant methylation of microRNA emerges as a novel class of
biomarkers, with strong potential as diagnostic and prognostic markers in CRCs.

2.1. MiRNA-124a

MiR-124a is among the first microRNAs in CRC that have been shown to be silenced
via an epigenetic mechanism [17,25]. It was discovered through a genetic unmasking
experiment from a cell line model with disrupted DNA methyltransferases [17]. DNA
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methylation of miR-124a may serve as an epigenetic biomarker for CRC, since this gene
is more frequently methylated in CRCs than in other cancers [26]. Lujambio et al. have
demonstrated that the epigenetic silencing of miR-124a via CpG island hypermethylation
leads to the activation of cyclin D kinase 6 (CDK6), an oncogene, and the phosphorylation of
the retinoblastoma (Rb) tumor suppressor gene [17]. The authors proved that miR-124a was
specifically methylated in cancer cells, suggesting a tumor suppressive role [17]. Encoded
by three independent loci (miR-124a-1, -2, and -3), miR-124a is associated with various
CpG islands [13]. Aberrant DNA methylation of miR-124a-1, -2, and -3 was detected in
bowel lavage fluid (BLF) specimen in CRC patients. Among these three genes, methylated
miR-124a-3 showed the greatest sensitivity for CRC detection, highlighting the potential of
this microRNA as a non-invasive diagnostic marker for CRC screening [27].

Ueda et al. [28] also reported that three miR-124a genes were methylated during car-
cinogenesis in patients with ulcerative colitis (UC). Nonetheless, methylation of miR-124a-3
was frequently detected in the early stage of colitis-associated cancer (CAC), indicating
the importance of this microRNA in estimating the individual risk of developing CAC.
Moreover, another related study found that miR-124a was methylated in UC patients with
CRC. The authors identified higher methylation level in rectal tissues in an age-dependent
manner [29]. Considered together, these two studies suggest that methylation of miR-124a
is a potential marker for identifying UC patients with high risk of developing CRC.

Numerous studies have demonstrated the role of miR-124a as a prognostic biomarker
in CRC patients. The miR-124a expression level varied depending on the tumor differen-
tiation grades, while the low miR-124a was measured in tissues with moderate to poor
differentiation. In addition, survival analysis of 96 CRC patients showed that the group
with downregulated miR-124a exhibited worse prognosis in overall survival (OS) and
disease-free survival (DFS) [30]. Similarly, Jinushi et al. [31] discovered the low expression
of miR-124a in plasma samples of CRC patients with poor OS. Moreover, another study
found that downregulation of miR-124a could induce cell proliferation, migration, invasion,
and metastasis in CRC by negatively regulated ROCK1 expression [32]. In the future,
miR-124a may constitute an effective new prognostic biomarker for CRC patients with
advanced disease or metastasis.

2.2. MiRNA-137

MiR-137 is located on the chromosome 1p22 within the gene sequence of MIR137HG [33].
This microRNA is embedded in a CpG island and is often downregulated in several tumors,
including CRC, due to the promoter hypermethylation [34–36]. Several studies have reported
the potential use of miR-137 methylation as a diagnostic biomarker. In a study by Balaguer
et al., miR-137 was epigenetically silenced in CRC cell lines. In addition, the authors in-
vestigated the methylation status of miR-137 in CRC tissues and its adjacent normal. They
discovered that the methylation of miR-137 is tumor-specific, considering that higher methyla-
tion was significantly detected in CRCs compared with normal tissues. Interestingly, a similar
methylation frequency of miR-137 was observed in CRCs and adenomas, indicating that the
methylation of miR-137 may occur in the early event of colorectal carcinogenesis [35]. This
finding is in agreement with Kashani et al. [36], in which methylation of miR-137 occurred in
CRCs and no methylation was observed in normal tissues. In addition, this study revealed
increased hypermethylation of miR-137 in patients with a family history of CRC or other
gastrointestinal-related cancers. These encapsulate the crucial role of methylation in miR-137
as a diagnostic biomarker in CRC.

CRC arises from abnormal growth of colon epithelium and subsequently transforms
to adenomatous polyps, which over time progress to cancer. A study by Huang et al.
observed a gradual decrease in miR-137 expression during the process of colorectal carcino-
genesis. Therefore, they postulated that DNA methylation subsequently downregulates
miR-137 in polyps is an early event in the development of CRC [34]. As discussed earlier,
methylation of miR-124 could be a valuable marker in identifying UC patients with high
risk of developing CRC. In addition, the authors discovered the potential of methylation
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in miR-137 as an independent risk factor in differentiating UC patients with high risk of
developing CRC. Moreover, methylation of this microRNA showed a substantial AUC
value in discriminating UC patients with high or low risk of developing cancer, further
demonstrating its importance in CRC screening [29].

Dysregulation of miR-137 is associated with prognosis of CRC. The decline of miR-137
expression is able to predict recurrence and survival of stage II CRC patients [37]. Further-
more, altered miR-137 expression has been shown to be associated with the progression
of CRC. Through an in vitro model, downregulation of this microRNA induces cell prolif-
eration, migration, and invasion in CRC by hindering the expression of TCF4. However,
miR-137 could also target other downstream genes in addition to TCF4 to promote tumor
progression. A study by Sakaguchi et al. demonstrated the capability of ectopic expression
of miR-137 to suppress the tumorigenicity of colon cancer stem cells without affecting nor-
mal cells. Furthermore, they discovered that the presence of miR-137 restrained the colon
cancer metastasis through the downregulation of DCLK1 expression [38]. Interestingly,
research by Chen et al. suggests that miR-137 expression in CRC is subject to epigenetic
silencing mediated by Mecp2, a DNA methyl CpG binding protein. Mecp2 can directly
bind to the promoter region of miR-137 and lead to a decrease in expression. Restoring the
expression of miR-137 led to the inhibition of the colorectal tumor growth in a xenograft
model, as well as in vivo hepatic metastasis [39].

2.3. MiRNA-34

MiR-34, a tumor suppressive microRNA family, has been observed to be directly
regulated by the tumor suppressor p53 [40]. The miR-34 family consists of three members,
including miR-34a, miR-34b, and miR-34c. Interestingly, three miR-34 family members
are produced by two different transcriptional units [41]. Human miR-34a is located at
chromosome 1p36.22, whereas miR-34b and miR-34c reside on chromosome 11q23.1 [41].
MiR-34 is frequently methylated in CRC tissues and to a lesser extent in adjacent normal
tissues. Notably, Wu et al. [42] discovered that methylation of miR-34a was observed
in 76.8% of CRCs and 5% of healthy volunteer stool samples. Intriguingly, miR-34b/c
methylation was displayed in 93.6% of CRC stool samples and no methylation was observed
in the healthy samples. This finding is consistent with those of Kalimutho et al., whereby
they found that 75% of fecal CRC patients exhibited aberrant methylation of miR-34b/c [43].
High sensitivity detection of methylation miR-34b/c in stool samples may be an effective
non-invasive screening method for the diagnosis of CRC.

MiR-34a expression is useful for CRC prognosis. Gao et al. evaluated the expression of
miR-34a-5p in recurrence and non-recurrence groups of stage II and stage III CRC patients.
Their results revealed that miR-34a-5p was downregulated in the recurrence group despite
the TNM stage. In addition, the elevated expression of this microRNA was directly pro-
portional to DFS. This suggests that miR-34a-5p is a potential prognostic marker to predict
the aggressiveness of cancer in stage II and III CRCs. Moreover, the authors discovered
that the inhibition of metastatic properties in CRCs is a p53-dependent manner [44]. The
downregulation of miR-34a in CRC is presumably caused by the aberrant methylation at
the promoter region. High methylation frequency of miR-34a has been observed in primary
tumors that have developed liver and lymph node metastases. Furthermore, silencing of
this microRNA was associated with an increased expression of c-Met and β-catenin, which
exhibited pro-metastatic function. Therefore, the epigenetic silencing of miR-34a together
with upregulation of c-Met and β-catenin in primary colon cancer may have a prognostic
value to identify patients with a high risk of liver metastases [45].

However, two studies presented the opposite findings. Rapti et al. showed that miR-
34a was overexpressed in poorly differentiated CRC, which is highest in grade III tumors
as compared with the lower grades. Deregulation of this microRNA leads to worsened
DFS and OS, independently of clinicopathological factors, such as tumor size, histological
grade, tumor invasion, and nodal status apart from distant metastasis. Therefore, elevated
miR-34a expression is a potential unfavorable prognosis marker in CRC [46]. Another
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study by Hasakova et al. found that miR-34a-5p was upregulated in CRCs as compared
with the adjacent tissues. Nevertheless, they found that the expression of miR-34a-5p
varied in accordance with the sex, whereby downregulation of this microRNA was as-
certained in male patients rather than females. In addition, a better survival rate was
observed in male patients who exhibited high miR-34a-5p, and was unlikely associated
with advanced stages [47]. A possible explanation of these contrasting results is the tumor
microenvironment heterogeneity of CRCs.

2.4. Other microRNA Genes

MiR-133b is a tumor suppressor gene and is often silenced in CRC [48]. Silencing of
this microRNA is correlated with CpG methylation in the promoter region. In addition,
miR-133b was reported to be downregulated in the primary CRC and metastatic hepatic
tissues. Remarkably, miR-133b negatively regulates the HOXA9/ZEB1 pathway, which then
promotes tumor metastases and poor outcomes in CRCs [49]. DNA hypermethylation of
miR-1 was first observed in hepatocellular carcinoma (HCC) primary tissues and cells [50].
Later, Chen et al. discovered the methylation of miR-1 in primary CRC tissues [51]. In
addition, the DNA methylation-mediated downregulation of miR-1 was observed in 12 out
of 14 colon cancer metastases. Interestingly, miR-1 was shown to interact with miR-133a in
CRC and concurrent silencing of these microRNAs negatively regulate TAGLN2 expression.
Therefore, miR-1-133a interaction with upregulation of TAGLN2 has a significant role in
CRC metastasis.

The expression of miR-9 may be regulated by DNA methylation and histone modifica-
tion in CRC. Methylation of this microRNA was detected in 56% of primary CRC. However,
high methylation frequency was observed in advanced stages of CRC with regional nodal
and vascular invasion aside from metastasis. The finding of this study showed that miR-9
silencing is crucially involved in CRC progression [52]. Moreover, deregulation of miR-9
has been reported to promote proliferation and tumor cell survival in CRC [53].

In addition to the microRNAs mentioned above, miR-345 and miR-342 are highly
methylated, with low expression in CRCs in comparison with non-cancerous tissues [54,55].
Ectopic expression of these microRNAs is able to suppress colon cancer proliferation and
invasiveness. Tang et al. discovered that miR-345 inhibits tumor growth by targeting
BCL2-associated athanogene 3 (BAG3), a molecule that regulates the apoptosis process [54].
In contrast, restoration of miR-342 has been found to reduce the expression of DNMT1,
which subsequently demethylates tumor suppressor genes, such as ADAM23, HINT1,
RASSF1A, and RECK in CRC [55].

A non-exhaustive compiled summary of microRNA methylation implicated in CRC is
presented in Table 1. Clearly, epigenome-wide profiling of microRNA methylation using
high-throughput approaches, such as microarray or whole-genome bisulfide sequencing
has not been performed, further highlighting the importance of our study. Finally, an
illustration on the involvement of microRNA methylation in CRC progression is provided
in Figure 2a,b.

Table 1. Snapshot of methylation-sensitive microRNAs implicated in CRC.

MicroRNA(s) and Reference
MicroRNA

Methylation
Detection Method

Types of Specimens Key Findings

miR-124a [17]
Known targets:

STAT3, IASPP PRRX1, KITENIN,
PRPS1, RPIA

PTB1/PKM1/PKM2, DNMT3B,
DNMT1, ROCK1, PRRX1, PLCB1

Methylation-specific PCR (MSP)
and bisulfite sequencing

Cell line model with disrupted
DNA methyltransferase

• Epigenetic silencing of
miR-124a via CpG island
hypermethylation leads to
CDK6 oncogene activation
and Rb phosphorylation
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Table 1. Cont.

MicroRNA(s) and Reference
MicroRNA

Methylation
Detection Method

Types of Specimens Key Findings

miR-34b/c [19]
Known targets:

SATB2

Methylation-specific PCR (MSP)
and bisulfite sequencing CRC cell lines

• miR-34b/c and NTG4 are
novel tumor suppressors in
CRC

• miR-34b/c CpG island is a
frequent target of epigenetic
silencing in CRC

miR-133b [20]
Known targets:

CXCR4, HOXA9

Methylation-specific PCR (MSP)
and combined bisulfite restriction

analysis (COBRA)

Screening using CRC cell lines
and validation in the tissues (6

CRCs, 2 adjacent non-tumors, and
2 healthy colorectal tissues)

• miR-133b promoter
hypermethylation is
upregulated in CRC tissues

• The regulation of miR-133b
methylation has potential
therapeutic utility for CRC
treatment

miR-324 [21]
Known targets:

ELAVL1

Methylation-specific PCR (MSP)
and bisulfite sequencing

42 CRCs, 9 colorectal adenomas,
and 16 normal mucosae in

patients with and without CRC

• Methylation at the
EVL/miR-342 locus was
identified in 86% CRCs and
in 67% adenomas,
suggesting that it is an early
event in CRC carcinogenesis

miR-137, miR- 342 [36]
Known targets:

miR-137: TCF4, FMNL2,
Aurora-A

miR-342: DNMT1, FOXM1,
FOXQ1

Methylation-specific PCR (MSP) Fresh-frozen tissues (51 polyps, 8
tumors, and 14 normal mucosa)

• miR-137 hypermethylation
is higher in male patients

• miR-342 hypermethylation
is associated with patients’
age

miR-9, miR-129, miR-137
[52]

Known targets:
miR-9: TM4SF1, FOXP2, ANO1

miR-129: MALAT1
miR-137: TCF4, FMNL2,

Aurora-A

Methylation-specific PCR (MSP)
and bisulfite sequencing

CRC cell lines and 50 primary
CRCs with adjacent normal

tissues

• miR-9-1, miR-129-2, and
miR-137 methylation
occurred commonly in CRC
cell lines and primary CRC
tumors, but not in normal
colonic mucosa

• miR-9-1 methylation was
associated with lymph node
metastasis

miR-345 [54]
No known target

Methylation-specific PCR (MSP)
and bisulfite sequencing

CRC cell lines and 31 CRC
patients

• miR-345 hypermethylation
was detected in tumor vs.
normal tissues and is
associated with its low
expression, lymph node
metastasis, and worse
histological type

miR-129-2, miR-345, miR-132
[56]

Known targets:
miR-129: MALAT1

miR-345: No known target
miR-132: ZEB2, ERK1

Bisulfite sequencing and
Methylation-Specific Multiplex

Ligation-Dependent Probe
Amplification (MS-MLPA)

CRC cell lines treated with
5-aza-2′deoxycytidine followed

by validation in 205 CRCs

• miR-345 and miR-132
hypermethylation is
associated with a
mismatch-repair deficiency
in CRC

• miR-132 hypermethylation
distinguished sporadic
MMR-deficient CRC from
Lynch-CRC

miR-132 [57]
Known targets:

miR-132: ZEB2, ERK1

Methylation-specific PCR (MSP)
and bisulfite sequencing

CRC cell lines and 36 CRCs with
adjacent normal tissues

• miR-132 is epigenetically
silenced in CRC cell lines
and implies a poor
prognosis in CRC
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Table 1. Cont.

MicroRNA(s) and Reference
MicroRNA

Methylation
Detection Method

Types of Specimens Key Findings

miR-1, miR-9, miR-124, miR-137
[29]

Known targets:
miR-1: SMAD3

miR-9: TM4SF1, FOXP2, ANO1
miR-124: STAT3, IASPP PRRX1,

KITENIN, PRPS1, RPIA.
PTB1/PKM1/PKM2, DNMT3B,

DNMT1, ROCK1, PRRX1, PLCB1.
miR-137: TCF4, FMNL2,

Aurora-A

Quantitative bisulfite
pyrosequencing

387 colorectal epithelial specimens
(362 non-neoplastic and 25

neoplastic tissues)

• Among patients with
ulcerative colitis without
neoplasia, the rectal tissues
had significantly higher
levels of microRNA
methylation

• Methylation level was
associated with age and
duration of ulcerative colitis

miR-125 [58]
Known targets:

BCL2, BCL2L12, MCL1, SMURF1,
VEGFA, TAZ, CXCL12/CXCR4

Bisulfite sequencing PCR CRC tissues and adjacent normal
tissues from 68 CRC patients

• Patients with
hypermethylation of
miR-125a and miR-125b had
a shorter life expectancy
than those with normal
levels

miR-941 [59]
No known target Bisulfite sequencing CRC cell lines

• Hypermethylated in
HCT116 cells

• Suppresses cell growth and
migration in CRC cells

miR-1237 [59]
No known target Bisulfite sequencing CRC cell lines

• Hypermethylated in
HCT116 cells

• Transcriptionally
independent from the host
gene

miR-1247 [60]
No known target

Methylation-specific PCR (MSP)
and bisulfite sequencing

CRC cell lines and patients
(hypermethylated and
non-methylated CRCs)

• Downregulated in
methylated CRC and
hypermethylated cell lines
(RKO, HCT116)

• Novel tumor suppressor by
targeting MYCBP2 in
methylated CRC

miR-128 [61]
Known targets:
IRS1, Galectin-3

Bisulfite sequencing PCR CRC cell lines and patients

• miR-128 was epigenetically
silenced by DNA
methylation, implies a poor
prognosis in CRC

• Restoration of miR-128
could inhibit cell
proliferation by inducing
cell cycle arrest

miR-148a [62]
Known targets:
BCL2, ERBB3

Bisulfite pyrosequencing 273 CRC patients (76 stage II, 125
stage III, 72 stage IV)

• miR-148a was significantly
downregulated in tumor
stage III/IV and correlated
with promoter
hypermethylation

• Low miR-148a expression
leads to poor therapeutic
response and patients’
overall survival
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Table 1. Cont.

MicroRNA(s) and Reference
MicroRNA

Methylation
Detection Method

Types of Specimens Key Findings

miR-126 [63]
Known targets:

CXCR4

Methylation-specific PCR (MSP)
and bisulfite sequencing CRC cell lines and patients

• Silencing of miR-126 in CRC
tissue and cell lines was due
to the promoter methylation

• Restoration of miR-126
inhibits VEGF expression,
thus hindering tumor
progression

miR-27b [64]
Known targets:

RAB3D
Methylation-specific PCR (MSP) CRC cell lines

• DNA hypermethylation of
miR-27b CpG island
decreases miR-27b
expression

• Targets VEGFC to inhibit
tumor growth and
angiogenesis in vivo

miR-149 [65]
Known targets:
FOXM1, EPHB3

Methylation-specific PCR (MSP) CRC cell lines

• Treatment using polyphenol
(BPIS) induces
hypomethylation of
miR-149 CpG island in
HCT-8/Fu cells

• Upregulation of miR-149
improved chemosensitivity
of CRC through
miR-149/Akt-mediated cell
cycle arrest

miR-497/195 [66]
Known targets:

IGF1R, NRDP1, KSR1, FRA-1,
PTPN3, CARMA3, FGF2

Combined bisulfite restriction
analysis (COBRA) and bisulfite

genomic sequencing (BGS)
CRC cell lines and patients

• Both miRNAs were
hypermethylated and under
expressed in precancerous
lesion

• Pri-miR-497/195 was
monoallelic methylated at
CpG island in normal
colorectal and biallelic
methylated in most
colorectal adenomas

miR-212 [67]
Known targets:

MnSOD

Methylation-specific PCR (MSP)
and bisulfite sequencing CRC cell lines and tissues

• miR-212 was
hypermethylated at
upstream promoter region
in CRC tissues and cell lines,
but not in FHC cells

• Low miR-212 level
associated with aggressive
tumor phenotype and poor
disease prognosis

miR-200c/141 [68]
Known targets:

ZEB1, DLC1, TRAF5
Methylation-specific PCR (MSP) CRC tissues

• miR-200c/141 cluster
promoter region was
significantly
hypermethylated in
colorectal tumors and
adenomatous polyps, but
not in hyperplastic polyp
tissues

141



Int. J. Mol. Sci. 2022, 23, 7281

Table 1. Cont.

MicroRNA(s) and Reference
MicroRNA

Methylation
Detection Method

Types of Specimens Key Findings

miR-373 [69]
No known targets

Methylation-specific PCR (MSP)
and bisulfite sequencing

CRC cell lines and 40 CRC
patients

• CpG island at promoter
region of miR-373 was
significantly
hypermethylated in CRC
tissues and cell lines

• May inhibit cell viability in
CRC cell lines by targeting
oncogene RAB22A

Known targets in CRC were identified using miRCancer database [70].
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Figure 2. The involvement of methylated microRNA in CRC. (a) Simplified illustration of microRNA
and its potential involvement in CRC. DNA methylation is a key epigenetic mechanism for silencing
RNA polymerase II-transcribed genes [71]. When the microRNA gene is methylated, no precursor
microRNA will be transcribed, thus reducing its mature microRNA expression [72]. This in turn
could lead to cancer formation, progression, and treatment resistance. (b) Simplified illustration
of microRNA and its potential involvement and application in normal colon. The unmethylated
microRNA gene will lead to transcription of microRNA precursor by RNA polymerase II, which will
then be exported into the cytoplasm by Exportin 5, followed by processing with the RISC, which will
result in target gene translation repression or mRNA degradation. As a result, oncogenic protein
expression will be reduced.

As previously mentioned, the methylome profiles of microRNAs in CRC patients
have not been extensively characterized. While there are several published findings from
our research group on DNA methylation profiles in CRC [6,73], none have focused on
microRNA methylome in detail. MicroRNAs are considered the master regulators that
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control gene expression [74]. Therefore, research on the elements controlling microRNA
is indispensable.

3. MicroRNA Methylation in CRC Chemoresistance

Emerging evidence has revealed that abnormal expression of microRNAs also plays a
vital role in chemotherapeutic drug resistance. FOLFOX, which is a mixture of folic acid
(FOL), 5-fluorouracil (F), and oxaliplatin (OX) [75], is one of the most extensively used
chemotherapy regimens for the treatment of cancer, mainly CRC. While cancer treatment is
progressing, the formation of chemoresistance clones have emerged as a significant obstacle
in the clinic. Finding prospective biomarkers and therapeutic targets that could lead to
an increase in the success rate of suggested therapies is critical to achieving a successful
outcome. Since it has been established that microRNAs are significant participants in
the biological system, researchers have become increasingly interested in understanding
their functional activities. When it comes to overcoming chemoresistance to FOLFOX,
microRNAs as post-transcriptional regulators have the potential to be extremely beneficial.
A review on differentially expressed microRNAs involved in CRC chemoresistance was
previously published by our group and should serve as complementary reading [76]. In
this section, we will focus primarily on the methylated microRNAs and their roles in
CRC chemoresistance.

MiR-26b expression was analyzed in 5-fluorouracil (5-FU) resistant CRC cell lines
and parental cells. The results showed that miR-26b was significantly downregulated in
the 5-FU resistant cell lines, and thus, it is probably involved in CRC chemoresistance.
Importantly, the downregulation of miR-26b was associated with promoter methylation
and treatment with a demethylating drug (5-aza-2′-deoxycytidine was able to restore
the expression of miR-26b in resistant cell lines). Upregulation of miR-26b conferred 5-
FU chemosensitivity by repressing PGP expression and further activating caspase-9 and
caspase-3 [77].

Takahashi et al. have provided evidence that miR-148a is frequently downregulated
through the promoter hypermethylation in the advanced CRC. Moreover, downregulation
of miR-148a was significantly associated with a poor outcome in patients with stage III CRC
treated with adjuvant 5-FU. In addition, low expression of this microRNA is associated
with worse therapeutic response and survival rate in stage IV CRC patients treated with
5-FU and oxaliplatin chemotherapy [62].

Low expression of miR-181a, 135a, and 302c is mediated by DNA methylation in colon
cancer. Shi et al. proved that dysregulation of these microRNAs promotes 5-FU resistance in
microsatellite instable (MSI) CRC. Restoration of microRNAs expression attenuates PLAG1
expression and was shown to re-sensitize 5-FU resistant MSI CRC cell lines [78].

Another microRNA associated drug resistance is miR-149. A previous study showed
that aberrant methylation is the main mechanism that is responsible for the silencing of
miR-149 in CRC [79]. The expression of miR-149 is downregulated in 5-FU resistant cells as
compared with their parental cells. Re-expression of this microRNA was able to enhance
the 5-FU sensitivity of CRC cells by suppressing FOXM1 gene [80]. In addition, another
recent study demonstrated that the upregulation of miR-149 expression together with the
DNA de-methylation (5-aza-dc) therapy could positively elevate the chemosensitivity of
CRC [65]. Similarly, the co-administration of dichloroacetate (DCA) and overexpression
of miR-149 in CRC was shown to not only improve 5-Fu apoptosis, but also to help in
minimizing glucose metabolism [81].

Other downregulated microRNAs, such as miR-200 [82], miR-17-5p [83], miR-124,
miR-506 [84], miR-143 [85], and miR-340 [86] were associated with chemoresistance of
multi-drugs in CRCs. The downregulation of these microRNAs was correlated with DNA
methylation [87–90]. Considered together, these data suggest that epigenetic silencing of
microRNAs has strong potential as a marker to predict chemotherapy response in CRC.
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4. Conclusions

The methylation of a subset of microRNA genes could serve as a useful biomarker for
the improvement of cancer detection and/or clinical outcome prediction. In addition, the
restoration of epigenetically silenced tumor-suppressive microRNAs in cancer cells using
the demethylating drugs could be a promising cancer treatment strategy. In the future, we
envisage that further cancer epigenome and microRNA studies will lead to the discovery
of a range of new biological markers and potential therapeutic targets.
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Abstract: Altered lipid metabolism is a potential target for therapeutic intervention in cancer. Over-
expression of Fatty Acid Synthase (FASN) correlates with poor prognosis in colorectal cancer (CRC).
While multiple studies show that upregulation of lipogenesis is critically important for CRC pro-
gression, the contribution of FASN to CRC initiation is poorly understood. We utilize a C57BL/6-
Apc/Villin-Cre mouse model with knockout of FASN in intestinal epithelial cells to show that the
heterozygous deletion of FASN increases mouse survival and decreases the number of intestinal
adenomas. Using RNA-Seq and gene set enrichment analysis, we demonstrate that a decrease in
FASN expression is associated with inhibition of pathways involved in cellular proliferation, energy
production, and CRC progression. Metabolic and reverse phase protein array analyses demonstrate
consistent changes in alteration of metabolic pathways involved in both anabolism and energy pro-
duction. Downregulation of FASN expression reduces the levels of metabolites within glycolysis and
tricarboxylic acid cycle with the most significant reduction in the level of citrate, a master metabolite,
which enhances ATP production and fuels anabolic pathways. In summary, we demonstrate the
critical importance of FASN during CRC initiation. These findings suggest that targeting FASN is a
potential therapeutic approach for early stages of CRC or as a preventive strategy for this disease.

Keywords: colorectal cancer; fatty acid synthase; lipid metabolism; colorectal cancer initiation;
Apc mutation

1. Introduction

Currently ranked as the second leading cause of cancer-related deaths in the United
States, colorectal cancer (CRC) remains a substantial public health problem with an esti-
mated 149,500 new cases and 52,980 deaths during 2021 (https://www.cancer.org/cancer/
colon-rectal-cancer/about/key-statistics.html, accessed on 31 July 2021). Abnormally el-
evated lipid synthesis provides cancer cells with membrane building blocks, signaling
lipid molecules, posttranslational modifications of proteins, and energy supply to sup-
port rapid cell proliferation [1–3]. Fatty Acid Synthase (FASN), a key enzyme of de novo
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lipid synthesis, has been actively investigated as a therapeutic target in cancer. FASN is
the most targetable among lipogenesis genes due to its high degree of overexpression in
cancer cells [1,4,5]. Multiple studies, including reports from our laboratory [1,6–8], have
found that elevated expression of FASN is associated with advanced stages of CRC and
CRC metastasis [6,7]. Pre-clinical studies show significant anti-cancer effects when lipid
synthesis is inhibited by genetic and pharmacological inhibition of FASN [9–11]. Currently,
a novel FASN inhibitor, TVB-2640, is being tested in one Phase I and two Phase II clinical
trials [12]. Even though numerous studies show the benefit of targeting FASN in cancer
including CRC, knowledge about the contribution of lipid synthesis to CRC initiation is
very limited, and the utility of this pathway as a therapeutic target for the early stages of
this disease is unclear.

Multiomics-based analyses of paired normal and tumor tissues from 275 patients
with colorectal cancer revealed that metabolic alterations occur at the adenoma stage of
carcinogenesis [13]. Several studies have shown that FASN is significantly upregulated in
the early stages of CRC [6,13–15]. Increased expression of FASN in 86% of aberrant crypt
foci from patients with sporadic CRC or familial adenomatous polyposis also suggests its
importance in the early stages of colonic neoplasm development [16]. Consistently, FASN is
significantly overexpressed in rectal biopsies from patients harboring adenomas compared
with those with no adenomas [17].

A recent study using mouse embryonic fibroblasts transfected with polyomavirus
middle T antigen (PyMT), a breast cancer oncoprotein, provides strong evidence that FASN
plays an important role in the initial step of cell transformation and is required for cancer
cells to acquire 3D growth properties during transformation [18]. FASN deletion results
in low rates of glycolysis and mitochondrial respiration as well as an accumulation in
reactive oxygen species [18], suggesting that upregulation of fatty acid synthesis promotes
tumorigenesis via alteration of metabolic pathways and redox status. This study further
emphasizes the potential importance of utilizing FASN as a therapeutic target for the
prevention and treatment of early stages of cancer. However, the feasibility of targeting
FASN as a preventive strategy or early-stage treatment in CRC has not been explored.

Epidemiological studies demonstrate that diet and dietary fatty acids can contribute
to CRC initiation and development [19,20]. Whereas most tumors are dependent on fatty
acid synthesis, they can also scavenge lipids from their environment [1]. We have shown
that upregulation of CD36, a fatty acid transporter, and an increase in exogenous lipid
uptake can compensate for the effect of pharmacological or genetic inhibition of FASN [21].
Therefore, to identify FASN-mediated vulnerabilities which can be efficiently targeted in
cancer, it is very important to understand the contribution of FASN to CRC initiation in the
context of the in vivo in a mouse model with ad libitum feeding. Mouse models carrying
mutations in the Apc (adenomatosis polyposis coli) gene are genetically parallel to familial
and sporadic colon adenoma development in humans [22]. The alteration of FASN in this
model provides a unique opportunity to better understand the contribution of this enzyme
and de novo lipid synthesis to Apc-driven carcinogenesis.

We discovered that heterozygous deletion of FASN significantly increases mouse
survival and decreases the number of intestinal adenomas formed. Analysis of gene set
enrichment data revealed a decrease in FASN expression leading to a significant decrease
in the enrichment of genes associated with pathways involved in cellular proliferation,
energy production, and CRC progression. In agreement with these data, a decrease in FASN
expression reduces the levels of metabolites involved in glycolysis and the tricarboxylic acid
(TCA) cycle with the most significant reduction in the level of cellular citrate, a metabolite
involved in ATP production and fueling of anabolic pathways. Using the reverse phase
protein array (RPPA), we demonstrate alterations in the protein levels of multiple metabolic
enzymes. Interestingly, the levels of diglycerides in adenomas and free fatty acids in
adenomas and plasma are not affected by the changes in FASN expression in the intestine.

In summary, this study provides strong evidence that FASN is critically important
in CRC initiation by orchestrating changes in the transcriptome and metabolic pathways
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consistent with an increase in proliferation, ATP production, and anabolism. Therefore,
targeting FASN should be further explored as a potential preventive strategy or early-stage
treatment for CRC.

2. Results
2.1. Heterozygous Deletion of FASN Increases Survival and Decreases the Number of Intestinal
Adenomas during Apc-Driven Carcinogenesis

We utilized a C57BL/6-Apctm1Tyj mouse model in which the 15 coding exons of the Apc
gene are flanked by LoxP sites. Germline heterozygous deletion of the floxed region results
in a mouse highly suspectable to spontaneous intestinal adenoma formation and serves as a
mouse model of CRC. Immunohistochemistry staining of intestinal tissues from Apc/Villin-Cre
(Apc/Cre) mice demonstrates high expression of FASN in adenomas as compared to surround-
ing tissues (Figure 1A). These mice were bred with mice that have LoxP-flanked FASN alle-
les [23] to establish mouse colonies with heterozygous (FASN+/∆/Apc/Cre) and homozygous
(FASN∆/∆/Apc/Cre) deletion of FASN in the intestinal epithelium (Figure S1A) [21]. Consistent
with a previously published study, homozygous deletion of FASN in the intestine leads to a
smaller size litter and premature death of approximately 70–80% of animals within 2 months
after birth due to disruptions in the intestinal mucus barrier [24]. However, approximately 20%
of FASN∆/∆/Apc/Cre mice survive and have a phenotype similar to FASN+/∆/Apc/Cre mice
(Figure S1B–D). Immunohistochemistry staining demonstrates residual expression of FASN in
these mice (Figure S1E,F), potentially due to the inefficiency of the Cre transgene [25], which
would explain the phenotype similar to FASN+/∆/Apc/Cre mice. We previously demonstrated
that hetero- and homozygous deletion of FASN in Apc/Cre mice lead to the upregulation of
CD36, a fatty acid transporter [21]. Indeed, immunohistochemistry staining reveals a high
level of CD36 expression in FASN∆/∆/Apc/Cre intestinal mucosa, suggesting that a potential
compensation of inhibited lipid synthesis is increased fatty acid uptake (Figure S1G). Due to the
variability in FASN expression and survival in FASN∆/∆/Apc/Cre group, these animals were
omitted from the survival analysis and studies evaluating the number of intestinal adenomas.

To investigate the contribution of FASN to survival and adenoma formation, we used
Apc/Cre and FASN+/∆/Apc/Cre mice kept on standard laboratory chow. The heterozygous
deletion of FASN significantly increases mouse survival (Figure 1B) and decreases the number
of intestinal adenomas in both male and female mice (Figure 1C,D). There were no significant
changes in animal size due to differences in FASN expression (Figure S1B,C). We noted that
female mice develop a higher number of adenomas and have shorter survival as compared to
male mice, but the differences between genders were not statistically significant (Figure 1B,C).
Even though we excluded FASN∆/∆/Apc/Cre mice from analysis, we noted that the higher
degree of FASN inhibition in this group is associated with a much lower number of intestinal
adenomas. Several mice in this group were adenoma-free and survived over a year until they
were sacrificed for analysis (Figure S1B,C).

Ki-67 expression has been widely used in clinical practice as an index to evaluate
the proliferative activity of tumor cells [26]. The sections of the intestine from Apc/Cre,
FASN+/∆/Apc/Cre, and FASN∆/∆/Apc/Cre mice were prepared using the swiss roll
technique, and immunohistochemistry staining for Ki67 was performed. The analysis of
Ki67 staining using the HALO digital pathology analysis platform revealed high expression
of FASN in Apc/Cre adenomas is associated with a higher percentage of Ki67 positive cells
and higher intensity staining as compared to FASN+/∆/Apc/Cre and FASN∆/∆/Apc/Cre
adenomas (Figure 1E,F), suggesting a higher proliferative capability of these adenomas.

Together, these data suggest that FASN promotes CRC initiation by increasing the number
of adenomas formed and the proliferation of CRC cells, thus decreasing mouse survival.
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from male and female mice, Apc/Cre vs. Apc/Cre with heterozygous deletion of FASN. (E) Repre-
sentative images of immunochemistry staining for FASN and Ki67 in Apc/Cre mice and Apc/Cre 
mice with hetero- and homozygous deletion of FASN. (F) Quantification of Ki67 staining in mouse 
adenomas with the different levels of FASN expression. (* p < 0.05, ** p < 0.01, *** p < 0.001). 

Figure 1. Heterozygous deletion of FASN increases mice survival and decreases the number of
adenomas formed in the Apc-driven carcinogenesis mouse model. (A) Immunohistochemistry
staining for FASN in intestinal tissues from Apc/Cre mice. (B) The effect of Villin-Cre-mediated
heterozygous deletion of FASN in mouse intestinal tissues on mice survival. (C) The effect of Villin-
Cre-mediated heterozygous deletion of FASN in mouse intestinal tissues on formation of mouse
adenomas. Number of adenomas was quantified within 10 cm sections of distal intestine from
Apc/Cre mice and mice with heterozygous deletion of FASN. (D) Representative images of intestinal
tissues from male and female mice, Apc/Cre vs. Apc/Cre with heterozygous deletion of FASN.
(E) Representative images of immunochemistry staining for FASN and Ki67 in Apc/Cre mice and
Apc/Cre mice with hetero- and homozygous deletion of FASN. (F) Quantification of Ki67 staining in
mouse adenomas with the different levels of FASN expression. (* p < 0.05, ** p < 0.01, *** p < 0.001).

2.2. A Decrease in FASN Expression Is Associated with Downregulation of Pathways Linked to
Cellular Proliferation, Energy Production, and Cancer-Associated Signaling

To determine the effect of FASN on gene expression profile during Apc-driven car-
cinogenesis, we performed RNA-Seq analysis on adenomas collected from Apc/Cre,
FASN+/∆/Apc/Cre and FASN∆/∆/Apc/Cre mice (Table S1A,B). Venn diagram shows
numbers of overlapping and non-overlapping genes differentially expressed among three
different genotypes (Figure 2A).
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Figure 2. FASN promotes adenoma formation via pathways upregulation of pathways involved in
cell growth and energy metabolism. (A) Venn diagram displaying the overlapping genes identified
in tumors from Apc/Cre mice and Apc/Cre mice with heterozygous and homozygous expression
of FASN. (B) Scatter plots showing the numbers of differentially expressed genes in Apc/Cre mice
and Apc/Cre mice with heterozygous and homozygous expression of FASN. Significantly changed
DEGs are indicated in colors. Red and blue dots are up- and downregulated genes, respectively. The
detailed lists of differentially expressed genes are provided in Table S2A. (C) Representative gene set
enrichment analysis plots generated from RNA-Seq expression data of Apc/Cre and FASN knockout
mice. The bar codes indicate the location of the members of the gene set in the ranked list of all
genes. ES, enrichment score; NES, normalized enrichment score; NOM, nominal p-value; FDR, false
discovery rate adjusted p-value.
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Deletion of FASN resulted in significant transcriptome changes with exacerbated changes
observed in FASN∆/∆/Apc/Cre mice compared to FASN∆/−/Apc/Cre mice (Figure 2B,
Table S1C-1,C-2). Gene set enrichment analysis shows that high FASN expression in ade-
nomas from Apc/Cre mice is associated with enrichment of genes associated with cellular
proliferation, energy production, and oncogenic signaling as compared to adenomas col-
lected from mice with hetero- and homozygous deletion of FASN (Figure 2C). Lists of the top
20 positively and negatively enriched pathways and genes associated with downregulation of
FASN in FASN+/∆/Apc/Cre and FASN∆/∆/Apc/Cre mice are included in Table S1D-1–D-4.

In summary, these data further confirm that FASN promotes adenoma formation via
altered expression of genes involved in proliferation, energy production, and CRC progression.

2.3. Heterozygous Deletion of FASN Alters the Levels of Diglycerides, but Does Not Change the
Total Levels of Free Fatty Acid and Sphingolipid Species in Mouse Adenomas

We have shown that the shRNA-mediated knockdown of FASN abolishes de novo
lipid synthesis but does not affect the total palmitate level in established CRC cell lines [6].
Adenoma tissues and plasma from Apc/Cre and FASN+/∆/Apc/Cre mice were analyzed
to determine the levels of free fatty acids. Due to the limited number of FASN∆/∆/Apc/Cre
mice available and the low number of adenomas formed in this genotype group, we did not
perform lipid analysis for this genotype. As shown in Figure 3A,B and Table S2A,B, we did
not find any significant differences in the levels of free fatty acids between Apc/Cre and
FASN+/∆/Apc/Cre mice. Our previous studies suggest that FASN activity regulates lipid
storage and de novo sphingolipid synthesis [8,27]. Therefore, we measured the total levels
of diglycerides and sphingolipids in adenomas from Apc/Cre and FASN+/∆/Apc/Cre
mice. We observed a significant decrease in the levels of some diglycerides (C16:1:20:0-
DAG; Di-C14-DAG; C14:0:18:0-DAG; C16:1:18:0-DAG; C18:0:18:1-DAG, p-value < 0.05)
(Figure 3C and Table S2C). However, we would like to note that further statistical analysis
and adjustments for the false discovery rate (q-value) show no statistical significance. No
significant changes were seen in the total levels of sphingolipids (Figure 3D and Table S2D).
We have also analyzed the levels of triglycerides in adenoma tissue and plasma of Apc/Cre,
FASN+/∆/Apc/Cre, and FASN∆/∆/Apc/Cre using a triglyceride quantification kit. As
shown in Figure S2A,B, no significant differences were observed between Apc/Cre mice
and Apc/Cre mice with hetero- and homozygous deletion of FASN. Together, these data
suggest that the heterozygous deletion of FASN primarily alters the levels of diglycerides
but does not significantly affect the total level of free fatty acids and sphingolipids in
mouse adenomas.

2.4. Downregulation of FASN in Mouse Adenomas Alters the Levels of Cellular Metabolites

Our previous studies demonstrated that FASN regulates glycolysis and mitochon-
drial respiration in vitro [8]. To assess FASN-mediated changes of metabolites in glycol-
ysis and the TCA cycle, we performed a metabolic analysis of adenomas from Apc/Cre,
FASN+/∆/Apc/Cre, and FASN∆/∆/Apc/Cre mice using GC-MS. Polar metabolites were
extracted from pulverized tumors of the three genotypes and metabolites were identified.
Metabolites from all major pathways were detected, including glycolysis and TCA cycle
intermediates, lipids, sugars, amino acids, and others. Using this information-rich dataset,
supervised clustering analysis was performed to assess overall metabolic profiles for each
cohort. The heat map of these data demonstrated significant changes in the metabolite
levels among Apc/Cre, FASN+/∆/Apc/Cre, and FASN∆/∆/Apc/Cre (Figure 4A). The
PLS-DA further demonstrates a significant difference in the metabolic profiles of adenomas
among Apc/Cre, FASN+/∆/Apc/Cre, and FASN∆/∆/Apc/Cre mice (Figure 4B). Based
on VIP score, citric acid, cholesterol, alanine, uridine, glutamate, 6-phosphoglucose, and
palmitate were identified as the top metabolic intermediates that contribute to FASN-driven
differences observed among mice genotypes (Figure 4C).
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Taken together, these data demonstrate that FASN upregulation is associated with
metabolic pathways involved in the turnover of citrate, palmitate, cholesterol, and 6-
phosphoglucose, as well as in the synthesis of uridine and amino acids such as alanine
and glutamate.

2.5. Deletion of FASN Alters Expression of Metabolites and Their Metabolizing Enzymes
in Adenomas

To profile the expression of metabolic enzymes within glycolysis and the TCA cycle,
we performed reverse phase protein array (RPPA) [28]. The heat map of the RPPA analy-
sis shows the levels of metabolic enzyme expression in adenomas collected from Apc/Cre,
FASN+/∆/Apc/Cre, and FASN∆/∆/Apc/Cre mice (Figure 5A). The expression of FASN in
samples analyzed by RPPA is also shown by western blot (Figure 5B). Interestingly, we observed
an increase in the expression of glucose transporter 1 and glycolytic enzyme hexokinases 2 and
3. The expression of glucose-6-phosphate dehydrogenase (G6PD), a rate-limiting enzyme of
the pentose phosphate pathway is also increased (Figure 5A,C and Table S3). In contrast, the
enzymes glutamine-fructose-6-phosphate transaminase 1 and O-linked N-acetylglucosamine
transferase, which are involved in hexosamine synthesis, a branch of glycolysis and O-linked
glycosylation, significantly decreased (Figure 5A and Table S3). The decrease in the levels of
glucose in adenomas from FASN+/∆/Apc/Cre and FASN∆/∆/Apc/Cre mice suggests that
glycolytic enzymes may be upregulated due to the limited substrate availability (Figure 5C).
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Figure 4. Downregulation of FASN is associated with alteration in multiple metabolic intermediates
in mouse adenomas. (A) Heat map demonstrating the levels of metabolites (log normalization)
identified in adenoma tissues from Apc/Cre (n = 4) and Apc/Cre mice with hetero-(n = 3) and
homozygous (n = 3) deletion of FASN. (B) Partial least-squares discriminant analysis (PLS-DA)
on metabolic data from Apc/Cre, FASN+/∆ Apc/Cre, and FASN ∆/∆ Apc/Cre mice. (C) Variable
importance in projection (VIP) values from PLS-DA. The VIP score of a metabolite is calculated as a
weighted sum of the squared correlations between the PLS-DA components and the original variable
(FASN expression). The x-axis indicates the VIP scores corresponding to each metabolite on the y-axis.

Interestingly, even though we did not observe a change in the level of lactate, levels
of pyruvate and glucose trended lower in FASN+/∆/Apc/Cre and FASN∆/∆/Apc/Cre
mice as compared to Apc/Cre mice (Figure 5C). Pyruvate dehydrogenase E1 subunit alpha
1, a component of the pyruvate dehydrogenase enzyme complex, links glycolysis and
the TCA cycle and is important for cancer metabolic shift [29]. Strikingly, we observed
significant downregulation of this enzyme in adenomas from FASN+/∆/Apc/Cre and
FASN∆/∆/Apc/Cre mice as compared to Apc/Cre mice (Figure 5A,C and Table S3).

Nicotinamide adenine dinucleotide phosphate (NADPH) is produced by metabolic
enzymes such as G6PD and 6-phosphogluconate dehydrogenase (6PGD) of the pentose
phosphate pathway, malic enzymes (MEs), isocitrate dehydrogenases, and enzymes in one-
carbon-tetrahydrofolate oxidation pathways [30]. Intriguingly, we found the ME1, a cytosolic
NADP+-dependent isoform, is upregulated in FASN+/∆/Apc/Cre and FASN∆/∆/Apc/Cre
mice as compared to Apc/Cre mice, and ME2, a mitochondrial NAD+-dependent isoform, is
significantly downregulated (Figure 5A and Table S3). ME1 plays important role in generating
NADPH for lipid and cholesterol synthesis and increases FASN expression in the intestine,
suggesting that upregulation of ME1 may be a potential compensation mechanism due to a
decrease in lipid synthesis.
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Figure 5. FASN knockdown alters the levels of metabolites and metabolic enzymes involved in
glycolysis, TCA cycle, and amino acid metabolism. (A) Heat map demonstrating expression of
metabolic enzymes as determined by Reverse Phase Protein Array (RPPA) analysis. (B) The level of
FASN expression by western blot of mouse adenomas used for RPPA analysis. (C) FASN-mediated
changes in metabolites and metabolizing enzymes within glycolysis. (D) FASN-mediated changes
in metabolites and metabolizing enzymes within the TCA cycle. (E) Hetero- and homozygous
knockdown of FASN alters the levels of branched-chain amino acids and decreases synthesis of
alanine. (* p < 0.05, ** p < 0.01, *** p < 0.001).
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The TCA cycle constitutes the epicenter of cell metabolism because it oxidizes mul-
tiple substrates while providing precursors for the synthesis of lipids, nucleotides, and
proteins [31]. The TCA cycle begins with the reaction that combines the two-carbon
acetyl-CoA with a four-carbon oxaloacetate to generate the six-carbon citrate [31]. We
found that the level of citrate is significantly decreased in both FASN+/∆/Apc/Cre and
FASN∆/∆/Apc/Cre mice as compared to Apc/Cre mice (Figure 5D). Furthermore, accord-
ing to the PLS-VIP analysis, citrate has the highest VIP score (see Figure 4C), suggesting
its significance in FASN-mediated metabolic changes in our genetically modified mouse
models. We noted that other TCA cycle substrates such as malate and fumarate are also
decreased in FASN+/∆/Apc/Cre and FASN∆/∆/Apc/Cre mice as compared to Apc/Cre
mice, but these changes did not reach statistical significance (Figure 5D).Even though the
level of citrate significantly decreased, the expression of CS increased, potentially due
to feedback regulation by the availability of the precursor pyruvate (thus acetyl CoA)
(Figure 5A,C and Table S3). We confirmed that knockout of FASN leads to upregulation of
CS in mouse tissues using western blot analysis (Figure S3). Intriguingly, the level of mito-
chondrial isoform phosphoenolpyruvate carboxykinase 2, which converts oxaloacetate into
phosphoenolpyruvate, is significantly decreased due to FASN downregulation, suggesting
a decrease in utilization of non-glucose substrates such as glutamine to fuel the pentose
phosphate pathway and serine/glycine metabolism [32].

Amino acids play diverse roles in cancer cells, supporting biosynthetic pathways,
redox balance, epigenetic regulation, and immune responses [33,34]. Alanine can be
synthesized from pyruvate and branched-chain amino acids (BCAA) such as valine, leucine,
and isoleucine [35] and plays an important role in the synthesis of proteins, amino acids,
and other biomolecules as well as energy fuel for cancer cells [36]. We found that both the
hetero- and homozygous deletion of FASN increase the levels of leucine and isoleucine, and
significantly decrease the level of alanine in intestinal adenomas (Figure 5E), suggesting
the potential impairment in BCAA metabolism.

Cumulatively, these data suggest that a decrease in FASN expression is associated with
a decrease in metabolic intermediates of the TCA cycle with the most significant change in
the level of intracellular citrate, which is a key metabolite supporting mitochondrial ATP
production and anabolic reactions.

2.6. Expression of CS Is Upregulated and Correlates with Expression of FASN in Colorectal Cancer

CS activation drives flux toward lipid and triglyceride synthesis in cancer [37]. Since
FASN knockout upregulates CS expression in transgenic mouse models, we sought to
evaluate the levels of FASN and CS expression in mouse tissues during Apc-driven car-
cinogenesis. Immunohistochemistry staining of FASN and CS revealed that both are
significantly upregulated in intestinal epithelium and adenomas in Apc/Cre mice as com-
pared to intestinal tissues of wild-type C57BL/6J mice (Figure 6A). We noted that even
though the expression pattern of CS does not always recapitulate that of FASN, their expres-
sion seems to localize in the same areas of developing adenomas (Figure 6A). Interestingly,
the inactivation of Apc gene using tamoxifen-inducible Villin-Cre-ERT2 resulted in upregu-
lation of both FASN and CS expression in the intestinal mucosa (Figure 6B). To translate
our findings to human cancer, we analyzed The Cancer Genome Atlas RNA-Seq data and
identified a highly significant positive correlation between FASN and CS gene expression
in human colon adenocarcinomas (Figure 6C). In agreement with these data, western blot
analysis of fresh normal human colon mucosa and matched primary tumors demonstrates
an increase in FASN and CS in tumors as compared to normal tissues (Figure 6D).
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Figure 6. Expression of FASN correlates with expression of CS in CRC. (A) Expression of FASN and
CS in intestinal tissues of wild type (WT) C57BL/6J mice and in intestinal tissues and adenomas in
Apc/Cre mice. (B) Heterozygous deletion of Apc gene using tamoxifen (TAM) inducible Villin-Cre
recombinase leads to upregulation of FASN and CS in mouse intestinal tissues. Tamoxifen was injected
for 5 days, and intestinal tissues were collected on day 10 after the last injection. (C) Correlations
between FASN and CS were determined based on RNA-Seq data of CRC patient tumor tissues
(n = 456) from The Cancer Genome Atlas. (D) Expression of FASN and CS in human normal colon
mucosa and matched tumor tissues. N-normal mucosa, T-primary tumor.

In summary, these data suggest that CS is highly expressed in CRC, and there is a
positive correlation between CS and FASN expression at mRNA and protein levels in colon
adenocarcinomas.

3. Discussion

Aberrant lipid synthesis via upregulation of FASN is crucial for cancer cells, and tar-
geting FASN can be a potential therapeutic strategy in many cancers, including CRC [1,3].
Even though multiple studies demonstrate that inhibition of FASN decreases CRC cell
growth and survival in vitro, pre-clinical studies demonstrate much less efficacy of FASN
inhibition on tumor growth in vivo, potentially due to compensation mechanisms such
as dietary fatty acid uptake [9,21]. A better understanding of the timing and conditions
for using FASN-targeted therapy is critical for developing successful therapeutic strate-
gies [4,9,10]. A recently published study suggests that FASN activity could be essential
during the initial steps of the transformation process and, thus, can be a target for cancer
prevention [18]. However, the contribution of FASN to CRC initiation has not been exten-
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sively studied. Therefore, the goal of this study was to understand the role of FASN in
Apc-driven carcinogenesis and to evaluate it as a potential target for CRC prevention using
transgenic mouse models.

Our study is the first to elucidate the effect of Villin-Cre-mediated downregulation of
FASN expression in intestinal epithelial cells on mice survival, adenoma formation, and
transcriptome and metabolome of adenomas in the transgenic model of Apc-driven CRC.
The results of our study show that heterozygous deletion of FASN in Apc/Cre mice signifi-
cantly increases mouse survival and decreases the number of intestinal adenomas. These
results are consistent with the study showing that inhibition of FASN by orlistat, a drug
used for treating obesity [38], increases survival rates in ApcMin mice, a commonly used
model for Apc-driven CRC [39]. Another study using pharmacological inhibitors in ApcMin

mice showed that orlistat and lovastatin, inhibitors of cholesterol biosynthesis, significantly
reduced FASN enzymatic activities and gene expression in colonic tissues. However, they
did not affect the number of intestinal polyps and there was a statistically significant reduc-
tion in polyp volume only in the mouse group treated with lovastatin [40]. The discrepancy
in outcomes of these studies is potentially due to different diets and different doses of
orlistat used [39,40]. Our results showing that FASN promotes carcinogenesis are also in
agreement with studies on other types of cancer, showing that transgenic expression of
FASN results in a significant increase in prostate intraepithelial neoplasia [41] and that
pharmacological inhibition of FASN with Fasnall [42] or C75 [43] significantly delays tumor
progression in neu-N mice, a model of mammary cancer.

The meta-analysis of 34 studies and 6180 CRC patients demonstrates that high expres-
sion of Ki67, a proliferation marker, is significantly correlated with poor overall survival and
disease-free survival [44]. Indeed, our results demonstrate that high expression of FASN
in Apc/Cre mice is associated with a higher percentage of Ki67 positive cells. Conversely,
downregulation of FASN expression in FASN+/∆/Apc/Cre and FASN∆/∆/Apc/Cre is
associated with a decrease in the percentage of Ki67 positive cells and the intensity of Ki67
staining, suggesting that high expression of FASN is associated with a higher proliferative
activity of CRC cells. These findings are further supported by the GSEA analysis of RNA-
Seq data on adenomas from Apc/Cre, FASN+/∆/Apc/Cre, and FASN∆/∆/Apc/Cre mice
showing the significant enrichment of genes involved in cell cycle progression in Apc/Cre
mice as compared to adenomas from mice with hetero- and homozygous deletion of FASN.

Our data from transgenic mice demonstrate that FASN significantly upregulates the
set of genes associated with the pathways involved in the cell cycle, steroid biosynthesis,
and metabolism. These results are in agreement with data obtained from in vitro studies on
human CRC cells showing that similar pathways are modulated by TVB-3166, a FASN in-
hibitor and an analog of TVB-2640, which is currently used in clinical trials [10,45]. Together,
the data further confirm the specificity of TVB inhibitors in targeting FASN in cancer cells.
Interestingly, we also found that gene expression of several stem cell markers implicated in
CRC, such as LGR5, ALDH, CD44, and CD166, is significantly downregulated in FASN
knockout adenomas, suggesting that FASN may promote APC-driven carcinogenesis via
an increase in stemness of intestinal epithelial cells. This mechanism is currently under
investigation in our laboratory.

Our previous studies demonstrated that genetic and pharmacological inhibition of
FASN is associated with the inhibition of glycolysis, TCA cycle activity, and beta-oxidation
in vitro [8]. Consistently, low respiration and glycolytic capacity were observed when
FASN was deleted in MEFs infected with retroviral particles expressing the PyMT breast
cancer oncogene (FASN∆/∆-PyMT) as compared to control FASNlox/lox-PyMT MEFs [18].
In agreement with these studies, our GSEA results show reduced expression of genes in-
volved in the TCA cycle and beta-oxidation in FASN+/∆/Apc/Cre and FASN∆/∆/Apc/Cre
as compared to Apc/Cre mice. Interestingly, heterozygous deletion of FASN leads to a
drastic and significant decrease in the expression of genes associated with the cell cycle and
ribosome pathways, suggesting that an approximate 50% decrease in FASN expression in
these mice is sufficient to significantly inhibit cellular proliferation and protein synthesis.
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Steroid biosynthesis is also significantly downregulated in these mice as compared to
Apc/Cre control mice. The higher extent of FASN downregulation in mice with homozy-
gous deletion leads to additional alterations in gene expression associated with inhibition
of energy production, fatty acid biosynthesis, and CRC-promoting pathways, suggesting
that a higher degree of FASN inhibition elicits a more efficient and global antitumor effect.

Our previous work demonstrated that shRNA-mediated deletion of FASN significantly
decreases the incorporation of 13C sodium acetate into palmitate but does not affect the total
palmitate level [6]. Similarly, the relative independence from FASN activity to maintain
stable intracellular lipid levels was observed in FASNlox/lox-PyMT and FASN∆/∆-PyMT
MEFs [18]. In this study, we noted that heterozygous deletion of FASN in intestinal
epithelial cells decreased the levels of several diglycerides in adenomas. However, we did
not observe any unequivocal changes in the total levels of free fatty acids or sphingolipids
in adenomas from mice with heterozygous deletion of FASN. We did not perform the
comprehensive lipid analysis on adenomas from FASN∆/∆/Apc/Cre mice due to the
limited number of mice of this genotype. However, analysis of the triglyceride levels in
intestinal tissue and plasma from these mice shows a similar, statistically non-significant
decrease in triglycerides for FASN+/∆/Apc/Cre mice compared to Apc/Cre. These results
have several potential explanations. We have previously shown that both shRNA-mediated
and pharmacological inhibition of FASN led to increased FA uptake [9,21], suggesting that
the cellular lipid pool may be replenished by dietary FAs. Alternatively, in the Villin-Cre
mouse model we used, Cre recombinase is expressed in villus and crypt epithelial cells
of the small and large intestines, but the expression of FASN is intact in other cell types
within intestinal tissues and in other organs. FASN is highly expressed in liver and adipose
tissues [1]. It has been shown that the contribution of liver fatty acid synthesis appears to
be less than that of fats derived from peripheral tissues or dietary fat [46] but FAs from
all these sources can contribute to the total level of circulating lipids. The components
of the tumor microenvironment and the intestinal microbiota can also alter the levels of
lipid and metabolites [47]. FASN is highly expressed in endothelial cells [48,49], immune
cells [50,51], and fibroblasts [52] associated with cancer, suggesting the potential impact of
FASN expression in these cells on the levels of FAs observed during adenoma formation. To
better understand the effect of FASN on lipid synthesis and lipid uptake and utilization, we
plan to perform stable-isotope tracing studies to identify lipid species that drive Apc/FASN-
driven carcinogenesis in a better-controlled environment such as organoid culture and
primary CRC cell lines.

In current studies, the metabolic analysis of adenomas demonstrates changes in the
level of several metabolites in glycolysis and the TCA cycle, including a decrease in D-
glucose, pyruvate, citrate, malate, and fumarate. The changes in abundance of some
metabolites did not reach statistical significance which can be explained by tissue- and
cell-specific deletion of FASN in our model and the potential contribution of stromal com-
partment and microbiota to their levels. Based on PLS-DA analysis, the highest VIP was
assigned to citrate, suggesting that a reduction in the level of citrate is the most significant
change due to the reduced expression of FASN in our transgenic mouse models. This con-
clusion is supported by previously published work showing that the lack of FASN impairs
glycolysis and the anaplerotic shift of the TCA cycle. This study also shows a diminished
incorporation of carbon derived from glucose into the TCA cycle intermediates including
citrate [18]. Citrate is an intermediate in the TCA cycle, which is produced in mitochondria
by the action of CS, which combines acetyl-CoA and oxaloacetate to generate citrate for
the TCA cycle [53]. Since CS catalyzes the first reaction of the TCA cycle, it is generally
assumed to be the rate-limiting enzyme of the cycle [54]. Using RPPA and western blot
analysis, we show that the level of CS is significantly increased in FASN+/∆/Apc/Cre
and FASN∆/∆/Apc/Cre mice as compared to Apc/Cre, potentially, due to a decrease in
the substrate availability. Several mechanisms contribute to mitochondrial citrate synthe-
sis, including the serine/glycine pathway, truncated or reversed TCA cycle, and lactate
uptake [55]. Citrate is important for ATP production, lipid synthesis, and epigenetic regula-
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tion [56]. Moreover, cytosolic citrate is obligatory for the promotion of cancer cell growth
and proliferation [55], thus supporting our results that a decrease in FASN expression and
the level of citrate are associated with less proliferative properties of intestinal adenomas
and an increase of survival of mice. In addition, citrate is a key regulatory molecule, which
targets (directly or indirectly) catabolic and anabolic pathways in a manner such that when
one pathway is activated, the other is inhibited [53]. Indeed, administration of high doses of
citrate inhibits the proliferation of various cancer cells via inhibition of glycolysis and other
anti-cancer effects [53,57]. The complexity of citrate synthesis and utilization in cancer cells
warrants the use of stable isotope tracing to better understand the metabolic adaptations
associated with the downregulation of FASN expression in transgenic mouse models.

Consistent with the published study on CRC [58], our data show that CS is overex-
pressed in CRC as compared to normal mucosa. Our data shows that the heterozygous
deletion of Apc in normal intestinal epithelium leads to the upregulation of both CS and
FASN, suggesting that an increase in citrate and lipid synthesis are metabolic futures re-
quired for Apc-driven carcinogenesis. Even though we did not see significant changes in CS
mRNA expression between normal mucosa and tumor tissues, the TCGA data demonstrate
a significant correlation between the expression of CS and FASN in human colorectal cancer.
We further confirmed this correlation by analyzing FASN and CS protein levels in matched
normal colon and tumor tissues. Our data warrant in-depth studies to further delineate the
mechanisms of how the level of citrate is regulated by FASN and better understand the
functional consequences of these changes in CRC.

Another significant change identified due to a downregulation in FASN expression is
a decrease in the beta-alanine level. Interestingly, beta-alanine was found to be the most
upregulated metabolite in colon carcinoma tissues as compared to normal mucosa [59],
suggesting it is potentially important for metabolic alterations in CRC. The synthesis of
alanine from pyruvate is thought to lie in the mitochondria matrix [60]. Even though the role
of alanine in cancer is poorly understood, emerging evidence suggests that alanine plays a
role in the proliferation and survival of cancer cells [61]. Interestingly, alanine contributes
significantly to bioenergetic and anabolic pathways including de novo synthesis of fatty
acids in pancreatic cancer [62].

Limitations of the study. The rigorous analysis did not identify any statistically
significant changes in free fatty acids, sphingolipids, and triglycerides between Apc/Cre
mice and mice with altered expression of FASN. Moreover, even though the abundance of
several metabolites decreased, statistical significance was not reached on all of them. There
are several explanations for these results. We did not address the potential contribution of
diet, adipose tissue, or stromal compartment (where the expression of FASN is intact in
our mouse model) to the level of FAs or the contribution of metabolites to adenoma tissues
and circulation [47]. Furthermore, we could not account for the effect of high heterogeneity
of collected tissues and individual diversity among mice in our model, and this could
greatly contribute to the outcome of our study. Indeed, it has been shown that principal
component analysis does not show an unequivocal separation between cancer tissue and
normal mucosa in CRC patients; paired comparison of cancer tissue and normal mucosa
obtained from the same subject must be done to identify the difference [63]. Another
potential explanation is that, in many cases, the patterns of non-significant differences
in gene/protein expression or in the levels of metabolic intermediates as identified in
the current study can lead to significant differences in the development of disease and,
therefore, analysis of these patterns is as important as the identification of significant
differences. Therefore, follow-up studies using different models need to be performed to
confirm our findings and further delineate the effect of FASN in the development of CRC.

Use of stable isotope tracers in a controlled environment such as organoid cultures
would address some issues described above and help advance understanding of mecha-
nisms of how FASN contributes to carcinogenesis in CRC. 13C glucose and 13C acetate stable
isotope tracing would facilitate a better understanding of the mechanisms of how changes
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in FASN expression alter glucose utilization and contribute to TCA cycle intermediates and
lipid metabolism.

Our previous study demonstrates that pharmacological inhibition of FASN leads to
a significant decrease in the levels of lipid species in several patient-derived xenografts
treated with TVB-3664, and significant changes seem to be mostly associated with patient-
derived xenografts established from metastatic tissues [9]. These data suggest that mu-
tations other than in the Apc gene, stage of cancer, and aggressiveness of the tumor can
contribute to diversity in lipid utilization and uptake. Therefore, analysis of other models
beyond the Apc-driven model should be utilized to better understand the role of de novo
lipid synthesis in CRC carcinogenesis.

In summary, despite some limitations, our study provides compelling evidence that
FASN plays an important role in CRC initiation by promoting the expression of genes sup-
porting cellular proliferation and upregulating metabolic pathways involved in catabolic
reactions and energy production. Therefore, this work warrants further investigation of
FASN as a potential target for CRC prevention in the setting of more complex models when
CRC is driven by mutations other than the Apc gene to further confirm the potential for use
of FASN-targeted therapy in individuals who have a high risk based on either genetics or
screening colonoscopy results.

4. Materials and Methods
4.1. Mouse Colonies

Mice were housed at the facility supervised by the Division of Laboratory Animal
Resources, University of Kentucky in accordance with the NIH Guide for the Care and
Use of Lab Animals (https://www.ncbi.nlm.nih.gov/books/NBK54050/, accessed on
31 July 2021). All animal experimental procedures were carried out under approval from
the University Committee on Use and Care of Animals, University of Kentucky, protocol #
2016-2521. Mice were fed 2018 Teklad global 18% protein rodent diets from ENVIGO during
breeding, strain maintenance, and experimental procedures. C57BL/6J mice with LoxP-
flanked FASN alleles (FASNf/f) were obtained from Clay Semenkovich, MD, at Washington
University [23]. Apc/Villin-Cre mouse colonies with hetero- and homozygous deletion of
FASN were established by mating these mice with Villin-Cre mice (B6.Cg-Tg(Vil1-cre)1000
Gum/J, stock #021504) and with Apc mice (C57BL/6-Apctm1Tyj/J, stock #00945).

4.2. Survival Analysis and Tumor Number Studies

For survival studies, mice were observed daily for signs associated with adenoma
development such as weight loss, lethargy/cachexia, paleness of the paws, hinged posture,
obstruction, bloody stool, and anal bleeding. Animals were euthanized when they reached
the endpoint (recumbent and unable to drink and eat due to symptoms associated with
disease progression). For survival studies, we observed 26 Apc/Cre male mice, 22 Apc/Cre
females, 21 FASN+/∆/Apc/Cre males, and 27 FASN+/∆/Apc/Cre females.

For adenoma count, intestines were removed. The section of 10 cm starting 1 cm
from cecum was used for determination of adenoma number. The intestine was washed
with PBS, placed on an ice-cold metal platform, opened, cleaned, and the number of
visual adenomas was counted. The tumor numbers are reported as the average number of
tumors for male and female mice. Tissues from 8 Apc/Cre male mice, 12 Apc/Cre females,
12 FASN+/∆/Apc/Cre males, and 11 FASN+/∆/Apc/Cre females were used for analysis.

The tissues were processed for immunohistochemistry analysis using the swiss-roll
techniques or adenomas were collected for further quantitative Reverse Transcription
Polymerase Chain Reaction and western blot analysis.

4.3. Histologic Analysis and Immunohistochemical (IHC) Staining

Paraffin-embedded tissue section slides were prepared from transgenic mouse tissues
using the Biospecimen Procurement and Translational Pathology Shared Resource Facility
services. Tissue slides were stained with hematoxylin and eosin. For IHC staining, paraffin-

163



Int. J. Mol. Sci. 2022, 23, 6510

embedded tissue sections were deparaffinized, rehydrated, and antigen retrieval was
performed using Antigen Retriever Buffer #T6455 (Sigma-Aldrich Inc., St. Louis, MO, USA).
IHC staining was performed using ImmPRESS® HRP Universal (Horse Anti-Mouse/Rabbit
IgG) PLUS Polymer Kit, Peroxidase, MP-7800 (Vector Laboratories Inc., Burlingame, CA,
USA) according to manufacturer instructions. The stained sections were visualized and
imaged using a Nikon Eclipse 80i upright microscope (Melville, NY, USA). The HALO
digital pathology analysis platform at the Biospecimen Procurement and Translational
Pathology Shared Resource Facility was used to quantify the percentage of Ki67 positive
cells and intensity of staining in intestinal tissues.

4.4. Western Blot Analysis

Mouse adenoma tissues were harvested and homogenized using metal beads in
Cell Lysis Buffer #9803 (Cell Signaling, Danvers, MA, USA) supplemented with additional
protease inhibitors. Equal amounts of cell lysates were resolved by SDS-PAGE and subjected
to western blot analysis.

4.5. Antibodies for Western Blot and IHC Staining

Antibodies were purchased from Cell Signaling (Danvers, MA): Fatty Acid Synthase
(C20G5) Rabbit mAb (#3180), Citrate Synthase (D7V8B) Rabbit mAb (#14309), Ki-67 (D3B5)
Rabbit mAb (Mouse Preferred; IHC Formulated) #12202. All antibodies were used at a
concentration of 1:1000 for western blot and 1:100 for IHC.

4.6. RNA-Sequencing and Gene Set Enrichment Analysis

RNA samples from pulled adenomas (n = 3) collected from Apc/Villin-Cre, FASN+/∆/
Apc/Villin-Cre and FASN∆/∆/Apc/Villin-Cre were prepared using a QIAGEN RNeasy
kit and library preparation, sequencing, and standard bioinformatics analysis were per-
formed by BGI Genomics, Cambridge, MA, USA (https://www.bgi.com/global/, ac-
cessed on 31 July 2021). The quality control assessment of samples and detailed summary
of the sequencing coverage, quality statistics, and data analysis report are included in
Supplemental Table S1A,B. The gene set enrichment analysis was performed by the Bio-
statistics and Bioinformatics Shared Resource Facility, University of Kentucky (Lexington,
KY, USA) using gene set enrichment analysis (GSEA) software (version 4.0.3) and the KEGG
pathways in the Molecular Signature Database (MSigDB) [64,65]. Hypergeometric tests
were used to test enrichment of KEGG pathways based on the R package clusterProfiler
(version 3.18.1) [66].

4.7. Metabolite Extraction

For metabolic analysis, the adenomas were removed from intestine, rinse with ice
cold PBS and immediately cryopreserved to minimize any further changes in metabolite
levels. Isolated adenomas were removed from cryostorage and transferred to a micro
vial set for use with a Freezer/Mill Cryogenic Grinder (SPEX SamplePrep model 6875D,
Cole-Parmer North America, Vernon Hills, IL, USA). Tissue was pulverized to 5 µm
particles. Metabolites were extracted directly from the micro vial by the addition of
1 mL of 50% methanol containing 20 mL-norvaline (procedural, internal control) and
separated into polar (aqueous layer) and insoluble pellet (protein/DNA/RNA/glycogen)
by centrifugation at 4 ◦C, 15,000 rpm for 10 min. The pellet was subsequently washed four
times with 50% methanol and once with 100% methanol. The pellet was then hydrolyzed in
200 µL of 3N hydrochloric acid and then 200 µL of 100% methanol was added before drying.
The polar and pellet fraction was dried at 10−3 mBar using a SpeedVac (ThermoFisher
Scientific, Waltham, MA, USA) followed by derivatization. The insoluble pellet was
hydrolyzed as described [67].
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4.8. Sample Derivatization and Gas Chromatography-Mass Spectrometry (GC-MS) Quantification

Dried polar and insoluble samples were derivatized by the addition of 50 µL of
20 mg/mL methoxyamine hydrochloride in pyridine, vortexed thoroughly, and incubated
for 1.5 h at 30 ◦C. Sequential addition of 80 µL of N-methyl-trimethylsilyl-trifluoroacetamide
followed with an incubation time of 30 min at 37 ◦C with thorough vortexing between
addition of solvents. The mixture was then transferred to an amber, v-shaped glass chro-
matography vial and analyzed by GC-MS.

An Agilent 7800B gas-chromatography coupled to a 5977B mass spectrometry detector
was used for this study (Agilent, Santa Clara, CA, USA). GC-MS protocols were similar to
those described previously [68,69] except a modified temperature gradient was used for
GC: Initial temperature was 130 ◦C, held for 4 min, rising at 6 ◦C/min to 243 ◦C, rising at
60 ◦C/min to 280 ◦C, held for 2 min. The electron ionization energy was set to 70 eV. Scan
(m/z: 50–800) and full scan mode were used for metabolomics analysis. Mass spectra were
translated to relative metabolite abundance using MassHunter MS quantitative software
matched to the FiehnLib metabolomics library (available through Agilent) for retention
time and fragmentation pattern [69–71]. Relative abundance was corrected for recovery
using the L-norvaline standard and adjusted to protein input represented by the sum of
amino acids from the pellet fraction also analyzed by GC-MS.

4.9. Metabolite Analysis

Data were uploaded into MetaboAnalyst version 5.0 (Xia Lab, McGill University,
Montreal, QC, Canada) for partial least-squares discriminant analysis (PLS-DA), variable
importance in projection (VIP) analysis, and clustering heat map analysis. Data was
uploaded as a CSV file and auto-scaled (mean-centered and divided by the standard
deviation of each variable). The VIP score of a metabolite is calculated as a weighted sum
of the squared correlations between the PLS-DA components. Heatmaps were organized
using all metabolic features and distance measured by a Euclidean analysis.

4.10. Lipidomic Analysis

Lipid analysis of mouse adenoma tissues was performed by Lipidomics Shared Re-
sources (Analytical Unit) at the Medical University of South Carolina according to their
standard protocols (https://hollingscancercenter.musc.edu/research/shared-resources/
lipidomics, accessed on 31 July 2021). The data for free fatty acids, diglycerides, and
sphingolipids were processed and analyzed by Markey Cancer Center Biostatistics and
Bioinformatics Shared Resource Facility based on the following procedure. Below the
detection limit measurements of a metabolite were imputed by the minimum of detected
values of the metabolite across samples divided by square root of 2. Data were then log2-
transformed and used as input for the limma package to compare metabolic profile between
Apc/Cre and FASN+/∆/Apc/Cre groups [72]. p values and fold changes were calculated
based on the moderated t-statistics. Multiple comparisons adjustment was performed by
controlling the false discovery rate (FDR) based on the Benjamini and Hochberg method.
An FDR < 0.05 was considered statistically significant.

4.11. Reverse Phase Protein Analysis

RPPA was performed on protein lyates of adenomas from Apc/Villin-Cre, FASN+/∆/Apc/
Villin-Cre and FASN∆/∆/Apc/Villin-Cre mice by the Center for Environmental and Systems
Biochemistry (Redox Metabolism Shared Resource Facility, University of Kentucky) as previ-
ously described [28]. The raw RPPA data obtained in 6 dilution steps were processed based on
the following procedure. First, data quality control was performed by plotting the relationship
between background-corrected intensity and dilution step. Proteins with low measurement
quality as reflected by large variation across replicates or unreliable curve trend were excluded.
Secondly, nonlinear curve fitting for the background corrected intensity vs. dilution step was
applied based on the “serial dilution curve” algorithm [73] to infer the concentration of each
protein in the original undiluted sample. Due to the low protein concentration measurement in
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the 6th dilution step, the nonlinear curve fitting was only based on data from the first 5 dilution
steps. Third, protein concentrations were log2-transformed and normalized based on the me-
dian normalization method described in https://www.tcpaportal.org/tcpa/faq.html (accessed
on 13 December 2020) and [74]. Finally, the Wilcoxon Rank Sum test was used for differential
expression analysis comparing experimental groups. Multiple comparisons adjustment was
performed by the Benjamini and Hochberg method. Differentially expressed proteins were iden-
tified by false discovery rate < 0.05. Heatmap and volcano plots were generated to demonstrate
the relative expression changes of proteins of interest.

4.12. Analysis of Correlation between FASN and Citrate Synthase (CS)

Correlations between FASN and CS were determined based on RNA-Seq data of CRC
patient tumor tissues from The Cancer Genome Atlas [75]. The RNA-Seq data (FPKM
values) were downloaded from the Genomic Data Commons (https://www.cancer.gov/
tcga, accessed on 4 August 2021) and converted to TPM values. Spearman’s rank correlation
coefficient was used to quantify the correlation between FASN and CS expressions.
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Abstract: MicroRNAs (miRNAs) are small non-coding RNAs that negatively regulate gene expression
at the post-transcriptional level. An aberrant regulation of gene expression by miRNAs is associated
with numerous diseases, including cancer. MiRNAs expression can be influenced by various stimuli,
among which hypoxia; however, the effects of different types of continuous hypoxia (moderate
or marked) on miRNAs are still poorly studied. Lately, some hypoxia-inducible miRNAs (HRMs,
hypoxia-regulated miRNAs) have been identified. These HRMs are often activated in different types
of cancers, suggesting their role in tumorigenesis. The aim of this study was to evaluate changes in
miRNAs expression both in moderate continuous hypoxia and marked continuous hypoxia to better
understand the possible relationship between hypoxia, miRNAs, and colorectal cancer. We used
RT-PCR to detect the miRNAs expression in colorectal cancer cell lines in conditions of moderate and
marked continuous hypoxia. The expression of miRNAs was analyzed using a two-way ANOVA test
to compare the differential expression of miRNAs among groups. The levels of almost all analyzed
miRNAs (miR-21, miR-23b, miR-26a, miR-27b, and miR-145) were greater in moderate hypoxia versus
marked hypoxia, except for miR-23b and miR-21. This study identified a series of miRNAs involved
in the response to different types of continuous hypoxia (moderate and marked), highlighting that
they play a role in the development of cancer. To date, there are no other studies that demonstrate
how these two types of continuous hypoxia could be able to activate different molecular pathways
that lead to a different expression of specific miRNAs involved in tumorigenesis.

Keywords: microRNA; biomarkers; colorectal cancer; hypoxia; hypoxia-regulated microRNAs

1. Introduction

MicroRNAs (miRNAs) are small non-coding RNAs formed by about 18–22 nucleotides,
whose main role is to negatively regulate gene expression at the post-transcriptional level.
They act by recognizing specific mRNA targets in order to determine their translation
degradation or repression [1]. To date, the function of many miRNAs is not known; how-
ever, their involvement in numerous physiological and pathological processes has been
demonstrated as follows: in fact, they seem to play a role in cell proliferation, apoptosis, and
differentiation [2]. An abnormal regulation of gene expression by microRNAs has been as-
sociated with the development and progression of numerous diseases, including cancer [3].
The expression of miRNAs can be influenced by various stimuli such as oxidative stress,
inflammatory response, and hypoxia [4]. Assessment of miRNA expression changes during
hypoxia is critical to understanding the role of miRNAs in many diseases and inflammatory
processes. Although some guidelines have been established, there are no absolute partial
pressure values of oxygen (pO2) to define hypoxia. In general, pO2 of 5% or less in cellular
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systems indicates hypoxia. Levels of pO2 of between 5 and 2% correspond to a condition
of moderate hypoxia, while levels <2% represent a condition of marked hypoxia [5].

Hypoxia can be continuous or intermittent; in the latter case, oxygen concentrations
alternate between basal and low O2 levels. In fact, intermittent hypoxia is caused by a
series of repeated episodes of hypoxia and reoxygenation (in vivo, the classic model of
intermittent hypoxemia occurs in the course of obstructive sleep apnea), while continuous
hypoxia is characterized by constantly low oxygen levels. The pathogenetic mechanisms
underlying these two types of hypoxia are completely different [4], and, in this study, we
decided to focus our attention on continuous hypoxia.

There are the following two types of continuous hypoxia: moderate and marked. In
recent years, some hypoxia-inducible microRNAs (HRMs, hypoxia-regulated microRNAs)
have been identified. These HRMs are often activated in different types of cancers, such
as breast and colon, suggesting their role in tumorigenesis [6]. Evaluating changes in
miRNA expression during hypoxia is critical to understanding the role of miRNAs in many
diseases, such as cancer and numerous inflammatory processes. To date, the mechanisms
that regulate gene expression during hypoxia are not entirely clear; however, we know
that many miRNAs are involved in the development of cancer. In general, it is known that
miRNAs are directly involved in the formation of tumors [7], and we also know that about
6% of miRNAs have putative HRE (hypoxia response element) sites in their DNA, regions
present in the promoters of hypoxia-inducible genes, indicating these miRNAs as possible
targets of HIF-1 (Hypoxia Inducible Factor-1) and suggesting the possibility of their role
associated with hypoxia [7]. As the cellular response to hypoxia involves the activation of
several transcriptional regulators involved in inflammation, tumor invasion, angiogenesis,
cell cycle block, and apoptosis, we believe that a better understanding of all these closely
related mechanisms, as well as the identification of miRNAs sensitive to hypoxia, may
prove fruitful in the search for new therapeutic targets and in the search for new and more
effective anti-tumor therapies.

Based on the previous considerations, in this study we evaluated the expression of
different miRNAs in conditions of continuous hypoxia, moderate (2% of oxygen) and
marked (0.5% of oxygen), to study the possible relationship between these two types of
continuous hypoxia, miRNA, and cancer and identify the miRNAs involved in carcinogen-
esis that are susceptible to hypoxia. In detail, we evaluated a group of miRNAs (miR-21,
miR-23b, miR-26a, miR-27b, and miR-145), which are induced by a hypoxic environment,
to better understand how continuous hypoxia could change their signature and to identify
their eventual role in colorectal cancer (CRC), which is one of the most frequent tumors in
women and men [8].

CRC is a very common malignant tumor, usually located between the junction of
the rectum and sigmoid colon. According to a study conducted by Bray et al., CRC is
the second cancer for mortality and the fourth for incidence [9]. The patient survival rate
5 years after diagnosis is approximately 65% [10].

Currently, the only prognostic indicator for CRC is represented by histological anal-
ysis, so it is very important to find useful biomarkers for the prognosis and diagnosis of
this cancer.

To date, it is known that microRNAs can act as suppressors or promoters of CRC. The
miRNAs play a role in CRC proliferation, metastasis, angiogenesis, and apoptosis, as well
as play essential roles in various biological processes [11].

However, few studies have been carried out on their role in CRC in hypoxic conditions
and, in particular, on the role of HMRs in CRC as potential biomarkers for the prognosis
and diagnosis of CRC.

Under hypoxic conditions, cancer cells activate a series of molecular pathways driven
by the transcription factor HIF-1 and, in response to these stimuli, modify their phenotype
by implementing multiple survival strategies. It is, therefore, essential to identify molecular
mediators through which HIF-1 controls tumor progression in order to identify new and
specific molecular targets for the treatment of colorectal cancer [12].
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2. Results

The MTT assay showed that at 2, 4, 8, and 24 h of exposure to the different experimental
conditions, Caco-2 viability did not change as compared with the control. The survival rate
was the same under all tested conditions (data not shown).

The expression of miRNAs was different in continuous hypoxia (moderate and
marked) and normoxia (Figure 1).
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Figure 1. Expression of different miRNAs in normoxia, moderate continuous hypoxia (2% O2)
and marked continuous hypoxia (0.5% O2). Quantitative real-time PCR analysis of differentially
expressed microRNAs (miRNAs) in Caco-2 cells in condition of moderate (light blu) and marked
(red) continuous hypoxia and normoxia (black). RNU-6B was used as endogenous control. The x
axis shows the different times of exposure to hypoxia while the y axis shows the expression of each
miRNA. Data represent the mean ± SD.

The levels of nearly all analyzed miRNAs were greater in moderate hypoxia versus
marked hypoxia.

Notably, miR-145 and miR-26a showed higher levels of expression in moderate hy-
poxia than in marked one at 4 and 8 h, while for miR-27b, we proved this difference at
8 and 24 h.

We also detected an up-regulation among moderate hypoxia and normoxia at 4 and 8 h
of miR-145 and miR-26a. Moreover, for miR-27b, there was the same up-regulation at all
analyzed times (2, 4, 8, and 24 h).

In addition, miR-27b showed a higher expression at all times in marked hypoxia
compared to normoxia.

On the other hand, miR-23b showed a lower expression at all times in marked hy-
poxia compared to normoxia, but for this result, there is no statistically significant dif-
ference, while only for miR-21, there seems to be no difference between moderate and
marked hypoxia.

Therefore, the expression of nearly all analyzed miRNAs was greater in moderate
hypoxia versus marked hypoxia, except for miR-23b and miR-21.

The mRNA expression of HIF-1α either in conditions of normoxia, moderate hypoxia,
and marked hypoxia was assessed by qRT-PCR. As shown in Figure 2, the results showed,
in agreement with the expression of nearly all analyzed miRNAs, a higher expression
of HIF-1α in conditions of moderate hypoxia when compared with normoxia or marked
hypoxia. This is true for 2, 4, and 8 h of hypoxia exposure; however, there is no significant
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expression difference at 24 h. This result could be explained by the fact that cells, under
stressful conditions, are able to implement a series of strategies to react to external stimuli.
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Figure 2. Relative mRNA expression of HIF-1α. Total RNA was extracted, and qRT-PCR was
performed in order to quantify HIF-1α. β-actin was used as internal normalizer. Data represent the
mean ± SD.

We also performed a cluster analysis on both moderate and marked continuous
hypoxia miRNAs values. However, only for moderate continuous hypoxia do we obtain
relevant data.

The differential miRNA expression in the condition of moderate continuous hypoxia
(2% O2) is shown in the heatmap in Figure 3.
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Figure 3. Heat map of miRNAs expression in condition of moderate continuous hypoxia (2% O2). The
heatmap shows the similarities between the expression profiles of the significantly changed miRNAs
in condition of moderate continuous hypoxia. Blue color represents lower than mean intensity and
red indicates higher than mean intensity. Each row and each column represent a miRNA.
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The expression of miRNA was related to each other by means of the cluster analysis,
resulting in a negative correlation between miR-21 and miR-23b (Figure 3). Moreover, we
found a correlation between miR-26a, miR-27b, and miR-145, which form a cluster.

Generally, miRNAs with similar expression profiles during various experimental con-
ditions are classified into clusters. Thus, this clustering allows the identification of miRNAs
involved in the same cellular functions or the same regulatory pathway. Accordingly, the
cluster analysis in our study shows a link between three miRNAs (miR-26a, miR-27b, and
miR-145) because of their up-regulation during continuous moderate hypoxia (2% O2).

3. Discussion

We currently know that miRNAs are involved in the development and progression
of cancer and that they are able to regulate the expression of many oncogenes and tumor
suppressor genes involved in the pathogenesis of cancer [13]. However, it is difficult to fully
understand the role of miRNAs in carcinogenesis as their function can vary depending on
the target tissue. To date, the molecular mechanisms by which miRNAs modulate cellular
processes have yet to be fully elucidated, which is why the study of the specific functions
of miRNAs in carcinogenesis could be useful to evaluate their therapeutic potential as
diagnostic and prognostic markers of disease [14]. Recently, some studies have identified
hypoxia-inducible miRNAs, HRMs, which are often activated in different types of tumors,
suggesting their role in tumorigenesis [6]. The present study aimed to evaluate the ex-
pression of different miRNAs in conditions of moderate and marked hypoxia to study
the possible relationship between these two types of hypoxia, miRNA, and cancer, and to
identify the miRNAs involved in carcinogenesis that are susceptible to hypoxia. The main
finding of this study is that nearly all of the miRNAs analyzed appear to have increased
expression under conditions of moderate hypoxia; however, for miR-145 and miR-26a, this
statement is not true when we consider their expression after 24 h of exposure to hypoxia.

In particular, three of them (miR-145, miR-27b, and miR-26a) are more expressed
in moderate hypoxia than the marked one. For miR-145 and miR-26a, this is true for
4 and 8 h, whereas for miR-27b, we detected this up-regulation at 8 and 24 h. Vascular
endothelial growth factor (VEGF) is a signal protein produced by cells that normally
stimulate angiogenesis and that takes part in all those cellular mechanisms that restore
normal oxygen supply to tissues following hypoxia. Tumors that over-express VEGF
are able to grow and metastasize [15]. HIF-1α is a transcription factor that responds to
hypoxia and stimulates the release of VEGF from parts of cells. VEGF binds to receptors
on the endothelial cells and triggers a tyrosine kinase signaling pathway that leads to
angiogenesis [16]. As previously mentioned, some miRNAs appear to be involved in the
regulation of the HIF pathway by acting on specific signaling molecules that function as
oncogenes or tumor suppressors. The miRNA most involved in this mechanism is certainly
miR-26a [17].

All the miRNAs analyzed in this study are hypoxia-inducible miRNAs, however, there
is evidence showing their altered expression in some types of tumors [18]. This, therefore,
leads us to hypothesize that hypoxia (moderate or marked) can lead to an alteration of the
expression of specific miRNAs involved in the formation of cancer.

MiR-23b is a hypoxia-regulated microRNA involved in apoptosis that appears to be
up-regulated in some cancers such as those in the pancreas and colon [6]. In our study, miR-
23b showed a lower expression at all times in the marked hypoxia compared to normoxia,
but for this result, there is no statistically significant difference. Aberrant expression of
miR-23b has been demonstrated in the development of several cancers. Chen L. et al.,
for example, investigated the oncogenic significance and function of miR-23b in glioma.
However, they observed that miR-23b expression was elevated in glioma cells and that
miR-23b acted through the HIF-1a/VEGF signaling pathway [19].

MiRNA-21 and miRNA-26a are released from endothelial cells. Previous work has
shown that both miRNAs are expressed at the cellular level in response to hypoxic con-
ditions. Therefore hypoxia seems to be a factor capable of inducing the activation of
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endothelial cells and, consequently, the release of these two miRNAs [20]. Our work shows
results consistent with what has just been said. In fact, miR-26a appears higher in moderate
hypoxia both compared to normoxia and to marked hypoxia at 4 and 8 h, while miR-21a
seems to have a similar expression in marked and moderate hypoxia without any signif-
icant statistical difference. For miR-26a, this result is in line with what was previously
demonstrated by Lacedonia et al. as far as it is concerned with continuous hypoxia [4].

To date, it is well known that miR-21 is overexpressed in most human tumors, and
it promotes malignant growth and progression by acting on multiple targets [21]. In par-
ticular, miR-21 induces activation of PTEN (phosphatase and tensin homolog deleted on
chromosome 10), AKT (protein kinase B), VEGF, and HIF-1 and consequently tumor pro-
gression [22]. Recent data suggest that miR-21 is also involved in promoting inflammation.
Indeed, miR-21 appears to be able to reduce the expression of anti-inflammatory molecules
such as TGF-β (transforming growth factor-β) [23]. MiR-21 thus constitutes a direct link
between tumor-associated inflammatory state and cancer development or progression [24].

Moreover, for miR-26a, many studies have shown that it is dysregulated in various
types of cancer [25,26]. Currently, many oncogenes, involved in multiple biological path-
ways such as proliferation, invasion, differentiation, and angiogenesis, appear to be targets
of miR-26a. MiR-26a plays a role in tumorigenesis, acting both as a tumor suppressor and
as an oncogene [27].

A recent study by Blick C. et al. showed that miR-145 plays an important role in
hypoxia-dependent apoptosis in bladder cancer [28]. In this work, Blick C. and his col-
laborators demonstrated that miR-145 was significantly increased in response to hypoxia
in bladder cancer cells and that this miRNA represents a target gene of HIF. Our work
shows high levels of miR-145 in conditions of moderate hypoxia when compared to marked
hypoxia or normoxia at 4 and 8 h.

Several studies in the literature suggest that miR-145 is a miRNA that acts as a tumor
suppressor by inhibiting tumor growth and angiogenesis, and this miRNA appears to be
down-regulated in various types of tumors [29]. Yu Yin et al. observed that miR-145 was
significantly downregulated in plasma and tumor tissues of colorectal cancer patients and
that miR-145 overexpression inhibited cell proliferation, migration, and invasion. In this
previous work, they also demonstrated that miR-145 blocks the activation of the AKT and
ERK1/2 pathways and the expression of HIF-1 and VEGF [30]. Based on our results, we,
therefore, think that the low levels of miR-145 found in marked hypoxia may play a role in
tumor development and progression, unlike when we observe moderate ones.

The same can be said for miR-27b. At present, many studies have reported that
miR-27b plays an important role in cancer progression and have shown that miR-27b
functions as a tumor suppressor in various types of cancers [31,32]. Chen Y et al. report
that miR-27b-3p expression levels were lower than controls in both CRC patients and CRC
cell lines. They also demonstrated that miR-27b-3p is capable of inhibiting the proliferation,
migration, and invasion of colorectal cancer cells [33].

There are also evidences that miR-27 could facilitate the epithelial-mesenchymal
transition (EMT) and the endothelial-mesenchymal transition (EndMT) in several types
of cancer, including colorectal cancer through the activation of the transforming growth
factor-β (TGF-β) [34,35]. It is well known that the EMT confers several traits to cancer cells
that are required for malignant progression and TGF-β is considered to act as a primary
inducer of this process [36].

So, based on these considerations and taking into account our results, we can therefore
state that low levels of miR-27b in marked hypoxia may have a greater impact on cancer
progression than in moderate hypoxia.
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4. Materials and Methods
4.1. Cell Culture and Growth Conditions

Colorectal adenocarcinoma cell lines (CACO-2) were maintained in DMEM (Euroclone,
Milan, Italy) supplemented with 10% fetal bovine serum (Euroclone, Milan, Italy), L-
glutamine (Euroclone, Milan, Italy), and penicillin/streptomycin (Euroclone, Milan, Italy).

The cells were exposed to continuous hypoxia as follows:

- Moderate continuous hypoxia: we cultured the cells in an incubator (GALAXY 48 R,
Eppendorf s.r.l., Milan, Italy) with oxygen maintained at 2% for 2 h, 4 h, 8 h, and 24 h;

- Marked continuous hypoxia: we cultured the cells in an incubator (GALAXY 48 R,
Eppendorf s.r.l., Milan, Italy) with oxygen maintained at 0.5% for 2 h, 4 h, 8 h, and 24 h.

For both conditions of hypoxia, normoxic controls were maintained at 37 ◦C and
5% CO2.

4.2. Viability Assay

Caco-2 cells (3× 104 cells/well) were seeded in 96-well plates and exposed to complete
medium. Both in normoxia, continuous hypoxia, and marked hypoxia for 2, 4, 8, and 24 h.
Cell’s viability was evaluated by MTT (1-(4,5-Dimethylthiazol-2-yl)-3,5-diphenylformazan)
according to the manufacturer’s protocol (Sigma-Aldrich, Milan, Italy). The cell’s viability
was calculated as follows: %viability = (optical density (OD) 560–655 of cell/OD 560–655 of
control × 100).

4.3. Total RNA Purification and qRT-PCR Analysis

In order to perform miRNA analysis, total RNA was extracted by using TRIzol reagent
(Thermo Fisher Scientific, Waltham, MA, USA), according to the manufacturer’s protocol.
Concentration and purity of RNA were measured using NanoDrop 1000 Spectropho-
tometer (Thermo Fisher Scientific). RNA purity was evaluated with the absorbance ratio
OD260/OD280. RNA for miRNAs analysis (10 ng) was reverse transcribed into cDNA
using TaqMan MicroRNA RT kit (Thermo Fisher Scientific), according to the manufacturer’s
protocol. The resulting cDNA transcript was used for detecting miRNA expression by
quantitative real-time polymerase chain reaction (qRT-PCR) with Taqman miRNA assay
(Thermo Fisher Scientific) according to the manufacturer’s instructions. RNU-6B was used
to normalize all RNA samples [37]. The miRNAs expression was calculated using the
comparative 2−∆∆Ct method.

Expression of HIF-1 was evaluated by qRT-PCR using SsoAdvanced ™ SYBR® Green
Supermix (Bio-Rad, Hercules, CA, USA), as specified by the manufacturer.

Real-time reactions were set up in duplicate for each sample in 96-well plates in
a reaction volume of 20 µL containing, respectively, 1X SsoAdvanced ™ SYBR® Green
Supermix, 250 nM of specific primers, and 100 ng of cDNA.

The sequences of the primers used for amplification through qRT-PCR were the following:
HIF-1α forward 5′-AAAATCTCATCCAAGAAGCC-3′; HIF-1α reverse 5′-AATGTTCC

AATTCCTACTGC-3′; β-actin forward 5′-GACGACATGGAGAAAATCTG-3′; β-actin re-
verse 5′-ATGATCTGGGTCATCTTCTC-3′.

The reaction was carried out on the ABI-PRISM 7300 instrument according to the
manufacturer’s instructions. Gene expression was analyzed according to 2−∆∆Ct relative
quantification method using β-actin as internal control.

4.4. Statistical Analysis

The results are expressed as mean ± SD. The ANOVA test was used to compare
differences among groups. We used the two-way ANOVA test to compare the differential
expression levels of miRNAs among moderate hypoxia (2% of oxygen), marked hypoxia
(0.5% of oxygen), and normoxia and among different times (2, 4, 8, and 24 h) (Graph-
Pad Software, 7825 Fay Avenue, Suite 230, La Jolla, CA 92037 USA). p-value < 0.05 was
considered statistically significant.
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Clustering analysis was performed on both moderate and marked continuous hypoxia
values in order to (i) identify classes of miRNA based on their expression profiles and
(ii) analyze the variations in the expression of miRNAs studied.

5. Conclusions

In conclusion, with this study, we have identified some miRNAs involved in different
ways in the response to different types of continuous hypoxia (moderate or marked),
highlighting that the expression of these small molecules can vary under hypoxic conditions
and that they could play a role in the development of numerous diseases, including cancer.

Our work showed a change in the gene expression of some hypoxia-inducible miRNAs
involved in tumor development and progression. Based on these preliminary results, we
believe that moderate and marked hypoxia could activate different molecular pathways
according to the severity of the hypoxia; however, further studies are needed in this regard.

To date, according to our knowledge, there are no similar studies in the literature
that demonstrate a correlation between hypoxia (moderate and marked), miRNA, and
cancer through the identification of a series of miRNAs involved in carcinogenesis that are
susceptible to two different types of continuous hypoxia, moderate and marked.

In conclusion, this study demonstrates that continuous hypoxia induces the expression
of several miRNAs, some of which appear to be directly involved in cancer formation and
progression. Furthermore, it demonstrates how there is a different response between the
condition of moderate continuous hypoxia (2%) and that of marked continuous hypoxia
(0.5%), bringing to light that the former seems to be, in some cases, much more dangerous
in terms of stimulation of the expression of some miRNAs.
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Abstract: Colorectal liver metastases (CRLM) are the leading cause of death among patients with
metastatic colorectal cancer (CRC). As part of multimodal therapy, liver resection is the mainstay
of curative-intent treatment for select patients with CRLM. However, effective treatment of CRLM
remains challenging as recurrence occurs in most patients after liver resection. Proposed clinico-
pathologic factors for predicting recurrence are inconsistent and lose prognostic significance over
time. The rapid development of next-generation sequencing technologies and decreasing DNA
sequencing costs have accelerated the genomic profiling of various cancers. The characterisation
of genomic alterations in CRC has significantly improved our understanding of its carcinogenesis.
However, the functional context at the protein level has not been established for most of this genomic
information. Furthermore, genomic alterations do not always result in predicted changes in the
corresponding proteins and cancer phenotype, while post-transcriptional and post-translational
regulation may alter synthesised protein levels, affecting phenotypes. More recent advancements
in mass spectrometry-based technology enable accurate protein quantitation and comprehensive
proteomic profiling of cancers. Several studies have explored proteomic biomarkers for predicting
CRLM after oncologic resection of primary CRC and recurrence after curative-intent resection of
CRLM. The current review aims to rationalise the proteomic complexity of CRC and explore the
potential applications of proteomic biomarkers in CRLM.

Keywords: colorectal cancer; colorectal liver metastases; proteomics; prognosis; biomarkers; mass
spectrometry

1. Introduction

Globally, colorectal cancer (CRC) is the third most common cancer (10.0%) and the
second leading cause of cancer death (9.4%) [1]. The liver is the most common site of CRC
metastasis due to the portal venous drainage from the colon and rectum to the liver [2,3].
Colorectal liver metastases (CRLM) are detected in approximately 20% of patients at initial
diagnosis and are the leading cause of death among patients with metastatic CRC [4–6].
Although CRLM portends a poor prognosis, liver resection is potentially curative in select
patients, with actual 10-year recurrence-free survival reported in an estimated 20% of
patients [7,8]. Multimodal treatment approaches have led to remarkable improvements
in the prognosis of patients with CRLM over the past two decades. Although five-year
overall survival rates after liver resection are as high as 50–60% in contemporary series,
an estimated 75% of patients develop recurrence, and most occur within two years [9,10].
Whilst specific clinicopathologic variables are prognostic at baseline, conditional survival
analysis in patients with resected CRLM demonstrates that these preoperative factors are
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inconsistent and lose prognostic significance over a relatively short time [11–13]. Early
recurrence is the most useful single prognostic and clinical feature in estimating disease-
specific survival, but the ability to predict this is currently limited [13–15]. Tumour genetics,
location and treatment effect heterogeneity give rise to challenges in selecting treatment
and predicting whether an individual might benefit from a particular treatment [16–18].

Patients with resectable CRLM require a nuanced approach given the expanding
criteria of resectability and increasing treatment options [19,20]. This group presents a
unique opportunity to understand the molecular underpinnings of metastatic CRC because
they are free of detectable metastasis at a defined time point. The rapid development
of next-generation sequencing technologies and the declining cost of human genome
sequencing has accelerated genomic profiling of various cancers, including CRC [21,22].
Although the characterisation of genomic alterations in CRC has significantly improved
our understanding of its carcinogenesis, the functional context at the protein level has
not been established for most of this genomic information [23–25]. Starting from the
genome, multiple biological regulatory and processing steps take place to arrive at the
proteome, each step driving increasing complexity and diversity. Consequently, chemical
modifications that affect protein function and protein–protein interactions that carry out
critical biological activities cannot reliably be predicted from genomic and transcriptomic
analyses. Moreover, because mutations do not always result in a predicted change in the
corresponding proteins and phenotype, the gap between gene expression and the biological
capability of cancer is not straightforward [26–29]. Therefore, precision oncology requires
the examination of the co-expression of multiple genes and proteins under different disease
states and the impact these have on clinically meaningful outcomes such as recurrence
and survival.

Liquid chromatography–mass spectrometry (LC-MS) of digested proteins conducted
with high-resolution instruments allows us to quantitate thousands of proteins from com-
plex biological specimens in either data-dependent acquisition, or more recently, data-
independent acquisition workflows [30,31]. Preclinical exploratory studies on proteomic
profiling of cancer biospecimens have provided new insights into the molecular alterations
in cancer and have identified leads for potentially useful clinical biomarkers. Proteomic
mass spectrometry data have often accompanied landmark cancer genomic studies; for
example, those reported on colorectal cancer, pancreatic cancer, ovarian cancer and lung
cancer [32–36]. Publications have increased steadily in mass-spectrometry-driven pro-
teomics analysis of differential protein expression and cancer-specific biomarkers derived
from tissue and body fluids. Several studies have explored proteomic biomarkers in pre-
dicting CRLM after oncologic resection of primary CRC and recurrence after curative-intent
resection of CRLM; however, there is no up-to-date overview of these findings. This review
aims to rationalise the proteomic complexity of CRC and explore the potential applica-
tions of proteomic biomarkers in CRLM by critically appraising mass-spectrometry-based
proteomic profiling of human CRLM biospecimens published over the last ten years.

2. Characteristics of Preclinical Exploratory Studies on Proteomic Biomarkers in
Colorectal Liver Metastases

Seventeen exploratory studies on proteomic profiling and five studies on proteoge-
nomic profiling of human CRLM were identified through a search of the literature using
PubMed, Medline and ScienceDirect, with the main search terms including “colorectal”,
“cancer”, “liver”, metastasis” or “metastases”, “proteomics” or “proteome”, “proteoge-
nomics”, “biomarker”, “mass spectrometry” and “prognosis”. Relevant studies on human
biospecimens from 2011 to 2021 were included and studies that focused on animal models,
cell lines and patient-derived xenograft models were excluded. References contained in
the included studies were reviewed for appropriate publications that the electronic search
strategy may have missed. Proteomic and proteogenomic studies included are summarised
separately in Tables 1 and 2, with the most recent publications listed first. The studies
included samples from 301 patients with CRLM, with a range of 1–44 patients in each
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exploratory cohort. New proteomic signatures were revealed even in studies with small
sample sizes, and therefore these were included. Sixteen studies used fresh frozen tissue
and six used formalin-fixed paraffin-embedded (FFPE) tissue. Although only studies that
reported MS-based proteomics were selected and the majority utilised LC-MS, there were
variations and nuances in the techniques utilised across studies. Most of the included
studies performed differential protein expression analysis to quantify protein abundance
between two or more groups within the same experiment. The comparison groups included
a combination of matched or unmatched primary CRC, normal colonic tissue, normal liver
tissue, or prognostically different patient groups stratified by clinicopathological factors.
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3. Proteomic Profiling of Colorectal Liver Metastases Tissue Identifies Prognostically
Distinct Groups

The clinical utility of prognostic prediction models in CRLM has been limited, as these
scoring systems do not consistently stratify recurrence and survival after curative-intent
surgery [13,59]. Clinical risk-scoring systems were marginally better than chance alone in
predicting outcomes in some cohorts [12]. Prognostic biomarkers indicate the likelihood
of a future clinical event, disease recurrence, or disease progression among patients with
the same characteristics [60,61]. One existing strategy to overcome the current limitations
of clinical risk scores is to identify prognostic biomarkers that indicate the likelihood of
recurrence after resection of CRLM. Early recurrence is associated with poor prognosis and
is a useful clinical feature in estimating conditional disease-specific survival [14,15,62].

Michal et al. characterised proteomic biomarkers in prognostically distinct clinical
groups based on the time interval between the resection of CRLM and recurrence. A
12-month cut-off was used to divide patients into those with a ‘good prognosis’ (n = 29)
and ‘poor prognosis’ (n = 29). Microdissection of FFPE tissue followed by label-free LC-MS
identified 99 differentially expressed proteins, of which a third were associated with the
extracellular matrix pathway. MMP7 and DPEP1 were upregulated, while LOXL1 was
downregulated. MMP7 promotes invasion through proteolysis of the ECM proteins and
proliferation of cancer cells through upregulation of MM2 and MMP9. In addition, MSH2
and MCM4, associated with DNA replication and repair pathways, were upregulated, and
several components of the immune pathway—such as C5, C1RL, C8A, CD163, chymase 1,
and HLA-B—were downregulated in the poor-prognosis group. This study indicated that
components of the tumour microenvironment, especially the extracellular matrix pathway,
may be critical drivers in early recurrence after resection of CRLM [37].

The study by Snoeren et al. used gene expression profiling and label-free nano-LC-
MS/MS to identify genes and proteins that correlate with early (<6 months) and late
(>24 months) recurrence after resection of CRLM. Upregulation of SERPINB5 and increased
expression of Maspin were the only overlapping factor among 14 genes and 46 proteins that
showed a significant association with recurrence. Immunohistochemical analysis of Maspin
expression in stage III CRC correlated with early time to recurrence and disease-specific
survival, but not in stage II CRC. Altogether, these findings point to Maspin as a potential
biomarker for early recurrence in primary stage III and IV colorectal cancer [58].

4. Adjuvant Treatment Stratification for Stage II and Stage III Colorectal Cancer

Following oncologic resection of primary CRC, approximately 20% of patients with stage
II and 30–40% of patients with stage III colorectal cancers will develop recurrence [63–65].
Follow-up after oncologic resection for primary colorectal cancer includes regular monitor-
ing of carcinoembryonic antigen (CEA) and cross-sectional imaging to ultimately increase
patient survival rates and quality of life through the early detection of recurrent disease.
Adjuvant chemotherapy aims to eradicate cancer micrometastases. However, most patients
with stage II CRC (i.e., those without regional lymph node metastasis) undergo clinical
surveillance following oncologic resection of the primary tumour as the benefit of adju-
vant chemotherapy has not been demonstrated in low-risk stage II CRC. Several high-risk
clinicopathological features for recurrence have been identified but there is no clear evi-
dence of patient selection and limited evidence on the benefit of adjuvant chemotherapy
in this situation [66–68]. Therefore, the rationale for proteomic profiling in this patient
group is to identify those at higher risk of recurrence, as these patients may benefit from
adjuvant chemotherapy or more intensive surveillance. Kirana et al. used a combination
of laser microdissection of primary CRC, two-dimensional differential gel electrophoresis
(2D-DIGE) and matrix-assisted laser desorption ionisation time-of-flight mass spectrometry
(MALDI-TOF MS) to identify protein biomarkers that stratify the risk of CRLM in patients
with stage II disease. Cancer cells from patients who developed recurrence (n = 11) and
those who did not develop recurrence (n = 8) within five years of surgery were isolated
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using laser microdissection to minimise protein contamination from non-tumour tissue. A
total of 55 differentially expressed proteins were identified by 2D-DIGE and MALDI-TOF
MS. The expression of HLAB, ADAMTS2, LTBP3, JAG2, and NME2 was among ten differen-
tially expressed proteins significantly associated with vascular invasion and CRLM. These
prognostic protein biomarkers may be useful in complementing current cancer staging
systems and predicting the risk of CRLM in stage II CRC [47].

Adjuvant chemotherapy with fluoropyrimidine combined with oxaliplatin has been
the standard of care for stage III CRC patients with good performance status and who can
tolerate cytotoxic combination chemotherapy [69,70]. Although the therapeutic indication
for this patient group is significantly less controversial than for patients with stage II CRC,
the optimal duration of adjuvant chemotherapy is unclear [71]. The absolute difference of
0.9% in 3-year disease-free survival between patients receiving six versus three months of
adjuvant chemotherapy is associated with increased toxicity and potential impairment of
quality of life [72,73]. Yang et al. reported the protein expression profiles of tissue samples
from patients with stage III and CRLM to identify key proteins related to progression in
CRC. Protein expression profiles of patients with stage III CRC (n = 20) and CRLM (n = 17)
were acquired using a label-free proteomics approach and nanoflow liquid chromatography
coupled to an ultra-high-resolution mass spectrometer (nano-LC-MS/MS) [45]. Weighted
correlation network analysis enabled clustering of co-expressed proteins into modules
that correlated with traits [74]. Three modules were significantly correlated with CRC,
from which nine proteins were identified through protein–protein interaction networks.
Fibrinogen beta chain (FBG), Talin 1 (TLN1), and adaptor-related protein complex 2 subunit
alpha 2 (AP2A2) all had a strong positive correlation with CRLM. HSPD1, EEF1G, and
HNRNPA2B1 were positively correlated with primary CRC and CRLM. SRRT, APOC3, and
PGM5 were key proteins associated with primary stage III CRC and provide insight into
the progression from stage III CRC to CRLM [45].

5. Comparison of Colorectal Liver Metastases and Primary Colorectal Tumours

The molecular classification of colorectal cancers (CRCs) into intrinsic subtypes may
be useful in refining prognosis and predicting patient outcomes [75,76]. Several studies
have evaluated the proteome of primary CRC and matched colorectal liver metastases
(CRLM) to establish the molecular basis of metastatic CRC [38,39,44,46,49]. Understanding
the continuous evolution of CRC underscores the development of effective and targeted
approaches across the spectrum of CRC [77].

A pilot study by Farhner et al. compared the proteome of seven matched FFPE
specimens of primary CRC and CRLM using liquid chromatography–mass spectrometry
(LC-MS/MS). Unsupervised clustering of over 2600 proteins demonstrated differences in
the proteome of primary CRC and corresponding liver metastases. Many upregulated
proteins in CRLM involve glucose metabolism, including pyruvate carboxylase, fructose-
bisphosphate aldolase B and fructose-1,6-bisphosphatase 1. CRLM demonstrated an active
immune response compared to primary CRC, as reflected by the upregulation of several
complement system components, including C1, C4, C5 and C9. Multiple structural proteins
associated with muscle contraction and cell junction assembly, such as desmin, synemin
and filamin-C, were depleted in CRLM compared to primary CRC [38]. The molecular
changes from primary CRC and CRLM highlight the distinct proteome of primary CRC
and corresponding CRLM.

The proteomes of primary CRC and CRLM were compared by Liu et al. and Ku et al.
using tandem mass tag (TMT)-labelling and LC-MS/MS [39,44]. TMTs are chemically reac-
tive agents that impart isotope-based differences to peptide amines, enabling multiplexed
LC-MS for peptide identification and simultaneous quantitation. TMT sample multiplexing
facilitates high-throughput, large-scale quantitative proteomics data acquisition [78,79].
Liu et al. conducted a comparative analysis of proteomics between the primary CRC
and CRLM in eight patients (n = 8). Several extracellular matrix components including
FN1, TIMP1, THBS1, POSTN and VCAN, were upregulated in CRLM. Secondary analysis
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with immunohistochemistry revealed that increased THBS1 expression was significantly
correlated with CRLM and poor prognosis. The role of THBS1 (Thrombospondin 1) in
facilitating CRLM through enhancing epithelial–mesenchymal transition was supported
by transwell cell migration and invasion assays, which in turn demonstrated that THBS1
depletion inhibited the migration and invasion of CRC cells [39]. Ku et al. used TMT
labelling with LC-MS to compare of the proteomic profiles of fresh frozen tissue from
nine patients (n = 9) and demonstrated protein signatures that distinguished CRLM and
its primary and normal colon tissues. In total, 47 differentially expressed proteins were
statistically significant between primary CRC and CRLM, of which Filamin A-interacting
protein 1-like (FILIP1L) and plasminogen (PLG) were novel signature proteins described
in CRLM. FILIP1L has been shown to suppress tumour progression by inhibiting cell
proliferation and angiogenesis in CRC; hence, underexpression may contribute to CRC
metastasis. Plasminogen, which showed significantly high expression, may allow for tu-
mour attachment and invasion through the basement membrane and is associated with a
worse CRC prognosis [44].

Synchronous CRLM are present in 15–25% at the index presentation with CRC [6]. The
management of synchronous CRLM is more complex than metachronous CRLM and the
prognosis for these patients is worse [80,81]. Kim et al. utilised an approach that combined
2D polyacrylamide gel electrophoresis and MALDI-TOF MS to identify metastasis-related
factors differentially expressed in primary CRC and CRLM. The study identified 58 differ-
entially expressed proteins between primary CRC and synchronous CRLM. Seven differen-
tially abundant proteins were upregulated: SERPINA1, APOA1, ITLN1, DES, DBI, SDHA
and CA1. Compared to primary CRC, pertinent biological processes altered in CRLM
included increased energy metabolism and decreased immune-cell-related migration. The
location of these differentially expressed proteins in the extracellular region and exosome
or membrane-bound vesicles make these potentially useful circulating biomarkers [46].

Autoantibodies are produced by an immunological response to cancer cells [82].
Yang et al. used an immune-proteomic strategy to discover tumour tissue autoantigens
from eight matched primary CRC, CRLM and adjacent normal liver tissue. Antigens from
paired CRLM and normal liver tissue were identified using serum from patients with
autoimmune disease. Furthermore, 1D and 2D gel electrophoresis and Western blotting
were used to detect reactive protein bands, then these were analysed using mass spectrom-
etry. Overall, 48 proteins were uniquely found in CRLM and absent in normal liver tissue.
Olfactomedin 4 (OLFM4), CD11b, integrin α2 (ITGA2), periostin and thrombospondin-2
were reproducibly identified on Western blotting and mass spectrometry. These antigens
were also overexpressed in primary CRC. OLFM4, CD11b and ITGA2 were validated in two
cohorts [49]. OLFM4 is an anti-apoptotic factor and colon stem cell marker, whereas CD11b
and ITGA2 are integrins that have a recognised role in promoting epithelial–mesenchymal
transition and metastasis in CRC [83–85]. The concordant overexpression of these three
biomarkers in both primary CRC and CRLM may be helpful in predicting the risk of CRLM
and inform the development of immunotherapy for the treatment of CRC.

6. In-Depth Proteomic Characterisation of Colorectal Liver Metastases

Tumour heterogeneity describes differences between cancer cells within a tumour
and leads to challenges in precision oncology. Genomic instability is a significant cause of
genetic heterogeneity, a genetic feature of adenomatous tumours [86,87]. Although similar
changes would be expected at the protein level, Turtoi et al. rationalised the proteome
heterogeneity in CRLM by demonstrating a distinct and organised pattern of molecular
alterations. Matrix-assisted laser desorption ionisation (MALDI)–mass spectrometry-based
imaging and in-depth proteomic analysis of eight fresh CRLM samples and their corre-
sponding normal tissue showed a reproducible, zonally delineated spatial distribution of
over 1000 proteins. The centre of the lesion was characterised by elevated carbohydrate
metabolism and DNA-repair activity, the rim of the metastasis displayed increased cellular
growth movement and drug metabolism, and the peritumoral region featured elevated
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lipid metabolism and protein synthesis. LTBP2 and TGFB1 were two novel antigens consis-
tently expressed in CRLM and were amenable to antibody-based tumour targeting in vivo,
highlighting their therapeutic potential [52].

Progressive alterations in the proteome characterised by different extracellular ma-
trix phenotypes have been reported in a single patient with metachronous CRLM and
three curative-intent hepatic resections. Proteome analysis using LC-MS/MS identified
481 differentially regulated proteins, 81 of which were associated with the extracellular
matrix and previously reported as negative prognostic markers, including tenascin C,
nidogen 1, fibulin 1 and vitronectin. The clinical and proteomic findings correlate with
increasing metastatic potential with each subsequent recurrence and support the rationale
for comprehensive molecular analysis of metastases from different time points during
disease progression [40].

7. Proteomic Profiling of the Extracellular Matrix in Colorectal Liver Metastases

The extracellular matrix (ECM) is a major component of the tumour microenvironment
and comprises a complex network of macromolecules, such as proteins and polysaccha-
rides secreted locally by cells [88]. In addition to its commonly recognised function of
providing cells with structural support and mechanical integrity, the ECM is involved in
biochemical signalling that modulates the hallmarks of cancer [89,90]. Cancer-associated
ECM plays a significant role in sustaining proliferative signalling, evading growth sup-
pressors, resisting cell death, enabling replicative immortality, inducing angiogenesis, as
well as activating invasion and metastasis. ECM has also been implicated in emerging
cancer hallmarks, including avoiding immune destruction, dysregulating cellular energet-
ics, promoting genomic mutation and instability, and modulating immune cell behaviour
and inflammation [89,90]. The abundance of protein in the ECM and its complex role in
tumorigenesis have been the focus of several studies on proteomic profiling of the ECM in
colorectal liver metastases (CRLM) [41–43,51].

A three-part series of mass spectrometry-based studies by van Huizen et al. on the
role of collagen and its posttranslational modifications in CRLM have provided a deeper
understanding of ECM’s role in CRLM tumour biology [41–43]. The authors first demon-
strated that specific collagen proteins were upregulated in CRLM compared to adjacent
normal liver tissue in 30 FFPE CRLM samples. Out of 22 collagen-α chains, 19 were
significantly (p < 0.05) upregulated in CRLM. The upregulation of 16 proteins required
for collagen synthesis further supported increased collagen synthesis in metastatic CRC.
Further, six non-collagen proteins (CDH17, KRT20, CEACAM5, GPA33, MUC13, and
PPP1R1B/DARPP-32) were upregulated in CRLM, where CHD17 and PPP1R1B/DARPP-
32 have not been described previously [43]. A subsequent study comparing CRLM and
adjacent normal tissue (n = 2) identified posttranslational modification by enzymatic hy-
droxylation of proline at the Xaa position in collagen. Here, reduced 4-hydroxyproline in
CRLM clearly distinguished it from control liver tissue [42]. Validation of these findings us-
ing a reference to a synthetic standard peptide in a larger sample (n = 14) showed consistent
down-regulation of collagen hydroxylation in CRLM. Furthermore, the degree of hydroxy-
lation of control liver and colonic tissue were similar, differentiating CRLM based on these
posttranslational modifications [41]. Altogether, the differences in collagen types in CRLM
may reflect altered collagen stability and could serve as potential prognostic biomarkers.

Naba et al. characterised the ECM composition of matched primary CRC, CRLM, and
normal colonic tissue (n = 3) using ECM enrichment and liquid chromatography-tandem
mass spectrometry [51]. The properties of ECM proteins, such as their large size, cross-
linked and covalent bonds, and heavy glycosylation, render them challenging to analyse.
The subcellular fractionation protocol described by Naba et al. takes advantage of the
insolubility of ECM proteins to preferentially remove cytosolic proteins, nuclear proteins,
membrane proteins, and cytoskeletal proteins, leaving a final insoluble fraction enriched
for ECM. The ECM-enriched protein preparations are then digested into peptides for
subsequent MS analysis [91,92]. Using these methods, robust signatures of ECM proteins
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that characterised each tissue were defined, amongst which COMP, FNDC1, IGFALS, SPP1,
BMP1, CIQTNF5, and HPX were characteristic for CRLM. The ECM composition of CRLM
and primary CRC showed a closer resemblance than normal liver tissue, with 23 proteins
shared by primary CRC and CRLM. EGF-containing fibulin-like ECM protein 2 or Fibulin 4,
thrombospondin 2, and tissue inhibitor of metalloproteinase-1, which were detected in both
primary and secondary colon tumour tissue—but not in healthy tissue—have been shown
to be detectable in serum of patients with CRC [93–95]. The studies to date point to a crucial
contribution of the extracellular matrix. The dynamic range of ECM proteins may prove to
be valuable indicators of progression or recurrence in CRC but warrant further validation.

8. Post-Translational Protein Modification in Colorectal Liver Metastases

Post-translational modification of cancer-associated extracellular matrix (ECM) alters
the interaction of cancer cells with its microenvironment and influences malignancy and
tumour growth [96]. Citrullination is produced through post-translational deamination
of peptidyl-arginine and is catalysed by peptidylarginine deiminase (PAD). PAD and
citrullination have been implicated in cancer development through several mechanisms
such as activation of cancer cell signalling, alteration of epithelial-to-mesenchymal transi-
tion, formation of neutrophil extracellular traps and induction of antitumour activity [97].
Yuzhalin et al. identified tumour-derived peptidylarginine deiminase 4 (PAD4)-driven
citrullination of ECM proteins to be essential for CRLM growth. ECM-enrichment and
quantitative label-free analysis of proteomic data identified 287 proteins with statistically
significant abundance between CRLM and normal liver, of which 69 proteins were upreg-
ulated or downregulated within the ECM by more than 3-fold. Among the upregulated
proteins, versican, TIMP1, LTBP1–3, DDR1, and S100A10 have been previously linked
to metastasis. ECM proteins are highly citrullinated in CRLM compared to normal liver,
primary CRC and normal colonic mucosa. The upregulation of PAD4, which was 11 times
more abundant in the ECM of CRLM than in normal liver, was also specific to CRLM
and likely accounts for the increased citrullination of proteins in CRLM. CRC cell lines
showed greater adhesion when cultured on citrullinated collagen type I than on non-
citrullinated control and an increased expression of epithelial markers. These findings
suggest that citrullination confers metastatic properties to CRC cells through enhanced
epithelial–mesenchymal transition. Additionally, the functional significance of these post-
translational modifications was demonstrated in murine models, where inhibition of PAD4
activity reduced citrullination and CRLM growth [48].

Enzymes and proteins involved in acetylation, typically on lysine residues, regulate
many cellular physiological processes but are deregulated in cancer [98]. These alterations
may have functional implications in cancer biology, such as metabolic reprogramming and
adaptation to the tumour microenvironment [99,100]. Global-scale profiling of differentially
expressed lysine-acetylated proteins in matched primary CRC and CRLM was first reported
by Shen et al. This study characterised the acetylome paired primary CRC and CRLM
samples (n = 3) using tandem mass tag protein labelling, high-affinity enrichment of acety-
lated peptides and LC-MS/MS analysis. A total of 603 acetylation sites from 316 proteins
were identified, and 462 acetylation sites corresponding to 243 proteins were quantified.
Further, 31 acetylated sites of 22 proteins were downregulated, while 40 acetylated sites
of 32 proteins were upregulated in CRLM. Among differentially expressed acetylated
histone proteins between primary CRC and CRLM, acetylated histone H3.2 at Lys 19
(HIST2H3AK19Ac) showed the most significant downregulation. In contrast, acetylated
histone H2B type 1-L at Lys 121 (H2BLK121Ac) was the most overexpressed acetylated
histone in CRLM. TPM2 K152Ac was the most downregulated acetylated non-histone
protein and ADH1B K331Ac was the most upregulated non-histone protein in CRLM. Most
of the identified acetylated proteins were localised within the cytoplasm, associated with
binding, and involved in multiple biological processes such as metabolic pathways, carbon
metabolism and biosynthesis of amino acids. The findings in this study demonstrate that
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protein acetylation may be pivotal in biological processes that drive the development and
progression of CRLM [50].

9. Proteomics as a Principal Component of Multiomics in Colorectal Liver Metastases

Multiomics provides an integrated biological analysis approach and enables a more com-
prehensive understanding of molecular changes across multiple levels of biology [101,102].
The downstream signalling effects of genomic alterations can be characterised and eval-
uated by including proteomic and post-translational modification data [103,104]. Table 2
summarises five studies that have layered various omics in addition to proteomics to under-
stand how cell processes in CRC are connected and communicate with each other [54–58].
The use of fresh frozen CRLM biospecimens and nanoscale liquid chromatography coupled
to tandem mass spectrometry (nano-LC-MS/MS) characterises the few multiomic studies
on CRLM to date.

Multiomic analysis has demonstrated that primary CRC and CRLM are highly similar
at the genetic but not at the proteomic or phosphoproteomic levels. Furthermore, proteomic
profiling has identified biologically and prognostically distinct CRC subtypes that may
be useful in risk stratification [54]. Altered peptides can be precisely quantified and
potentially utilised to predict distinct somatic mutations such as KRAS G12V, even when
these genes are expressed at low levels and despite protein diversity [55]. Correlation
of survival analysis and multiomic data have also identified new leads for prognostic
biomarkers [54,56–58]. However, the multiomics space in CRC, as with many other cancers,
is still in the preclinical discovery phase. Therefore, differentially expressed proteins in
these studies are hypothesis-generating but require further validation and development
to close the gap between biology and translation. The integration of proteomics and post-
translational modification data nevertheless represents a substantial advance over prior
genomic studies of CRC and directs the way to improve the molecular characterisation of
clinical cohorts.

10. Limitations in Proteomic Biomarker Discovery in Colorectal Liver Metastases

Proteomic biomarker discovery and development presents many biological, technical,
and technological challenges [105,106]. Consequently, proteomic biomarkers in CRLM
have not progressed beyond the discovery phase after more than a decade of intensive
research, and none of the identified leads for potentially useful biomarkers has translated
to clinical practice. Recognising the general and context-specific challenges in proteomic
biomarker development in CRLM is essential to increasing value and reducing waste in the
future [107].

The fundamental challenge with proteomic profiling in CRLM to date is the small
sample size of existing studies [107,108]. Multiple biological processes occur from the
genome to the proteome and result in many levels of protein diversity [109,110]. Such
tremendous protein diversity favours the chance to discover lead biomarkers, even in
studies with small sample sizes. As a result, there may be a strong reporting bias of
statistically significant proteomic biomarkers in CRLM. Small-sample-size studies also
reduce the chance of detecting a true effect and result in the overfitting of identified lead
biomarkers. Clinical and cancer heterogeneity, both within and between these exploratory
studies, further complicates the differentiation of candidate biomarkers from spurious
results due to random variation [111]. The dynamic range of the cellular proteome and
lack of direct amplification mechanisms, unlike in DNA, create technological challenges for
identifying proteins at low concentrations that may significantly impact tumour biology,
particularly from specimens preserved with formalin [112,113]. Most potential and novel
biomarkers in CRLM have subsequently not been validated beyond the initial discovery
study to determine their reproducibility and generalisability. Part of this problem lies
with the academic endeavour, which rewards the detection of new markers in favour
of large-scale studies that can be tedious and high-risk. Although several studies have
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been published on proteomic biomarkers in CRLM, data cannot be directly combined or
compared due to the complexity of overlaying proteomic data from different platforms.

To increase the discovery of accurate biomarkers, the sample selection needs to be
based on clearly defined and clinically meaningful endpoints with distinct prognostic
implications, e.g., recurrence within six months (i.e., early recurrence) of resection of CRLM
and 10-year actual recurrence-free survival. Proteomic biomarkers are most needed at
decision nodes where the performance of prognostic or predictive factors is uncertain or
inconsistent. Cohorts from which samples are selected need to be well characterised and
closely matched to the specific clinical context to which these proteomic biomarkers are
intended to be applied. However, simply conducting more siloed work will not address
the current challenges in translational proteomics in CRLM. The complexities of proteomic
biomarker development require a new level of collaboration to enable large-scale, unbiased,
deep, proteomic profiling and subsequent validation to capture the true value of proteomics
in improving clinical outcomes for patients with CRLM.

11. Translational Proteomics in Colorectal Liver Metastases

Proteomic biomarker discovery and profiling reflect novel opportunities and ap-
proaches beyond genomics in managing patients with CRLM patients. The next step
is to translate such proteomic discoveries into clinical applications (Figure 1). Practical
applications include risk stratification, surveillance, detection of disappearing CRLM, mon-
itoring cancer recurrence and treatment response through using blood/urine biomarkers,
treatment stratification and development of targeted treatment.
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 Figure 1. The potential clinical application of proteomic biomarkers in colorectal liver metastases
(CRLM). (I) Risk stratification—assess the likelihood that CRLM will develop after oncologic resection
of primary colorectal cancer (CRC). (II) Surveillance—early detection and treatment of recurrence after
curative-intent resection of CRLM. (III) Detection of disappearing lesions—characterise the disease
course and inform the surgical management of disappearing CRLM after preoperative systemic
therapy. (IV) Blood and urine biomarkers—identify blood and urine biomarkers to monitor metastatic
CRC progression and treatment. (V) Treatment stratification—predict response to multimodal therapy
and select treatment that is most likely to yield a favourable response. (VI) Targeted treatment—
patient selection for biomarker-driven clinical oncology trials.

194



Int. J. Mol. Sci. 2022, 23, 6091

Differing proteomic profiles among patients with stage II/III CRC who subsequently
develop metastatic disease or remain disease-free demonstrate the prognostic value of the
proteomics-based applications for predicting recurrence after oncologic resection of the
primary tumour [45,47]. Similarly, prognosis-based stratification can be determined through
differing proteomic expression profiles following curative-intent CRLM resection [37,58].
Consequently, proteomic biomarkers can possibly be applied as part of a tailored surveil-
lance and treatment strategy based on a patient’s molecular risk profile. Given the limita-
tions of clinicopathologic predictors for CRLM, such potential CRLM proteomics-based
applications represent additional analytical tools for molecular stratification.

The distinct CRLM and ECM proteome from normal hepatic tissue can serve as
valuable proteomic targets for detecting post-chemotherapy disappearing CRLM [51,52].
The characterisation of differentially expressed proteins within tissue is also essential to
identify candidate proteins for liquid biopsies. As most drugs target proteins, proteomic
profiling of CRLM also has high value for drug discovery and development for metastatic
CRC. The above-described studies offer a glance into the future of proteomics in CRLM,
though further research efforts are required to translate these discoveries into clinical
applications that improve individual CRC patient outcomes.

12. Conclusions

This article critically reviewed the current state of emerging proteomic biomarkers
using human CRC tissue specimens and mass spectrometry-based techniques. Variations
and nuances in mass spectrometry-based approaches and proteomic analysis highlight
the breadth of customisable methods to study the proteome in CRC. The diversity of
proteomic profiles identified to date reflects cancer heterogeneity at different stages in the
disease course of CRC. While multimodal cancer therapy advancements have significantly
expanded curative-intent therapy in CRLM, some patients only derive limited benefits from
current clinical approaches. The comprehensive characterisation of proteins in both primary
CRC and CRLM has provided insight into similarities and continuations in molecular
alterations, which form the basis for developing new biomarkers, targeted treatments,
and therapeutic strategies. The preclinical exploratory phase of proteomic biomarkers has
identified promising directions for future research. Coordinated research efforts are needed
to streamline and optimise critical workflow steps to enable reproducible and accurate
protein quantitation in specific clinical contexts and to unravel the complex mechanistic
biology of CRC.
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Abstract: (1) Liver regeneration following partial hepatectomy for colorectal liver metastasis (CRLM)
has been linked to tumour recurrence. Inhibition of the renin–angiotensin system (RASi) attenuates
CRLM growth in the non-regenerating liver. This study investigates whether RASi exerts an anti-
tumour effect within the regenerating liver following partial hepatectomy for CRLM and examines
RASi-induced changes in the tumour immune microenvironment; (2) CRLM in mice was induced via
intrasplenic injection of mouse colorectal tumour cells, followed by splenectomy on Day 0. Mice were
treated with RASi captopril (250 mg/kg/day), or saline (control) from Day 4 to Day 16 (endpoint)
and underwent 70% partial hepatectomy on Day 7. Liver and tumour samples were characterised
by flow cytometry and immunofluorescence; (3) captopril treatment reduced tumour burden in
mice following partial hepatectomy (p < 0.01). Captopril treatment reduced populations of myeloid-
derived suppressor cells (MDSCs) (CD11b+Ly6CHi p < 0.05, CD11b+Ly6CLo p < 0.01) and increased
PD-1 expression on infiltrating hepatic tissue-resident memory (TRM)-like CD8+ (p < 0.001) and
double-negative (CD4-CD8-; p < 0.001) T cells; (4) RASi reduced CRLM growth in the regenerating
liver and altered immune cell composition by reducing populations of immunosuppressive MDSCs
and boosting populations of PD-1+ hepatic TRMs. Thus, RASi should be explored as an adjunct
therapy for patients undergoing partial hepatectomy for CRLM.

Keywords: surgical oncology; liver regeneration; immunology; hepatic tissue-resident memory T
cells; liver neoplasms; neoplasm metastasis

1. Introduction

Liver resection offers the best chance of cure for patients with colorectal liver metasta-
sis (CRLM); however, tumour recurrence in the future liver remnant (FLR) is not infrequent
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and affects 40% of patients [1,2]. The biological processes and signalling pathways underly-
ing physiological liver regeneration are implicated in tumour recurrence following liver
resection [3]. Most liver regeneration occurs within two weeks of surgery and complete
restoration of hepatic mass is achieved within 3 months in humans and 10 days in mice [4].
Neoadjuvant and adjuvant chemotherapy has been shown to improve patient survival after
CRLM resection [5,6]; however, chemotherapeutic agents are avoided during the immediate
perioperative period due to hepatotoxicity and impairment of early postoperative liver
regeneration. Novel therapies which safely promote antitumour responses during the
immediate postoperative period are, therefore, required.

Renin–angiotensin system inhibitors (RASis), commonly used to treat cardiac failure
and hypertension, have been shown to prolong survival, improve response to neoadjuvant
therapy, and reduce recurrence in a range of solid cancers [7–9]. Studies have reported that
RASis exhibit a range of antitumour activities, including immunomodulatory, antiprolifera-
tive, and antiangiogenic effects [3,10,11]. Additionally, we recently reported that one type
of RASi, captopril, exhibits its antitumour effects in the regenerating liver via c-myc and
cyclin D1 downregulation [12]. In the non-regenerating liver, it has been shown that RASi
therapy reprograms the adaptive antitumour immune response by enhancing populations
of CD8+ cytotoxic and CD4-CD8- (double-negative (DN)) T cells [13]; however, it is not
known if these changes are also observed in the regenerating liver. To address this question,
this study investigates the effect of captopril in the regenerating liver, on both innate and
adaptive immune responses, using a model of CRLM and partial hepatectomy, which
closely mimics the clinical scenario in which patients undergo liver resection for CRLM
when clinically undetectable micrometastases may be present in the FLR.

2. Results
2.1. Captopril Treatment Reduces CRLM Tumour Burden in the Regenerating Liver

Captopril treatment significantly reduced CRLM tumour burden in the FLR follow-
ing partial hepatectomy, compared with the control group at Day 16 (Figure 1a,b). This
demonstrates that captopril is capable of inhibiting tumour growth within the milieu of the
regenerating liver following partial hepatectomy.

2.2. Captopril Treatment Significantly Increases PD-1 Expression in T Cells

We recently reported that the RASi captopril induces changes in T-lymphocyte sub-
populations and their activation status in a non-regenerating model of CRLM [13]. The
present study was specifically focused on the immunomodulatory changes observed in the
regenerating liver, the situation most relevant following liver resection.

Changes observed in the regenerating liver were complimentary to those previously
observed in the non-regenerating liver [13]. Captopril treatment significantly reduced the
ratio of CD4+:CD8+ (control 1.57 vs. captopril 0.91, p = 0.01) (Table 1) and CD4+:DN T (control
1.63 vs. captopril 0.87, p = 0.001) cells in liver (Table S1).

To gain insight into the activation status of T lymphocytes, we examined the immune
regulatory marker, PD-1. Treatment with captopril significantly increased the proportion of
CD8+ and double-negative (DN; CD4-CD8-) T-cell populations expressing PD-1, and the
intensity of PD-1 expression, in both regenerating liver and tumour specimens (Figure 1e,f).
Immunofluorescence staining demonstrated that PD-1+ CD8+ T cells are located predom-
inantly within tumour tissue (Figure 1g). These data suggest that captopril induces a
phenotypic shift towards the expression of the activation marker and immune regulator,
PD-1, on CD8+ and DN T cells.
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Figure 1. Captopril reduces tumour burden in regenerating liver and alters T-cell composition 
within liver and tumour tissues. Mice underwent surgical induction of colorectal liver metastasis 
via splenic injection, followed by splenectomy (Day 0). From Day 4 to Day 16, intraperitoneal injec-
tions of captopril 250 mg/kg/day or control (saline) were administered. On Day 7, mice underwent 
a 70% partial hepatectomy. Mice were culled on Day 16, and liver and tumour samples were re-
trieved for analysis: (A) representative photographs of liver and tumour appearance in the control 
and captopril treatment groups showed significantly greater tumour burden in the control group, 
compared with treatment; (B) tumour burden in the regenerating liver following partial hepatec-
tomy in control and captopril-treated mice. Tumour burden = (tumour volume/total liver volume) 
× 100. Data compiled from two independently performed experiments are shown (control n = 14, 

Figure 1. Captopril reduces tumour burden in regenerating liver and alters T-cell composition within
liver and tumour tissues. Mice underwent surgical induction of colorectal liver metastasis via splenic
injection, followed by splenectomy (Day 0). From Day 4 to Day 16, intraperitoneal injections of capto-
pril 250 mg/kg/day or control (saline) were administered. On Day 7, mice underwent a 70% partial
hepatectomy. Mice were culled on Day 16, and liver and tumour samples were retrieved for analysis:
(A) representative photographs of liver and tumour appearance in the control and captopril treatment
groups showed significantly greater tumour burden in the control group, compared with treatment;
(B) tumour burden in the regenerating liver following partial hepatectomy in control and captopril-
treated mice. Tumour burden = (tumour volume/total liver volume) × 100. Data compiled from two
independently performed experiments are shown (control n = 14, captopril n = 13); (C,D) proportion of
total CD3+ T lymphocytes that were CD4+, CD8+ and DNT (CD4−/CD8−) in liver (C) and tumour (D);
(E,F) percentage of PD1+ T lymphocyte populations and insets of concatenated histograms of PD-1
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fluorescence intensity on T lymphocyte populations in liver (E) and tumour (F). Data are compiled
from two independently performed murine experiments (control n = 10 mice, captopril n = 9 mice).
Significant differences were determined by an unpaired, two-tailed Student’s t-test. p < 0.05 (*),
p < 0.01 (**), p < 0.001 (***); (G) representative immunofluorescence staining of CD8 (red) and
PD-1 (green) in control and captopril-treated liver. Shown are tumour (T) and surrounding liver
parenchyma (L).

Table 1. Ratios of total CD4+:CD8+ lymphocytes with their respective ratios for CD44+CD69+ and
CD44+CD69+PD-1+ populations in liver.

CD4:CD8 Ratios Total CD44+CD69+ CD44+CD69+PD-1+

Treatment—Captopril
(mean ± SD) 0.91 ± 0.36) 0.45 ± 0.25 0.44 ± 0.27

Control—Saline
(mean ± SD) 1.57 ± 0.35 1.00 ± 0.33 1.33 ± 0.31

p value 0.01 0.01 0.0007
Significant differences were determined by the unpaired, two-tailed student’s t-test. Significant p values are in
bold. SD—standard deviation.

2.3. Captopril Treatment Enhances Populations of TRM-like Cells and Increases PD-1 Expression
on CD8+ TRM-Like Cells

Non-circulating T cells, termed tissue-resident memory T cells (TRM) [14], are increas-
ingly implicated in mediating effective and sustained antitumour responses in solid cancers
such as lung [15] and breast cancer [16]. We investigated whether the T-cell populations
observed in regenerating liver and tumour tissue had features of TRM, defined by the
expression of murine hepatic TRM markers, CD44 and CD69 (termed “TRM-like cells”),
and assessed the effect of captopril on these populations and their PD-1 expression. We
found that, although the proportion of TRM-like CD8+ T cells did not increase with cap-
topril treatment in the liver (Figure 2a), the ratio of CD4+ TRM-like:CD8+ TRM-like cells
significantly reduced (control 1.00 vs. captopril 0.45, p = 0.01, Table 1). PD-1 expression
on CD8+ TRM-like T cells significantly increased (Figure 2d–f). Conversely, the proportion
of CD4+ TRM-like cells decreased in the regenerating liver following captopril treatment
(Figure 2a), while their PD-1 expression was unchanged (Figure 2c,e,f).

2.4. Captopril Treatment Significantly Enhances Populations of TRM-Like DN T Lymphocytes and
Increases PD-1 Expression on TRM-Like DN T Cells

The proportion of DN T cells co-expressing CD44 and CD69 (Figure 3a, “DN TRM-like”)
in captopril-treated regenerating liver tissue significantly increased, and this corresponded
with an increase in PD-1 expression on DN TRM-like cells in captopril-treated regenerating
liver and tumour (Figure 3c,d).

2.5. In the Absence of Tumour, Captopril Treatment Enhances Populations of PD-1 Expressing
TRM-Like CD8+ and DN T Cells

As tumour induces many changes in immune cell infiltrates and responses, we sought
to extract the effect of captopril on tumour-related changes by comparing them with those
changes that occurred in response to liver regeneration alone. In the absence of a tumour,
captopril significantly increased the proportion of CD8+ T lymphocytes (Figure 4a; 37.0% vs.
59.0%, control vs. treatment) while reducing the proportion of CD4+ and DN T lymphocytes
(Figure 4a). Additionally, PD-1+ expression significantly increased in CD8+ T lymphocytes
(Figure 4b). Furthermore, captopril treatment increased the proportions of both CD8+

TRM-like cells (Figure 4c) and PD1+CD8+ TRM-like cells (Figure 4d) in regenerating liver
without a tumour. The increase in CD8+ TRM-like cells with captopril treatment was more
substantial in the absence of tumour (Figure 4c; 15.8% vs. 41.9%, control vs. treatment,
p < 0.001), compared with that observed in the CLRM model (Figure 2a; 10.3% vs. 18.3%,
p = 0.2) and this was also accompanied by a large reduction in the CD4+ TRM-like:CD8+
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TRM-like ratio (control 0.47 vs. captopril 0.13, p < 0.001, Table S2). Additionally, we found
that captopril reduced the population of TRM-like DN T cells (Figure 4c; 9.5% vs. 5.3%,
control vs. treatment, p < 0.05), compared with the result seen in the presence of a tumour
in which case this population was significantly increased (Figure 3a; 7.1% vs. 10.7%, control
vs. treatment, p < 0.05). Like the CRLM model, we observed that captopril treatment
increased PD-1 expression on both CD8+ and DN T TRM-like cells (Figure 4b). These
data suggest that captopril boosts the proportion of TRM-like CD8+ T cells (but not DN
T cells) and increases the expression of PD-1 in CD8+ and DN TRM-like populations in
physiological liver regeneration. This suggests that the expansion of DN and PD-1+ DN
TRM-like populations is a tumour-specific response.
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Figure 2. Captopril increases expression of the immune regulator PD-1 on tissue-resident memory 
(TRM)-like T cells in regenerating liver and tumour. Mice underwent surgical induction of colorectal 
liver metastasis via splenic injection (Day 0). From Day 4 to Day 16, intraperitoneal injections of 
captopril 250 mg/kg/day or saline (control) were administered. On Day 7, mice underwent a 70% 
partial hepatectomy. Mice were culled on Day 16, and liver and tumour specimens were retrieved 
for flow cytometry: (a,b) proportion of CD4+ or CD8+ T lymphocytes that were TRM-like (co-express-
ing CD44+/CD69+) in liver (a) and tumour (b); (c) concatenated contour plots demonstrating expres-
sion of CD69 and PD-1 on CD4+CD44+ T lymphocytes in liver (top panels) and tumour (bottom 
panels); (d) concatenated contour plots demonstrating expression of CD69 and PD-1 on CD8+CD44+ 
T lymphocytes in liver (top panels) and tumour (bottom panels); (e,f) percentage of PD-1+ TRM-like 
T lymphocyte populations and insets of concatenated histograms of PD-1 fluorescence intensity on 

Figure 2. Captopril increases expression of the immune regulator PD-1 on tissue-resident memory (TRM)-
like T cells in regenerating liver and tumour. Mice underwent surgical induction of colorectal liver metastasis
via splenic injection (Day 0). From Day 4 to Day 16, intraperitoneal injections of captopril 250 mg/kg/day
or saline (control) were administered. On Day 7, mice underwent a 70% partial hepatectomy. Mice were
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culled on Day 16, and liver and tumour specimens were retrieved for flow cytometry: (a,b) proportion
of CD4+ or CD8+ T lymphocytes that were TRM-like (co-expressing CD44+/CD69+) in liver (a) and tu-
mour (b); (c) concatenated contour plots demonstrating expression of CD69 and PD-1 on CD4+CD44+

T lymphocytes in liver (top panels) and tumour (bottom panels); (d) concatenated contour plots
demonstrating expression of CD69 and PD-1 on CD8+CD44+ T lymphocytes in liver (top panels) and
tumour (bottom panels); (e,f) percentage of PD-1+ TRM-like T lymphocyte populations and insets of
concatenated histograms of PD-1 fluorescence intensity on TRM-like T lymphocyte populations in
liver (e) and tumour (f). Data are representative of a single experiment (control n = 6 mice, captopril
n = 5 mice). Significant differences were determined by an unpaired, two-tailed Student’s t-test.
p < 0.05 (*), p < 0.001 (***).
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immune regulator PD-1 on tissue-resident memory (TRM)-like DNT cells in regenerating liver and 
tumour. Mice underwent colorectal liver metastasis tumour induction and were treated with either 
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Figure 3. The renin–angiotensin system inhibitor (RASi) captopril increases the expression of the
immune regulator PD-1 on tissue-resident memory (TRM)-like DNT cells in regenerating liver and
tumour. Mice underwent colorectal liver metastasis tumour induction and were treated with either
control (saline) or RASi captopril. From Day 4 to Day 16, intraperitoneal injections of captopril
250 mg/kg/day or saline (control) were administered. On Day 7, mice underwent a 70% partial
hepatectomy. Mice were culled on Day 16, and liver and tumour specimens were retrieved for flow
cytometry: (a,b) proportion of total CD3+ T lymphocytes that were DN T TRM-like (co-expressing
CD44+/CD69+) in liver (a) and tumour (b); (c,d) percentage of PD-1+ TRM-like DN T lymphocytes
and insets of concatenated histograms of PD-1 fluorescence intensity on TRM-like DN T lymphocytes
in liver (c) and tumour (d). Data are representative of a single murine experiment (control n = 6 mice,
captopril, n = 5 mice). Significant differences were determined by the unpaired, two-tailed Student’s
t-test. p < 0.05 (*), p < 0.01 (**), p < 0.0001 (****).
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2.6. Captopril Treatment Modulates Myeloid-Derived Suppressor Cell Populations

Myeloid-derived suppressor cells (MDSCs) have been recognised to have immuno-
suppressive effects and are associated with cancer progression and poorer prognosis [17].

In the mouse model with CRLM, captopril treatment was associated with an overall
reduction in MDSC populations, demonstrated by a reduction in CD11b+ leukocytes in the
liver (Figure 5a). MDSC populations were distinguished into three ontological phenotypes
based on their expression of Ly6C; CD11b+ Ly6CHi (monocytic MDSCs), Ly6CInt (inter-
mediate), and Ly6CLo (granulocytic MDSCs) [18,19]. Captopril treatment was associated
with a reduction in both monocytic (Ly6CHi) and granulocytic (Ly6CLo) MDSC populations
(Figure 5a).

Conversely, in the mouse model without CRLM, captopril did not modulate MDSC
populations; no difference was found in either the total CD11b+ MDSCs or the MDSC
subtypes (Figure 5b). Taken together, these data suggest that the RASi captopril may
improve the overall antitumour immune response in the regenerating liver by reducing
populations of MDSCs.

We have previously shown that captopril treatment modulates macrophage levels in
CRLM, within the non-regenerating liver [20]. To investigate whether captopril modulated
macrophage populations within the regenerating liver, we examined the expression of
F4/80 on CD11b+Ly6C populations. Captopril treatment did not alter the expression of
macrophage marker F4/80 on CD11b+Ly6C populations in either the regenerating model
with or without CRLM (Figure S1a,b).

PDL1 is an inhibitory ligand most commonly expressed on MDSCs including F4/80+

macrophages and tumour cells. Captopril treatment was associated with an increase in
PDL1 expression on Ly6CHiF4/80+ and Ly6CIntF4/80+ leukocytes in the regenerating livers
in the model with CRLM (Figure S1c). However, this response was not observed in the
model without CRLM (Figure S1d).

Notably, populations of MDSCs were higher in the presence of CRLM, compared with
those in the absence of CRLM (control mean with tumour, total CD11b+ = 46% vs. control
mean without tumour, total CD11b+ = 33%) (Figure 5a,b). Interestingly, captopril treatment
reduced these populations in the presence of tumour (captopril mean total CD11b+ = 34%,
Figure 5a), back down to the baseline level observed in the regenerating liver in the absence
of CRLM (Figure 5b). Taken together, these findings highlight that, although the MDSCs
present in the tissue respond by upregulating PDL1 expression, the sum effect of captopril
is to reduce the presence of MDSCs.
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Figure 4. Captopril modulates T-lymphocyte populations in the regenerating liver, in the absence
of tumour. Mice commenced treatment with either saline (control) or captopril 250 mg/kg/day
and did not undergo tumour induction. Briefly, 70% hepatectomy was performed 3 days after the
commencement of treatment, and mice were culled nine days following partial hepatectomy in
keeping with prior experiments. Liver specimens were retrieved for flow cytometry: (a) proportion of
total CD3+ T lymphocytes that were CD4+, CD8+ and DN T (CD4-/CD8-); (b) percentage of PD-1+ T
lymphocyte subpopulations; (c) proportion of CD4+, CD8+ and DN T lymphocytes co-expressing TRM

markers, CD44+ and CD69+; (d) percentage of PD-1+ TRM-like T lymphocyte populations and insets
of concatenated histograms demonstrating fluorescence intensity of PD-1 on TRM-like populations.
Data are representative of a single experiment (control, n = 5 mice, captopril, n = 5 mice). Significant
differences were determined by an unpaired, two-tailed Student’s t-test. p < 0.05 (*), p < 0.01 (**),
p < 0.001 (***).
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Figure 5. The renin–angiotensin system inhibitor (RASi) captopril reduces CD11b+ myeloid-derived
suppressor cell populations within the regenerating liver (LR) following tumour induction, down
to baseline levels observed in regenerating liver without tumour. One group of mice underwent
surgical induction of colorectal liver metastasis via splenic injection (Day 0) and one group of mice
did not undergo tumour induction. From Day 4 to Day 16, intraperitoneal injections of captopril
250 mg/kg/day or saline (control) were administered to all mice in both groups. On Day 7, all
mice underwent a 70% partial hepatectomy. All mice were culled on Day 16, and liver and tumour
specimens were retrieved for flow cytometry: (a,b) proportion of total CD45+ myeloid cells that were
CD11b+, CD11b+Lyc6CHi, CD11b+Ly6CInt, and CD11b+Ly6CLo in livers of mice following tumour
induction and partial hepatectomy (a) and in livers of mice following partial hepatectomy alone (no
tumour) (b). Data are representative of two independently performed murine experiments (control
n = 6 mice, captopril n = 6 mice). Significant differences were determined by an unpaired, two-tailed
Student’s t-test. p < 0.05 (*), p < 0.01 (**).

3. Discussion

Tumour recurrence stimulated by the process of liver regeneration, following liver
resection, is a major barrier to the long-term survival of patients with primary or sec-
ondary liver tumours. Presently, 40% of patients undergoing liver resection will experience
intrahepatic recurrence. In this study, using a homogenous tumour mouse model that
closely mimics the clinical scenario, we showed that RASi therapy with captopril inhibits
the growth of CRLM in the regenerating FLR and is associated with phenotypic changes
in immune cells in the tumour microenvironment. These changes included a reduction
in populations of MDSCs and enhanced populations of PD-1+ hepatic-TRM-like T lym-
phocytes. Further research is required to determine whether the changes in the immune
microenvironment induced by captopril therapy directly reduce tumour burden in the
regenerating liver and how these immune changes relate to other known antitumour effects
of captopril [3,10,11]. Nevertheless, in the future, perioperative administration of a RASi
could be an effective therapy for reducing micrometastatic tumour growth in the FLR and
improving clinical outcomes following liver resection for CRLM.

Studies have demonstrated that TRMs are involved in maintaining effective antitumour
immune responses and correlate positively with survival for a range of solid cancers [15,16].
In contrast to other cancers, for example, melanoma and renal cell carcinoma, where
inhibition of the PD-1-PDL1 pathway using checkpoint inhibitors has improved clinical
outcomes by reinvigorating antitumour T cell responses [21,22], TRM expressing PD-1 have
been shown to maintain cytotoxicity in the tumour microenvironment (TME) [15,16,23,24].
This challenges the assumption that cytotoxic T cells expressing checkpoint markers such
as PD-1 are tolerogenic or exhausted, which may explain why responsiveness to checkpoint
inhibitors has not been universally observed in all cancer types, particularly if cancers
rely on TRM for antitumour activity, or there is an abundance of MDSCs. These findings
correlate with those revealed in our study, in which a significant reduction in tumour
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burden was observed alongside the expansion of PD-1+ TRM populations. Our findings
support a role for PD1+ CD8+ TRM-like lymphocytes in maintaining cytotoxicity against
CRLM. This may explain why some cancers, including mismatch repair proficient colorectal
cancers, have exhibited poor responses to checkpoint inhibitor therapy and suggests that
RASi could play a role in the treatment of CRC by modulating the immune infiltrate.

MDSCs are crucial components of TME that facilitate cancer growth by secreting
immunosuppressive cytokines such as TNF and TGFβ, inadvertently allowing cancer
cells to evade the patient’s immune system [25,26]. Clinical studies have shown that
an abundance of tumour-infiltrating MDSCs is associated with a poorer prognosis [17].
Both granulocytic and monocytic MDSCs possess immunosuppressive properties such as
inhibiting effector T cells and promoting the inhibitory effects of regulatory T cells [27].
These findings support the data presented here, which show that tumour burden is reduced
alongside a significant reduction in granulocytic (Ly6CLo) and monocytic (Ly6CHi) MDSCs.

In acute inflammation, the adaptive and innate arms of the immune system work in
concert with one another to restore homeostasis. In contrast, during chronic inflammation,
such as within the TME, the immune response is dysregulated and characterised by the
accumulation of immunoinhibitory cells, including MDSCs. Therefore, the finding we
report here—namely, that certain TRM-cell populations are enhanced, while MDSC popula-
tions are reduced—is not likely to be coincidental. Studies in mice have demonstrated that
both granulocytic and monocytic MDSCs suppress cytotoxic T cells [28]. However, further
experiments are required to confirm that the MDSC changes observed here are directly
responsible for the expansion of TRM populations. To date, immunotherapy has largely
focused on improving the cytotoxic function of effector T cells, rather than reducing popu-
lations of MDSCs, but the latter is also emerging as a viable approach to improve clinical
cancer outcomes and trials examining this are underway [29]. Clinical trials examining the
outcomes of treatment with anti-PD-1 therapies in CRC have only demonstrated benefits
for patients with mismatch repair deficient (dMMR) CRC [30]. However, only 15% of CRCs
are dMMR; therefore, the majority of CRC patients have tumours that are unresponsive to
PD-1 inhibitor therapy. Immune therapies for mismatch repair proficient (pMMR) CRC
could benefit from the addition of anti-MDSC therapies and our findings support exploring
RASi as an immunomodulatory agent in this setting.

To our knowledge, this is the first study to demonstrate that the RASi captopril
modulates the immune responses in the regenerating liver, in the absence of a tumour.
We found that captopril significantly increased populations of CD8+ T cells, including
TRM-like CD8+ T cells, in the regenerating liver in the absence of a tumour. This is in line
with other studies that have also demonstrated that CD8+ T cells are key for hepatocyte
proliferation and successful liver regeneration [31]. Conversely, the MDSC levels and
subtype composition were not altered by captopril at this time point of liver regeneration,
in the absence of a tumour. MDSC levels in the untreated controls were significantly
higher in the combined tumour induction and liver regeneration group, compared with
that seen in the absence of tumour. Furthermore, captopril treatment reduced MDSC levels
in the combined tumour induction and liver regeneration group back to the baseline levels
observed in the group with the absence of the tumour and liver regeneration.

Our study also demonstrated a crucial role for DN T cells in attaining effective antitu-
mour immunity. The expansion of PD-1+ TRM-like DN T cells was unique to the CRLM
model, suggestive of tumour specificity. This is in agreement with other studies that
have demonstrated DN T cells possess important antitumour functions [32], and adoptive
transfer of DN T cells is presently being explored as a novel cancer therapy [33].

In conclusion, this study showed that RASis reduced CRLM growth in the regenerating
liver and altered immune cell composition by reducing populations of immunosuppres-
sive MDSCs and enhancing populations of PD-1+ hepatic TRM-like lymphocytes. These
results contribute to a growing body of literature suggesting that perioperative RASis
may improve treatment outcomes for patients undergoing CRLM resection and should be
explored further.
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4. Materials and Methods
4.1. Animal Experiments

Animal experiments were approved by Austin Health Animal Ethics Committee (AEC-
05435). Male CBA mice aged 10 weeks old and weighing 20–25 g were obtained from the
Animal Resources Centre, Western Australia.

4.2. In Vivo Model and Cell Line

A mouse colorectal cancer cell line (MoCR), developed via dimethyl-hydrazine induc-
tion of colon carcinoma in CBA mice [34], was used for CRLM induction. Animals were
divided into groups: with tumour induction and without tumour induction. The groups
with tumour induction underwent surgical inoculation of CRLM via intrasplenic injection
of 50,000 MoCR cells in 50 µL Ringer’s solution, followed by splenectomy (performed as one
surgical procedure) (Figure 6) [35]. From Day 4, captopril (S-3 mercapto-2-methylpropionyl-
L-proline, Sigma-Aldrich, St. Louis, Missouri, USA) 250 mg/kg/day or saline (control) was
administered via intraperitoneal injection (Figure 6). On Day 7 following tumour induc-
tion, mice underwent a 70% partial hepatectomy, as previously described [35]. Carprofen
(5 mg/kg) (Pfizer, New York, NY, USA) was administered for analgesia. Mice were culled
on Day 16, and liver and tumour samples were retrieved for analysis.

The groups of mice not undergoing tumour induction followed the same treatment
and hepatectomy timeline as outlined above but did not undergo tumour inoculation or
splenectomy.
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Figure 6. Experimental methodology. Mice were allocated to either tumour induction or no tumour
induction groups, and this was performed on Day 0. From Day 4 to Day 16, half the mice in each
group received treatment with intraperitoneal injections of captopril 250 mg/kg/day and the other
half received intraperitoneal injections of saline (control). On Day 7, all mice underwent a 70%
partial hepatectomy. Mice were culled on Day 16, and liver and tumour (if applicable) samples were
retrieved for analysis.

4.3. Stereometric Tumour Burden Analysis

Livers were fixed in 10% formalin for 24 h and stereometric tumour burden analysis
was calculated, as previously described [13]. Briefly, livers were transected using a tissue
fractionator. Liver slices were photographed and analysed using Image-Pro Plus. Tumour
burden was calculated as a percentage of the whole liver volume.

4.4. Flow Cytometry

Tumour and liver samples were enzymatically digested (0.25 mg/mL liberase (Sigma)
and 1 mg/mL DNAse (Sigma) in DMEM) at 37 ◦C for 40 min. Cell suspensions were filtered
(100 µm cell filters, Corning), treated with red blood cell lysis buffer for 2 min at 37 ◦C,
washed, and resuspended at 1 × 107 cells/mL in cold FACS wash buffer (10% bovine serum
albumin/5 mM EDTA/0.01% sodium azide in PBS pH 7). Briefly, 1 × 106 cell aliquots were
stained with either Cocktail 1: CD45-BV510, CD4-FITC, CD3-PE, CD44-PerCP, CD8-PECy7,
PD-1-APC, CD69-APC-Cy7 (BD, Biosciences) and viability dye DAPI, Cocktail 2: CD45-
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BV510, CD103-FITC, CD3-PE, CD8-PECy7, PD-1-APC, CD4-APC-Cy7 (BD, Biosciences)
and DAPI, or Cocktail 3: CD45-BV510, F4/80-FITC, Ly6C-PE, PD-L1-PECy7, CD11b-APC-
Cy7 (BD, Biosciences), and DAPI. Samples were run on the Canto II (BD Biosciences) and
analysed using FlowJo™ software.

4.5. Immunofluorescence

Following formalin fixation, livers were processed into paraffin blocks using standard
techniques (Austin Pathology, Austin Health) and 4 µm sections were slide-mounted. Slides
were dewaxed, and antigen retrieval (Tris buffer, pH 9) at 99 ◦C for 30 min was performed.
Goat serum (10%) was used for blocking. Primary antibodies to PD-1 (rabbit monoclonal,
Abcam, Cambridge, UK, 214421) and CD8 (rat monoclonal, Invitrogen, Waltham, MA, USA,
14-0808-82) were incubated overnight at 4 ◦C. Corresponding secondary antibodies were
applied at 1:250 (Life Technologies AlexaFluor 488, Carlsbad, CA, USA, goat anti-rabbit
IgG, A11034 and Life Technologies AlexaFluor 568, goat anti-rat IgG, A11077). DAPI 1:5000
was used for nuclear staining. Images were processed using confocal microscopy (Zeiss
LSM780, Jena, Germany).

4.6. Statistical Analysis

GraphPad Prism was used for statistical analysis. Data were analysed using a two-
tailed Student’s t-test. Graphical data are expressed as the mean +/− standard error of
the mean.
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Abstract: Among the structural variants observed in metastatic colorectal cancer (mCRC), deletions
(DELs) show a size preference of ~10 kb–1 Mb and are often found in common fragile sites (CFSs). To
gain more insight into the biology behind the occurrence of these specific DELs in mCRC, and their
possible association with outcome, we here studied them in detail in metastatic lesions of 429 CRC
patients using available whole-genome sequencing and corresponding RNA-seq data. Breakpoints of
DELs within CFSs are significantly more often located between two consecutive replication origins
compared to DELs outside CFSs. DELs are more frequently located at the midpoint of genes inside
CFSs with duplications (DUPs) at the flanks of the genes. The median expression of genes inside CFSs
was significantly higher than those of similarly-sized genes outside CFSs. Patients with high numbers
of these specific DELs showed a shorter progression-free survival time on platinum-containing
therapy. Taken together, we propose that the observed DEL/DUP patterns in expressed genes located
in CFSs are consistent with a model of transcription-dependent double-fork failure, and, importantly,
that the ability to overcome the resulting stalled replication forks decreases sensitivity to platinum-
containing treatment, known to induce stalled replication forks as well. Therefore, we propose that
our DEL score can be used as predictive biomarker for decreased sensitivity to platinum-containing
treatment, which, upon validation, may augment future therapeutic choices.

Keywords: metastatic colorectal cancer; structural variants; common fragile sites; platinum therapy;
stalled replication fork

1. Introduction

Large cohorts of primary cancers analyzed by whole-genome sequencing (WGS)
were recently described [1], yielding a deluge of defects observed in cancer genomes.
Most emphasis in these studies was on driver genes and mutational signatures [2–4],
their disease-specific patterns, and their possible etiology. Building upon these shoulders,
metastatic lesions of cancer patients have also been investigated in depth using WGS [5–8],
describing enriched genetic aberrations and mutational signatures related to progression or
to prior treatment. In metastatic colorectal cancer (mCRC), we previously detailed various
somatic events and compared these to those found in primary CRC [9].

One result was that deletions in genes present in common fragile sites (CFS) were
associated with response to therapy, and this current manuscript further investigates this.
Large deletions, along with tandem duplications (DUPs), inversions, and translocations,
are a class of structural variants (SVs) observed in most cancer types. In a primary pan-
cancer study, these SVs have recently been extensively described, reporting high numbers
of complex SVs, deletions, and tandem duplications in over 20 cancer types, including
colorectal cancer. Other types of SVs are reported in virtually all cancer types, but at lower
frequency. However, CFSs were only briefly discussed [10]. Among all cases, CFSs showed
a peak DEL size of around 100 kb, and among the CRC cases (n = 52), the well-known
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CFS regions containing genes FHIT and MACROD2 were most often identified (>40% of
CRC cases).

CFSs are a decades-old observation [11], quickly gaining interest from the cancer
field after reports of recurrent CFSs, with structural variation most often in the form of
deletions [12–14]. Generally, CFSs are genomic regions that are late-replicating, AT-rich,
often contain large genes, and showing tissue specific patterns (reviewed by [13]). In
cancer, focal deletions are often associated with CFS; in a pan-cancer analysis [15] of
4934 cases, 70 recurrent focal deletions were reported, of which 22 were found in large
genes and several genes known from CFS regions (FHIT, WWOX, PDE4D, PARK2). In
terms of the mechanism driving the genome fragility of these regions, Wilson et al. distilled
their observations in cell lines to a possible model involving a transcription-dependent
double-fork failure (TrDoFF) [14]. In short, transcription of large genes possibly persists
into the S-phase. This prevents firing of late (or dormant) replication origins that would
otherwise be used to rescue stalled replication forks and thereby complete replication.
In CFS, the stalled converging replication forks (i.e., a double-fork failure) create large,
non-replicated regions which ultimately are resolved by deletion of the non-replicated
DNA and duplications arising on the flanks, suggested to occur via template switching
and microhomology-mediated break-induced replication (MMBIR) or alternative end
joining [14,16].

We here aimed to have a detailed look into the role of the DELs in metastatic lesions of
429 mCRC patients, using WGS and corresponding RNA-sequencing data. We evaluated
whether the instability at CFSs described in primary CRC persists in metastatic disease. We
specifically studied the localization and size of DELs and DUPs, and included expression of
the genes affected by these SVs. Lastly, we investigated the potential clinical consequences
of these characteristics.

2. Results
2.1. Position and Size of Chromosomal Deletions in Metastatic mCRC

We previously described [9] density profiles of SVs (Figure 1a) in a large cohort of
429 metastases of colorectal cancer (mCRC) and noticed that the deletions (DELs) profile
showed a peak at ~10 kb–1 Mb, which is not observed in metastatic prostate or breast
cancer (Figure 1b). Furthermore, these DELs were not distributed randomly across the
genome (Figure 1c), but instead showed a clear preference for specific chromosomal lo-
cations. Using a threshold of at least 150 events, we established 13 hotspot locations (see
Supplementary Figure S1a and Table 1) which were covering, or, for all but one, located
nearby known common fragile sites (CFSs) [17]. For all hotspot locations, many samples
had more than a single DEL in the region, often overlapping (Table 1 and an example
in Supplementary Figure S1b). We evaluated the sequence around the breakpoints of
the DELs but were unable to find enriched motifs, besides the sequence logos showing
AT-rich sequences (Supplementary Figure S1c), which is a well-known feature of CFSs
(reviewed by [13]). In summary, the mCRC genome contains DELs of a specific size at
specific chromosomal locations, linked to well-known CFSs.

We next used previously reported locations of several potentially relevant genomic
features to investigate the reason behind the preference for the DEL size, including topolog-
ically associated domains (TADs) [18] and sites where initiation of replication was found
to occur (Ini-seq peaks) [19]. TADs are structural features of genomic organization, where
regions bordering TAD boundaries are thought to regulate gene expression. Both TADs
and Ini-seq peaks often flanked the regions were the DELs were found. See for example RB-
FOX1 in Figure 2a. Next, we systematically evaluated whether both breakpoints of a DEL
(size 10 kb–1 Mb) were located between consecutive Ini-seq peaks or TADs (Figure 2b).
Outside the 13 hotspot regions, 68% of DELs (6488 out of 9553) were located between
consecutive Ini-seq peaks, whereas inside the hotspot regions, this was the case for 92% of
DELs (4836 out of 5237, chi-sq p = 1.29 × 10−246, odds ratio 5.697). For TADs, 84% vs. 90%
of DELs were in between TADs outside and inside hotspot regions, respectively (chi-square
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p = 5.96 × 10−25), and with an odds ratio of 1.738, having a much smaller effect size com-
pared to Ini-seq peaks. A multivariable logistic regression of DELs within Ini-seq peaks and
TADs with being inside or outside hotspot region as outcome variable showed odds ratios
of 5.43 and 1.14 (p-values 1.33 × 10−189 and 0.025), respectively, indicating that Ini-seq
peaks have an exceedingly larger role in bordering DELs in the hotspot regions.
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Table 1. Regions with at least 150 DELs in mCRC. 

Chromosome 
Start Position of 

First DEL 
End Position of 

Last DEL Gene Fragile Site (HumCFS) 
Nr. of Samples 

with >1 DEL 
1 48435860 50548351 AGBL4 ~ 0.6 Mb 5' of FRA1B 34 
3 59572890 61536465 FHIT FRA3B 168 
3 174058837 175755903 NAALADL2 ~6.7 Mb 5' of FRA3C 80 
4 91027502 92737250 CCSER1 FRA4E 85 
5 58229103 59931219 PDE4D FRA5H 55 
6 161666892 163416771 PRKN FRA6E 125 
7 109283013 111357245 IMMP2L FRA7K 76 
8 89804552 91152321 NBN * ~3.2 Mb 5' of FRA8B 36 

10 52569645 54085262 PRKG1 ~0.6 Mb 5' of FRA10C 40 
16 5690370 7815010 RBFOX1 ~7 Mb 5’ of FRA16A 173 
16 78099748 79260329 WWOX FRA16D 61 
20 13921064 16054649 MACROD2 ~1.8Mb 5' of FRA20A 207 
X 6511238 7782627 PUDP STS ~21.9 Mb 5' of FRAXB 59 

* Nearest gene. HumCFS is data from [17]. Coordinates by hg19 reference. 
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Table 1. Regions with at least 150 DELs in mCRC.

Chromosome Start Position of
First DEL

End Position
of Last DEL Gene Fragile Site (HumCFS) Nr. of Samples

with >1 DEL

1 48435860 50548351 AGBL4 ~0.6 Mb 5′ of FRA1B 34
3 59572890 61536465 FHIT FRA3B 168
3 174058837 175755903 NAALADL2 ~6.7 Mb 5′ of FRA3C 80
4 91027502 92737250 CCSER1 FRA4E 85
5 58229103 59931219 PDE4D FRA5H 55
6 161666892 163416771 PRKN FRA6E 125
7 109283013 111357245 IMMP2L FRA7K 76
8 89804552 91152321 NBN * ~3.2 Mb 5′ of FRA8B 36
10 52569645 54085262 PRKG1 ~0.6 Mb 5′ of FRA10C 40
16 5690370 7815010 RBFOX1 ~7 Mb 5′ of FRA16A 173
16 78099748 79260329 WWOX FRA16D 61
20 13921064 16054649 MACROD2 ~1.8 Mb 5′ of FRA20A 207
X 6511238 7782627 PUDP STS ~21.9 Mb 5′ of FRAXB 59

* Nearest gene. HumCFS is data from [17]. Coordinates by hg19 reference.

Since it is well known that CFS regions are late-replicating, it seems reasonable that
replication origins (identified by the Ini-seq peaks) are of importance for SVs therein, and it
is likely that the observed preference of DEL sizes in mCRC are restricted by the location of
the bordering Ini-seq peaks. A histogram of the distances between all consecutive Ini-seq
peaks (Figure 2c) showed a median of 24.9 kb (95% confidence interval (CI) 24.2–25.7 kb)
with 95% of observations below 425 kb. However, the median distance between Ini-seq
peaks at the hotspot regions is 1647 kb, which would be the upper bound if bordering
replication origins determine the DELs size in CFS. Furthermore, assuming that converging
replication forks starting from the bordering Ini-seq peaks are arrested at some point
followed by deletion of the intervening region, DELs are expected to concentrate around
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the midpoint of the region. This assumption matched with the observations in our cohort;
DELs within the 13 hotspot regions were much more localized toward the midpoint of the
bordering Ini-seq peaks, compared to the more random localization of DELs outside the
hotspot regions (Figure 2d).
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Figure 2. Origins of replication determine size of deletions in CFS. (a) Chromosome 16 region
containing RBFOX1. Indicated are (bottom to top) the locations of genes, Ini-seq peaks, TADs, and
DELs between 10 kb–1 Mb. (b) Bar graph showing enrichment of Ini-seq peaks/TADs inside CFS
regions. p-values via Mann–Whitney U-test. (c) Top horizontal boxplot shows the size of all DELs
within or overlapping the 13 CFS regions. DELs are colored by size according to the groups in (c).
Bottom histogram shows the distribution of distance between 2 consecutive Ini-seq peaks. Vertical
lines show the indicated percentiles. (d) Relative position of DELs between consecutive Ini-seq peaks.

2.2. Deletion and Duplication Patterns Concur with the Transcription-Dependent Double-Fork
Failure Model

These observations suggest that the DELs may be a consequence of stalled replication
forks, the reason for their stalling likely linked to the particular genomic milieu. A potential
solution for these stalled replication forks was proposed by the transcription-dependent
double-fork failure (TrDoFF) model [13,14], in which resolution of these stalled replication
forks leads to DELs centering around the midpoint of the gene and duplication (DUP) at the
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flanks of the region. In support of this model, we find that DUPs (Figure 3a,b) are indeed
also enriched at the same loci as DELs in mCRC, although with a much lower prevalence
and of smaller size (Supplementary Figure S2). The exact location of DUPs and DELs is
exemplified in Figure 3c, showing the events at the FHIT locus. Systematic evaluation of
the genes located in the hotspot CFS regions, taking the transcription direction into account,
showed that DELs are indeed centered around the midpoint of the genes, with DUPs more
present at the flanks of the region (Figure 3d).
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Additional support for an actual role of TrDoFF in mCRC is provided, employing avail-
able gene expression data (Figure 4). For example, NAALADL2 (located in FRA3C, genome
size 951 kb), one of the genes with many DELs, was expressed and located between Ini-seq
peaks, while the neighboring NLGN1 gene, also large (size 898 kb) and located between
Ini-seq peaks, but having no accompanying DELs, was not expressed. We verified this
observation genome-wide by selecting large genes (>500 kb) within and outside the 13 CFS
regions but positioned between Ini-seq peaks (n = 147 genes). We showed that the median
gene expression level of the genes inside the hotspot regions was significantly higher
(Mann–Whitney p = 0.0013) than that of the genes outside hotspot regions (Figure 4b).

Of note, not all 13 hotspot regions contained a single large gene at the location where
DELs were observed (Table 1 and Supplementary Figure S3). For the hotspot located on
chromosome (chr) X, multiple genes are located within consecutive Ini-seq peaks, with
DELs and DUPs, respectively, centering and flanking two genes (PUDP and STS). The
hotspot region on chr 8 has no gene annotated to the region where DELs/DUPs are located.
An uncharacterized noncoding RNA LOC105375631 is located nearby, and visual inspection
of RNA-seq bam files shows some mapped reads there (data not shown).

In summary, the specific DEL size and DEL/DUP position seen in mCRC appeared to
be guided by two observations: (1) the origins of replication flanking the CFS regions and
(2) active transcription. The TrDoFF model proposes that the combination of late replication
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and transcription of large genes gives rise to double-fork failure. The disentanglement
of that complex yields DELs and DUPs at specific locations which precisely fit with the
observations presented here.
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2.3. Cells with DELs in CFS Retain Transcription of the Locus

For samples with available RNA-seq data, we searched for sequence reads that cor-
roborate the DEL reported at DNA level in that sample, by identifying reads that cross the
junction created by the DEL. In total, 305 sequence reads were identified in 44 samples
(Figure 5). Though often only a single read showed the presence of the DEL, in all 13 CFS
regions multiple samples showed evidence of such reads. Each of these sequence-reads
were uniquely aligned to the genome, with part of the read mapping immediately before
the 5′ position of a DEL with the remaining part of the sequence mapping directly after the
3′ position of the DEL. Supplementary Figure S4 shows an example of these in WWOX in
a single sample.

2.4. Clinical Implications

We considered the number of DELs (10 kb–1 Mb) within the 13 hotspot regions as
a biomarker for the ability to circumvent stalled replication forks. We hypothesized that
such a mechanism would act on any double-fork failure, not necessarily transcription-
dependent or just those in CFS regions. Since we previously observed that loss of some
of the genes in hotspot regions (e.g., WWOX, PARK2) were associated with response to
platinum-containing therapy [9], we reasoned that the mechanism that resolves stalled
replication forks may also be able to resolve platinum-caused cross-links in DNA that
potentially lead to stalled forks as well. We considered samples >20 DELs in the 13 hotspot
regions (see Supplementary Figure S5) as resolved stalled fork positive (RSF+).

In total, 118 patients received platinum-containing therapy after biopsy (14 of whom
are RSF+, see Table 2), and associating RSF groups with progression-free survival (PFS)
showed that this was significantly shorter in RSF+ patients (Figure 6, left panel, log rank
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p = 0.0001). A subset of patients that were given platinum-containing therapy after biopsy
were also previously treated with this agent (i.e., prior to biopsy of the metastasis that was
sequenced), a clinical decision often taken when the patient had a relatively good response
(defined as the interval between last platinum-containing therapy and time of progression
>6 months). A multivariable analysis to test the association of RSF status, prior plat-
inum therapy, and the number of prior-treatment lines with PFS on subsequent platinum-
containing therapy showed a relative hazard ratio (HR) for RSF+ of 3.01 (p = 0.0029, 95% CI
1.46–6.21), HR = 0.83 (p = 0.10, 95% CI 0.20–1.15) for prior platinum therapy and an HR of
1.58 (p = 0.038, 95% CI 1.03–2.42) for the number of prior-treatment lines.
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Table 2. Patients treated with platinum-containing therapy.

Prior Treatment Total RSF+ RSF-

All 118 14 104

Platinum-containing 18 2 16
Other 19 2 17
None 81 10 71

Lastly, patients who did not receive any prior systemic treatment before biopsy also
showed a significantly shorter PFS on platinum-containing therapy in RSF+ patients
(Figure 6, right panel, log rank p = 0.0007). The group of patients with any prior treatment
(platinum or other) was too small to perform a statistically meaningful analysis, with only
two RSF+ patients in either prior containing platinum or prior other. These four patients
did show a similar trend with a PFS < 250 days.
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3. Discussion

We here describe an in-depth analysis of DELs in metastatic lesions of 429 CRC
patients. The density profile of DELs in mCRC is distinct from those in metastatic breast-
and prostate-cancer but bears resemblance to a profile seen in, e.g., primary esophagus
and pancreas cancer [10], with the top affected CFS loci and their connected genes (FHIT,
MACROD2 and WWOX) also among the reported regions here. Using their pan-cancer
set of primary tumors, Li et al. reported 18 CFS regions [10], of which 10 out of our
13 regions overlapped. The observed DEL and DUP patterns fully support the TrDoFF
mechanism, whereby these SVs are generated in CFS [14]. In short, the model, which
is based on experimental data in in vitro model systems, suggests that in large genes
during replication stress, transcription is still active in the S-phase, precluding activation
of dormant replication origins to resolve stalled replication forks. As a result, in late-
replicating regions that are actively transcribed, converging stalled replication forks cannot
be rescued. To resolve these, template switching across both stalled forks gives rise to DELs
while occasional re-initiation of replication results in DUPs near the origins of replication.
Another frequently observed aspect of the phenotype is that within a single tumor lesion,
multiple, often overlapping, DELs are present within the same gene/CFS. This is likely due
to clonal heterogeneity where subpopulations of clonal cells each have their own specific
deletion. The RNA-seq data agree with this notion, since sequence reads can positively
identify multiple and overlapping DELs within the same sample. We hypothesize that
in different cells of a tumor, the transcription complex is probably stochastically located
at different positions in the gene, stalling the converging replication forks at different
locations, resulting in distinct DELs. The fact that CFS regions are not all entirely lost in
CRC during progression into these metastatic lesions implies that the TrDoFF mechanism
is not active in all cancer cells or in every cell division. The events we do observe are those
derived from expansion of individual cells in which the initial, and specific, event occurred.

To the best of our knowledge, we are the first to match observations in a large cohort
of metastatic CRC patients with four essential features of the TrDoFF model: (i) sparsity
of replication origins, (ii) transcription, and the (iii) presence and (iv) position of DELs
and DUPs. For the latter three features, we were able to use in-house data only; for the
sparsity of origins we additionally required public data (Ini-seq peaks) which were based
on a replication origin mapping technique whereby newly replicated DNA is labeled and
sequenced [19]. The position of these Ini-seq peaks show that DELs are enriched between
two consecutive Ini-seq peaks in CFS regions, which would be in line with CFS regions
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having no active origin of replication to rescue any stalled replication forks converging
from the flanks of the CFS regions. Of note, the locations of the Ini-seq peaks in CFS
regions thus provide an upper bound for the size of the DELs observed in mCRC. Lastly,
it is important to realize, as also addressed by the original authors [13,14], that a key
event in the formation of DELs in CFS is that transcription appears as the reason for the
absence of an active replication origin that could rescue stalled replication forks. There
may be underlying causes other than transcription for the inactivation of origins, or other
mechanisms responsible for double-fork failure or incomplete replication in general.

Indirect clues for other contributing factors come from the observation that patients
that received platinum-containing treatment prior to removal of the metastatic biopsy
showed a significantly higher number of DELs in CFS. Platinum compounds induce
crosslinks between two bases, either GG or AG, in DNA [20,21] while interstrand crosslinks
potentially block transcription and replication [22]. We argue that in mCRC patients the
mechanism that is used to resolve the transcription-dependent double-fork failure may also
act on stalled forks caused by platinum crosslinks. The observation that PFS on platinum-
containing therapy is significantly shorter in patients with a high number of DELs (RSF+)
is in line with this hypothesis. The clinical decision to administer platinum-containing
therapy may be augmented by only including RSF- patients, since the benefit of platinum-
containing therapy for RSF+ patients seems limited. Prospective trials where patients are
properly stratified during inclusion are required to evaluate the true clinical applicability
of the RSF status.

In conclusion, we here present data that show that CFSs are still present in mCRC,
providing an explanation for why DELs observed in mCRC are of a certain size, and that
the observations agree with a model of transcription-dependent double-fork failure as
modus operandi for DELs (and DUPs) in CFS. This ability to resolve stalled replication
forks is associated with resistance to platinum-based therapy, which may provide new
prospects for clinical decision making.

4. Materials and Methods
4.1. Study Cohort

The cohort consists of 429 metastatic biopsies taken from colorectal cancer patients
gathered as part of the Center for Personalized Cancer Treatment (CPCT) consortium
(CPCT-02 Biopsy Protocol, ClinicalTrial.gov no. NCT01855477, 16 May 2013), which was
approved by the medical ethics committee of the University Medical Center Utrecht, the
Netherlands [6]. All patients gave explicit consent for whole-genome sequencing and
data sharing for cancer research purposes. Additional characteristics were previously
described [9], but in short, whole-genome sequencing (WGS) of paired tumor/normal was
performed in all cases. Raw sequencing data were processed using bcl2fastq (versions 2.17
to 2.20) and mapped to the human reference genome GRCh37 using BWA-mem v0.7.Sa
(https://github.com/lh3/bwa, accessed on 1 December 2021). Of all tumor biopsies,
98% had a coverage of at least 30 × (95% with >60 × coverage), whereas for the normal
blood, 98% had >10 × coverage and 94% >20 × coverage. Structural variants were called
using GRIDSS v1.8.0 [23]. RNA-sequencing data were available for 343 samples and RNA-
seq was performed as described previously [9] with gene expression data (adjusted TPM)
obtained using Isofox (https://github.com/hartwigmedical/hmftools/tree/master/isofox,
accessed on 1 December 2021). Metastatic patients starting any new systemic treatment
were included, and the particular treatment given to participating patients was decided by
the local clinicians. The types and lines of systemic treatment given before the biopsy was
taken were recorded; in total, 241 patients received a platinum-containing therapy before
biopsy, mostly Oxaliplatin in combination with Capecitabine (n = 231), while 124 patients
were treatment-naïve at the time of biopsy. Furthermore, response to treatment after biopsy
was evaluated; 118 patients received a platinum-containing therapy after the biopsy was
taken with available progression-free survival data (again, mostly (n = 85) in the form of
a combination of Oxaliplatin + Capecitabine with/without Bevacizumab).
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4.2. Statistics

For categorical data, a Pearson’s chi-squared test was used while continuous vari-
ables were evaluated using a Mann–Whitney U-test (MWU). All statistical tests were
two-sided and considered statistically significant when p < 0.05. Stata 13.0 (StataCorp,
College Station, TX, USA) and R (v3.6.0) were used for the statistical analyses. R package
“mcp” (https://github.com/lindeloev/mcp/, accessed on 1 December 2021) was used
to perform piecewise linear regression in order to find change points in the number of
deletions per sample. The midpoint between the first two changepoints was selected to
indicate samples with a high nr of DELs (>20). KaryoploteR [24] was used for visualizations.
The sequence logo was generated via WebLogo [25].
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Abstract: As is known, HOXB9 is an important factor affecting disease progression and overall
survival (OS) in cancer. However, its role in colorectal cancer (CRC) remains unclear. We aimed
to explore the role of HOXB9 in CRC progression and its association with OS in colorectal liver
metastases (CRLM). We analysed differential HOXB9 expression in CRC using the Tissue Cancer
Genome Atlas database (TCGA). We modulated HOXB9 expression in vitro to assess its impact on
cell proliferation and epithelial-mesenchymal transition (EMT). Lastly, we explored the association of
HOXB9 protein expression with OS, using an institutional patient cohort (n = 110) who underwent
liver resection for CRLM. Furthermore, HOXB9 was upregulated in TCGA-CRC (n = 644) vs. normal
tissue (n = 51) and its expression levels were elevated in KRAS mutations (p < 0.0001). In vitro,
HOXB9 overexpression increased cell proliferation (p < 0.001) and upregulated the mRNA expression
of EMT markers (VIM, CDH2, ZEB1, ZEB2, SNAI1 and SNAI2) while downregulated CDH1, (p < 0.05
for all comparisons). Conversely, HOXB9 silencing disrupted cell growth (p < 0.0001). High HOXB9
expression (HR = 3.82, 95% CI: 1.59–9.2, p = 0.003) was independently associated with worse OS in
CRLM-HOXB9-expressing patients after liver resection. In conclusion, HOXB9 may be associated
with worse OS in CRLM and may promote CRC progression, whereas HOXB9 silencing may inhibit
CRC growth.

Keywords: HOX; HOXB9; colorectal cancer; colorectal liver metastases

1. Introduction

Colorectal cancer (CRC) is the most common gastrointestinal malignancy and the
third leading cause of cancer-related deaths worldwide [1]. Alarming evidence shows
that its incidence is rising, especially in the younger population [1]. Despite significant
advances in diagnostic and therapeutic strategies, the prognosis remains poor because most
patients develop synchronous or metachronous colorectal liver metastases (CRLM) [2]. The
development of metastatic disease indicates that cancer cells are not entirely eradicated by
current therapies and are the primary cause of cancer-related mortality [2]. CRC is a highly
heterogeneous disease which led to the formation of an international consortium in 2015,
proposing the molecular classification of CRC into four categories based on transcriptomic
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characteristics (consensus of molecular subtypes) [3]. In the era of precision medicine,
recognising that transcriptomics represents molecular data that are ultimately linked to
tumour biology and clinical behaviour, has led to a paradigm shift in the research toward
identifying novel transcription factors (TFs) which are linked to the aggressive behaviour of
CRC [3]. TFs are important not only in the pathogenesis of CRC but also in the progression
and formation of metastases [4]. They also seem to have a prognostic role in overall survival
(OS). Thus, they may serve as useful biomarkers and therapeutic targets for the treatment
of primary and metastatic CRC [4].

Homeobox containing (HOX) factors are a family of TFs characterised as master
regulators of embryonic development that play a pivotal role in regulating cellular functions
such as proliferation, invasion, and migration [5]. Humans have 39 HOX genes in their
genome, which are organised into four chromosomal clusters (A, B, C, and D), and their
importance in cancer has been reported in many studies as alterations in their expression
have been found to affect cancer progression [6,7]. The HOXB9 gene belongs to the HOX
family and has been identified as a critical TF involved in numerous human solid tumours
as its aberrant expression contributes to tumour growth, progression, and metastases [8].
Several studies have reported that HOXB9 overexpression increases the metastatic potential
of cancer cells by activating an important process called epithelial-mesenchymal transition
(EMT) [8]. In CRC, EMT is characterised by the loss of epithelial markers (E-cadherin)
with the subsequent upregulation of mesenchymal markers (N-cadherin and vimentin)
which allows cancer cells to obtain invasive and metastatic potential [9]. Additionally, high
HOXB9 protein levels have also been reported by many studies to be associated with a
poor prognosis in patients with lung, breast, hepatocellular, and pancreatic carcinoma [8].
In CRC, few studies have reported contradictory findings regarding the HOXB9 prognostic
role and function in CRC progression [10]. However, no studies have examined colorectal
liver metastases (CRLM) [11–13]. Therefore, this study aimed to investigate the impact of
HOXB9 on CRC progression and its prognostic importance in CRLM.

2. Materials and Methods
2.1. Gene Expression Bioinformatics Analysis

To investigate the difference in HOXB9 expression between cancer and normal tissues
in CRC, gene expression data from the Cancer Genome Atlas (TCGA) for colon (TCGA-
COAD) and rectal adenocarcinoma (TCGA-READ) were downloaded from the Genomic
Data Commons Data Portal (https://portal.gdc.cancer.gov/, (accessed on 23 May 2019)).
The edgeR Bioconductor package (v. 3.24.3) was used for data pre-processing and differ-
ential expression analyses [14]. A negative binomial generalised log-linear model was
fitted to the read counts for HOXB9, and likelihood ratio tests for tumour vs. normal tissue
differences were conducted using the R package edgeR [14,15]. p-values were adjusted for
multiple comparisons using the Benjamini-Hochberg (BH) approach [16]. The UALCAN
online platform (http://ualcan.path.uab.edu/, (accessed on 23 December 2021) was used to
compare the transcriptional levels of HOXB9 in CRC compared to other types of cancers and
the GEPIA tool (http://gepia.cancer-pku.cn/index.html, (accessed on 27 December 2021))
was used to compare the transcriptional levels of HOXB9 in CRC in comparison with the
rest of the HOX genes [17–19]. Lastly, the OmicSoft Suite with the integrated OncoLand
database (Qiagen, Manchester, UK) was used to assess the HOXB9 gene expression levels
in CRC mutant versus wild-type for the top three somatic mutations in CRC which were
identified using the COSMIC database (https://cancer.sanger.ac.uk/cosmic, (accessed on
22 June 2020)) [20].

2.2. Gene Expression Editing Mechanistic Studies

We initially used the STRING server (https://string-db.org/, (accessed on
23 December 2021)) to define HOXB9 functional partners and further explore its potential
action. For gene-expression-editing studies, the human HCT116 colon adenocarcinoma
cell line was obtained from the American Type Culture Collection (ATCC, Manassas, VA,
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USA) [21]. The plasmid vectors (OriGene, Köln, Germany), pCMV6-AC-HOXB9-GFP
(RG213735), and pCMV6-AC-GFP (PS100010) were used as HOXB9, thereby overexpress-
ing negative control vectors, respectively. For HOXB9 gene silencing, the Silencer® Select
small interfering RNA (siRNA) (Life Technologies, Loughborough, UK) against HOXB9
was used. The non-targeting Silencer® Select siRNA#1 was used as a negative control. The
overexpression and knockdown of HOXB9 efficiency were evaluated at the mRNA and
protein levels using RT-qPCR and Western blotting, respectively. The outcomes were cell
proliferation and fold-change in the RNA expression of EMT markers between the HOXB9
overexpressing cell group and the control group (VIM, CDH1, CDH2, ZEB1, ZEB2, SNAI1,
SNAI2, TWIST) [22]. Cell proliferation was assessed using the Alamar Blue proliferation
assay for up to 120 h post-transfection [22,23]. A detailed methodology of the in vitro
studies is provided in Supplementary Digital Content 1.doc (Supplementary Material S1)
and the flow chart is shown in Figure 1. The normality of the data was evaluated using the
Shapiro–Wilk test. Unpaired two-tailed Student’s t-test (for normally distributed values) or
Mann–Whitney test (for non-normally distributed values) was used to compare differences
between control and treated groups using GraphPad Prism 8 and SPSS v27.

Figure 1. Flow chart of the in vitro experimental studies. (ATCC: American Type Culture Collection,
H: hours).

2.3. In Silico Transcriptional Regulation Prediction of HOXB9 and Gene Set Enrichment Analysis

We used the Cistrome Data Browser (http://dbtoolkit.cistrome.org/, (accessed on
20 December 2021)) to identify HOXB9 putative regulators to further dissect its action
with regard to CRC proliferation. A gene set enrichment analysis (GSEA) of the gene
list identified through the Cistrome DB was performed on the Enrichr server (https://
maayanlab.cloud/Enrichr/, (accessed on 2 December 2021)) to identify potentially related
biological processes.

2.4. Patient Tissue Samples, Clinicopathological Variables and Immunohistochemistry

Approval from the National Research Ethics Committee (Brighton and Sussex REC,
Southcoast, 09/H1103/50/AM05) was obtained for the retrospective use of archived
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formalin-fixed paraffin-embedded (FFPE) human tissue. Available FFPE specimens from
patients (n = 211) who underwent liver resection for CRLM between 2007 and 2014 were
obtained from the institutional archive-management service (http://www.cellnass.com,
(accessed on 15 February 2019)). Demographic, clinicopathological, and treatment-related
variables were collected from institutional electronic records. Survival data were ob-
tained using the NHS Summary Care Record (SCR) electronic system (NHS Digital,
https://digital.nhs.uk/spine, (accessed on 28 October 2020)). Clinicopathological variables
were defined based on the Tumour-Node-Metastases staging system (Table 1) [24,25].

Table 1. Definition of clinicopathological variables in patients with CRLM.

Variable Definition

Age (years) [Date of Operation–Date of Birth]

T T1–T4, Tumour depth as per American Joint Committee on Cancer (AJCC) 8th edition

N N0, N1, N2, Lymph nodal invasion as per AJCC 8th edition

M

M0: No metastatic disease at the time of diagnosis of CRC, (liver metastases were
developed later: metachronous)

M1: Liver metastatic disease present at the time of diagnosis of colorectal cancer
(synchronous)

Stage I–IV, as per AJCC 8th edition

Grade
1: Low differentiation of CRC cells

2: Moderate differentiation of CRC cells
3: High differentiation of CRC cells

Primary Tumour Location Right site: CRC located from the caecum to the transverse colon up to the splenic flexure
Left site: CRC located from the splenic flexure to the rectum

CRLM location Unilobar: metastases present at either the left or right liver lobe
Bilobar: metastases present at both liver lobes

Size of CLRM Size of largest metastatic deposit measured at histopathological examination
(measured in cm)

Number of CRLM Number of metastatic deposits mentioned at histopathology report

CEA CEA level measured at the time of the diagnosis of metastatic liver disease (ng/mL)

Response to neoadjuvant
chemotherapy

Yes: Patient demonstrating either complete or partial response to chemo on CT according to
Response evaluation criteria in solid tumours (RECIST) criteria

No: Patient demonstrating either stable disease or disease progression on CT according to
RECIST criteria

Resection R0: resection margin ≥1 mm
R1: resection margin <1 mm

Local Recurrence Patient demonstrating new intrahepatic disease after first liver resection

Overall Survival Date of death or the date of status checked in the NHS Spine (28 October 2020) minus the
date of discharge.

CRLM: colorectal liver metastases, CRC: colorectal cancer, CEA: carcinoembryonic antigen, NHS: National
health system.

Eligible FFPE blocks (n = 110) containing viable tumours >40% of the surrounding
tissue were selected as donor blocks for tissue microarray (TMA) construction. TMA blocks
consisted of 1.5 mm core biopsies taken from the donor blocks and contained CRLM and
normal liver tissue [26]. Immunohistochemical staining of TMA slides for HOXB9 was
performed with the BenchMark automated Ventana system (Roche Tissue Diagnostics,
Dundee, UK), supplementary digital content 1.doc (Supplementary Material S1). Further-
more, HOXB9 expression was semi-quantified by a consultant pathologist blinded to the
clinical data, in duplicate, with a cooling period of 4 weeks [27]. Staining intensity was
graded as follows, 0: no staining; 1+, weak; 2+, intermediate/strong. The percentage of
stained cells was also estimated and the H-score was calculated by multiplying the staining
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intensity by the percentage of stained cells [28]. To analyse the association of HOXB9
expression with OS in the TMA-CRLM patient cohort, the Reporting Recommendations for
Tumour Marker Prognostic Studies (REMARK) were followed and compliance is reported
in supplementary digital content 2.doc [27] (Supplementary Material S2).

Sample-size calculation requiring a minimum sample of 43 patients was performed
based on previous studies with 85% power and a p-value of 0.05 [11,12,29]. Patients
were categorised based on their H-Score by selecting the median value of the observed
H-Score as a threshold to characterise tumours as H-negative (<10) or H-positive (≥10) [15].
Additionally, among the H-positive patient group, the 30th percentile of the observed H-
score range was used to categorise tumours with high expression (≥50) or low expression
(<50) [27]. Patients corresponding to core biopsies that were lost during TMA slide cutting
(n = 11) as well as patients with 90-day postoperative mortality (n = 3) were excluded from
the final survival analysis. The Kaplan–Meier curves were produced and log-rank test
was conducted to compare OS between different groups based on their HOXB9 expression
(intensity, cell percentage and H-score). Univariable Cox regression was performed to
identify variables that were associated with OS. Multivariable Cox regression analysis was
conducted to adjust for competing prognostic factors. Various multivariable models were
built containing HOXB9 expression as well as statistically and/or clinically significant
variables, which were identified from the univariable analysis [27,30]. Each multivariable
model was assessed for “goodness of fit”, with the Omnibus test of model coefficients
producing the model’s p-value. Models with a p-value ≤ 0.001 have been reported [31].
Analysis was performed using the SPSS package v27.

The association between HOXB9 expression and clinicopathological characteristics was
also explored. Three groups were compared based on their HOXB9 expression: (1) negative:
H-score < 10, low: H-score (10–50) and high: H-score ≥ 50. Differences in continuous
variables were compared using one-way ANOVA, whereas in categorical variables with
2 × 3 Fisher’s exact test using GraphPad Prism 8.

3. Results
3.1. HOXB9 Differential Expression in CRC

There were 644 primary solid tumours and 51 normal samples available in the com-
bined TCGA COAD and READ datasets. Bioinformatics analysis showed that HOXB9
expression was significantly increased in CRC vs. normal colon (p < 0.0001), Figure 2a.
Additionally the UALCAN platform showed that HOXB9 demonstrated the highest expres-
sion levels in CRC among all types of cancers as shown in Figure 2b whilst the GEPIA tool
showed that HOXB9 demonstrated the highest expression levels in CRC in comparison
with the rest of the HOX gene family, Figure 2c. The COSMIC database identified APC,
TP53, and KRAS as the top three somatic CRC mutations with frequencies of 51%, 46%,
and 34%, respectively. The OmicSoft analysis revealed that HOXB9 expression was higher
in mutant CRC versus wild type with highly significant upregulation in KRAS-mutated
samples (p < 0.0001) (Figure 2c–e).

3.2. Impact of HOXB9 Dysregulation in CRC Progression In Vitro

The STRING server showed that the anti-proliferative proteins BTG1 and BTG2 are
among the top ten predicted partners that interact with HOXB9. The gain-of-function
experiments in HCT116 cells included 194 treated versus 196 control samples. Additionally,
HOXB9 overexpression significantly increased cell proliferation in the overexpressing group
compared to that in the control group (Figure 3a,b). Additionally, HOXB9 overexpression
significantly upregulated the mRNA expression of mesenchymal markers VIM (p < 0.0001)
and CDH2 (p < 0.0001), while downregulating the epithelial marker CDH1 (p < 0.0001).
Additionally, the upregulation of important EMT activators ZEB1 (p < 0.0001), ZEB2
(p < 0.0001), SNAI1 (p < 0.01), and SNAI2 (p = 0.018) were also observed (Figure 3c). Loss-
of-function siRNA interference experiments consisting of 189 treated versus 179 control
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HCT116 samples showed that the silencing of HOXB9 markedly suppressed CRC cell
proliferation over five days post gene expression modulation (p < 0.001) (Figure 3d,e).
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d e f 

Figure 2. Differential HOXB9 expression in CRC. (a) Box plot of bioinformatics differential HOXB9
expression in CRC TCGA samples vs. normal tissue samples. Values are expressed in Log2 counts per
million (Log2CPM). (b) Box plot graph produced by the UALCAN web computational server showing
the HOXB9 gene expression levels across all types of cancers in the TCGA datasets. Black arrows
represent the expression levels of HOXB9 in the COAD (colonic adenocarcinoma) and READ (rectal
adenocarcinoma) datasets. Values are shown as Log2transcripts per million (log2TPM). (c) Expression
intensity of 39 HOX genes in CRC from COAD (left column) and READ (right column) datasets.
Colour intensity corresponds to the value of z-score automatically produced by GEPIA server, black
arrow indicates the HOXB9 gene (d) Box plot of HOXB9 differential expression in APC mutant
CRC samples vs. wild type CRC. (e) Box plot of HOXB9 differential expression in TP53 mutant
CRC samples vs. wild type CRC. (f) Box plot of HOXB9 differential expression in KRAS mutant
CRC samples vs. wild type CRC, values expressed as Log2Fragments Per Kilobase of transcript per
Million mapped reads (Log2(FPKM + 0.1)). Box plots of figures (c–e), as well as the p-values, were
automatically generated by the OmicSoft Suite/OncoLand platform (Qiagen, UK) by selecting the
TCGA COADREAD dataset group and the gene-expression command.

3.3. Predicted HOXB9 Regulators and Related Biological Processes

Thirteen TFs were found to potentially regulate the transcription of HOXB9 in CRC
(CDK9, SP1, HEXIM1, CNOT3, TCF7L1/2, TRIM28, TFAP4, MYC, ZBTB17, CDX2, and
POLR2A). Enrichment analysis of the predicted HOXB9 regulators with the Enrichr server
revealed that biological processes related to the regulation of cell proliferation and cell
cycle were among the significantly enriched ones. An interactive illustration of the GSEA
results is provided in the link (https://maayanlab.cloud/Enrichr/enrich?dataset=10db559
14af0d55c6d4a8ee83c2b3936, (accessed on 27 December 2021)).
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3.4. Association of HOXB9 with OS in Patients with CRLM

We investigated the clinical significance of HOXB9 dysregulation by exploring the
association between HOXB9 protein expression levels and OS in a cohort of patients who
underwent liver resection for CRLM. After excluding TMA procedural tissue loss and 90-
day mortality, 96 of the initial 110 patients with a mean age of 66 ± 11 years were included
in the final survival analysis. Patient demographics, clinicopathological characteristics, and
treatment characteristics along with HOXB9 expression are shown in Table 2.
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Figure 3. Impact of HOXB9 gene expression modulation on HCT116 cell proliferation and EMT
markers expression in vitro. (a) HCT116 cell proliferation measured as relative fluorescence (RFU)
after HOXB9 overexpression. Comparison groups were pHOXB9 (overexpressing) and the control
group which was transfected with an empty vector. Y-axis represents time points post-transfection,
(data derived from 3 biological replicates with 8–12 technical replicates). (b) Western blot evaluation
of HOXB9 overexpression in HCT116 cells. In the pHOXB9 group (right) the top band shows the
GFP_HOXB9 fusion overexpressed protein, the middle band shows the endogenous HOXB9 protein
expression and the bottom band shows the expression of β-actin which was used as a loading
control. (c) Histogram showing relative HOXB9 gene expression assessed by RT-qPCR in HCT116
cells from 3 biological replicates in triplicates (ACTB was used as endogenous control gene). (d) RNA
fold change expression of EMT-related transcription factors in HCT116 overexpressing HOXB9 vs.
control group, (data derived from 3 biological replicates assessed in triplicates). (e) HCT116 cell
proliferation measured as relative fluorescence (RFU) after HOXB9 silencing. Comparison groups
were siHOXB9 (silenced) and the negative control group (siNC). Y-axis represents time points post-
transfection, (data derived from 5 biological replicates with 8–12 technical replicates). (f) Histogram
showing the evaluation of HOXB9 % knockdown at mRNA level 24 h post transfection with RT-qPCR
using the ∆∆Cq method. Y-axis represents the % of the relative gene expression normalised to
si-NC samples, the difference between si-NC and si-HOXB9 columns represents the % knockdown
efficiency, (data are derived from 5 biological experiments assessed in triplicates). (g) Histogram
showing relative % protein expression in the si-HOXB9 samples in relation to si-NC, the difference
between si-NC and si-HOXB9 columns represents the % reduction in HOXB9 protein expression 48 h
post transfection, β-actin expression was used as a loading control, data derived from 3 biological
experiments. (h) Western blot evaluation of HOXB9 silencing in HCT116 cells. The top band shows
the HOXB9 protein expression intensity, and the bottom band shows the expression of β-actin which
was used as a loading control. Values in (a,d,e) are presented as mean ± standard error of mean
(SEM) * p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001.
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Table 2. TMA CRLM patient cohort demographics, clinicopathological and treatment-related charac-
teristics categorised per HOXB9 expression (H-Score).

Total
(n = 96)

Neg: <10
(n = 46)

Low: [10–50]
(n = 39)

High: ≥50
(n = 11) p-Value *

Age (mean, SD), [range] 66 (33), [32–81] 68 (11), [32–89] 64 (11), [35–81] 66 (10), [52–82] 0.187
Gender, n (%)

Male 63 (67%) 28 (61%) 25 (64%) 10 (91%) 0.164
Female 33 (33%) 18 (39%) 14 (36%) 1 (9%)

Deceased 74 (77%) 40 (87%) 25 (64%) 9 (82%) 0.195
Primary CRC characteristics

Tumour Location, n (%)
Right colon 15 (16%) 9 (20%) 5 (13%) 1 (9%) 0.402
Left colon 81 (84%) 37 (80%) 34 (87%) 10 (91%)

Tumour Depth, n (%)
T1/2 18 (19%) 8 (17%) 9 (23%) 1 (9%) 0.546
T3/4 78 (81%) 38 (83%) 30 (77%) 10 (91%)

Lymph node status, n (%)
Negative 40 (42%) 19 (41%) 20 (51%) 1 (9%) 0.035
Positive 56 (58%) 28 (59%) 18 (49%) 10 (91%)

Metastases, n (%)
M0 60 (63%) 28 (61%) 23 (59%) 9 (82%) 0.366
M1 36 (37%) 18 (39%) 16 (41%) 2 (18%)

Stage, n (%)
I/II 17 (18%) 8 (17%) 8 (21%) 1 (9%) 0.680

III/IV 79 (82%) 38 (83%) 31 (79%) 10 (91%)
Grade, n (%)

Well/Moderate 70 (73%) 36 (84%) 27 (82%) 7 (88%) 0.923
Poor 14 (15%) 7 (16%) 6 (18%) 1 (12%)

CRLM characteristics

CRLM Location, n (%)
Unilobar 65 (68%) 31 (67%) 25 (64%) 9 (82%) 0.537
Bilobar 31 (35%) 15 (33%) 14 (36%) 2 (18%)

Number of CRLM, n (%)
<4 77 (80%) 37 (80%) 31 (80%) 9 (82%) 0.985
≥4 19 (20%) 9 (20%) 8 (20%) 2 (8%)

Size of CRLM (cm), n (%)
<5 77 (80%) 37 (80%) 30 (77%) 10 (91%) 0.589
≥5 19 (20%) 9 (20%) 9 (23%) 1 (9%)

CEA (ng/mL), n (%)
<20 33 (34%) 20 (77%) 12 (100%) 1 (50%) 0.387
≥20 7 (7%) 6 (23%) 0 (0%) 1 (50%)

Neoadjuvant Chemo, n
(%)
Yes 74 (77%) 35 (76%) 30 (77%) 9 (82%) 0.919
No 22 (23%) 11 (24%) 9 (23%) 2 (18%)

Local Recurrence, n (%)
Yes 31 (32%) 14 (30%) 14 (36%) 3 (27%) 0.865
No 61 (64%) 28 (70%) 25 (44%) 8 (73%)

TMA: tissue microarray, SD: standard deviation, CRLM: colorectal liver metastases, CRC: colorectal cancer, CEA:
carcinoembryonic antigen, *: 2 × 3 fisher’s exact test.

Regarding the HOXB9 protein, no statistical difference was observed in survival
Kaplan–Meier curves between patients with a 0, 1+, and 2+ HOXB9 staining intensity
(Figure 4a–e). Among patients who expressed HOXB9, those who had a high percentage of
stained cells had worse survival compared to patients with a low percentage of stained cells
(Figure 4f). Patients were also compared based on their H-scores, as shown in Figure 4g.
Among the patients who demonstrated positive endogenous HOXB9 (H-positive) expres-
sion, those who had high HOXB9 levels demonstrated significantly worse OS than those in
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the low-level group (p = 0.036). To further evaluate whether HOXB9 expression levels could
be a potential independent prognostic factor, a Cox regression analysis was conducted in
the patient group who demonstrated endogenous HOXB9 expression (H-positive) (n = 50).
Univariable Cox regression identified factors that have a prognostic role in OS after liver re-
section for CRLM and are shown in Table 3. In the univariable analysis, an inverse tendency
between HOXB9 levels and OS was found (HR: 2.1; 95% CI: 0.98–4.63, p = 0.056) (Table 3).
In terms of a multivariable assessment, all three multivariable models showed that among
patients who expressed HOXB9, those with high expression seemed to demonstrate an
increased risk for worse OS with an HR between 3.8, 95% CI 1.2–12, p = 0.023 to 4.2, 95%
CI 1.7–10.1, p = 0.002 (Table 3). Local recurrence was another factor that demonstrated a
significant adverse prognostic role in all three models (p = 0.001). Lastly, the size of CRLM
≥5 cm also seemed to increase the likelihood of worse OS (multivariable models 2 and 3)
(Table 3).

Figure 4. HOXB9 protein expression and OS in patients with CRLM after liver resection. (a–d) Inten-
sity of HOXB9 protein expression assessed by immunohistochemistry in CRLM tissues. (e) Kaplan–
Meier curve of OS in CRLM patients based on staining intensity: 0 (blue line), 1+ (green line) and 2+
(red line). (f) Kaplan–Meier curve of OS in CRLM patients based on the percentage of stained cells:
<10% (negative, blue line), 10–50% (low, green line) and ≥50% (high, red line). (g) Kaplan–Meier
curve of OS in CRLM patients based on H-score: <10 (negative, blue line), 10–50 (low, green line) and
≥50 (high, red line).
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4. Discussion

In this study, we observed that HOXB9 gene was not only significantly upregulated in
cancer vs. normal colon, but its levels were significantly increased when KRAS mutations
were present. KRAS mutant CRC is a molecular subtype of CRC, which demonstrates
resistance to standard chemotherapy and immunotherapy [32]. Additionally, KRAS is
an established marker of a negative prognosis in patients with primary and metastatic
CRC, and the upregulation of HOXB9 in KRAS mutant samples indicates its potential
association with aggressive tumour biology [33]. Indeed, studies by Hoshino et al. and
Huang et al. have reported a positive association between high HOXB9 protein levels and
lymph node invasion, presence of distant metastases, and poor differentiation in patients
with CRC [11,12]. Additionally, in our systematic review, we found by conducting a post
hoc meta-analysis that high HOXB9 expression levels were associated with a significantly
increased risk for metastases (OR 4.14, 95% CI: 1.64–10.43, p = 0.003) [10]. In our CRLM
patient group, although we did not find a significant association with the adverse CRLM
characteristics, we noticed that high HOXB9 levels were positively correlated with the
presence of metastatic disease in the regional lymph nodes at the time of the primary cancer
resection, indicating that HOXB9 may promote CRC progression and affect survival.

Four studies have demonstrated that HOXB9 significantly affects OS in patients with
CRC. Interestingly, studies have shown contradictory results with those of Song et al. [34]
and Zhan et al. [13] supporting a favourable prognosis, whereas Hoshino et al. [12] and
Huang et al. [11] indicated a negative HOXB9 prognostic role in patients with high HOXB9
levels and with CRC after bowel resection. In our study, we included patients with CRLM
after liver resection and our findings are more consistent with studies by Hoshino et al. and
Huan et al., as Kaplan–Meier showed that among patients who express HOXB9, those with
high staining intensity had worse OS than patients with low levels. Interestingly, we found
no difference when patients were categorised based on their staining intensity. The HOXB9
expression level, as an independent risk factor for OS in CRC, has not been previously
assessed in multivariable models. Carbone et al. explored the prognostic role of HOXB9
in disease-free survival (DFS) and reported that HOXB9 expression was an independent
adverse risk factor for worse DFS in stage IV CRC and possibly more important compared
to KRAS and BRAF mutations, which are well-known negative prognostic markers in
CRC/CRLM [29,33]. From a bioinformatics analysis that we performed, we also found that
patients with high HOXB9 mRNA levels demonstrated lower DFS survival rates, whereas
we observed no difference in OS rates between the high and low HOXB9 mRNA expressing
group (HR: 1 (0.92–1.1), p = 0.620, data not shown herein). In our study, in all three
multivariable models, a high HOXB9 H-Score and intrahepatic recurrence were the two
factors that retained significance as adverse independent prognostic factors in CRLM. The
size and number of CRLMs, as well as the development of local recurrence after first liver
resection, are well-established prognostic factors in CRLM, indicating that tumour biology
plays a vital role in determining prognosis [33,35]. In our study, high HOXB9 levels appear
to potentially increase the likelihood of worse OS, similar to the presence of intrahepatic
recurrence, which highlights the importance of HOXB9 as a potential prognostic marker in
CRLM and suggests that HOXB9 may play an oncopromoting role in CRC. Nevertheless,
it has to be acknowledged that to date no definite conclusion can be made regarding the
exact association of HOXB9 with OS in patients with CRC indicating the need for further
research to elucidate the prognostic role of HOXB9. Additionally, given the fact that stage
plays an important role as a selection criterion during a biomarker study, it is suggested
that a larger biomarker study restricted to certain stages is needed to further explore the
association of HOXB9 with OS in CRC [27].

HOXB9 protein appears to be the most frequently investigated protein among all
other HOX proteins in CRC. However, it is interesting that studies report contradictory
findings in terms of its clinicopathological significance as well as its mechanistic role in
CRC progression. Studies including our own, report opposing findings regarding the asso-
ciation of HOXB9 in OS [10–13]. This could be attributed to the different methodological
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approaches implemented by the studies with regard to the categorization of high and low
HOXB9 expression patient groups. For instance, despite the fact that studies used IHC as
an evaluation method of HOXB9 protein expression, the categorization based on staining
intensity varied between studies [10–13]. Additionally, in our study, we accounted for
both the intensity as well as the percentage of stained cells to ensure a more robust classi-
fication method of HOXB9 protein expression. Likewise, the experimental observations
also differed between studies with regard to the role of HOXB9 in CRC progression. Our
study, Huang et al. [11] and Hoshino et al. [12] reported a potential tumour promoting role
of HOXB9 whereas Zhan et al. [13] observed a potential tumour suppressive function of
HOXB9 in CRC [10]. Variability in the selection of downstream functional assays could be
one reason for the contradictory findings. Additionally, HOX proteins undergo significant
post-translational modifications which can cause changes in their functions highlighting
their potential dual role in cancer [36]. Acetylation has been found by Wan et al. to be an
important post-translational modification of HOXB9, resulting in the downregulation of
its target gene jumonji domain-containing protein 6 (JMJD6), and subsequently causing a
suppression in tumour growth and the migration of in lung adenocarcinoma in vitro [37].

In our gain-of-function experiments, we found that HOXB9 overexpression signifi-
cantly increased in vitro cell proliferation, indicating a tumour-promoting role; however,
the mechanism by which HOXB9 affects cell proliferation in CRC is still unknown. Our
protein–protein network analysis showed that important proteins related to cell prolif-
eration may interact with HOXB9. Additionally, TFs that are predicted to regulate the
transcription of HOXB9 were enriched in processes related to cell proliferation and the cell
cycle, leading to the hypothesis that HOXB9 may play an important role in the cell cycle.
This hypothesis is supported by findings from studies conducted in other types of cancer,
showing that HOXB9 knockdown results in cell-cycle arrest, indicating that it may be an
important molecular component of the cell cycle and may be a promising target for novel
personalised gene therapy [38]. Nevertheless, further research in the area of CRC is needed
to obtain more evidence on the role of HOXB9 in the cell cycle and cell proliferation. Our
study also showed that the RNA expression of important EMT molecular markers and acti-
vators was significantly altered. We showed that the mesenchymal markers VIM and CDH2,
which encode for vimentin and N-cadherin, respectively, were significantly upregulated. In
contrast, CDH1, which encodes the epithelial marker E-cadherin was downregulated. These
findings indicate that HOXB9 may contribute to the so-called “cadherin switch”, which is
a hallmark of EMT, enabling cancer cells to obtain metastatic potential [39]. Additionally,
our experiments showed that the RNA expression of EMT activators such as ZEB1, ZEB2,
SNAI1, and SNAI2 was significantly upregulated after HOXB9 overexpression, supporting
the hypothesis that HOXB9 may promote CRC progression. Interestingly, HOXB9 has
recently been recognised as an important TF that plays a vital role in cancer progression by
activating EMT through important signalling pathways, including the transforming growth
factor beta (TGF-β) and wingless-related integration site (WNT) signalling pathways [6–8].
Furthermore, HOXB9 high expression has been attributed to the promotion of angiogenesis
and resistance to anti-angiogenic treatment with bevacizumab in CRC, indicating that
silencing HOXB9 could be a promising approach to modulate this resistance [8,29].

To assess whether HOXB9 could be a potential therapeutic target, we transiently
silenced its expression, and we observed that the exponential logarithmic growth of HCT116
cells was significantly disrupted in the intervention group. Our in vitro findings are
similar to the in vivo findings reported by Hoshino et al. and Huang et al., who also
showed that HOXB9 overexpression increased tumour growth, whereas silencing caused
the development of fewer lung and liver metastases in nude mice compared to their control
group [11,12].

Our study has limitations which should be considered when interpreting its findings.
First, this translational prognostic-marker study was based on a small retrospective co-
hort study. Challenges in optimal biological tissue collection were recognised as FFPE
specimens were based on their availability. However, according to our a priori sample
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calculation based on published studies, our sample size was sufficient to allow for an
accurate analysis of our data [11,12]. Additionally, in contrast with the currently published
studies, we used various multivariable models to obtain more evidence on the effect of
HOXB9 on OS in CRLM, in compliance with the REMARK criteria. Second, in our study,
we used the TMA approach to analyze HOXB9 protein expression in CRLM tissues, which
potentially introduces selection bias as it consists of core biopsies instead of a larger section
and limits the tumour-heterogeneity inspection. In our initial optimization IHC experi-
ments, we noticed that HOXB9 showed heterogeneous staining where some areas were
negative, whereas in others, positive staining was observed. Considering this observation,
the possible misclassification of a patient as a false negative for HOXB9 expression could
not be excluded. Despite the limitations of this approach, TMA is a well-established and
widely used technique for biomarker studies and biobanks. To overcome this limitation,
we chose the maximum available TMA diameter of 1.5 mm instead of 0.6 mm. Finally,
another limitation is that there are no gold-standard classification criteria for immuno-
histochemical evaluation of HOXB9 expression. To strengthen our study, we used two
different categorisation approaches based on staining intensity and H-score. Considering
that HOXB9 is emerging as a crucial prognostic factor in various cancers, a consensus
to standardise HOXB9 grading in cancers is urgently needed and the above limitations
could be potentially minimised by the design of a larger-scale HOXB9 biomarker study.
In addition, to validate the hypothesis generated by the survival analysis, we conducted
in vitro experiments in addition to our initial bioinformatics analysis.

Our study has several implications which should be explored in future research.
CRC/CRLM patients, especially those with KRAS mutations, represent a major treatment
challenge and have a worse prognosis [29,33]. Our findings showed that in the HCT116
cell line which harbours KRAS mutation according to the ATCC records, silencing of
HOXB9 markedly suppressed cell growth, indicating that HOXB9 may be a novel target
for the development of new anticancer agents for resistant CRC/CRLM. The possibility
of achieving response and disease control with precision medicine by targeting HOXB9
in a selected group of patients may potentially improve the respectability rates for liver
resection and may eventually improve outcomes.

5. Conclusions

In conclusion, our study found that HOXB9 may exert an oncopromoting role in CRC
by accelerating cell growth and activating EMT. Additionally, our study demonstrates that
HOXB9 may play an important role in the OS of patients with CRLM after liver resection.
Lastly, we showed that HOXB9 knockdown disrupts CRC cell growth in vitro, indicating
that silencing this gene might be a novel approach for the development of personalised
gene-directed therapy in primary and metastatic CRC.
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Abstract: The identification of robust prognostic markers still represents a need in locally advanced
rectal cancer (LARC). MicroRNAs (miRs) have progressively emerged as promising circulating mark-
ers, overcoming some limitations that traditional biopsy comprises. Tissue miR-199b deregulation
has been reported to predict outcome and response to neoadjuvant chemoradiotherapy (nCRT) in
LARC, and was also found to be associated with disease progression in colorectal cancer. However, its
biological and clinical relevance remains to be fully clarified. Thus, we observed here that miR-199b
regulates cell migration, aggressiveness, and cell growth, and inhibits colonosphere formation and
induces caspase-dependent apoptosis. Moreover, miR-199b expression was quantified by real-time
PCR in plasma samples from LARC patients and its downregulation was observed in 22.7% of cases.
This alteration was found to be associated with higher tumor size (p = 0.002) and pathological stage
(p = 0.020) after nCRT. Notably, we observed substantially lower global miR-199b expression associ-
ated with patient downstaging (p = 0.009), as well as in non-responders compared to those cases who
responded to nCRT in both pre- (p = 0.003) and post-treatment samples (p = 0.038). In concordance,
we found that miR-199b served as a predictor marker of response to neoadjuvant therapy in our
cohort (p = 0.011). Altogether, our findings here demonstrate the functional relevance of miR-199b in
this disease and its potential value as a novel circulating marker in LARC.

Keywords: MiR-199b; tumor suppressor; prognosis; LARC

1. Introduction

Colorectal cancer (CRC) is already the third leading cause of cancer death in the
world, with rectal cancer (RC) representing almost 30% of total CRC cases, and its inci-
dence is steadily rising in developing countries and in younger patients [1]. According
to GLOBOCAN data, CRC is also the third most commonly diagnosed form of cancer
globally, comprising 10% of all cancer diagnoses [2]. In Spain, around 43,600 new cases
of CRC have been diagnosed in 2021, from which more than 14,200 were RC patients [3].
Locally advanced rectal cancer (LARC), defined as clinical stage II (T3-4, lymph node
negative) or stage III (lymph node positive) disease has experienced a great paradigm shift
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in management over the past few decades given the anatomical constrictions of the pelvis
and the risk for local recurrence and distant metastasis. Despite advances in preoperative
treatment and surgical techniques, response to neoadjuvant chemoradiotherapy (nCRT)
varies among patients and, while nearly 40% of LARC patients achieve partial responses,
about 20% have a pathological complete response (pCR). Thus, health-related quality of
life and survival still remain suboptimal in patients with this disease [4,5]. Moreover, given
the achievement of pCR in a wide range of patients undergoing nCRT and the major effects
and complications of total mesorectal excision (TME) surgery, there is a growing interest
in the identification of patients that could benefit from a watch and wait (W&W) clinical
approach. This novel strategy could avoid surgery in around 25% of cases and supports
organ preservation, avoiding unnecessary postoperative morbidity with good long-term
oncological outcomes and improving quality of life in highly selected patients [6,7]. Thus,
the RAPIDO and PRODIGE 23 phase III randomized clinical trials have recently shown
that the addition of neoadjuvant chemotherapy to a standard short- or long-course radia-
tion significantly decreases the risk of metastatic progression and associates with a better
disease-free survival in LARC patients [8,9].

In the last decades, advances in medical oncology have improved the treatment of
patients and their outcomes, but the current use of traditional biopsies based on obtaining
tumor tissue has several limitations in the developing era of precision medicine, mainly due
to the progression of cancer and the onset of therapy resistance [5]. In this regard, research
is constantly moving forward to find more accurate and personalized biomarkers [10]. In
fact, there is a critical need to identify novel biomarkers with high specificity and sensitivity
in LARC patients [11,12]. Liquid biopsy represents a promising tool for biomarker detection
due to its potential to overcome many of the limitations of classical biopsy. The obtention
of liquid biopsies is minimally invasive and can be repeated several times. Moreover, it is a
cost-effective method that can be used to screen and monitor both disease evolution and
treatment response as well as to identify cellular subclones involved in relapse, metastasis
or treatment resistance [13,14]. Liquid biopsy refers to the isolation of cancer-derived
components, such as circulating tumor cells (CTC), circulating tumor DNA (ctDNA),
microRNAs (miRs), long non-coding RNAs (lncRNAs) and proteins, from peripheral blood
or other body fluids, and their genomic or proteomic assessment [15]. In this context, miRs
appear to be good candidates as liquid biopsy-based cancer biomarkers. They are gaining
more attention than other potential biomarkers detectable in liquid biopsies, and seem to be
potential candidates in predicting LARC and CRC prognosis and therapy response, since
they are easily detectable, highly stable in biological fluids, and show higher sensitivity
and specificity compared to other circulating tumor components [14,16,17].

MiRs are highly conserved endogenous non-coding and single-stranded RNAs of
18–25 nucleotides in length. Generally, miRs negatively regulate gene expression via bind-
ing to the 3′-untranslated region (3′-UTR) of their target mRNAs that result in transcrip-
tional repression with or without mRNA degradation [17–20]. Previous studies have
indicated that altered expression levels of circulating miRs are related to cellular transfor-
mation and carcinogenesis progression in different tumor types [21–29]. MiRs have been
implicated in development and progression of CRC by functioning as oncogenes or tumor
suppressors [30]. MiR-199b downregulation has been associated with tumorigenesis and
metastasis in various human cancers through the alteration of different signaling pathways.
In fact, miR-199b overexpression has been reported to decrease proliferation, migration and
invasion in hepatocellular carcinoma cells by directly binding and negatively regulating
JAG1, thereby influencing Notch signaling [31,32]. The Notch signaling pathway has been
described to be indirectly regulated in medulloblastoma by miR-199b. This miR negatively
correlates with HES1, a key Notch effector, impairing CD133+ stem cell-like subpopulation
of cancer cells, demonstrating the key role of miR-199b in directly targeting CD133 expres-
sion [33,34]. Moreover, this miR has a significant tumor suppressive function in the invasion
and metastasis of prostate and triple negative breast cancers [35,36] regulating epithelial to
mesenchymal transition (EMT) through the inhibition of the DDR1-ERK signaling axis. It
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has been described that miR-199b is repressed in breast cancer cells, and its overexpression
reduces tumor growth and angiogenesis by directly targeting ALK1 [37]. All of these targets
have also been described to be deregulated in CRC, which would confirm the possible con-
tributing role of miR-199b in tumor progression and metastasis through the regulation of
multiple signaling pathways. CircNSD2 was found to target miR-199b in CRC cells leading
to DDR1/JAG1 activation and promoting the development of metastatic disease [38]. Our
group has previously reported that miR-199b could be involved in regulating tumor stem-
ness through CD133 modulation, since a negative correlation between this miR and CD133
in CRC cell lines has been shown and further confirmed in metastatic CRC patients [39].
Moreover, it has been described that the deregulation of the ALK1/TGF-β signaling path-
way enhanced both EMT of tumor cells and self-renewal ability of cancer stem cells in
CRC, thereby contributing to disease progression, suggesting a role of miR-199b in this
issue [40,41], as it occurs in other tumor types described above. Notably, miR-199b down-
regulation has been described to be associated with increased cell invasion and migration
in CRC, promoting cancer progression and metastasis by SIRT1/CREB/KISS1 signaling
pathway regulation, SIRT1 being a direct target of this miR [42]. The contribution of the
miR-199b target SET to these functional effects with a particular interest in LARC should
also be considered. Thus, patients with LARC are treated with a 5-fluorouracil (5-FU) based
preoperative CRT, and it has been reported that SET determines CRC cell sensitivity to this
chemotherapeutic agent [43,44].

In summary, miR-199b has emerged as a promising clinical biomarker for CRC and
LARC patients [45,46], but some aspects regarding miR-199b-induced effects at the func-
tional level in this disease still remain to be fully clarified, as well as its potential clinical
usefulness not only as a tissue tumor marker but also as a circulating marker.

In this report, we aimed to further explore the biological role of miR-199b expression
in disease progression and analyze its potential value as a circulating marker in LARC.
Thus, we observed that miR-199b regulates cell migration and aggressiveness, inhibits
colonosphere formation and induces caspase-dependent apoptosis in CRC cells. Moreover,
we studied miR-199b expression in plasma samples of LARC patients, observing that its
downregulation is a common event strongly associated with relapse and lack of response
to nCRT. Clinically, our results here are concordant with our previous findings in tumor
biopsies and provide a preliminary basis for the use of miR-199b as a circulating marker in
LARC patients.

2. Results
2.1. MiR-199b Regulates Cell Migration and Agressiveness

We aimed to investigate the functional relevance of miR-199b deregulation as an
alteration that could be contributing to disease progression. We started analyzing potential
changes in cell migration of the CRC cell lines SW480 and HT-29 after an ectopic modulation
of this miR. Quantification of miR-199b was performed to confirm the efficacy of the
transfections (Table S1). We performed wound-healing assays and observed that miR-199b
overexpression substantially reduced migration in SW480 cells, whereas the opposite effect
was found in the same cell line after miR-199b silencing. However, results did not achieve
statistical significance in SW480 cells transfected with anti-miR-199b. These observations
were confirmed in the HT-29 cell line, which showed similar regulation of its migration
ability when miR-199b was overexpressed or silenced, respectively, and differences were
statistically significant in both cases with this cell line (Figure 1).

Given that SET has been reported in previous works from our group as a key direct
target of miR-199b, we also analyzed the role of the miR-199b/SET axis in cell migration.
We first confirmed the previously published role of miR-199b as a direct negative SET
regulator (Figure S1). Next, we performed transwell migration assays showing that SET
overexpression totally restored the miR-199b-derived inhibition of cell migration in both
SW480 and HT-29 cells (Figure S2).
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To confirm the antitumor effects of miR-199b, we next performed colony-formation
assays in soft agar to analyze whether this miR could also affect the aggressiveness of CRC
cells by altering its anchorage-independent growth ability. We observed that colony for-
mation was markedly inhibited in both SW480 and HT-29 cells ectopically overexpressing
miR-199b. Of note, we did not find changes in these cell lines after miR-199b silencing
compared with the negative controls (Figure 2). As expected, we found that the ectopic
expression of SET was able to totally restore the miR-199b-induced effects in both the
SW480 and HT-29 cell lines (Figure S3A). We also observed marked differences in the size
of the colonies formed with the SW480 cell line (Figure S3B). Based on these findings, we
also evaluated the role of this signaling axis in CRC cell growth. In concordance with soft
agar assays, we observed that ectopic expression of SET significantly restored the anti-
proliferative effects of miR-199b in both SW480 and HT-29 cells (Figure S4). Altogether, our
observations indicate that miR-199b plays a role in disease progression and aggressiveness
by regulating cell migration and the colony-forming ability of CRC cells.

2.2. MiR-199b Induces Apoptosis and Inhibts Colonosphere Formation

The markedly reduced size of the colonies obtained in colony-forming assays prompted
us to analyze whether miR-199b could be affecting apoptosis in CRC cells. Thus, we ob-
served that miR-199b overexpression led to enhanced caspase-dependent apoptosis in both
SW480 and HT-29 cells (Figure 3). However, we did not find differences in the apoptotic
levels of CRC cell lines after miR-199b silencing compared to negative controls, which was
in concordance with the results obtained in soft agar experiments (Figure 2).

We further explored the biologic effects of miR-199b deregulation in CRC by analyzing
the colonosphere formation ability of SW480 and HT-29 cells. Notably, miR-199b overex-
pression led to significant decreased colonosphere formation ability in both number of
colonospheres formed (Figure 4) and cells per colonosphere (Figure S5), suggesting that
miR-199b would be playing an important role in colonosphere formation and self-renewal
of CRC cells. Conversely, colonosphere formation was enhanced by the transfection with
anti-miR-199b in both cell lines, but significance was only achieved in SW480 cells.
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2.3. Analysis of miR-199b Expression Levels as Circulating Markers in Larc Patients and Its
Association with Molecular and Clinical Parameters

To evaluate the potential usefulness of miR-199b as a circulating marker in LARC,
we obtained liquid biopsies from a series of 22 patients that were diagnosed by LARC,
underwent 5-FU-based nCRT in Fundación Jiménez Díaz Hospital and had clinical follow-
up data available. A summary of the molecular and clinical characteristics of the cohort
studied is shown in Table S2, and the same information of each case included in the study
is provided in Table S3. We observed miR-199b downregulation in 22.7% of cases (5 out
of 22). Notably, we found a significant correlation between miR-199b downregulation and
higher tumor size after nCRT (p = 0.002), as well as higher pathological stage (p = 0.020).
Interestingly, patients with low miR-199b levels also showed correlation with lymph node
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positivity after nCRT, but statistical significance was not achieved in this case (p = 0.091).
The association between miR-199b expression and clinical and molecular characteristics is
included in Table 1.
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images showing the colonospheres formed in the different conditions. The graphs show the number
of SW480 and HT-29-derived colonospheres obtained after transfection with pre-miR-199b and
anti-miR-199b; * p < 0.05; ** p < 0.01. Scale bar: 200 µm.

Table 1. Association of miR-199b expression with clinical and molecular characteristics in a cohort of
22 liquid biopsies from LARC patients.

Parameter No. Cases No. miR-199b
High (%)

No. miR-199
Low (%) p

MiR-199b 22 17 (77.3) 5 (22.7)

Gender 22 17 5 0.078

Male 12 11 (91.7) 1 (8.3)
Female 10 6 (60) 4 (40)

Age 22 17 5 0.962

<70 13 10 (76.9) 3 (23.1)
≥70 9 7 (77.8) 2 (22.2)

Grade pre-CRT 1 22 17 5 0.211

Low 14 12 (85.7) 2 (14.3)
Moderate-High 8 5 (62.5) 3 (37.5)

Clinical stage pre-CRT 22 17 5 0.312

II 3 3 (100) 0 (0)
III 19 14 (73.7) 5 (26.3)

ECOG 2 22 17 5 0.962

0 13 10 (76.9) 3 (23.1)
1 9 7 (77.8) 2 (22.2)
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Table 1. Cont.

Parameter No. Cases No. miR-199b
High (%)

No. miR-199
Low (%) p

ypT 3 20 15 5 0.002

0–2 12 12 (100) 0 (0)
3–4 8 3 (37.5) 5 (62.5)

ypN 4 20 15 5 0.091

0 14 12 (85.7) 2 (14.3)
1–2 6 3 (50) 3 (50)

Pathological stage 20 15 5 0.020

yp0-I 9 19 (100) 0 (0)
ypII-III 11 6 (54.5) 5 (45.5)

1 CRT = Chemoradiotherapy; 2 ECOG = Eastern Cooperative Oncology Group; 3 ypT = tumor size after CRT;
4 ypN = pathological lymph node after CRT.

2.4. Circulating miR-199b Expression Levels Predict Pathological Response to nCRT and
Recurrence in LARC Patients

We next evaluated the clinical impact of miR-199b as a predictor of response to
preoperative CRT in LARC. Our patient cohort was stratified into responders and non-
responders to neoadjuvant therapy. As a preliminary analysis we compared global miR-
199b expression between both subgroups, observing that the subgroup of non-responders
had substantially lower miR-199b levels than responder patients (p = 0.003) (Figure 5).

In concordance with these observations, we found that miR-199b downregulation
served as a circulating marker predictive of lack of response to nCRT in our patient cohort
(p = 0.011) (Table 2).

To further evaluate the clinical relevance of miR-199b as a novel circulating marker
in LARC patients, we also studied its prognostic value to predict both patient recurrence
and downstaging. MiR-199b was found downregulated in two out the three cases with a
reported recurrence in our cohort, and the association was very close but failed to achieve
statistical significance in this case (p = 0.051) (Table S4). However, we observed that the
subgroup of cases with low miR-199b levels was significantly associated with a lack of
downstaging when we compared the clinical stage before and after nCRT in our patient
cohort (Table 3).
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Figure 5. MiR-199b downregulation associates with lack of response to nCRT in pre-treatment
samples of LARC patients. The box-plot shows miR-199b expression levels in LARC patients stratified
by response or non-response to nCRT treatment. The responder group corresponds to cases with
moderate or complete response (RYAN 0 and 1), including cases following the W&W protocol. The
non-responder group includes those with minimal or none complete response (RYAN 2 and 3).
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Table 2. Association between response to nCRT and miR-199b expression in liquid biopsies from
LARC patients.

Response to Neoadjuvant CRT 1

Response No. Cases Responders 2 (%) Non-Responders 3 (%) p

MiR-199b expression 22 11 11 0.011

Low 5 0 (0) 5 (100)
High 17 11 (64.7) 6 (35.3)

1 CRT = chemoradiotherapy; 2 Responders = cases with moderate or complete pathological response, and cases
following W&W strategy; 3 Non-Responders = cases with poor or minimal pathological response.

Table 3. Association between downstaging and miR-199b expression in liquid biopsies from LARC patients.

Downstaging No. Cases Yes (%) No (%) p

MiR-199b expression 22 15 7 0.009

Low 5 1 (20) 4 (80)
High 17 14 (82.4) 3 (17.6)

Finally, we investigated potential changes in the miR-199b expression profile analyzing
paired liquid biopsies from our initial cohort obtained after the neoadjuvant treatment. We
could include post-treatment samples from 16 out of the 22 cases with enough material
available. Interestingly, we found no differences in miR-199b expression levels between the
subgroups of pre- and post-treatment samples (p = 0.649) (data not shown). Moreover, we
observed decreased miR-199b levels with a fold change of 7.20 in post-treatment samples
when we compared responders vs. non-responders, which is concordant with the results
obtained in the pre-treatment specimens. Differences were statistically significant between
subgroups (p = 0.038) (Figure S6).

3. Discussion

In recent years, many studies in the literature have evaluated the usefulness of miRs as
liquid biopsy biomarkers. MiRs function as key regulators of diverse biological processes
with high relevance in cancer, acting as oncogenes or tumor suppressors depending on their
target genes, and have been involved in the pathogenesis of many tumor types [47–50].
Great insights into the implication of miRs in tumorigenesis and metastasis have allowed us
to better understand the molecular mechanisms of disease development and progression,
their potential clinical impact as biomarkers, and the investigation of miR-based therapies.

It has been reported that miR-199b is downregulated in several cancers and exerts
tumor suppressive functions in tumor cell growth, invasion and metastasis [35,36,49,50].
In previous works from our group we have already studied the association of miR-199b
with CRC progression, but it is still necessary to fully evaluate the biological role of
miR-199b deregulation and its oncogenic properties. In the present work, we observed
that miR-199b significantly reduces cell migration (Figure 1) and colony-forming ability
(Figure 2). These results were in line with our initial hypothesis since miR-199b has been
identified to negatively modulate SET [39], a key regulator of cell migration in CRC [51,52].
In fact, the potential role of the miR-199b/SET signaling axis in cell migration was also
evaluated by transwell migration assays, observing that SET overexpression reversed
the migration inhibitory effects of miR-199b (Figure S2). In fact, we show here that the
ectopic expression of SET totally restores the miR-199b induced effects in colony formation
ability (Figure S3), and the relevance of the miR-199b/SET axis was also evaluated and
confirmed in cell proliferation (Figure S4). Furthermore, the observed effects of this miR in
cell migration could also be explained by the fact that miR-199b also regulates additional
targets such as JAG1 [31,32,38], DDR1 [35,36,38] or SIRT1 [42], which have been reported to
be involved in the regulation of cell migration and invasion in CRC, as well as in other tumor
types. Moreover, we analyzed the effect of miR-199b modulation on caspase-dependent
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apoptosis and we found a markedly enhanced number of apoptotic CRC cells after miR-
199b overexpression. Thus, our results in Figure 3 are in concordance with previous
observations reporting changes in CRC cell viability after ectopic miR-199b modulation [39].
These miR-199b-derived antitumor effects could probably be explained by its role as
a negative regulator of several of those targets indicated above. We also showed that
colonosphere formation ability was altered after miR-199b overexpression, substantially
decreasing not only the number of colonosphere-derived cells formed (Figure 4), but also
the number of cells per colonosphere (Figure S5). These observations could be due to the
effect of miR-199b regulating targets such as SET or CD133 that have been described to
regulate CRC cell stemness [34,37]. In fact, colonosphere derived CRC cells have been found
to be enriched in CD133 expression, and to show a concomitant miR-199b downregulation.
Of note, it can be noticed that in vitro experiments using anti-miR-199b showed that it
had a significantly lower effect than pre-miR-199b. This issue can be explained by the fact
that CRC cell lines including both SW480 and HT-29 have been described to express very
low basal levels of this miR [39]. In fact, in concordance with the in vitro results showed
in the present work, it has been previously reported that the same slight effects in both
proliferation and modulating of PP2A activity exist with the anti-miR-199b due to this
issue [39,44]. Notably, the miR-199b basal expression is even lower in SW480 cells than
in HT-29 cells (as we also confirmed here, Table S1), which could explain that the effects
of miR-199b silencing in cell migration that we found here only achieved significance in
the HT-29 cell line (Figure 1). Altogether, the functional relevance of this miR is probably
due to the contribution of several regulated targets of different signaling pathways, as
explained above.

Regarding the clinical impact of miR-199b in LARC, we have previously studied its
relevance as a prognostic tissue marker in LARC [44], results that were recently validated
in a larger and independent cohort [45]. Moreover, miR-199b was also identified by
Baek et al. [46] as one of the miRs with a potential clinical value as circulating preoperative
marker in serum and exosomes-derived samples, determining its overexpression in higher
survival rates. In concordance with the previous data and our findings with miR-199b as a
tumor tissue marker in LARC patients, we found miR-199b downregulated in 22.7% of cases,
compared with the prevalence of 26.4% and 22.2% obtained in our recent works [44,45].
Interestingly, we described that miR-199b downregulation associates with higher tumor
size and higher pathological stage after nCRT (Table 1), as previously described [44]. We
next stratified our cohort by the response to nCRT and observed lower miR-199b levels
in the subgroup of non-responder cases (Figure 5). Notably, we also found that plasma
expression levels of this miR had a predictive value of response to nCRT (Table 2), results
that are similar to those obtained for the same miR as tumor tissue markers [44,45], and
significantly associated with patient downstaging (Table 3). Moreover, we analyzed paired
liquid biopsies after nCRT and also observed a marked reduction of miR-199b expression
in the subgroup of non-responders (Figure S6), further supporting the findings described
in pre-treatment samples. However, our findings here need to be confirmed in larger
independent cohorts since the low number of cases analyzed in this work together with the
lack of a training and a validation set of cases represents a strong limitation of the study,
and the conclusions should be taken with caution.

The involvement of miR-199b deregulation in CRC progression has been previously
reported in the literature. Thus, it has been described that miR-199b is downregulated in
hepatic metastasis tissues from CRC patients [42], which was also described by our group in
metastatic CRC [39] and LARC patients [45], observing that the subgroup of patients with
low miR-199b expression showed markedly higher recurrence rates. These observations
prompted us to explore the potential involvement of this miR in disease progression in
liquid biopsies as well. We found a strong association between low miR-199b levels and
relapse (Table S4), even though we did not reach statistical significance mainly due to the
short cohort of patients that we could include in this study. Altogether, these findings
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strengthen the fact that miR-199b is hardly involved in tumor malignant features and
progression, and could be used as a predictive circulating marker of response to nCRT.

Of note, there are some limitations of our study that have to be taken into consid-
eration. These limitations include the need to validate the functional role of miR-199b
observed using in vivo models and primary cultures from CRC patients. Moreover, the
limited number of patients included in our study supposes a great limitation, and a future
validation of these results in a larger, multicentric and independent cohort of LARC patients
that would reinforce the clinical relevance of miR-199b as a circulating marker of response
to nCRT in this disease is required. In addition, it would be interesting to lengthen the time
of the study to analyze miR-199b as a predictor of patient outcome and relapse. This also
could allow for the obtaining of periodic blood samples of each patient, thereby making
an exhaustive follow-up of both responders and non-responders to nCRT groups. This
would increase the number of patients that could avoid postoperative complications due to
TME surgery and could be included in a W&W protocol, improving the quality of life of a
larger number of selected patients. Moreover, an independent study with a larger W&W
patient cohort could represent an opportunity to validate miR-199b as a circulating marker
of recurrence in patients following this approach.

4. Materials and Methods
4.1. Cell Cultures and Transfection

The human CRC cell lines SW480 (ATCC CCL-228) and HT-29 (ATCC HTB-38) were
purchased from American Type Culture Collection (ATCC, Manassas, VA, USA). Authenti-
cation was done by the authors in all cases (LGC Standards, Wesel, Germany). Cell lines
were maintained in RPMI-1640 (Invitrogen, Carlsbad, CA, USA) with 10% fetal bovine
serum (FBS) and were grown at 37 ◦C in a 5% CO2 atmosphere. Media were supplemented
with penicillin G (100 U/mL) and streptomycin (0.1 mg/mL). For transfection experiments,
CRC cells were seeded in 6-well plates and transfected with 10 µL of Lipofectamine 2000
(Invitrogen, Carlsbad, CA, USA) and 20 nM of a miR-199b specific mirVana™ miRNA
Mimic and Inhibitor (Ambion, Cambridge, UK).

4.2. Patient Samples

The study was carried out on plasma samples obtained from a total of 22 LARC
patients who were selected retrospectively and treated between 2018 and 2021 in University
Hospital Fundación Jiménez Díaz (Madrid, Spain). Plasma samples were taken from each
patient before and after preoperative nCRT. Baseline, clinical and pathological character-
istics of each patient at the time of inclusion are presented in Table S3. All patients were
treated with nCRT and TME, except for two of them who were not subjected to surgery and
followed a therapeutic strategy based on the W&W protocol. All of them were treated by
the European Guidelines Recommendations with correct preoperative locoregional staging
based on a magnetic resonance (MR), a transrectal ultrasound (TRUS), and a full body com-
puted tomography (CT). The selection criteria included the presence of adenocarcinoma
with operable disease, enough material collected before and after nCRT, clinical follow-up
data available and absence of metastasis. TNM (tumor, node, metastases) staging was
performed based on the 7th American Joint Committee on Cancer (AJCC) staging system
established for CRC. Plasma samples were collected into EDTA Vacutainer®-tubes and
immediately sent to the laboratory. Samples were subjected to centrifugation at 1500× g
for 15 min at 4 ◦C for plasma separation. The supernatant was carefully transferred to a
sterile tube and centrifuged again at 3000× g for 5 min at 4 ◦C in order to pellet any debris
and insoluble components. Plasma samples were aliquoted and immediately frozen at
−80 ◦C until the experiments were carried out. All patients gave written informed consent
for sample storage and analysis at Fundación Jiménez Díaz Hospital biobank with the
approval of the ethical committee and institutional review board of Fundación Jiménez
Díaz (ref. PIC202-20).
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4.3. Evaluation of Pathological Response

All tumor samples that resulted from the initial biopsies derived from colonoscopy
and the surgical resection were classified according to the College of American Pathologist
guidelines for invasive carcinomas (TNM, 7th ed.). Two independent pathologists who were
blinded to patient outcome evaluated tumor regression grade according to the modified
Ryan classification that categorizes tumors into four levels of response: complete response,
moderate response, minimal response and poor response. Complete response indicates
no viable cancer cells (RYAN 0), moderate response indicates single cells or little groups
of cancer cells (RYAN 1), minimal response denotes residual cancer outgrown by fibrosis
(RYAN 2), and poor response is associated with minimal or no tumor kill with extensive
residual cancer (RYAN 3). According to clinical guidelines, every regression grade was
compared with the primary tumor [53].

4.4. Wound-Healing Assay

A total of 8 × 105 cells per well were seeded in 6-well plates and allowed to adhere for
24 h in complete medium. The monolayer was artificially injured by scratching across the
plate with a 10 µL pipette tip. Wells were then washed twice with phosphate-buffered saline
(PBS) to remove detached cells and wound healing was monitored using a Leica DMi1
(Leica, Wetzlar, Germany) microscope and the image acquisition software Leica Application
Suite version 4.5. Images were captured at the beginning and at regular intervals during
cell migration to close the wound. Comparisons were performed to quantify the migration
rate of the cells between the different experimental conditions. Relative cell migration
is represented in the histograms considering the percentage of healed area after ectopic
miR-199b silencing or overexpression and compared to control conditions.

4.5. Transwell Migration Assay

Migration assays were performed using 24-well plates with transwell permeable sup-
ports of 6.5 mm insert and a polycarbonate membrane with an 8 µm pore size (Costar
3422, Corning Inc., Corning, NY, USA). Cells were seeded in the upper chamber at
1 × 104 cells/mL in 0.1 mL of serum-free RPMI-1640 media. A volume of 0.8 mL of media
supplemented with 10% FBS was placed in the bottom well as a chemo-attractant. After
incubation for 24 h at 37 ◦C in an atmosphere containing 5% CO2, migrated cells on the
lower surface were stained using crystal violet and counted under a light microscope.

4.6. Colony-Forming Assay

Experiments were performed in 6-well plates coated with 3 mL of 0.6% soft agarose
(Sigma, St. Louis, MO, USA) in RPMI medium. A total of 5 × 103 cells were suspended in
0.3% agarose in RPMI medium and plated in triplicates over the pre-coated wells. Fresh
medium was supplied twice a week. After 10–15 days, colonies were stained with Thiazolyl
Blue Tetrazolium Bromiden MTT (M-5655, Sigma, St. Louis, MO, USA) for 4 h at 37 ◦C.
Then, colonies were fixed by adding dimethyl sulfoxide (DMSO) overnight at 37 ◦C. Colony
numbers were determined from triplicates and three independent experiments were carried
out for each condition and cell line.

4.7. Cell Viability Assay

Cell proliferation was measured in triplicate wells by the MTS assay in 96-well plates
using the CellTiter 96 Aqueous One Solution Cell Proliferation Assay (Promega Corp.,
Madison, WI, USA), according to the manufacturer’s instructions.

4.8. Analysis of Caspase Activation

Quantification of caspase-3/7 activity was carried out using the caspase Glo-3/7 assay
kit (Promega Corp., Madison, WI, USA). First, 5 × 103 cells were seeded in a white-walled
96-well plate, and the Z-DEVD reagent, the luminogenic caspase-3/7 substrate containing
a tetrapeptide Asp–Glu–Val–Asp, was added with a 1:1 ratio of reagent to sample. After

253



Int. J. Mol. Sci. 2022, 23, 2203

incubation at room temperature for 90 min, the substrate cleavage by activated caspase-3
and -7 and the intensity of a luminescent signal was measured by a FLUOstar OPTIMA
luminometer (BMG Labtech, Cary, NC, USA). Differences in caspase-3/7 activity are
expressed as fold-change in luminescence.

4.9. Colonosphere Formation Assay

We generated colonosphere-derived cells from SW480 and HT-29 using 6-well ultra-
low attachment plates (Corning Inc., Corning, NY, USA), where 10,000 cells per well
were plated. Cells were grown in serum-free medium DMEM/F12 supplemented with
GlutMAXTM-I (ThermoFisher Scientific, Waltham, MA, USA), 1% N2 (ThermoFisher Sci-
entific), 2% B27 (ThermoFisher Scientific), 20 ng/mL human FGF (Sigma, St. Louis, MO,
USA) and 50 ng/mL EGF (Sigma). After seven days, plates were analyzed for colonosphere
formation. For quantification of the number of cells per colonosphere, colonospheres were
collected and dissociated with trypsin to give single-cell suspensions. Viable cells were
counted in a Neubauer chamber using a Trypan Blue exclusion test.

4.10. Western Blot Analysis

Protein extracts were isolated using TRIzol Reagent (Invitrogen, Carlsbad, CA, USA)
following manufacturer’s indications, clarified (12,000× g, 15 min, 4 ◦C), denatured and
subjected to SDS-PAGE and Western-blot. Antibodies used were goat polyclonal anti-SET
(E-15) (Santa Cruz Biotechnology, Dallas, TX, USA), and mouse monoclonal anti-βactin
(Sigma, St. Louis, MO, USA). Proteins were detected with the appropriate secondary
antibodies conjugated to alkaline phosphatase (Sigma, St. Louis, MO, USA) by chemilumi-
nescence using Tropix CSPD and Tropix Nitro Block II (Applied Biosystems, Foster City,
CA, USA).

4.11. RNA Isolation

RNA extraction from all plasma samples was performed using the Qiagen miRNeasy
Serum/Plasma Kit (QIAGEN, Hilden, Germany, catalog number: 217184). Plasma was
thawed on ice and centrifuged at 3000 g for 5 min at 4 ◦C. An aliquot of 200 µL of plasma per
sample was transferred to a new microcentrifuge tube and 1 mL of Qiazol was added. Total
RNA, including small RNAs, were enriched and purified following the manufacturer’s
instructions. RNA obtained was quantified with a Nanodrop Spectrophotometer (Thermo
Scientific, Waltham, MA, USA).

4.12. Quantification of miR Expression Levels

The RNA samples were reverse transcribed using the TaqManHMicroRNA Reverse
Transcription Kit (Applied Biosystems, Foster City, CA, USA), and mature miRs were
quantified by quantitative real-time reverse transcription polymerase chain reaction (RT-
PCR) using TaqMan MicroRNA Assays (Applied Biosystems) specific for the miR-199b
(reference number: 000500), and miR-1228 (reference number: 002919), which was used as
internal control. Reactions were carried out using an Applied Biosystems 7500 Sequence
Detection System under the following conditions: 95 ◦C for 10 min, followed by 40 cycles of
95 ◦C for 15 s and 60 ◦C for 1 min. Analysis of relative gene expression data was performed
using the ∆∆CT method [54], where ∆∆CT = (CT, Target Gene-CT, control) Tumor-(CT,
Target Gene-CT, control) Normal Control. MiR-199b downregulation was considered when
the expression in a sample was lower than the mean minus standard deviation (SD) of the
patient cohort, as previously described [39].

4.13. Statistical Analysis

All statistical analyses were carried out using the software tool SPSS v20 for Windows
(SPSS Inc., Chicago, IL, USA). The association between miR-199b expression and clinical
and molecular parameters were analyzed by applying the chi-square test (Fisher’s exact
test) based on bimodal distribution of data. Comparisons between miR-199b expression
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levels of each patient before and after preoperative CRT were performed using Mann–
Whitney and paired t-tests. Data represented for transfection experiments are mean of three
independent experiments ± SD. Statistical comparisons were obtained by two-sided t-test
analyses. Statistical significance was considered when p-value was lower than 0.05. This
study has been performed following the Reporting Recommendations for Tumor Marker
Prognostic Studies (REMARK) guidelines [55,56].

5. Conclusions

In conclusion, our findings here provide novel important data regarding the relevance
of miR-199b as a regulator of cellular processes crucial for malignant transformation such
as cell growth, migration, aggressiveness, colonosphere formation and apoptosis, with the
particular importance of the miR-199bSET axis in some of these phenotypes. At the clinical
level, we found that miR-199b expression could serve as a marker in plasma samples from
LARC patients, showing predictive value of response to nCRT and patient recurrence.
Altogether, our results highlight the functional roles and clinical usefulness of miR-199b as
a potential circulating biomarker in LARC patients.
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Abstract: The gastrointestinal (GI) tract in mammals is comprised of dozens of cell types with varied
functions, structures, and histological locations that respond in a myriad of ways to epigenetic and
genetic factors, environmental cues, diet, and microbiota. The homeostatic functioning of these cells
contained within this complex organ system has been shown to be highly regulated by the effect of
microRNAs (miRNA). Multiple efforts have uncovered that these miRNAs are often tightly influential
in either the suppression or overexpression of inflammatory, apoptotic, and differentiation-related
genes and proteins in a variety of cell types in colorectal cancer (CRC). The early detection of CRC
and other GI cancers can be difficult, attributable to the invasive nature of prophylactic colonoscopies.
Additionally, the levels of miRNAs associated with CRC in biofluids can be contradictory and,
therefore, must be considered in the context of other inhibiting competitive endogenous RNAs
(ceRNA) such as lncRNAs and circRNAs. There is now a high demand for disease treatments and
noninvasive screenings such as testing for bloodborne or fecal miRNAs and their inhibitors/targets.
The breadth of this review encompasses current literature on well-established CRC-related miRNAs
and the possibilities for their use as biomarkers in the diagnoses of this potentially fatal GI cancer.

Keywords: colorectal cancer; miRNA; ceRNA; lncRNA; circRNA; sponging; noninvasive biomarkers

1. Introduction

As a generalized class of biomolecules, RNA species occupy a unique niche that can
alternate between being transient and/or enduring, while being consequential or seemingly
neutral to cellular homeostasis, growth, and survival across a myriad of taxonomic levels
of life. While RNA has been known as a unique biomolecule since the 19th century, it came
to the forefront of biological study in the mid-20th century upon the discovery that various
RNA molecules were, collectively, the transcript, delivery, and production scaffolding for
translating the genetic information contained within DNA into functional proteins via
ribosomes. However, in the decades since those foundational studies, it has been found
that a vast majority of the biological activity of RNA species is not as transcript templates
(messenger RNA (mRNA)) for protein synthesis, but rather regulators of gene expression.
These non-mRNA RNA transcripts do not primarily function as templates for protein trans-
lation and, thus, are called noncoding RNAs (ncRNA). One important class of endogenous
regulatory ncRNAs are microRNAs (miRNA), which are 21–25 nucleotides in length when
mature following enzymatic processing. Following their initial discoveries as endogenously
produced transcripts, it was found that the dysregulation of many specific ncRNAs are
tied to malignancies in humans [1–4]. Subsequent studies into each individual/category
of ncRNA built upon these discoveries of dysregulated ncRNA expression to reveal the
modes of action on cellular pathways known to be causative in carcinogenesis. Certain
miRNAs were found to be key regulators of well-established carcinogenic pathways such
as miR-143 and miR-145, acting as tumor suppressors on the p53/c-Myc pathway [5,6],

259



Int. J. Mol. Sci. 2022, 23, 2166

the circular RNA (circRNA) Cdr1as sequestering miR-7, reducing its ability to regulate
the proto-oncogenic PI3K/AKT pathway [7,8], and the long noncoding RNA (lncRNA)
GAS5-controlling mTOR-mediated proliferation via the competitive binding of glucocor-
ticoid receptors and miR-21 [9,10]. While these miRNAs can affect many distinct cellular
pathways, there is oftentimes an overlap and/or interplay between unique ncRNAs classes
that results in the pathological alterations of many signaling pathways at the cellular level.
This can manifest, for example, when lncRNAs or circRNAs competitively sequester miR-
NAs from their targeted mRNAs (collectively known as competitive endogenous RNAs,
ceRNA) through complementary base pairing, known as “sponging”, as seen between the
long noncoding RNA (lncRNA) HOTAIRM1 or the circular RNA (circRNA) circITCH and
miR-17 [11,12]. Colorectal cancer (CRC) most commonly manifests as neoplasias consisting
mainly of mutated intestinal epithelial cells that are unable to maintain a proper differ-
entiation status and/or connections to neighboring cells, leading to unchecked cellular
division and the dysregulation of oncogenic and/or tumor-suppressive genes [13,14]. Most
CRC cases do not yet have a prescribed causative provenance and are, thus, considered
sporadic (70%) [15]. For decades, invasive colonoscopies have been the most common form
of early detection for CRC and they luckily reduce the death rate by about 50% [16,17].
Unfortunately, this reduction in mortality appears to be largely associated with carcinomas
found on the left side of the colon as they are easier to observe and remove [18], leaving
around 10% of all CRCs undetectable via colonoscopy [19]. This inability to robustly detect
CRC regardless of the location provides the impetus to find biomarkers, such as miRNAs,
in excreted bodily fluids (stool/serum/plasma) that could potentially diagnose CRC in
various colonic regions. These strategies of measuring levels of known oncogenes in bodily
fluids (mainly serum, plasma, or stool) have already begun to be investigated and employed
for miRNA [20–22], lncRNA [23,24], and circRNA [25,26]. Unfortunately, due to miRNAs
primarily exerting direct influence on other RNA molecules or proteins, which may or
may not coexist together with the miRNA of interest, the basic presence or absence of any
given miRNA is not necessarily enough to diagnose CRC. This conundrum adds a layer of
difficulty in attempting to understand the relationship of these miRNAs to GI pathologies
resulting in many unclear, or even contradictory, connections between the disease state
and miRNA across samples and studies. Thus, to avoid a cavalcade listing of any miRNAs
statistically associated with CRC, this review focuses on known miRNA signatures found
within the biofluids of CRC patients, that also have accompanying evidence-based mecha-
nistic hypotheses which represent ideal candidates for the use of biomarkers as diagnostics
and/or therapeutics.

2. miRNAs and Colorectal Cancer

miRNAs are short RNA molecules, only 21–25 nucleotides in length upon the com-
pletion of the processing of the stem-loop pre-miRNA via the endoribonucleases Drosha
and Dicer into single-stranded mature miRNAs, which are bound by Argonaute proteins
for delivery to sequence-specific sites [27]. The most well-established method of the action
of mature miRNAs is that of the binding targeted mRNAs through a nucleotide base pair
complementarity between the miRNAs seed sequence (nucleotides 2–8 from the 5′ end)
and the targeted mRNA sequence, most commonly at the 3′ UTR or coding sequences
leading to varied changes in the translation efficiency of the bound mRNA into a protein
product [28–31]. A reduction in translation in the associated protein is most frequently
observed, but increases in the associated protein expression do occur [32–34]. Additionally,
strong evidence suggests the noncanonical binding of miRNAs occurs with functional
effects as seen with miR-21 binding/activating Toll-like receptor proteins (TLR8) [35], as
well as binding the lncRNA GAS5 [36], with both leading to pro-inflammatory signaling
cascades, which are also found in CRC. Cataloging and correlating miRNAs associated
with malignant tissue in order to uncover biomarkers has been an intense area of research
for decades after it was found that miRNAs are better candidates for biomarker investi-
gation than mRNAs [37–39]. Current literature suggests there are well over 230 miRNAs,
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and likely many more, associated with CRC, with some frequently appearing in various
tissues/fluids/cells and others only rarely appearing [20,40–53]. Due to the seemingly
boundless nature of connecting miRNAs to CRC tissue/biofluids/cells, the focus of this
review is on some of the most well-established miRNAs, their pathways that lead to CRC,
and observed levels in biofluids (Table 1, Figure 1) instead of an exhaustive inventory of all
potential candidates. Many miRNAs are possible contenders for biomarking CRC in bodily
fluids, as miRNAs affect numerous known pathways to malignancy as found below.

Table 1. Dysregulated miRNAs detected in noninvasive biofluids in CRC patient samples.

miRNA Biofluid Source Levels in CRC Reference

miR-21

Stool Upregulated [54]
Stool Upregulated [55]
Stool Upregulated [56]

Serum Upregulated [57]
Serum Upregulated [58]
Serum Upregulated [59]
Serum Upregulated [60]
Serum Upregulated [61]
Serum Upregulated [62]
Serum Upregulated [63]
Serum Upregulated [64]

miR-17

Serum Upregulated [65]
Serum Upregulated [66]
Serum Upregulated [67]
Serum Upregulated [62]

miR-18a
Plasma Downregulated [68]
Serum Upregulated [69]
Serum Upregulated [70]

miR-19a

Serum Upregulated [65]
Serum Upregulated [71]
Serum Upregulated [43]
Serum Upregulated [72]
Serum Upregulated [73]
Serum Upregulated [74]
Serum Upregulated [61]
Serum Upregulated [75]
Serum Upregulated [76]

miR-20a

Serum Downregulated [77]
Serum Upregulated [78]
Serum Upregulated [62]
Serum Upregulated [65]
Serum Upregulated [74]

miR-19b Serum Upregulated [43]

miR-92a

Plasma Upregulated [79]
Stool Upregulated [54]

Serum Upregulated [75]
Serum Upregulated [80]
Serum Upregulated [63]
Serum Upregulated [81]
Serum Upregulated [82]
Serum Upregulated [83]
Serum Upregulated [84]
Serum Downregulated [84]
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Table 1. Cont.

miRNA Biofluid Source Levels in CRC Reference

miR-143

Plasma Downregulated [85]
Serum Downregulated [74]
Serum Downregulated [86]
Serum Upregulated [87]
Serum No Significant Change [84]

miR-145

Plasma Downregulated [85]
Serum Downregulated [88]
Serum Downregulated [74]
Serum Downregulated [86]
Serum No Significant Change [84]
Serum Downregulated [66]

miR-203

Plasma Upregulated [89]
Serum Downregulated [84]
Serum Upregulated [90]
Serum Upregulated [91]
Serum Downregulated [92]
Serum Upregulated [93]
Serum Upregulated [94]
Serum Upregulated [95]
Serum Upregulated [96]

miR-200a None Reported

miR-200b Plasma Upregulated [89]

miR-200c

Serum Upregulated [97]
Serum Downregulated [86]
Serum Upregulated [98]
Serum Upregulated [99]
Serum Upregulated [100]
Serum Upregulated [101]

miR-141

Plasma Upregulated [89]
Serum Upregulated [98]
Serum Upregulated [99]
Serum Upregulated [101]

miR-429 Serum Upregulated [102]

miR-135a

Stool Upregulated [103]
Stool Upregulated [104]

Serum Upregulated [105]
Serum Downregulated [106]

miR-135b
Stool Upregulated [107]
Stool Upregulated [108]

Serum Upregulated [109]

miR-96
Plasma Upregulated [89]
Serum Upregulated [110]
Serum No Significant Change [69]

miR-183
Serum Upregulated [111]
Serum Upregulated [112]

miR-150

Serum Downregulated [113]
Serum Upregulated [74]
Serum Downregulated [114]
Serum Downregulated [115]
Serum Upregulated [116]
Serum Downregulated [64]

miR-195
Plasma Downregulated [117]
Serum Downregulated [118]
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Figure 1. Dynamic relationships between miRNAs and ceRNAs and their connection to CRC. The 
miRNAs are listed in general/relative order of oncosuppressive to oncogenic in CRC from left to 
right with miRNA with dual natures being more central. All miRNAs, “sponging” ceRNAs 
(circRNA and lncRNA), and mRNAs listed have references cited within the main text and/or tables. 
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The MIR21 gene is located on chromosome 17, and was one of the first miRNAs 

found whose expression was positively associated with cancers, specifically hepatocellu-
lar and breast, via microarray [119–121], and is naturally highly expressed in immune cells 
(monocytes, macrophages, and dendritic cells) [122,123]. In fact, miR-21 has been found 
to be related to at least 29 disease conditions, leading to controversy on using miR-21 as a 
viable biomarker for specific diseases [124]. The global knockout of miR-21 does not ap-
pear to cause any phenotypic pathologies outside of elevated levels of some of its target 
genes in specific cell types [125]. Genomically, MIR21 is found within the VMP1 locus 
whose protein product is vital in maintaining cell-to-cell connections and the loss of its 
expression can lead to aggressive colorectal cancer [126,127]. Recently, it was found that 
miR-21 indirectly represses the expression of VMP1 through the inhibition of miR-21′s 
known tumor suppressing target, PTEN, creating a negative feedback loop on VMP1 with 
increasing miR-21 levels [128]. The canonical pathway for miR-21-induced oncogenesis is 
through to be the direct repression of various well-known tumor suppressor genes, in-
cluding PTEN [120,129] and PDCD4 [130,131], which activate cyclin-dependent kinases, 
c-MYC, and PI3K/AKT/mTOR pathways, which results in an increased invasion and me-
tastasis [10,125,132–134]. MiR-21 also induces the increased expression of anti-apoptotic 
proteins such as BCL2 [121,135], and regulates more than twenty-five other known targets 
[136]. An analysis of resected colonic tissue confirmed the inverse relationship of miR-21 
and PDCD4 in colorectal tumors, and their comparative expression levels can predict me-
tastasis [137,138]. In addition to canonical pathways in CRC, miR-21 is known to bind and 
activate TLR8 protein [35], as well as binding and inhibiting the anti-inflammatory 

Figure 1. Dynamic relationships between miRNAs and ceRNAs and their connection to CRC. The
miRNAs are listed in general/relative order of oncosuppressive to oncogenic in CRC from left to
right with miRNA with dual natures being more central. All miRNAs, “sponging” ceRNAs (circRNA
and lncRNA), and mRNAs listed have references cited within the main text and/or tables.

2.1. miR-21

The MIR21 gene is located on chromosome 17, and was one of the first miRNAs
found whose expression was positively associated with cancers, specifically hepatocellular
and breast, via microarray [119–121], and is naturally highly expressed in immune cells
(monocytes, macrophages, and dendritic cells) [122,123]. In fact, miR-21 has been found
to be related to at least 29 disease conditions, leading to controversy on using miR-21 as
a viable biomarker for specific diseases [124]. The global knockout of miR-21 does not
appear to cause any phenotypic pathologies outside of elevated levels of some of its target
genes in specific cell types [125]. Genomically, MIR21 is found within the VMP1 locus
whose protein product is vital in maintaining cell-to-cell connections and the loss of its
expression can lead to aggressive colorectal cancer [126,127]. Recently, it was found that
miR-21 indirectly represses the expression of VMP1 through the inhibition of miR-21’s
known tumor suppressing target, PTEN, creating a negative feedback loop on VMP1 with
increasing miR-21 levels [128]. The canonical pathway for miR-21-induced oncogenesis
is through to be the direct repression of various well-known tumor suppressor genes,
including PTEN [120,129] and PDCD4 [130,131], which activate cyclin-dependent kinases,
c-MYC, and PI3K/AKT/mTOR pathways, which results in an increased invasion and
metastasis [10,125,132–134]. MiR-21 also induces the increased expression of anti-apoptotic
proteins such as BCL2 [121,135], and regulates more than twenty-five other known tar-
gets [136]. An analysis of resected colonic tissue confirmed the inverse relationship of
miR-21 and PDCD4 in colorectal tumors, and their comparative expression levels can
predict metastasis [137,138]. In addition to canonical pathways in CRC, miR-21 is known to
bind and activate TLR8 protein [35], as well as binding and inhibiting the anti-inflammatory
lncRNA GAS5 [36]. Furthermore, miR-21 levels have consistently been shown to be ele-
vated in both the serum [57,58,60,63,84] and fecal [55,56] samples of CRC patients. MiR-21
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is implicated in several unique disease states and, thus, the use of its presence alone as
an indicator for CRC is likely only a small piece of future miRNA biomarkers for CRC
when combined with the expression levels of other ncRNAs and mRNA targets found in
CRC patients.

2.2. miR-17/92 Cluster

The miR-17/92a cluster is found within the third intron of the C13ORF25 locus on chromo-
some 13, contains miR-17, miR-18a, miR-19a, miR-20a, miR-19b, and miR-92a, and was initially
found as a polycistronic and oncogenic lncRNA (MIR17HG) in lung cancer cells [139,140].
Every member of the miR-17/92 cluster has been found to be associated with either CRC
tissue or plasma/serum [68,141–143]. The seed sequences of many of these mature miRNAs
are redundant and found in other mature miRNAs. Each miRNA in the miR-17/92 has at
least one redundant miRNA from within the miR-17/92a locus or within the miR-106a/363
or miR-106b/25 locus [140]. The deletion of the entire miR-17/92 cluster results in embryos of
reduced size, which are fatal immediately after birth and the dual deletion of miR-17/92a and
miR-106b/25 causes embryonic lethality, while the singular deletion of either the miR-106b/25
or miR-106a/363 cluster (or their combined ablation) has not produced a similar phenotype [144].
In general, the functional duality of miRNAs being both essential to development and oncogen-
esis is well-established, as they are both growth-promoting states [145]. In humans, the germline
hemizygous deletion of miR-17/92 results in patients with type 2 Feingold syndrome [146].
These results emphasize that the essential nature of the miR-17/92 cluster cannot be rescued
with seed sequence redundancy found in other miRNAs at other loci, further implying the
importance of noncanonical cellular influence. Similar to many miRNAs, the miRNAs in the
miR-17/92 cluster produce their oncogenic effect on several known pathways. In CRC tissue,
miR-17 downregulates RBL2, leading to carcinogenic Wnt/ß-catenin induction [147], but has
also shown the potential inhibition of colorectal cancer invasiveness when used in isolation [148].
Levels of miR-18a were found to be elevated in the serum of CRC patients and, thus, are a
potential biomarker [69], while the application of isolated miR-18a inhibits CRC cell growth
through the indirect regulation of the PI3K/AKT pathway [149] and has the potential to be
sponged by the tumor-suppressing lncRNA CASC2 [150]. Similar to miR-21, miR-19a directly
inhibits the tumor suppressor PTEN [151,152], as well as TIA1 [153], and can be predictive of
the effectiveness of chemotherapeutic interventions on CRC [72,152], all while isolated miR-19a
seemingly inhibits CRC angiogenesis via KRAS reduction [154]. Both miR-19a and miR-19b
share identical seed sequences and miR-19b is also known to canonically inhibit PTEN expres-
sion [155,156], yet only miR-19b has been shown to inhibit tumor suppressor TP53 [157], further
underscoring the effect of noncanonical miRNA influence. MiR-19b has already been indicated
as a putative serum/plasma biomarker for other diseases, including lung cancer [158,159] and
diabetic cardiomyopathy [160]. Similar to miR-21 and miR-19a, miR-92a activates the PI3K/AKT
cell cycle pathway via PTEN inhibition, as well as activating Wnt/ß-catenin signaling, pro-
moting carcinogenic development [59,161,162] and downregulating the tumor suppressors
RECK and KLF4 [163,164]. Both miR-17 and miR-20a share an identical seed sequence and,
therefore, share many similar confirmed targets in CRC (BCL2L11, CDKN1A, PTEN, TGFBR2,
and VEGFA) [143,165], while also having individualized targets as seen with miR-17 and RBL2
and miR-20a with BID and SMAD4 [78,166], stressing a non-seed sequence-based influence.
MiR-92a has already been put forward as a marker of CRC in both serum/plasma [63,80,81] and
stool samples [54,167] and whose overexpression is a recognized marker of poor prognosis in
CRC tissue [168]. Many studies point to dysregulated miRNAs, including the miR-17/92 cluster,
as a predictor of chemotherapy efficacy in CRC patients [152,169,170]. Within the miR-17/92
cluster, there are contradictory results between studies that could be attributable to many issues,
including, but not limited to, differences in the cellular context [165], the use of miRNAs in isola-
tion [148,149,154] as opposed to the endogenous polycistronic expression of MIR17HG which
increases CRC invasiveness [171], or structural components of pri-miR-19/72 itself that allow for
the autoregulation of expression between each individual miRNA within the cluster [172–174].
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As with miR-21, the miR-17/92 cluster is intimately tied to CRC at various levels of expression
and continues to be an intense and promising area of study for biomarking CRC.

2.3. miR-143 and miR-145

Both miR-143 and miR-145 have different seed sequences and are found on chromosome 5
within the lncRNA CARMN locus [175], with miR-143 being slightly upstream of miR-145 and
both under the control of the same SRF/MYOCD/NKX2.5 enhancer region [33]. The complete
ablation of miR-143/145 results in the defective development of smooth muscle and aortic
tissue [176]. While miR-21 and the miR-17/92 cluster are generally associated to be oncogenic
in nature, both miR-143 and miR-145 are considered to be oncosuppressive, specifically within
CRC [177–179], by mainly acting on the p53 and RAS/MAPK oncogenic pathways [180]. Both
miR-143 and miR-145 are also known to directly downregulate CTNND1, which is a vital
piece of Wnt/ß-catenin carcinogenesis [181,182]; thus, showing miR-143/145 are antioncogenic
through multiple pathways. Originally thought to be highly expressed in intestinal epithelial
cells, it was found that while miR-143/145 are vital to epithelial cell regeneration, their expression
was overwhelmingly found in the mesenchyme [183,184]. The experimentally validated targets
of miR-143 included reducing MAPK7 [185] and KRAS [177], both members of the RAS/MAPK
signaling pathway. MiR-145 is known to canonically inhibit the well-recognized oncogene
MYC [6], PI3K activator, IRS1 [186], and metastatic promoter FSCN1 [187]. A reduction in
the antioncogenic effect of miR-143/145 can be further exacerbated by their sponging via
ncRNAs [188–191]. The sequestration of miR-143/145 via ncRNA sponging adds to the notion
that miRNA levels of expression are not absolute in their cellular or histological effects, as there
is a need to consider the levels of other ncRNAs that may reduce or eliminate their efficacy.
In isolation, reduced tissue levels of miR-143/145 seem to be a marker of CRC, and have
been found to be a marker for large tumors [192], while not being diagnostic between clinical
stages of malignancy [193]. A few studies, with lower-than-optimal patient numbers, have
investigated fecal samples for levels of miR-143/145 and found a lowered expression in CRC
patient samples [194,195], but further broader studies are required to confirm these results. In
CRC patients, plasma/serum levels of miR-143/145 have been found to be upregulated [98,196],
downregulated [74,85,86], or insignificant when compared to control samples [84]. These
contradictory findings suggest that a reduced miR-143/145 is likely only a possible indicator of
the presence of abnormal colorectal growth. However, the combined analysis of observed miR-
143/145 levels, compared to known targets/sponges, as well as other known oncogenic ncRNAs
may provide any avenue for more accurate conclusions of the relation between miR-143/145
and CRC.

2.4. miR-200 Family

The miR-200 family can be found across two chromosomes, with miR-200b, miR-200a,
and miR-429 on chromosome 1 and miR-200c and miR-141 on chromosome 12 in the
intergenic space between PTPN6 and PHB2. MiR-200a and miR-141 share identical seed
sequences, while miR-200b, miR-200c, and miR-429 have the same seed sequence, with
only a single letter difference between the two groups [197]. Early studies uncovered that
canonical targets of the miR-200 family are ZEB1/ZEB2 transcripts [198,199], which are
master regulators of the epithelial–mesenchymal transition (EMT) via the inhibition of
E-cadherin expression [200,201], and ZEB proteins have a reciprocally negative feedback
loop with the miR-200 family [202]. The inter-regulatory relationship of the miR-200 family
downregulating ZEB1/ZEB2 that allows for the continued transcription of E-cadherin,
which inhibits EMT, is generally accepted as the main carcinogenic pathway downregulated
by the miR-200 family, specifically in CRC [203]. However, miR-200c specifically can
increase the ability of metastasized CRC cells to proliferate in the liver [204], and the miR-
200 family as a whole is oncogenic in some CRC cell lines [205], again emphasizing the
temporal and site-specific nature of the consequences of miRNA activity. It is also known
that the miR-200 family antagonizes tumor angiogenesis, as shown in several cancer models,
through the targeting of the pro-inflammatory CXCL1 [206]. MiR-200 family expression
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can be seen as tumor-suppressive [198,207], while also promoting metastasis [99,208] and,
thus, its relation to CRC is strong but ill-defined. Expanding on the tumor-suppressive
nature of the miR-200 family, isolated miR-429 is known to suppress EMT through the
downregulation of ONECUT2 [209]. MiR-141 on its own is also known to inhibit the
translation of several tumor-suppressor genes [210–212]. As the miR-200 family is located
at two distinct chromosomal locations, complete family in vivo knockout is difficult and
has only very recently been accomplished in vitro with knockout cells showing increases
in senescence and EMT signaling genes with similar expression patterns found in gastric
cancer patient RNA-seq samples [213]. The abnormal regulation of the miR-200 family as a
whole has been indicated as a marker for CRC in serum/plasma [208,214], and as individual
miRNAs: miR-200a [215], miR-200b [89], miR-200c [86,97–101], miR-141 [89,98,99,101,216],
and miR-429 [102]. Furthermore, elevated serum levels of miR-200c and miR-141 have
been correlated with an increased CRC metastasis [97,99] and poor prognoses in CRC
patients [97,99–101,216]. Lowered miR-200a and elevated miR-200b in serum show similar
patterns of being correlated with poor outcomes in CRC patients [89,211]. Moreover, the
effectiveness of the carcinogenic influence of each member of the miR-200 family can
potentially be mitigated by other ncRNAs that competitively inhibit their actions through
sponging [217–220]. As in the case of other miRNAs and CRC, the basic presence or absence
of miR-200 family transcripts in the biofluids of CRC patients alone is not enough to be
diagnostic and must be considered within a cellular and histological framework while also
considering expression levels of other contextually relevant and impactful ncRNAs.

2.5. miR-203

Within the genome, miR-203 is located intergenically between ASPG and KIF26A
on chromosome 14. It first came to research prominence when it was found that its ex-
pression was high in colorectal adenocarcinomas compared to noncancerous tissue [221],
yet other studies have found lowered miR-203 levels in similar CRC tissue [222,223]. Its
expression is a key switch for the differentiation of basal skin epithelial cells by directly
downregulating TP63 [224]. In this way, miR-203 acts as a tumor suppressor by directly
inhibiting ∆Np63, which, when active, causes nuclear ß-catenin accumulation [225,226].
The whole-body knockout of miR-203 does not cause any overall developmental differ-
ences, but does invoke an expansion of proliferating keratinocytes, most notably during
embryonic development [227]. In CRC cell lines, miR-203 reduction is required to maintain
the stemness quality of cancerous lines [223,228,229], including through the reduction in
the overexpressed and known CRC marker, NEDD9 [230,231]. Increases in miR-203 in
CRC cells have been shown to canonically inhibit the oncogenic expression of AKT2, SIK2,
CPEB4, EIF5A2, and TYMS [92,228,232–235]. Similar to other miRNAs, miR-203’s activity
can be halted by means of sponging by ncRNAs, such as FBXL19-AS1 [236], BANCR [237],
and LINC00657 [238]. Many studies into the serum/plasma levels of miR-203 in CRC pa-
tients have discovered that differential levels of miR-203 are most often an indicator of poor
prognosis and increased metastasis usually marked by an increase in miR-203 [89–91,93–96],
with some showing lowered levels [84,92]. A meta-analyses of 11 papers found a higher
miR-203 expression in CRC tissue to be significant, and not in serum, but a combination of
both serum and CRC tissue was predictive of a poor outcome [239]. Additionally, such as
other miRNAs, miR-203 is known to increase chemosensitivity in CRC cells [232,235]. MiR-
203 detection could present as a valuable piece of the puzzle in properly biomarking CRC.

2.6. miR-135 Family

The miR-135 family is represented by miR-135a found just upstream of GLYCTK
on chromosome 3, and miR-135b, contained within the genomic sequence of both the
lncRNA BLACAT1 and the gene LEMD1 on chromosome 1. Both miR-135a and miR-135b
share identical mature seed sequences and only one nucleotide difference in total. The
miR-135 family was originally tagged as an oncogene by its targeting and downregulating
of the tumor suppressor APC (with which miR-135b it has a reciprocally inhibitory rela-
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tionship [240]) in CRC, which regulates the Wnt/ß-catenin pathway [241,242] as well as
priming pancreatic cancer cells for pro-carcinogenic metabolic conditions through PFK1
downregulation [243]. In a CRC-specific context, miR-135a downregulates a metastasis
driver MTSS1 [244] and miR-135b downregulates TGFBR2 [245], which is functionally mu-
tated in up to 90% of CRC cases [246]. The effects of miR-135 can be antagonized through
lncRNA sponging within a CRC context through circNOL10 [247]. Several studies have
concentrated on modified levels of miR-135 family members in stool, tissue, and serum.
As expected with the oncogenic nature of miR-135, stool samples show an increase in
miR-135 expression [103,107] and even being predictive of later-stage (III-IV) cancer [104].
CRC tissue samples with an increased miR-135 family expression are indicative of poor
prognosis and metastatic conditions [240,248–250]. Low serum levels of miR-135 have been
correlated with CRC [106], while elevated levels have been able to elucidate differences
between polyps and carcinomas [105], and, thus, the use of miR-135 as a serum biomarker
has been controversial [111] and, thus, focusing on noninvasive fecal samples has been
more productive and a better candidate for the detection of the miR-135 family.

2.7. miR-96 and miR-183

On chromosome 7, miR-96 is found in a cluster with miR-183 and upstream of NRF1.
Research interest in miR-96/183-related pathologies and development began with discoveries
that both miR-96 and miR-183 are vital to hair cell development and function in the inner
ear [251,252], and increases in miR-96 and miR-183 are found within breast and lung cancer
tissue while directly downregulating FOXO1 and FOXO3A [253–256], key tumor suppressors
in the P13K/AKT pathway of carcinogenesis. The knockout of the miR-96/183 cluster causes
increases in target SLC6A6, resulting in dysfunctional photoreception [257]. In vitro CRC
experiments have shown that increases in miR-96 and miR-183 are associated with both an
increased cell migration [258,259] and invasiveness [260,261]. Alongside this oncogenic character,
a high miR-96 and miR-183 expression has also shown to increase resistance to chemotherapy
treatments such as oxaliplatin [262], 5-fluoruracil [110], and radiation treatments [263], extending
their oncogenic nature. Within studies of CRC tumor tissue samples, miR-96 and miR-183 were
found to be elevated in all but one study [248,264–267], and that study found that lowered
tumor tissue levels of miR-96 entailed poor patient prognoses [268]. A handful of studies have
interrogated miR-96 levels in serum/plasma and have found that high levels [89,110], low
levels [269], and no significant association with CRC [69] have been observed despite the fact
that high miR-96 serum levels have been tied to both hepatocellular [269] and lung cancers [270].
Serum levels of miR-183 are consistently high in CRC patients [111,112]. The incongruous
results from miR-96 could possibly be due to the neutralization of the oncogenic effects of
miR-96 through sponging as has been seen in cervical cancer (STXBP5-AS1) [271] and pancreatic
ductal adenocarcinoma (TP53TG1) [272]. In this vein, circ_0026344, has recently been shown to
abrogate the oncogenic nature of miR-183 in CRC cells [273]. The consideration of miR-96 and
miR-183 as biomarkers and targets for CRC diagnosis and treatment should, therefore, always
be considered within the context of other mitigating ncRNAs.

2.8. miR-150

Just upstream of RPS11 on chromosome 19 is miR-150. Initial analyses of miR-150
found it to be vital to proper hematopoietic cell differentiation [274], specifically B cell mat-
uration [275], through the downregulation of MYB, which was confirmed in CRC cells [276].
Unsurprisingly, the knockout of miR-150 results in B cell developmental difficulties coupled
with obesity-related metabolic dysregulation [277]. In addition to downregulating MYB in
CRC, miR-150 also directly lowers the expression of ß-catenin [278], VEGFA [279], and a
known marker of poor prognoses in CRC patients, MUC4 [280]. As miR-150 canonically
downregulates over several oncogenic pathways, it is generally seen as a tumor suppressor
in CRC. In contrast, miR-150 is seen as oncogenic in gastric cancer tissues by downreg-
ulating the pro-apoptotic genes P2X7 [281] and EGR2 [282] with a single study showing
increases in miR-150 in CRC tissue [283]. Resected tissue samples from CRC patients
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regularly show a significantly decreased expression of miR-150 when compared to both
adenoma and healthy colonic tissue [278,279,284], and these reduced quantities can be in-
dicative of poor prognoses [285]. However, when miR-150 expression was measured within
serum samples of CRC patients, there have been observations of both increases [74,116]
and decreases [64,113–115], yet again stressing the need for the analysis of miRNA lev-
els within a context of known targets and other ncRNA inhibitors. In this regard, the
growth-suppressing consequences of miR-150 expression in CRC can be arrested by means
of sponging via the lncRNAs ZFAS1 [286] and PART1 [287]. The previous successes with
detecting low levels of miR-150 in CRC patients’ serum suggests that the continued study
of miR-150 and its relation to CRC, and known sequestering inhibitors, in serum/plasma
will continue to be a fruitful area of investigation.

2.9. miR-195

While a member of the miR-15 precursor family based on an identical seed sequence,
miR-195 resides away from other family members and is found on chromosome 17 within
the genomic location of lncRNA MIR497HG, just upstream of the 3′ UTR of C17ORF49.
Modified levels of miR-195 first became an area of research in cardiac studies as increased
levels of miR-195 were found to cause cardiac hypertrophy [288], as well as regulating cell
cycle checkpoints in cardiomyocytes by targeting CHEK1 [289]. In terms of cancer research,
early studies found that miR-195 was downregulated in hepatocellular cancer tissue via
microarray [290], and that miR-195 inhibited CCND1 translation in both hepatocellular and
colorectal cell lines [291], halting the cell cycling necessary for carcinogenic progression.
Recently, miR-195 has also been found to be important in the cellular maintenance of the
blood–brain barrier [292]. In addition to inhibiting CHEK1 in CRC cells, miR-195 prevents
WNT3A translation [293], which is known to activate the Wnt/ß-catenin oncogenic sig-
naling pathway in CRC cells [294]. MiR-195 also canonically inhibits NOTCH2 [295] and
BCL2L11 [296] in CRC cells, providing more pathways of tumor suppression through pre-
venting EMT and promoting apoptosis, respectively. Similar to in vitro studies, miR-195 is
consistently downregulated miRNA in CRC tissue samples [117,295–301], and the addition
of miR-195 makes CRC cells sensitized to currently used chemotherapy interventions such
as 5-fluorouracil [298,302], doxorubicin [303], and radiation therapy [304]. Surprisingly
few studies have focused on serum/plasma levels of miR-195 in CRC patients, but results
have shown the expected lowered levels of miR-195 [117]. Just as observed with other
CRC-associated miRNAs, the tumor-suppressing actions of miR-195 can be annulled when
sequestered through sponging by highly expressed lncRNA/circRNAs, with all of them
promoting CRC carcinogenesis and progression [305–308]. Being able to couple known
miR-195 targets and sponges, with stably reduced miR-195 in CRC tissues insinuates that
miR-195 is a ripe area of further research in CRC.

3. Discussion
miRNAs, ceRNAs, and Chemosensitivity in CRC: A War of Attrition

Once the ability for miRNAs to be sponged out of efficacy by other ceRNAs was found to
be robust, this provided the incentive to construct synthetic ceRNAs as sponges for oncogenic
miRNAs. Methodologies for the building of unique miRNA sponges with multiple seed target
sites were quickly introduced [309]. In practice, these sponges have indeed been able to isolate
oncogenic miRNAs such as that observed with miR-21 sponging in renal cancer [310], gastric
cancer [311], glioblastomas [312], and esophageal carcinomas [313]. Sponging has also been
shown to be a direct driver of metastasis in CRC by circHIPK3 isolating miR-7 [314]. Thus,
sponging miRNAs, such as the presence of miRNAs themselves, can be both oncogenic and
suppressive in CRC. One very interesting operation of miRNAs in CRC is the ability to either
sensitize or desensitize tumor cells to established chemotherapies and, therefore, be predictive
of patient outcomes [170]. Both increased miR-21 and miR-17/92 expressions are indicative of
chemoresistant tumors [110,169], and, thus, utilizing either increased ceRNA or synthetic ncRNA
sponges would be ideal in helping sensitize patients to previously resistant chemotherapy or
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radiation. In contrast, miRNAs such as miR-203, whose increased expression is correlated with
chemotolerance in CRC [232,235], represent a ripe opportunity to be used as an adjuvant to make
resistant CRC cells susceptible to previously ineffective treatments. These examples epitomize
the possible capabilities of targeting miRNA and miRNA-affected pathways in CRC treatments.

Despite observed patterns, one of the most consistent features of biofluid-borne ncR-
NAs in CRC patients is that their levels are almost never entirely correlative with disease
presence, stage of development, metastasis extent, or susceptibility to known treatments.
The colon and rectum are incredibly dynamic environments that constantly respond to
various environmental cues, nutritional input, hypoxic conditions, and microbial influence,
both commensal and pathogenic. This regularly reactive state causes the rapidly modulable
nature of RNA to be an ideal molecule for responding to these shifting settings. This can
manifest in the inducible power of miRNAs to alter mRNA translation, as well as ceRNAs’
ability to negate those same miRNAs’ effect on mRNA through competitive sequestration.
Early studies on miRNAs and CRC quickly focused on elucidating their relationship to
effectors of known carcinogenic pathways, such as mRNAs involved in the Wnt/ß-catenin,
PI3K/AKT, p53/c-MYC, and MAPK/ERK pathways. More recent analyses have unveiled
the capacity for ceRNAs to mitigate the influence of miRNAs in CRC (Table 2). Neither
the isolated investigation of miRNA on mRNA, or ceRNA on miRNA influence would
complete the carcinogenic picture due to their attritive relationships.

Table 2. Reported ceRNAs and targeted miRNAs in CRC.

miRNA ceRNA in CRC Reference

miR-21

CASC7 [315]
circ_0026344 [316]
circACAP2 [317]

circEPB41L2 [318]
DGCR5 [319]
GAS5 [36]

LINC00312 [320]
OTUD6B-AS1 [321]

miR-17

circITCH [12]
circLONP2 [322]
HOTAIRM1 [11]
MIR17HG [171]
PAUPAR [323]

miR-18a
CASC2 [150]

FENDRR [324]
UCA1 [325]

miR-19a
CASC2 [326]

LINC00342 [327]
MCM3AP-AS1 [328]

miR-20a
circITCH [12]

HAND2-AS1 [329]

miR-19b None Reported

miR-92a None Reported

miR-143

circACAP2 [330]
OECC [331]
PART1 [190]

TMPO-AS1 [332]
UCA1 [189]
UCC [188]

ZEB2-AS1 [333]
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Table 2. Cont.

miRNA ceRNA in CRC Reference

miR-145

CACS15 [334]
circ_001569 [191]
circRUNX1 [335]

DANCR [336]
MIR570MG [337]

PVT1 [338]
SNHG1 [339]

SOX2-AS1 [340]
TUG1 [341]

miR-203
BANCR [237]

FBXL19-AS1 [236]
LINC00657 [238]

miR-200a

BFAL1 [342]
H19 [217]

SNHG16 [343]
ZEB1-AS1 [344]

miR-200b
XIST [345]

ZFAS1 [218]

miR-200c
ATB [346]

ZFAS1 [218]

miR-141

ATB [347]
H19 [348]

LINC01296 [349]
MEG3 [350]

ZEB1-AS1 [218]

miR-429 None Reported

miR-135a
circ_0001946 [351]
circNOL10 [247]

FOXD3-AS1 [352]

miR-135b circNOL10 [247]

miR-96 None Reported

miR-183 circ_0026344 [273]

miR-150

LINC00857 [353]
NEAT1 [354]
PART1 [287]
ZFAS1 [286]

miR-195

AFAP-AS1 [308]
circ_0038718 [307]
LINC00473 [306]

SNHG1 [305]

The molecular CRC environment becomes further complicated as modifications to
miRNA and ceRNA are known to alter their effect such as A-to-I editing [355] or m6A
methylation [356]. This struggle between mRNA, miRNA, and ceRNAs over the carcino-
genic capacity within CRC tumors demands the need for a more comprehensive review
of the overall RNA influence in personalized CRC diagnosis and treatment. The main
cytological affectations of miRNAs cannot be fully explained except in light of taking
downstream targets into account. For example, circACAP2 is capable of sponging both
oncogenic miR-21 [317] and suppressive miR-143 [330] and, therefore, circACAP2 in iso-
lation could be considered carcinogenic or suppressive in relation to the sequestration of
miR-21 or miR-143 in CRC. Thus, the vital examinations of interactive miRNA/ceRNA
networks within a CRC context are becoming more necessary and prevalent [357–359],
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including studying the epigenetic regulation of miRNA/ceRNA expression [360], instead
of focusing on individual cases of ceRNA/miRNA/mRNA interaction in order to provide
a more thorough exploration of their collective effect on CRC. These examinations take
a wider view of the interactions of multiple RNA species as they operate as a collective
axis instead of concentrating on individual RNA species and allow for more personalized
medical strategies [361]. Preliminary patterns of ceRNA-miRNA-mRNA networks in CRC
samples are beginning to be discovered and provide a better framework for understanding
the heterogenous CRC environment [357,362,363], and should be used as templates for the
integrative ncRNA analysis in CRC patients. Figure 1 summarizes ceRNA-miRNA-mRNA
networks in CRC, in which oncogenic or tumor suppressive miRNAs are dysregulated.
The dysregulated miRNAs and ceRNAs can be potentially developed as biomarkers in the
diagnosis of CRC as well as therapeutic targets to treat the disease. Continued work into
personalized ncRNA-based diagnoses/treatments for the multifaceted and insidious nature
of CRC could provide promising new avenues of prevention, diagnosis, and treatment.
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