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cancers

Editorial

The Role of microRNAs in Cancer: Functions, Biomarkers
and Therapeutics
Paola Tucci

Department of Pharmacy, Health and Nutritional Sciences, University of Calabria, 87036 Rende, Italy;
paola.tucci@unical.it; Tel.: +39-0984493185

MicroRNAs (miRs) are small non-coding RNAs acting as post-transcriptional regula-
tors of gene expression with important roles in almost all biological pathways, including
development, differentiation, cell cycle, proliferation, and apoptosis. Deregulated miR
expression has been detected in numerous cancers, where miRs act as both oncogene and
tumor suppressors. Considering their important roles in tumorigenesis, miRs have been
investigated as prognostic and diagnostic biomarkers and as useful targets for therapeu-
tic intervention.

This Special Issue of Cancers focuses on the identification and characterization of new
miR targets involved in cancer pathogenesis and on their role as potential biomarkers
for early detection and diagnosis, as well as for the development of new cancer therapy.
Some more recent and exciting advances in the field are collected and presented here,
providing new ideas for discussion of future perspectives among researchers working on
this hot topic.

The review by Katsaraki et al. [1] summarizes and highlights the current knowledge
concerning the multifaceted role of miRs both in normal B-cell development and B-cell
chronic lymphocytic leukemia progression, prognosis and therapy.

Recent studies revealed differences in the miR expression profiles in tissues from
patients with ovarian cancer and healthy individuals. For example, the expression of
miR-200a, miR-200b, and miR-200c was significantly higher than that in normal tissues,
whereas mir-199a, miR-140, miR-145, and miR-125b1 displayed low expression in ovarian
cancer tissues. A potential explanation for a global decrease in miR expression may be
inhibition of DICER, as shown by Wilczynski et al. [2]. Down-regulation of DICER has
been detected in epithelial ovarian cancer and was associated with the up-regulation of
the oncogenic miRNA-103/107. Although the results of their study do not highlight any
clinical or prognostic role of the miRs, the miR-103/miR-107/DICER axis may be one of
the key regulators of cancer aggressiveness [2].

In their paper, Jasinski-Bergner et al. [3] describe for the first time the impact and
relevance of factors involved in 2′-O-methylation and pseudouridylation of different RNA
species, such as miRs, related to the processes of tumor formation and progression in a
malignant melanoma model. The up-regulation of the RNA modifying proteins is, indeed,
a prognostic factor in this tumor and the impact of these molecules on miRs would lead to
the identification of new proteins involved in the miRs deregulation, thus suggesting that
both RNA factors and miRs involved in this process, represent suitable targets for tumor
therapy and putative novel prognostic markers [3].

MiRs are not only able to distinguish normal tissues from tumor, but can also distin-
guish and characterize the different tumoral subgroups. A few studies have dedicated
their attention to the detection and monitoring of renal cancer, one of the most common
cancers worldwide with a nearly non-symptomatic course until the advanced stages of
the disease. Kajdasz et al. [4], through a meta-analysis study, investigate and validate the
changes in miRs expression in renal cancer patients. Furthermore, deregulated miRs are
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differentially expressed in the different renal cancer subtypes and can be used to distinguish
the subclass [4].

In case of medulloblastoma, the most common malignant brain tumor in children,
studies have mostly concentrated on the clinical entity of the single disease rather than in the
four molecular subgroups [5]. Each subgroup has a different cell of origin, prognosis, and
may require specific therapeutic strategies. The review by Bevacqua et al. [5] summarizes
the role of miRs in the four medulloblastoma subgroups, their potential as biomarkers for
early diagnosis and prognosis, highlighting the potential of these miRs in providing new
opportunities to treat the different clinical and biological features between subgroups.

The role of various miRs was investigated in relation to metabolic disorders, as sug-
gested by Sidorkiewicz et al., showing the alterations in miR profiles in endometrial cancer
patients with insulin resistance [6].

On the other hand, another study by Lee et al. [7] links the expression of miRs to the
effects of cigarette smoking, a major risk factor of lung cancer by inducing DNA methylation.
Regarding this, the authors found that miR-584-5p expression was down-regulated by the
methylation and this resulted in increased migration and invasion in smoking-related
lung cancer cells by targeting the oncogenic protein YKT6 [7]. Thus, the tumor suppressor
miR-584-5p might be used as molecular biomarker for this kind of cancer.

One of the factors contributing to the complexity of tumor growth, metastasis, and
patient survival in breast cancer is the level of hypoxia (oxygen deficiency) [8]. To counteract
hypoxia, cancerous cells secrete growth factors that facilitate angiogenesis in the tumor
microenvironment to deliver the required oxygen and nutrients to tumoral cells, as well as
oxidative stress, epithelial to mesenchymal transition, cell migration, and inflammation in
cancer. Gervin et al. [8] identify and investigates a novel function of miR-526b and miR-655
in breast cancer, showing that hypoxia enhances oncogenic functions of these miRs in
breast cancer cells and promotes the expression of tumor-associated angiogenic marker
and tumoral progression.

During carcinogenesis, miRs play important roles in regulating the maintenance and
acquisition of cancer stem cells. Two papers discuss on this issue [9,10]. In the first paper,
Liao et al. [9] identify in colorectal stem-like cancer cells the microRNA-210-Stathmin1 axis,
critical for inducing microtubule destabilization, decreasing cell elasticity and thus facilitate
cell motility and metastasis. In the second, Fitriana at al. [10] summarize the latest finding
on the role of miRs in regulating cancer stemness with regard to the head and neck cancers,
and analyzed them as useful targets for potential clinical application.

As tumor cells can release miRs resistant to digestion by RNases through their en-
capsulation into microvesicles or binding to lipoproteins, the use of circulating miRs as
biomarkers for different cancer types is a rapidly developing area. miRs can be detected
in biological fluids, allowing non-invasive diagnosis to discriminate malignant lesions
from benign lesions. Gajek et al. [11] summarize the latest findings on the utility of miRs
as potential biomarkers for ovarian cancer diagnosis and prognosis as circulating miR
profiles reflect the tumor profiles. Furthermore, by modulating the sensitivity of the cancer
cells to chemotherapeutic agents they might serve as promising therapeutic for multidrug-
resistance ovarian cancer [11].

Giussani et al. [12] analyze circulating miRs in plasma sample from patients enrolled
in the clinical study and identified 5 miRs (miR-625, miR-423-5p, miR-370-3p, miR-181c,
and miR-301b) that, properly combined, are able to distinguish malignant from benign
breast disease in women [12].

Since recent studies have shown that exosomes promote the generation of a metastatic
niche by transferring functional molecules, Eun et al. [13] investigated the role of circulating
exosomal miRs in cancer metastasis, and found that the exo-miR-1307-5p was significantly
overexpressed in hepatocellular carcinoma and correlated with progression and metastasis
in patients with advanced-stage. For a precision treatment strategy, the identification of
metastasis driver molecules in blood would help classify patients in accordance with the
risk of metastasis during the initial staging process [13].
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Finding biomarkers for metastasis is also important for identifying melanoma tumors.
The aim of the pilot study by Bustos et al. [14] was to demonstrate the utility of circulat-
ing cell-free miRs as potential blood biomarkers for stage III and IV melanoma patients
compared to serum lactate dehydrogenase which is currently an accepted biomarker for
stage IV, but it has limited utility for stage III melanoma patients. Thus, they identified sev-
eral miRs suitable for real-time monitoring treatment response of patients with metastatic
melanoma [14].

In summary, this Special Issue of Cancers is a collection of articles (nine research
articles and five reviews articles) discussing the role of miRs in cancer. The identification
and characterization of new cancer-relevant miRs may be used to facilitate patient diagnosis
and prognosis of different tumors. Moreover, miR profiles can define relevant tumoral
subtypes. We can also monitor miR changes to predict therapeutic responses as a non-
invasive detection method. Lastly, the importance of miRs in cancer has paved the way for
new diagnostic and therapeutic opportunities. Even though substantial questions must be
answered, with the advances in in vivo delivery systems, the administration of miR-based
therapeutics is feasible and safe in humans, and they could represent a suitable target for
the clinical treatment, able to change the medical practice in the foreseeable future.

Conflicts of Interest: The author declares no conflict of interest.
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Simple Summary: The involvement of miRNAs in physiological cellular processes has been well
documented. The development of B cells, which is dictated by a miRNA-transcription factor regula-
tory network, suggests a typical process partly orchestrated by miRNAs. Besides their contribution
in normal hematopoiesis, miRNAs have been severally reported to be implicated in hematological
malignancies, a typical example of which is B-cell chronic lymphocytic leukemia (B-CLL). Numerous
studies have attempted to highlight the regulatory role of miRNAs in B-CLL or establish some of
them as molecular biomarkers or therapeutic targets. Thus, a critical review summarizing the current
knowledge concerning the multifaceted role of miRNAs in normal B-cell development and B-CLL
progression, prognosis, and therapy, is urgent. Moreover, this review aims to highlight important
miRNAs in both normal B-cell development and B-CLL and discuss future perspectives concerning
their regulatory potential and establishment in clinical practice.

Abstract: MicroRNAs (miRNAs) represent a class of small non-coding RNAs bearing regulatory
potency. The implication of miRNAs in physiological cellular processes has been well documented
so far. A typical process orchestrated by miRNAs is the normal B-cell development. A stage-
specific expression pattern of miRNAs has been reported in the developmental procedure, as well as
interactions with transcription factors that dictate B-cell development. Besides their involvement in
normal hematopoiesis, miRNAs are severally implicated in hematological malignancies, a typical
paradigm of which is B-cell chronic lymphocytic leukemia (B-CLL). B-CLL is a highly heterogeneous
disease characterized by the accumulation of abnormal B cells in blood, bone marrow, lymph nodes,
and spleen. Therefore, timely, specific, and sensitive assessment of the malignancy is vital. Several
studies have attempted to highlight the remarkable significance of miRNAs as regulators of gene
expression, biomarkers for diagnosis, prognosis, progression, and therapy response prediction, as
well as molecules with potential therapeutic utility. This review seeks to outline the linkage between
miRNA function in normal and malignant hematopoiesis by demonstrating the main benchmarks of
the implication of miRNAs in the regulation of normal B-cell development, and to summarize the
key findings about their value as regulators, biomarkers, or therapeutic targets in B-CLL.

Keywords: miRNAs; normal B-cell development; B-CLL; miRNA-transcription factor network;
regulation; biomarker; therapy; prognosis; diagnosis; progression; prediction

1. Introduction

B-cell chronic lymphocytic leukemia (B-CLL) is the most common type of leukemia in
the Western World affecting mainly elders. It accounts for 7% of non-Hodgkin lymphomas
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and it is classified as a low-grade B-cell non-Hodgkin lymphoma. Biologically, it is charac-
terized by the accumulation of abnormal B cells in the blood, bone marrow, lymph nodes
and the spleen. Approximately 80–90% of B-CLL patients have chromosomal abnormalities,
with the most common one being in the chromosomal region 13q14.3 [1]. Furthermore,
numerous mutated genes have been characterized in the genome of B-CLL patients which
occur mainly in the NOTCH1, MYD88, TP53, ATM, SF3B1 and BIRC3 genes. B-CLL is a
highly heterogeneous disease and therefore, timely, specific, and sensitive assessment of
this malignancy and its progression is vital. Therefore, in the last decades, several molecu-
lar and clinical prognostic markers have been proposed for B-CLL assessment. Age, Binet
and Rai staging systems, deletions in chromosomes 11q, 13q, 17p, serum markers such as
β2-microglobulin, cell surface markers such as CD38, IGHV mutational status, z-associated
protein-70 (ZAP70) and lipoprotein lipase (LPL) represent some of these markers [2].

MicroRNAs (miRNAs) are small non-coding RNAs (sncRNAs), with an average length
of 22 nucleotides. These sncRNAs are transcribed and processed by Drosha and Dicer
enzymes and target mRNAs post-transcriptionally via recruitment of Argonaute (AGO)
proteins and therefore, recruitment of the relative RISC complexes to a complementary
mRNA target sequence. This recruitment leads to mRNA degradation and/or repression
of translation. Furthermore, miRNAs appear as a complex regulatory network as multiple
miRNAs target the same mRNA and multiple mRNA sequences are targeted by one specific
miRNA. During the last few years, the role of miRNAs has been evaluated in various dis-
eases including cancer. These studies highlighted the remarkable significance of miRNAs
as regulators, biomarkers for diagnosis, prognosis, progression and prediction, as well as
molecules with therapeutic utility [3]. Unique miRNAs and other factors contributing to
B-CLL pathogenesis are summarized in Figure 1.
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these markers [2]. 

MicroRNAs (miRNAs) are small non-coding RNAs (sncRNAs), with an average 
length of 22 nucleotides. These sncRNAs are transcribed and processed by Drosha and 
Dicer enzymes and target mRNAs post-transcriptionally via recruitment of Argonaute 
(AGO) proteins and therefore, recruitment of the relative RISC complexes to a comple-
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pression of translation. Furthermore, miRNAs appear as a complex regulatory network as 
multiple miRNAs target the same mRNA and multiple mRNA sequences are targeted by 
one specific miRNA. During the last few years, the role of miRNAs has been evaluated in 
various diseases including cancer. These studies highlighted the remarkable significance 
of miRNAs as regulators, biomarkers for diagnosis, prognosis, progression and predic-
tion, as well as molecules with therapeutic utility [3]. Unique miRNAs and other factors 
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Until today, various studies delineate the regulatory role of miRNAs in hematological
malignancies, as they are critically implicated in B-cell development, proliferation and
migration, by affecting numerous pathways including the BCR signaling, the mitogen-
activated protein kinase (MAPK/ERK), the phosphatidylinositol 3–kinase (PI3K)/serine/
threonine kinase AKT, and the nuclear factor κB (NFkB). Since 2002, when Calin et al.
reported a downregulation in the expression levels of miR-15a-5p and miR-16-5p as a result
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of the deletion located at the chromosome 13q14 [4], which is the most common among
B-CLL patients, great progress has been made in order to reveal the role of miRNAs in
B-CLL. At present, miRNAs have been characterized as valuable regulators and biomarkers
for the assessment of the occurrence and progression of B-CLL as well as evaluators of
therapy and promising molecules for therapeutic strategies.

Even though the implication of miRNAs in normal B-cell hematopoiesis, lymphomas
and leukemias has been extensively studied [5], scientific knowledge in this context re-
mains limited with only specific miRNAs being studied broadly. Moreover, a review
summarizing and highlighting their significant involvement in normal B-cell development
and B-CLL is still missing. Therefore, in this review, we aim to highlight the importance of
miRNAs in normal B-cell development both in the bone marrow and the periphery and
delineate their roles in B-CLL regulation, therapy and disease assessment. Moreover, we
propose promising topics for future, targeted research concerning the regulatory potential
of miRNAs and their establishment in clinical practice.

2. miRNAs: How Are They Involved in Normal B-Cell Development?

The development of B cells is a multi-step and tightly regulated process. In brief, the
developmental procedure consists of the following stages: the developmental phases, that
take place in the bone marrow, include the transformation of hematopoietic stem cells
(HSCs) to common lymphoid progenitors, pro-B cells, pre-B cells, and immature B cells.
These developmental stages are characterized by rearrangements in the Ig genomic loci,
called VDJ recombination. This process leads to the formation of Ig heavy chains at the
pro-B stage and Ig light chains at the pre-B-cell stage, which compose a transmembrane
protein called BCR. Next, the BCR-expressing immature B cells undergo the central toler-
ance checkpoint, during which those expressing a self-reactive antibody are eliminated.
Following, B cells migrate in the spleen where naïve B cells bind to an antigen and differen-
tiate into follicular or marginal zone B cells. This differentiation strongly depends on BCR
signals. Next, marginal zone B cells populate the marginal zone, while follicular B cells
enter the germinal center, forming three distinct zones: the dark, light, and mantle zone.
Subsequently, germinal center B cells differentiate into memory or plasma cells [6].

2.1. miRNAs in Bone Marrow B-Cell Development

miRNAs have been multifariously implicated in the regulation of B-cell development,
affecting most of the stages composing this process. The global impact of miRNAs is
demonstrated by the fact that the lack of DGCR8, a key molecule for proper miRNA
biogenesis, led to elevated apoptosis rate of early B cells [7,8]. Moreover, the expression of
each miRNA during B-cell development seems to be stage-specific, as it was uncovered
by the study of Spierings et al. [9]. Other studies support this finding as well; miR-
181a-5p, miR-150-5p, miR-132-3p, and miR-126-3p were differentially expressed among
developmental stages [10,11]; moreover, the ectopic overexpression of miR-181a-5p in
common lymphoid progenitors led to an increase in the total number of B cells, indicating
its involvement in B-cell development [12]. In contrast, overexpression of a member of the
miR-23a cluster, miR-23a-5p, in HSCs led to a decrease in total B-cell number [13].

Besides their involvement in the general context of B-cell development, several miR-
NAs have been demonstrated to affect specific early stages of the developmental process
by interacting with transcription factors crucial for normal B-cell development. The main
transcription factors that orchestrate the development of B cells are TCF3, EBF1, and
PAX5 [14,15]. TCF3 is required for the initiation and maintenance of the developmental
procedure, as well as for the recruitment of EBF1 and PAX5 [16]; both these transcriptional
factors are essential for early B-cell differentiation, as they participate in the formation of a
functional BCR [15,17]. Interestingly, in absence of EBF1, the developmental process is not
abolished, since miR-126-3p was shown to partly rescue B-cell development, by inducing
the expression of genes that are required for the process, including RAG1 and RAG2, two
recombinases responsible for VDJ recombination [11,18]; this fact comes in line with its
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overexpression in early developmental stages. Other transcription factors are implicated
too, including FOXP1, which controls RAG1 and RAG2 expression [19], and EGR1, a
transcriptional regulator essential for B-cell differentiation [20]. In this context, miR-191-5p
was shown to target Foxp1, Tcf3, and Egr1 in mice, exerting a potential controversial role in
the developmental procedure since both its deletion and overexpression led to inefficient
development of the B cells [21]. Egr1 is also decreased upon miR-146a-5p overexpression
in mice, leading to B-cell malignancies [20].

Such a regulatory network, consisting of miRNAs and transcription factors, has been
described to arrest the developmental procedure at the pro- to pre-B-cell transition as well;
this transition is an important checkpoint in the B-cell development process. Overexpres-
sion of miR-150-5p in common lymphoid progenitors, blocked pro- to pre-B-cell transition,
due to its binding to MYB, a transcription factor whose deletion completely abolishes
B-cell development; this fact explains the above-mentioned stage-specific expression of
miR-150-5p, as normally it is not detected in early developmental stages [10,22,23]. Similar
to miR-150-5p, miR-132-3p overexpression in mouse HSCs blocked the developmental
procedure at the pro-B-cell stage by targeting another transcription factor, namely Sox4,
which is required for the survival of pro-B cells and is involved in Rag1 expression; the
expression of miR-132-3p is stage-specific as well and is likely to be induced by BCR
signaling, which means that it is normally expressed after the transition stage [24]. These
typical examples indicate that the stage-specific expression pattern is not stochastic but
strictly linked to each miRNA utility and function in the developmental process.

Additionally, miR-24-3p, which belongs to the previously mentioned miR-23a cluster,
had similar results by targeting the transcription factor MYC [25]; this information can
explain the B-cell development blocking, caused by the miR-23a cluster [10]. Additionally,
MYC controls the expression of the miR-17/92 cluster; its overexpression arrests B cells
at the pro-B-cell stage, by inhibition of the proapoptotic protein BCL2L11, and of PTEN,
which is implicated in the vital PI3K signaling pathway [26,27]. This axis is also implicated
in immature B cells; the targeting of PTEN and BCL2L11 by this cluster and by miR-148a-
3p promotes the survival of immature B cells, as well as the production of self-reactive
antibodies, and thus leads to their elimination at the central tolerance checkpoint [28–30].
All this information highlights the great and multifaceted impact of miRNAs in early-stage
B-cell development.

2.2. miRNAs in Peripheral B-Cell Development

Concerning the development in the periphery, several miRNAs have been reported
to play a role, too, with most of them affecting germinal center B to plasma cell transition.
miR-155-5p is essential for plasma cell production, as it inhibits SPI1 proto-oncogene, lead-
ing to downregulation of PAX5 [31]; PAX5 downregulation is essential for terminal B-cell
differentiation. Moreover, miR-148a-3p promotes germinal center to plasma cell transition,
by inhibiting BACH2 and MITF; these transcription factors repress the transcription factors
PRDM1 and IRF4, both involved in premature plasma cell differentiation, by initiating cas-
cades of gene expression changes and inducing class-switch recombination [32], a process
of further recombination of the Ig genes, essential for terminal B-cell differentiation [6]. On
the contrary, miR-125b-5p was shown to negatively regulate the B-cell differentiation in
germinal centers, through targeting the transcription factors PRDM1 and IRF4 [33], thus
its physiological silencing is required for normal B-cell development [34]. This fact is also
supported by a study that demonstrated that transgenic mice overexpressing miR-125b-5p
developed lethal B-cell malignancies [35]. PRDM1 was also shown to be targeted by two
members of the miR-30 family, namely miR-30b-5p and miR-30d-5p, and miR-9-5p, leading
to similar results [36].

Besides germinal center B cells, miRNAs were shown to affect marginal zone B cells,
too, which are involved in the early rapid response to infection. miR-146a-5p overexpres-
sion was demonstrated to reduce the total number of marginal zone B cells, by targeting
NUMB which prevents TP53 degradation and upregulates the Notch signaling pathway;
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this pathway promotes the development of marginal zone lymphocytes [37–39]. Aberrant
development of marginal zone B cells is also a consequence of miR-142-5p. Moreover, its
deficiency in nude mice led to a deregulation of gene expression in mature B cells, due
to higher levels of B cell-activating factor receptor (BAFFR; also known as TNFRSF13C),
which is a direct target of miR-142-5p and enhances B-cell survival, leading to robust B-cell
proliferation [40].

All this information, as well as additional miRNAs participating in B-cell development,
are summarized in Table 1; those miRNAs that were shown to have a great impact in the
developmental process are presented in Figure 2.

Table 1. miRNAs implicated in normal B-cell development.

miRNA Target Effect References

Bone marrow

miR-181a-5p - Promotes B-cell development [12]

miR-23a-5p - Inhibits B-cell development [13]

miR-191-5p Tcf3, Foxp1, and Egr1 Acts as a rheostat for early B-cell
development in mice [21]

miR-126-3p RAG1 and RAG2 Rescues B-cell development in
absence of EBF1 [11]

miR-146a-5p Egr1 Downregulates Egr1, leading to
B-cell malignancies [20]

miR-150-5p MYB

Inhibits pro- to pre-B-cell
transition

[10,22]

miR-132-3p Sox4 [24]

miR-34a-5p FOXP1 [41]

miR-24-3p MYC [13,25]

miR-17/92 cluster BCL2L11 and PTEN
Inhibits pro- to pre-B-cell

transition; promotes the survival
of immature B cells

[26]

miR-21-5p - Inhibits pre-B cell apoptosis [42]

miR-148a-3p BCL2L11, PTEN, and
GADD45A

Promotes the survival of
immature B cells [28]

miR-210-3p - Inhibits autoantibody
production in mice [43]

Periphery

miR-29a-3p - Is essential for the formation of
germinal center B cells in mice [44]

miR-125b-5p PRDM1 and IRF4

Inhibits the differentiation of
germinal center B cells

[33–35]

miR-9-5p
PRDM1 [36]miR-30b-5p/miR-30d-5p

miR-223-3p LMO2 [36]

miR-155-5p SPI1 Promotes the differentiation of
germinal center B cells

[31]

miR-148a-3p BACH2 and MITF [32]

miR-146a-5p NUMB Inhibits the formation of
marginal zone B cells [38]

miR-142-5p BAFFR
Inhibits the formation of

marginal zone B cells; regulates
gene expression in mature B cells

[40]
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3. miRNAs: Regulators, Biomarkers and Potential Therapeutic Entities in B-CLL
3.1. miRNAs as Regulators in B-CLL

miRNAs appear as important molecules in the regulation of B-CLL either by directly
regulating key factors that are involved in B-CLL pathogenesis or after the alteration of
their levels by epigenetic modifications. They can act as oncogenic molecules or as tu-
mor suppressors with a remarkable involvement in several B-CLL signaling pathways.
They appear as crucial regulators of cellular procedures such as early B-cell develop-
ment [45], cell metabolism and autophagy [46,47], of signaling pathways including the
NFkB pathway [20,48], the Hedgehog (Hh) signaling pathway [49], as well as of key
molecules in B-CLL such as BTK [50], TCL1A [51–53], BCL2 [54], TERT [55], and the heat
shock proteins (HSPs) [56]. Moreover, they have an exceptional involvement in distinct
parts of the BCR signaling pathway, which is abnormally activated in B-CLL, as well as,
in its downstream pathways [57]. This interaction leads to the regulation of apoptosis,
survival, proliferation and migration of leukemic B cells.

Initially, a differential expression of specific miRNAs was found between BCR stim-
ulated and unstimulated cells [58]. Interestingly, in leukemic B cells, high expression of
miR-155-5p mimics led to an increased BCR stimulation compared to controls. On the
contrary, miR-155-5p inhibition resulted in a reduced calcium flux which is a result of BCR
stimulation reduction [59]. In another study, miR-150-5p was found to regulate BCR signal-
ing in B-CLL by regulating the expression levels of GAB1 and FOXP1. GAB1 is an adaptor
molecule that recruits numerous factors, including PI3K, enhancing the BCR signaling.
FOXP1 is a transcription factor that is strongly expressed after B-cell activation. Character-
istically, transfection of cells with miR-150-5p mimics decreased the levels of GAB1 and
FOXP1. Moreover, sensitive B-CLL samples to BCR stimulation had higher levels of GAB1
and FOXP1 mRNAs. Additionally, insensitive to BCR stimulation samples had high levels
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of miR-150-5p, reinforcing the idea of the connection between high miR-150-5p levels with
low GAB1 and FOXP1 expression which results in a reduced sensitivity [60]. Additionally,
FOXP1 was also found to be controlled by miR-34a-5p with its levels being reduced during
DNA damage response leading to a limitation of BCR signaling [61]. Furthermore, a recent
study revealed the involvement of miR-29 family in CD40 signaling by targeting TRAF4
and proposed a novel regulatory axis in B-CLL, modulated by the BCR activity [62].

Another study revealed the involvement of miR-21-5p in BCR-mediated MAPK/ERK
signaling. miR-21-5p was found to downregulate SPRY2 expression, leading to a decrease
of SPRY2 levels in MEC-1 cells, a human B-CLL cell line. SPRY2 is an inhibitory protein that
interacts with RAF1, BRAF, and SYK for the downregulation of the MAPK/ERK signaling
in leukemic B cells. Therefore, high expression of miR-21-5p leads to an upregulation of
MAPK/ERK signaling and a relative result to survival and proliferation of the leukemic
B cells [63]. However, tumor-suppressive miRNAs which contribute negatively to the
MAPK/ERK signaling pathway have also been identified in B-CLL [64,65]. As described
previously, miRNAs are also involved in the regulation of the PI3K/AKT pathway, either
by directly influencing the pathway or by downregulating the expression of PTEN, a tumor
suppressor of this pathway [66,67]. This pathway regulates cellular growth, metabolism
and survival.

Another important example of miRNAs regulation in B-CLL is the connection of
miR-15a-5p and miR-16-5p with TP53 and both miR-34b-3p and miR-34c-5p–produced by
genes located in chromosomes 13q, 17p, and 11q, respectively–and their relation to B-CLL
pathogenesis and patients’ outcome. The deletion of 13q14 in B-CLL patients results to
downregulation of miR-15a-5p and miR-16-5p levels and high levels of its targets, BCL2
and MCL1 anti-apoptotic proteins, leading to a reduction of apoptosis. Furthermore, low
miR-15a-5p and miR-16-5p levels, caused by 13q14 deletion, results in an upregulation
of their target, TP53, which leads to increased levels of miR-34b-3p and miR-34c-5p, thus
leading to reduction of ZAP-70 levels and its downstream pathways, as well as to an
indolent B-CLL phenotype [68].

Epigenetic modifications of miRNAs may lead to significant alterations in their expres-
sion and function. Baer et al. found a negative correlation between the DNA methylation
status of miRNA promoters and the expression of their corresponding mRNA targets [69],
proposing a strong epigenetic effect in the miRNA expression after a methylation change in
the DNA promoter region. Two other studies highlighted the significance of methylation
in the MIR34B/MIR34C promoter region. The methylation status of the MIR34B/MIR34C
promoter region differed between normal and B-CLL cohorts [70,71], proposing a cor-
relation between MIR34B/MIR34C promoter methylation, the downregulation of mir-
34b/mir-34c and the respective mature miRNAs, and subsequently the reduction of their
tumor-suppressive activity in B-CLL patients. Furthermore, acetylation alteration may
differentiate the levels of specific miRNAs as it was found that histone deacetylases may
mediate the silencing of miR-15a-5p, miR-16-5p, and miR-29b-3p in B-CLL [72]. This
alteration is of high importance as these miRNAs are significant regulators in B-CLL. Fur-
thermore, it is important to mention that epigenetic alterations in specific miRNAs, such
as RNA editing, which were changes of adenosine to inosine and cytosine to uracil, have
been found altered between leukemic and normal B cells and may differentiate the targets
of these miRNAs [73].

Recent studies have also examined the interaction of miRNAs with a relatively new
RNA type, circular RNAs (circRNAs), in the context of B-CLL pathogenesis. CircRNAs,
which are mainly produced by backsplicing events in pre-mRNAs, bear a circular structure
and can regulate cell function, multifariously, including sponging of miRNAs, which
consequently limits the effect of miRNAs. A relative example is circ-CBFB, which was
predicted to sponge miR-607, leading to an upregulated expression of the miRNA target,
FZD3, which is a receptor for WNT proteins. This upregulation leads to the activation of the
WNT/β-catenin pathway and B-CLL progression [74]. Additionally, the downregulation of
circ_0132266, which acts as a sponge for miR-337-3p, resulted in a downregulation of PML,
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which is the target molecule of the latter and a tumor suppressor. The downregulation of
PML leads to increased cell viability [75].

All the aforementioned information delineates a great involvement of miRNAs in
B-CLL regulation as they can modulate oncosuppressors and oncogenes, possess a key
role in a plethora of signaling pathways and can also be epigenetically regulated having
different functions. Specific miRNAs with a regulatory role in B-CLL are summarized in
Table 2.

Table 2. miRNAs with a regulatory effect in B-CLL.

miRNA Target Effect References

miR-29 family TRAF4 Suppresses CD40 signaling [62]

miR-202-3p SUFU Regulates Hedgehog (Hh) signaling [49]

miR-607 FZD3 Enhances WNT/β-catenin signaling [74]

miR-708-5p IKBKB Suppresses NFkB signaling [48]

miR-22-3p PTEN, CDKN1B, and BIRC5 Enhances PI3K/AKT signaling [66]

miR-3151-5p MADD and PIK3R2 Suppresses MAPK/ERK and
PI3K/AKT signaling [64]

miR-126-3p PIK3R2 Suppresses MAPK/ERK signaling [65]

miR-21-5p SPRY2 Enhances BCR and MAPK/ERK
signaling [63]

miR-150-5p GAB1 and FOXP1
Suppresses BCR signaling

[58,60]

miR-34a-5p FOXP1 [61]

miR-155-5p
SHIP1 Enhances BCR signaling [59]

- Regulates cell survival [76]

miR-221-3p; miR-222-3p CDKN1B Regulates cell proliferation [77]

miR-15a-5p; miR-16-5p

BCL2 Regulates cell survival [54]

TP53 Regulates cell proliferation [55,68]

ROR1 Regulates cell survival and
proliferation [78]

miR-26a-5p
EZH2

Regulates cell survival and
proliferation

[79]

PTEN [67]

miR-214-3p PTEN [67]

miR-337-3p PML [75]

miR-106b-5p ITCH [80]

miR-28-5p
NDRG2 [81]

miR-650

miR-181a-5p/miR-181b-5p - Suppresses cell growth [58]

miR-210-3p; miR-425-5p;
miR-1253; miR-4269;

miR-4667-3p
BTK Promotes apoptosis [50]

miR-130a-3p ATG2B and DICER1 Inhibits autophagy and regulates cell
survival [46]

miR-125b-5p PCTP, LIPA, GSS, HK2, IKZF4,
and TP53

Regulates metabolic adaptation to
cancer transformation [47]

miR-29b-3p; miR-34b-5p;
miR-181b-5p; miR-484 TCL1A Regulates multiple signaling

pathways and cell survival [51–53]
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3.2. miRNAs as Diagnostic, Prognostic and Predictive Biomarkers in B-CLL

In 2004, Calin et al. found deregulation in the expression levels of numerous miRNAs
between leukemic B cells and normal CD5+ B cells, as well as, among distinct molec-
ular B-CLL subtypes [82]. This study indicated for the first time a potential value of
miRNAs as diagnostic and prognostic biomarkers for B-CLL. One year later, the authors
proposed the first miRNA-signature for prognosis and progression of this malignancy
which could be used in order to distinguish between IGHV-mutated/ZAP70-positive and
IGHV-unmutated/ZAP70-negative patients [83].

Today, many scientists propose miRNAs as ideal biomarkers as they are highly stable
and can be easily detected and quantified in blood, other body fluids and fresh or paraffin-
embedded tissues. Over the years, numerous other miRNAs have been proposed in
B-CLL as biomarkers for risk assessment, prognosis, prediction and progression. In the
last few years, research has focused on assessing the value of specific miRNAs for the
disease rather than a panel of numerous miRNAs. A typical example is miR-181b-5p,
which has been identified as a biomarker of progression from indolent to aggressive
B-CLL [84]. Moreover, miR-155-5p expression levels were elevated in individuals with
monoclonal B-cell lymphocytosis compared to normal blood donors and in patients with
B-CLL compared to patients with monoclonal B-cell lymphocytosis [85]. Furthermore,
miR-155-5p levels were characterized as a valuable prognostic biomarker and biomarker
for the risk assessment of B-CLL development [86]. Moreover, it is worth mentioning that
other miRNAs appear as promising biomarkers in distinct subgroups of B-CLL patients
with different cytogenetic abnormalities [87–89].

Based on the high potential of miRNAs as biomarkers, there are studies, which
incorporate miRNAs in prognostic models, which provide B-CLL–specific prognostic
scores. In this context, Stamatopoulos et al. proposed a molecular prognostic score for
the disease which includes the expression levels of miR-29c-3p, ZAP-70 and LPL for the
stratification of B-CLL patients into three distinct groups concerning treatment-free and
overall survival (OS) prognosis [90]. Another system, the 21FK score, has been proposed
for prognosis assessment of B-CLL patients. This score examines the expression levels of
miR-21-5p by qRT-PCR, chromosomal abnormalities with fluorescence in situ hybridization,
and karyotype in peripheral blood mononuclear cells (PBMCs) of B-CLL patients, in order
to stratify patients for OS prognosis assessment [91]. Patients with a high 21FK score had a
shorter OS time and therefore worse prognosis. Even though these scoring systems could
provide a satisfactory prognosis, they have not been adopted in clinical practice.

Several studies revealed the predictive biomarker utility of miRNAs in B-CLL. These
studies assess whether the treatment strategy will be effective in patients with distinct
characteristics. For instance, particular miRNAs have emerged as predictive biomarkers in
order to distinguish fludarabine resistant or rituximab resistant patients from responsive
individuals for each therapeutic strategy [92,93]. Moreover, it is worth mentioning a study
that found that miR-34a-5p low expression was associated with TP53 inactivation, which
is a tumor suppressor with a key role in the induction of apoptosis of leukemic B cells,
regardless of 17p deletion or TP53 mutation. This inactivation of TP53 was observed
independently of the mutational status of the TP53 gene or deletions in 17p chromosomal
region, where the TP53 gene is located. Consequently, low levels of miR-34a-5p denote
apoptosis resistance and fludarabine refractory disease [94]. Additionally, the expression
levels of miR-21-5p, miR-148a-3p and miR-222-3p could also serve for the discrimination of
fludarabine-refractory B-CLL patients from fludarabine-sensitive ones. Inhibition of miR-
21-5p and miR-222-3p was found to increase caspase activity in fludarabine-treated TP53-
mutant MEG-01 chronic myelogenous leukemia cells, suggesting these two miRNAs as key
factors of acquisition of resistance to fludarabine [95]. Another noteworthy study noticed
an inversive correlation between circulating miR-125b-5p and miR-532-3p expression levels,
rituximab-induced lymphodepletion and CD20 expression on CD19+ T cells in patients
with B-CLL [93]. All the aforementioned information highlights the high and complicated
importance of miRNAs for the risk assessment of B-CLL development, progression and
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treatment prediction. Unique miRNAs, miRNA signatures and scoring systems, which
have been proposed for the assessment of B-CLL are summarized in Table 3.

Table 3. miRNAs as candidate biomarkers in B-CLL.

miRNA Localization miRNA Expression Biomarker Utility References

miR-20b-5p PBMCs 1 Lower levels in patients
with poor prognosis Prognosis [96]

miR-21-5p;
miR-125b-5p;
miR-148a-3p;
miR-181a-5p;
miR-221-3p;
miR-222-3p;
miR-532-3p

PBMCs 1

Lower levels in
responsive patients Prediction of response

[92,93,95]

miR-29a-3p;
miR-34a-5p

Higher levels in
responsive patients [92,94]

miR-181b-5p

PBMCs 1

Higher levels in
indolent vs. aggressive

disease

Prediction of
progression

[84]

miR-744-5p
Lower levels in patients

with shorter time to
first treatment

[97]

miR-4524a-5p
High levels in patients

with shorter time to
first treatment

miR-92a-3p PBMCs 1

Lower levels in B-CLL
patients vs.

non-leukemic controls
Diagnosis

[98]

Lower levels in patients
with poor prognosis Prognosis

miR-155-5p

Plasma
Higher levels in B-CLL

patients vs.
non-leukemic controls

Diagnosis

[86]

PBMCs 1
Higher levels in

patients with poor
prognosis

Prognosis

Purified B cells Lower levels in
responsive patients Prediction of response [85]

miRNA signature Serum

-

Diagnosis [99]

miRNA signature - [100]

miRNA signature - Prediction of
progression [89]

miRNA signature PBMCs 1
Diagnosis; prognosis [82]

miRNA signature Purified B cells [101]

miRNA signature PBMCs 1 Prognosis; prediction of
progression [83]

Scoring system,
including miR-21-5p

PBMCs 1

Higher levels in
patients with poor

prognosis Prognosis
[91]

Scoring system,
including miR-29c-3p

Lower levels in patients
with poor prognosis [90]

1 Peripheral blood mononuclear cells.
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3.3. miRNAs in B-CLL Therapy

The treatment of B-CLL consists of numerous therapeutic strategies and involves alky-
lating agents, glucocorticoids, purine analogs, monoclonal antibodies and bone marrow
transplantation. Moreover, target-specific therapies have also emerged, targeting BCR
receptor, BTK, PI3K and apoptosis-related proteins. Taking into consideration the multi-
faceted roles of miRNAs in B-CLL regulation, the fact that they are naturally produced
molecules by organisms and that their levels may be easily regulated with miRNA-mimics
or miRNA-antagomiRs, miRNAs appear as promising therapeutic molecules and thera-
peutic targets for this disease.

Specific studies emphasized the therapeutic potential of miRNAs. Interestingly,
Salerno et al. described an increase of drug sensitivity in the New Zealand Black (NZB)
mouse cell line, LNC, after the correction of the miR-15a-5p and miR-16-5p defect. NZB
mouse model has a genetically determined age-associated increase in malignant B-1 clones
and decreased expression of miR-15a-5p and miR-16-5p in B-1 cells. A cell cycle arrest
in the G1 phase was observed after the exogenous addition of miR-16-5p mimics. This
observation is in correlation with the decrease of CCND1 levels–an overexpressed gene
in some human B-CLL cases–as miR-15a-5p and miR-16-5p target the 3′ UTR of CCND1.
Moreover, a synergetic effect of miR-16-5p and chemotherapeutic agents was observed in
the induction of apoptosis [102]. In another study where lentiviral vectors were used for the
in vivo restoration of miR-15a-5p and miR-16-5p in NZB mouse model, mice appeared with
a moderate B-CLL phenotype. The lentivirus delivering system assisted in low systemic
toxicity levels and limited off-target effects. These results came in line with those of another
study, which demonstrated that the effect of the restoration of these two miRNAs were the
increased expression of miR-15a-5p and miR-16-5p both in transduced cells and serum and
the decreased viability of B-1 cells [103].

Numerous other miRNAs have also been associated as regulators of B-CLL therapy
[104,105], with miR-181a-5p and miR-181b-5p constituting promising examples. Leukemic
B cells from TP53wt patients were transfected with miR-181a-5p and miR-181b-5p mimics
resulting in a significant increase in apoptosis compared to controls, with no effect being
observed in B-CLL patients with a decreased expression of TP53 [106]. Moreover, miR-
181b-5p was found to affect the levels of TCL1A, AKT, and both phosphorylated ERK1 and
ERK2, to reduce leukemic cell expansion and to increase survival of a treated transgenic
mouse model [107].

miRNAs have also been characterized as oncogenic for numerous malignancies lead-
ing to a required downregulation of these miRNAs for the improvement of the cancer
patients’ outcome. In B-CLL, ibrutinib suppresses the expression of oncogenic miRNAs,
leading to a downregulation of malignant B-cell proliferation [108]. Moreover, in another
study, the downregulation of miR-17-5p expression levels was proposed as a potential
therapeutic strategy for B-CLL. An in-vitro administration of antagomiR-17-5p, which
is a miRNA inhibitory oligonucleotide molecule, in MEC-1 cells significantly reduced
miR-17-5p expression levels and cell proliferation. Moreover, tumors generated by MEC-
1 cells injected into severe combined immunodeficiency mice, which were treated with
antagomiR-17-5p, presented an inhibition of growth and complete remission in 20% of
the cases. Furthermore, antagomiR-17-5p treated mice possessed a longer median OS in
comparison to the controls, while no signs of toxicity were observed [109].

Besides in vivo lentiviral delivery of miRNA mimics as a therapeutic strategy for B-
CLL, antibody-based strategies have also been proposed for the delivery of miRNA mimics
and antagomiRs. These strategies include the construction of particles which include the
selected miRNAs and are conjugated with antigen-specific antibodies for characteristic
markers of leukemic B cells, such as CD38 and ROR1. Therefore, these “vehicles” are
attached to leukemic B cells which are expressing these markers [110,111]. The findings
of studies proposing miRNAs as molecules for therapeutic strategies are summarized in
Table 4.
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Table 4. miRNAs with a therapeutic interest with regard to B-CLL.

miRNA Experimental Approach Effect References

miR-15a-5p; miR-16-5p

Human cells Restoration of cell cycle
control [102]

Mouse model
Drug sensitization and

induction of apoptosis in mice
upon its upregulation

[102,103,112]

miR-155-3p Human cells Regulation of chemoresistance [104]

miR-222-3p Human cells
Reduced cell viability and

proliferation upon its
downregulation

[105]

miR-181a-5p/miR-181b-5p

Human cells Increased apoptosis of cells [106,107]

Mouse model

Reduced leukemic cell
expansion and increase of
survival in mice upon its

upregulation

[107]

miR-34a-5p; miR-146b-5p Human cells Inhibition of cell proliferation
upon its downregulation [108]

miR-17-5p

Human cells Reduced cell proliferation

[109]Mouse model
Reduced tumor growth and
increased survival in mice
upon its downregulation

miR-26a-5p
Human cells Induction of apoptosis with

CD38-targeted delivery [110]
Mouse model

miR-29b-3p Mouse model Induction of cell cycle arrest
with ROR1-targeted delivery [111]

The use of miRNA mimics or antagomiRs has entered clinical trials with promising
results for targeted therapy of various diseases. Therefore, these molecules appear as
promising therapeutic agents for the future as they could expand even more the field
of personalized medicine. However, for miRNA mimics or antagomiRs to succeed, off-
target phenomena and severe effects should be eliminated, and delivery strategies should
be improved. However, prior to all these ameliorations, it is important to clarify the
miRNA regulatory disease-specific network of miRNAs with deregulated levels in B-CLL,
in order to distinguish the most promising miRNAs for treatment, and therefore achieve a
miRNA-based therapy.

3.4. Viral miRNAs in B-CLL

Epstein-Barr virus (EBV) is a ubiquitous oncogenic human herpesvirus implicated
in lymphomas, such as Burkitt’s lymphoma, while recent studies have associated EBV
infection with B-CLL progression [113]. More specifically, it was shown that B-CLL patients
with elevated levels of EBV DNA load had significantly shorter OS time intervals and
were characterized by therapy resistance, compared to the ones with lower levels of EBV
DNA load [114,115]. However, further investigation is required regarding the potential
mechanisms of EBV-driven oncogenesis in B-CLL patients.

A proposed mode of action, via which EBV sustains viral infection, evades host
immunity and potentially leads to oncogenesis, is based on viral miRNAs [116]. EBV was
the first virus shown to encode viral miRNAs. To date, 44 mature miRNAs that could
be classified into two clusters (BHRF1 cluster and BART cluster) have been identified in
EBV. Particularly, the miRNAs from the BHRF1 cluster are expressed during lytic infection,
inhibit apoptosis, and favor proliferation of infected cells to enable the early phase of
viral propagation. Considering the role of these viral miRNAs, miR-BHRF1-1 has been
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further investigated in the context of B-CLL. Precisely, the expression levels of miR-BHRF1-
1 were significantly higher in the plasma of B-CLL patients compared to the plasma of
healthy individuals, while elevated levels of this miRNA were positively associated with
advanced Rai stages. Furthermore, B-CLL patients with elevated expression levels of miR-
BHRF1-1 were characterized by shorter OS time intervals, compared to the ones with lower
expression levels [117]. These findings designate the potential value of this miRNA as
biomarker. Additionally, high expression levels of miR-BHRF1-1 were positively correlated
with high miR-155-5p expression levels. This observation is quite significant, since miR-
155-5p plays a decisive role in both normal B-cell development and B-CLL progression, as
it has been thoroughly analyzed above. The association between these two miRNAs has
been also observed in another study, which showed that cellular miR-155-5p was induced
by the viral miRNA and that miR-155-5p played a key role in B-cell immortalization [118].
Finally, infection of leukemic B cells with miR-BHRF1-1 reduces the levels of the key
tumor suppressor, TP53 [117]. This interaction is, also, supported by an independent study,
which suggested that this miRNA exerts its role in B-CLL via downregulation of TP53 and
uncovered the therapeutic potential of miR-BHRF1-1 [119].

All these findings advocate the implication of EBV miRNAs in B-CLL onset and
progression. Even though this research field is still in its infancy, the elucidation of the role
of viral miRNAs in B-CLL progression is quite promising since it could further assist the
discovery of novel biomarkers and therapeutic strategies.

4. Future Perspectives

Although extensive research has been conducted, only a few miRNAs appear as
important regulatory molecules both in normal B-cell development and B-CLL, as depicted
in Figure 3. These include members of the miR-17/92 cluster, miR-21-5p, miR-29 family,
miR-34 family, miR-125b-5p, miR-150-5p, miR-155-5p, and miR-181 family. In particular,
miR-34a-5p was found to act similarly in both situations targeting FOXP1, either by
blocking the development of B cells in normal development or by limiting proliferation
and survival of leukemic B cells. miR-150-5p appears to function in a similar way, as well.
On the contrary, miR-181 isomiRs possess an opposite function, as they promote normal
B-cell development, but reduce leukemic cell expansion in B-CLL.

The implication of the aforementioned miRNAs in normal B-cell development indi-
cates that fully unraveling the regulatory network that orchestrates the typical developmen-
tal pathway of B cells can gain new insights in B-CLL understanding. Even though a great
number of studies delineate the roles of miRNAs in normal B-cell development and B-CLL,
there is no clear evidence of a large regulatory network of miRNAs in these two different
conditions. Moreover, no safe conclusions can be drawn, as scientific knowledge seems
to focus either on specific miRNAs that could regulate for instance a specific pathway
or on miRNA signatures with significant differences in their expression levels between
different stages of the developmental process or distinct B-CLL conditions. Additionally,
some findings seem contradictory such as the paradigm of cellular and serum circulating
miR-150-5p that was found to possess an opposite prognostic significance in patients with
B-CLL [120]. Moreover, specific miRNAs such as miR-125a-5p and miR-34a-5p which
were proposed for the prediction of Richter syndrome, a lethal complication in B-CLL
patients [121], may appear as ideal molecules for further research in order to distinguish
molecular pathways that contribute to distinct subgroups of B-CLL patients. Taking into
consideration the significant presence of miRNAs both in normal B-cell development and
B-CLL, further research is required to shed light on the involvement of miRNAs in normal
B-cell development and the pathogenetic events that lead to B-CLL.

Another important aspect is that polymorphisms in pre-miRNAs and genes which
are involved in miRNAs biogenesis pathway were found to contribute to the risk of B-
CLL [122]. miRNAs can be epigenetically regulated by multiple processes and therefore
possess a different regulatory effect. These epigenetic regulations may remarkably enlarge
the regulatory potential of miRNAs and appear as another promising area for research.
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Increasing evidence shows specific miRNAs with deregulated levels in B-CLL, in
comparison with normal individuals, suggesting miRNAs as biomarkers. Moreover, the
alteration of their levels is a tightly regulated and finely tuned process. Therefore, eluci-
dating the regulatory effect of miRNAs with deregulated levels may reveal other miRNAs
with therapeutic potency. Furthermore, specific miRNAs have already been identified as
molecules with significant therapeutic utility. Their impact may be extremely targeted as
they regulate the expression of their specific targets and therefore, miRNAs may appear as
ideal agents for combinational therapy. Lastly, therapeutic miRNA-based strategies have
entered clinical trials for numerous diseases. Therefore, more targeted research is required
in order to clarify the specific therapeutic potential of miRNAs in B-CLL.

5. Conclusions

miRNAs are undoubtedly implicated in numerous stages of the normal B-cell devel-
opment either by blocking the development or by facilitating it. In B-CLL, they act as
oncogenes or as oncosuppressors with key involvement in signaling pathway regulation.
Moreover, they can be epigenetically regulated which can potentially lead to other reg-
ulatory effects. In addition, they are valuable biomarkers for diagnosis, prognosis and
prediction for B-CLL patients and appear as promising molecules for therapeutic strategies.
Even though the multifaceted role of miRNAs in B-CLL has been extensively studied in
the last few years, important information is still missing, while no molecule has emerged
as a validated regulator in numerous pathogenetic pathways of this malignancy. As a
result, their regulatory potency accompanied by their therapeutic ability are two topics
that require further targeted research.
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Simple Summary: MiRNA-103/107-DICER axis may be one of the key regulators of cancer
aggressiveness. Data on miRNA-103/107 in high grade serous ovarian cancer is scarce. We aimed to
assess miRNA-103/107 expression levels in high grade serous ovarian cancer tissues and relate them
to patients’ clinicopathological data. MiRNA-103/107, DICER expression levels were also evaluated
in selected ovarian cancer cell lines. Clinical and prognostic significance of miRNA-103/107 was
not confirmed in our study. However, the results of our study support the possible existence of
miRNA-103/107- DICER axis in ovarian cancer.

Abstract: High levels of miRNA-103/107 are associated with poor outcomes in the case of breast cancer
patients. MiRNA-103/107-DICER axis may be one of the key regulators of cancer aggressiveness.
MiRNA-103/107 expression levels have never been related to patients’ clinicopathological data in
epithelial ovarian cancer. We aimed to assess miRNA-103/107 expression levels in high grade serous
ovarian cancer tissues. Expression levels of both miRNAs were related to the clinicopathological
features and survival. We also evaluated expression levels of miRNA-103/107 and DICER in selected
ovarian cancer cell lines (A2780, A2780cis, SK-OV-3, OVCAR3). We assessed the relative expression
of miRNA-103/107 (quantitative reverse transcription-polymerase chain reaction) in fifty archival
formalin-fixed paraffin-embedded tissue samples of primary high grade serous ovarian cancer. Then,
miRNA-103/107 and DICER expression levels were evaluated in selected ovarian cancer cell lines.
Additionally, DICER, N-/E-cadherin protein levels were assessed with the use of western blot. We
identified miRNA-107 up-regulation in ovarian cancer in comparison to healthy tissues (p = 0.0005).
In the case of miRNA-103, we did not observe statistically significant differences between cancerous
and healthy tissues (p = 0.07). We did not find any correlations between miRNA-103/107 expression
levels and clinicopathological features. Kaplan–Meier survival (disease-free and overall survival)
analysis revealed that both miRNAs could not be considered as prognostic factors. SK-OV-3 cancer

25



cell lines were characterized by high expression of miRNA-103/107, relatively low expression of
DICER (western-blot), and relatively high N-cadherin levels in comparison to other ovarian cancer
cell lines. Clinical and prognostic significance of miRNA-103/107 was not confirmed in our study.

Keywords: miRNA; ovarian cancer; survival; prognostic factor

1. Introduction

Ovarian cancer is characterized by a high fatality rate and is responsible for approximately 2–3%
of all cancer deaths. The early-stage disease has a 5-year survival of 93%. Unfortunately, the majority
of patients are diagnosed at the FIGO III or IV stage of the disease, for which the 5-year survival is
much lower [1]. Epithelial ovarian cancer (EOC) is the most common type of ovarian malignancy, as
only 10% of tumors are of non- epithelial origin. Serous high-grade carcinomas (HGSOC) are the most
prevalent type of EOC, which are characterized by TP53 mutations and relatively poor outcome [2].

MicroRNAs (miRNAs) are small (approximately 18–25 nt), single-stranded non-coding RNAs that
are evolutionarily conserved among species [3]. MiRNA genes are transcribed by RNA polymerase II to
pri-miRNAs, which are cleaved by the microprocessor complex (nuclease Drosha together with DGCR8
protein) to create hairpin-like pre-miRNAs. Pre-miRNAs bind to the Exportin- 5 (RanGTP-dependent
transporter) and are exported to the cytoplasm. RNase III-type nuclease enzyme DICER splits
pre-miRNAs into two single-stranded forms of miRNA (miRNA-3p and miRNA-5p). One strand
creates the mature miRNA, and the second passenger strand is usually destroyed. However, it is possible
that the passenger strand can also be selected as a mature form of miRNA. Mature forms of miRNAs
are incorporated into the RNA-induced silencing complex (RISC) and bind to the 3′ untranslated
regions (UTRs) of their mRNA targets, which causes posttranscriptional suppression/activation of
translation or mRNA cleavage [3,4]. MiRNAs possess unique abilities to affect the expression of
genes and take part in such cellular processes as proliferation, differentiation, invasion, migration,
epithelial-to-mesenchymal transition (EMT), or apoptosis [3,4]. Numerous authors showed miRNAs
to be dysregulated in multiple cancers. Aberrant expression of miRNAs has been reported in multiple
neoplasms and related to the stage of the disease or clinical outcome [5,6]. A large body of evidence
suggests that miRNAs play a crucial role in carcinogenesis, tumor progression, and metastasis. Several
miRNAs may be up-regulated in specific neoplasms; however, a global miRNA reduction in human
cancers seems to be a common phenomenon [7]. A potential explanation for a global decrease in
miRNA expression may be inhibition of DICER. Down-regulation of DICER has been detected in
epithelial ovarian cancer (EOC). Meritt et al. reported that low DICER expression was associated with
advanced-stage disease and reduced median survival [8]. Martello et al. identified a miRNA family
(miRNA-103/107) that inhibited miRNA biosynthesis by targeting DICER [9]. They reported that high
levels of miR-103/107 are associated with metastasis and poor outcome in breast cancer. Inhibition of
miRNA-103/107 in malignant cells resulted in the attenuation of migratory and metastatic properties.
Martello et al. concluded that the up-regulation of miRNA-103/107 is responsible for the induction of
EMT, attained by down-regulating miRNA-200 levels. However, the role of miRNA-103/107 in EOC
has not been elucidated yet, as the evidence is scarce. The Cancer Genome Atlas (TCGA) provided
data on miRNA-103/107 expression levels in EOC [10]. Yang et al. identified miRNA-103 as an
oncogene in serous ovarian cancer, which promotes invasion and metastasis via the down-regulation
of DICER1 [11]. Apart from those two studies, there is no evidence on the clinical significance of both
miRNAs. Several authors reported aberrant miRNA103/107 expression levels in other tumors. Yu et al.
identified miRNA-103/107 up-regulation in bladder cancer specimens and revealed its oncogenic
role in cell proliferation and PI3K/AKT signaling partially through PTEN dependent mechanism [12].
However, some authors showed that miRNA-107 might also be considered as a tumor suppressor.
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Tang et al. described that ectopic expression of miRNA-107 suppressed cell proliferation and was
associated with the down-regulation of cyclin E1 (CCNE1) expression [13].

Although miRNA-103/107 may be one of the key-regulators of EOC carcinogenesis through the
down-regulation of DICER, its prognostic and clinical significance has not been thoroughly evaluated.
Thus, we decided to investigate miRNA-103/107 expression levels in primary HGSOC tissues and
relate it to clinicopathological characteristics, with particular attention to overall survival (OS) and
progression-free survival (PFS).

2. Results

2.1. miRNA-103/107 Evaluation in FFPE Tissues

We included fifty patients who were diagnosed with serous high-grade ovarian cancer between
2010 and 2018 (clinical data are presented in Table 1).

Table 1. Pathological characteristics and survival data.

Serous, High-Grade Ovarian Cancer
Patients

Cases number (N) 50
Age (range, years) 60.1 (30–83)

FIGO Stage

I 6
II 1

III(N) 30
IV(N) 13

Recurrence/Progression

No (N) 9
Yes (N) 41

Platinum-Resistant

No (N) 38
Yes (N) 12

PFS (Range, months) 29 (2–103)
OS (Range, months) 42.3 (14–112)

Overall Survival

No (N) 28
Yes (N) 22

PFS—progression-free survival (until the first recurrence/progression); OS—overall survival.

Quantitative Real-time PCR was performed in fifty formalin-fixed paraffin-embedded (FFPE)
samples of high grade serous ovarian cancer and ten FFPE samples of normal Fallopian tubes’
fimbriae containing normal surface epithelium. Fallopian tubes’ fimbriae were chosen as controls,
since the majority of serous carcinomas appear to arise from lesions in the distal fallopian tube [14].
An experienced pathologist assessed all samples. Careful microdissection of representative tissue
areas was performed. MiRNA-103/107 expression was assessed in all fifty ovarian cancer samples and
controls. We were not able to evaluate DICER expression, since mRNA derived from FFPE tissues is
sensitive to chemical modifications and degradation. MiRNAs are known to be stable and less affected
by the embedding process and degradation over time [15]. We performed immunohistochemical
analysis of DICER in our set of FFPE tissue samples (Figure 1). We discovered that majority of ovarian
cancer samples showed a reduced level of DICER protein. We found only six samples which were
characterized by strong cytoplasmic positivity in cancer cells. What is worth mentioning is the fact that
among six samples with strong positivity, there were five samples with low miRNA-103/107 levels.
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Figure 1. IHC (original magnification 40×) staining of ovarian cancer tissues: (A) Weak cytoplasmic 
positivity for DICER, (B) strong cytoplasmic positivity for DICER. 
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for controls—0.6, lower quartile—0.55, upper quartile—0.89; p = 0.0005). In the case of miRNA-103, 
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However, miRNA-103 showed a trend towards up-regulation in high-grade ovarian cancer samples 
(mean RQ for cancer—1.24, lower quartile—0.67, upper quartile—1.66; mean RQ for controls—0.77, 
lower quartile—0.63, upper quartile—0.94; p = 0.07). Furthermore, we found a positive correlation 
between miRNA-103 and miRNA-107 expression values (Spearman’s rank correlation coefficient, p = 
0.00006). We evaluated miRNA-103/107 expression levels regarding such clinicopathological data as 
overall survival, progression-free survival, FIGO stages, platinum sensitivity, Ca125/HE4 levels, age, 
and BMI (body mass index). Statistical analysis revealed that there was no correlation between FIGO 
stages and expression levels of selected miRNAs (ANOVA, miRNA-103—p = 0.45; miRNA-107—p = 
0.25). Similarly, we did not find any significant association between miRNA-103/107 expression levels 
and BMI (Spearman’s rank correlation coefficient, miRNA-103—p = 0.25; miRNA-107—p = 0.83) or 
age (Spearman’s rank correlation coefficient, miRNA-103—p = 0.19; miRNA-107—p = 0.75). 
Spearman’s rank correlation coefficient indicated that neither Ca125 nor HE4 showed any 
relationship with expression levels of selected miRNAs (Spearman’s rank correlation coefficient, 
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Figure 1. IHC (original magnification 40×) staining of ovarian cancer tissues: (A) Weak cytoplasmic
positivity for DICER, (B) strong cytoplasmic positivity for DICER.

MiRNA-107 expression levels, which were determined in primary high-grade ovarian cancer
tissues, showed up-regulation in comparison to Fallopian tubes’ fimbriae containing normal surface
epithelium (Figure 2, mean RQ for cancer—1.69, lower quartile—0.99, upper quartile—2.99; mean RQ
for controls—0.6, lower quartile—0.55, upper quartile—0.89; p = 0.0005). In the case of miRNA-103, we
did not observe statistically significant differences between cancerous and healthy tissues. However,
miRNA-103 showed a trend towards up-regulation in high-grade ovarian cancer samples (mean
RQ for cancer—1.24, lower quartile—0.67, upper quartile—1.66; mean RQ for controls—0.77, lower
quartile—0.63, upper quartile—0.94; p = 0.07). Furthermore, we found a positive correlation between
miRNA-103 and miRNA-107 expression values (Spearman’s rank correlation coefficient, p = 0.00006).
We evaluated miRNA-103/107 expression levels regarding such clinicopathological data as overall
survival, progression-free survival, FIGO stages, platinum sensitivity, Ca125/HE4 levels, age, and BMI
(body mass index). Statistical analysis revealed that there was no correlation between FIGO stages
and expression levels of selected miRNAs (ANOVA, miRNA-103—p = 0.45; miRNA-107—p = 0.25).
Similarly, we did not find any significant association between miRNA-103/107 expression levels and
BMI (Spearman’s rank correlation coefficient, miRNA-103—p = 0.25; miRNA-107—p = 0.83) or age
(Spearman’s rank correlation coefficient, miRNA-103—p = 0.19; miRNA-107—p = 0.75). Spearman’s
rank correlation coefficient indicated that neither Ca125 nor HE4 showed any relationship with
expression levels of selected miRNAs (Spearman’s rank correlation coefficient, miRNA-103: Ca125—p
= 0.54/HE4—p = 0.35; miRNA-107: Ca125–p = 0.26/HE4—p = 0.17). We also evaluated miRNA-103/107
expression levels in the early stage versus the advanced stage of cancer, however, we did not find any
correlations (FIGO stage I vs. II, III, IV, Mann–Whitney U test: miRNA-103—p = 0.8, miRNA-107—p =

0.3). Expression levels (low vs. high) of both miRNAs did not differ between platinum-sensitive and
platinum-resistant patients (chi-square test, p = 0.11). MiRNA103/107 expression levels in regard to all
clinicopathological data are presented in Table 2.
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Figure 2. MiRNA-103 and -107 expression in ovarian cancer and control tissue samples. Statistically 
significant higher expression of miRNA-107: * Mann–Whitney U test, p = 0.0005. RQ = 1 for control 
tissue samples. 
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Figure 2. MiRNA-103 and -107 expression in ovarian cancer and control tissue samples. Statistically
significant higher expression of miRNA-107: * Mann–Whitney U test, p = 0.0005. RQ = 1 for control
tissue samples.

Table 2. Basic results of miRNA-103/107 expression regarding clinicopathological data.

MiRNA-103 MiRNA-107

Mean RQ 1.69 1.24

miRNA expression vs. control
tissue, p values A trend towards up-regulation, p = 0.07 Up-regulation, p = 0.0005

Clinicopathological data, p values

BMI p = 0.25 p = 0.84
Age p = 0.19 p = 0.75

FIGO stage p = 0.45 p = 0.25
FIGO stage I vs. II,III,IV p = 0.8 p = 0.3

Ca125 p = 0.54 p = 0.26
HE4 p = 0.35 p = 0.17

Deceased vs. Alive p = 0.46 p = 0.39
Progression (yes vs. no) p = 0.45 p = 0.06

Platinum-resistance (yes vs. no) p = 0.37 p = 0.21

2.2. Survival Analysis

We divided patients into two groups based on miRNA expression levels (low and high
miRNA-103/107) in order to perform Kaplan–Maier survival analysis. Both DFS (disease-free survival)
and OS (overall survival) were assessed in regard to miRNA-103/107 expression levels (Figures 3 and 4).
Statistical analysis revealed that there were not any significant differences in survival between patients
in low and high miRNA-103/107 subgroups.

We also decided to perform survival analysis (OS) based on the data derived from TCGA. OncoLnc
is a commonly available tool for exploring survival correlations, and for downloading clinical data
coupled to expression data for miRNAs [16]. OncoLnc contains data from studies performed by
TCGA. We used data from TCGA cohort of 470 ovarian cancer patients and performed Kaplan–Meier
analysis. Due to the high number of cases, we decided to compare the bottom third to the top third
according to expression values (cut-off values: RQ for the bottom third 43.8, RQ for the upper third
77.1). Kaplan–Meier survival analysis of TCGA data revealed that patients characterized by high
miRNA-107 levels had more favorable overall survival. The survival difference between patients with
low and high miRNA-107 levels was significant. However, we did not find any significant differences
in survival between patients in low and high miRNA-103 subgroups (Figure 5).
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2.3. Evaluation of miRNA-103/107, DICER, and N-/E-Cadherin in Selected Ovarian Cancer Cell Lines

After miRNA-103/107 evaluation in FFPE tissues, we also decided to assess miRNA-103/107
expression levels in the most commonly used, commercially available ovarian cancer cell lines.
We hypothesized that potential up-regulation of miRNA-103/107 might be associated with lower
DICER expression levels and partial loss of E-cadherin. Such findings would support the possible
existence of the miRNA-103/107-DICER axis in ovarian cancer. According to Martello et al., the
miRNA-103/107-DICER axis plays a crucial role in epithelial plasticity and fosters the invasive
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behavior of cancer cells [9]. Since we failed to show any significant clinical correlations in regard
to miRNA-103/107 in high grade serous ovarian cancer, we decided to perform a preliminary and
simple assessment of various cancer cell lines in order to verify the potential existence of the
miRNA-103/107-DICER axis in the case of ovarian cancer. We decided to evaluate DICER, N-/E-cadherin,
and miRNA-103/107 expression levels in selected ovarian cancer cell lines. Loss of E-cadherin, together
with the presence of N-cadherin are hallmarks of epithelial to mesenchymal transition. We decided to
choose cell lines that are commonly used as a template for ovarian cancer: A2780 (cisplatin-sensitive,
EC50 = 6 µM) and A2780cis (cisplatin-resistant, EC50 = 30 µM) cell lines; group 2—resistant to cisplatin,
but differing in the degree of aggressiveness SK-OV-3 (aggressive, EC50 = 38µM) and OVCAR-3
(non-aggressive, EC50 = 20 µM). SK-OV-3, OVCAR -3, A2780, and A2780cis cancer cell lines present
different properties in regard to aggressiveness, chemo-sensitivity, epithelial character, or metastatic
potential. SK-OV-3 is considered to be an aggressive and chemoresistant ovarian cancer cell line,
probably derived from clear cell carcinoma. OVCAR-3 is a typical epithelial serous-like ovarian cancer
cell line that seems to be modestly resistant to cisplatin and less aggressive than SK-OV-3. A2780
(cisplatin not resistant) and A2780cis (cisplatin-resistant) cancer cell lines are probably derived from
undifferentiated or endometrioid ovarian carcinoma [17].

Such diversification among ovarian cancer cell lines allowed us to evaluate DICER, N-/E-cadherin,
and miRNA-103/107 expression in molecularly different types of cells and increased our chances
of detecting any correlations among them. We hypothesized that the cell lines with the highest
miRNA-103/107 expression levels would be associated with low DICER, which would contribute
to a partial loss of E-cadherin and higher expression of N-cadherin at the same time. The highest
miRNA-103/107 expression levels were detected in SK-OV-3 and A2780cis ovarian cancer cells (Figure 6).
We performed mRNA assessment by RT-PCR and did not detect low DICER expression in SK-OV-3
in comparison to other ovarian cancer cells (Figure 6). The discrepancy between mRNA levels and
protein expression is a common phenomenon [18]. Thus, we decided to use the western blotting
method in order to re-evaluate DICER expression in selected ovarian cancer tissues (Figures 7 and 8).

Interestingly, there was a difference between the level of DICER protein assessed by
western-blotting and the expression of its mRNA in the case of A2780 and SK-OV-3 cell lines.
A low DICER protein level characterized SK-OV-3 cells as opposed to its mRNA level. A2780 cells
were characterized by high DICER protein level as opposed to its mRNA level. We compared A2780
(cisplatin-sensitive) and A2780cis (cisplatin-resistant) ovarian cancer cells in regard to miRNA-103/107
and DICER expression levels. We found that level of DICER protein was significantly higher in A2780
cells in comparison to other tested cell lines (Mann–Whitney U test p ≤ 0.007). Furthermore, we
observed higher expression levels of miRNA-103/107 in A2780cis cells (Figure 6; Mann–Whitney U test
miRNA-103—p ≤ 0.02; miRNA-107—p ≤ 0.02). Similarly, SK-OV-3 (cisplatin-resistant) ovarian cancer
cells showed significantly higher expression levels of miRNA-103/107 in comparison to A2780 cells
(cisplatin-sensitive) (Figure 6; Mann–Whitney U test miRNA-103—p ≤ 0.02; miRNA-107—p ≤ 0.02).
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3 cell lines. A2780, A2780cis, SK-OV-3, OVCAR3 ovarian cancer cell lines were cultured, harvested, and 
total RNA or miRNA was isolated from cells. DICER, miRNA-103, and miRNA-107 expression was 
measured using the qRT-PCR assay. Data are presented as means 2−ΔCT ± SD from four independent 
experiments (n = 4). 2−ΔCT is an absolute value representing the expression level of each gene in a particular 
cell line. Statistically significant increase of miRNA-103: #A2780 vs. A2780cis or SK-OV-3, p ≤ 0.02 (Mann–
Whitney U test). Statistically significant decrease of miRNA-103: * A2780cis vs. OVCAR-3; ** SK-OV-3 vs. 
OVCAR-3, p ≤ 0.02 (Mann–Whitney U test). Statistically significant increase of miRNA-107: # A2780 vs. 
A2780cis or SK-OV-3, p ≤ 0.02 (Mann–Whitney U test). Statistically significant decrease of miRNA-107: * 
SK-OV-3 vs. OVCAR-3, p ≤ 0.02 (Mann–Whitney U test). Statistically significant decrease in the expression 
of DICER: * A2780 vs. A2780cis, p ≤ 0.007 (Mann–Whitney U test). Statistically significant increase in the 
expression of DICER: # A2780cis vs. SK-OV-3 or OVCAR-3, p ≤ 0.007 (Mann–Whitney U test). 

Figure 6. mRNA level of DICER, miRNA-103, and miRNA-107 in A2780, A2780cis, SK-OV-3, and
OVCAR-3 cell lines. A2780, A2780cis, SK-OV-3, OVCAR3 ovarian cancer cell lines were cultured,
harvested, and total RNA or miRNA was isolated from cells. DICER, miRNA-103, and miRNA-107
expression was measured using the qRT-PCR assay. Data are presented as means 2−∆CT ± SD from
four independent experiments (n = 4). 2−∆CT is an absolute value representing the expression level
of each gene in a particular cell line. Statistically significant increase of miRNA-103: #A2780 vs.
A2780cis or SK-OV-3, p ≤ 0.02 (Mann–Whitney U test). Statistically significant decrease of miRNA-103:
* A2780cis vs. OVCAR-3; ** SK-OV-3 vs. OVCAR-3, p ≤ 0.02 (Mann–Whitney U test). Statistically
significant increase of miRNA-107: # A2780 vs. A2780cis or SK-OV-3, p ≤ 0.02 (Mann–Whitney U test).
Statistically significant decrease of miRNA-107: * SK-OV-3 vs. OVCAR-3, p ≤ 0.02 (Mann–Whitney
U test). Statistically significant decrease in the expression of DICER: * A2780 vs. A2780cis, p ≤ 0.007
(Mann–Whitney U test). Statistically significant increase in the expression of DICER: # A2780cis vs.
SK-OV-3 or OVCAR-3, p ≤ 0.007 (Mann–Whitney U test).
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Bands were quantified by densitometric analysis, and data are presented as the optical density 
intensity (ODI) of the area under each band’s peak ± SD from five independent experiments (n = 5). 
Statistically significant decrease in the level of DICER: * A2780 vs. A2780cis or SK-OV-3 or OVCAR-
3, p ≤ 0.007 (Mann–Whitney U test). Statistically significant decrease in the level of N-cadherin: * A2780 
vs. A2780cis or OVCAR-3; ** SK-OV-3 vs. A2780cis or OVCAR-3, p ≤ 0.0006 (Mann–Whitney U test). 
Statistically significant increase in the level of N-cadherin: # A2780 vs. SK-OV-3, p ≤ 0.0006 (Mann–
Whitney U test). Statistically significant decrease in the level of E-cadherin: * OVCAR-3 vs. A2780 or 
A2780cis or SK-OV-3, p ≤ 0.00005 (Mann–Whitney U test). 
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a small number of samples (i.e., 50 patients). However, we believe that our investigation is not 
without merit. To the best of our knowledge, there have not been any studies on ovarian cancer that 

Figure 8. The total level of DICER, N-cadherin and E-cadherin proteins in A2780, A2780cis, SK-OV-3,
and OVCAR-3 cell lines—densitometric analysis. A2780, A2780cis, SK-OV-3, OVCAR3 ovarian cancer
cell lines were cultured, harvested, and lysed with RIPA buffer. The level of DICER, N-cadherin,
E-cadherin, and β-actin proteins was evaluated with the Immunoblotting-ECL method. Bands were
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quantified by densitometric analysis, and data are presented as the optical density intensity (ODI)
of the area under each band’s peak ± SD from five independent experiments (n = 5). Statistically
significant decrease in the level of DICER: * A2780 vs. A2780cis or SK-OV-3 or OVCAR-3, p ≤ 0.007
(Mann–Whitney U test). Statistically significant decrease in the level of N-cadherin: * A2780 vs. A2780cis
or OVCAR-3; ** SK-OV-3 vs. A2780cis or OVCAR-3, p ≤ 0.0006 (Mann–Whitney U test). Statistically
significant increase in the level of N-cadherin: # A2780 vs. SK-OV-3, p ≤ 0.0006 (Mann–Whitney U
test). Statistically significant decrease in the level of E-cadherin: * OVCAR-3 vs. A2780 or A2780cis or
SK-OV-3, p ≤ 0.00005 (Mann–Whitney U test).

3. Discussion

Our results showed that miRNA-107 is up-regulated in primary high-grade serous ovarian cancer
tissues in comparison to normal epithelium derived from the Fallopian tube’s fimbriae. Nevertheless,
we did not find any clinical correlations with miRNA-107 expression levels. We also did not confirm
that miRNA-103 is up-regulated in cancerous tissues. Such results may be caused by a small number of
samples (i.e., 50 patients). However, we believe that our investigation is not without merit. To the best
of our knowledge, there have not been any studies on ovarian cancer that evaluated miRNA-103/107
expression levels in regard to clinicopathological data. The only data on miRNA-103/107 survival
comes from TCGA research. We assessed the OS in TCGA cohort of patients. Kaplan–Meier analysis
indicated that low miRNA-107 expression levels were associated with improved survival.

Expression levels of both miRNAs were also determined in other types of tumors, such as gastric
or bladder cancers. MiRNA-103/107 expression was assessed by Yu et al. in bladder cancer samples.
Both miRNAs were up-regulated in the bladder cancer specimens and positively correlated with the
tumor stage [12]. Li et al. demonstrated that overexpression of miRNA-107 in gastric cancer might be
associated with gastric cancer metastasis. Their results suggested that miRNA-107 promotes cancer
metastasis through the down-regulation of DICER1 [19].

MiRNA-103/107- DICER axis has been described in breast cancer cells by Martello et al. According
to them, invasive and metastatic properties of cancer cells are empowered by the up-regulation of
miRNA-103/107 [9]. High levels of miRNA-103/107 affect DICER expression and cause its attenuation.
Martello et al. associated the miRNA-103/107-DICER axis with epithelial to mesenchymal transition
(EMT), identifying miRNA-200 family members as downstream mediators of the axis. Thus, high
levels of both miRNAs may lead to more invasive and metastatic abilities of cancer cells. ZEB1 and
ZEB2 are miRNA-200 targets and crucial genes for mesenchymality. According to Martello et al.,
both of them are down-regulated in antagomir-103/107-treated cells to about 50%. Additionally, the
authors performed Kaplan–Meier survival analysis, which showed that high levels of miR-103/107 are
associated with metastasis and poor outcome.

Identification of miRNAs that may control DICER expression levels is crucial in full understanding
of miRNA-dependent carcinogenesis, tumor growth, and metastasis. Only a few authors have assessed
MiRNA-103 expression levels in ovarian cancer. Wilczynski et al. assessed miRNA-103 by qRT-PCR in
48 samples derived from advanced serous ovarian cancer patients and found no differences between
primary tumor and healthy ovarian tissue [20]. Yang et al. performed qRT-PCR to compare miR-103
expression levels in ovarian cancer and healthy ovarian tissues, however, they used only five fresh
tissue samples of serous ovarian cancer [11]. Yang et al. showed that miRNA-103 was significantly
up-regulated in ovarian cancer samples in comparison to healthy ovarian tissues. Furthermore, they
reported that overexpression of miRNA-103 in cancer cell lines led to the enhancement of migration or
invasion and a significant reduction of DICER1 levels.

DICER seems to be one of the key regulators of miRNA’s expression and action in cancerous
cells. Several authors reported that DICER expression might be associated with patients’ prognosis.
Meritt et al. performed qRT-PCR with validation by immunohistochemistry in 111 samples of EOC
(2 endometrioid, 109 serous) and reported that low DICER expression was significantly associated
with advanced tumor stage [9]. Moreover, they found that high DICER expression was associated
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with increased survival among EOC patients. Flavin et al. reported similar results and showed that
high DICER expression might be associated with low metastatic lesions. However, survival analysis
revealed that DICER expression did not affect the survival rates [21]. Such results stay in corcondance
with our hypothesis. The results of survival analysis in TCGA cohort of patients showed that low
miRNA-107 levels were associated with improved survival. The analysis of TCGA patients failed to
show a possible impact of miRNA-103 levels of survival, but we believe it might have been changed if
more patients had been included. Low miRNA-103/107 expression levels should be associated with
high DICER levels. The up-regulation of DICER has been identified by Meritt et al. as a favorable
factor in EOC patients. It seems that low levels of miRNA-107 and high levels of DICER should be
both considered as a mark of improved prognosis among EOC patients.

Different DICER expression levels characterize ovarian cancer cell lines. Wang et al. reported
low DICER levels in cisplatin-resistant A2780 cells in comparison to A2780 cisplatin-sensitive line.
Furthermore, the down-regulation of DICER decreased the sensitivity of A2780 cancer cells and
inhibited cisplatin-induced apoptosis [22]. In the study by Kuang et al., DICER down-regulation
promoted cell proliferation and was significantly decreased in cisplatin-resistant A2780 cells compared
with parental A2780 cells [23]. Our results showed that A2780cis is characterized by lower DICER
expression levels than parental A2780 ovarian cancer cells. Moreover, we demonstrated that A2780cis
cells presented a significantly higher expression of miRNA-103 and miRNA-107 values in comparison
to A2780 cells. Such results indicate the possible existence of the miRNA-103/107-DICER axis in the
case of ovarian cancer. High levels of both miRNAs were coexistent with DICER down-regulation in
A2780cis cells. Furthermore, we found that SK-OV-3 cancer cells were characterized by the highest
miRNA-103/107 expression levels and relatively low level of DICER protein among four selected
ovarian cancer cell lines. It is worth noticing that SK-OV-3 cells also presented high levels of N-cadherin,
which may be evidence for the possible shift of these cells towards the mesenchymal phenotype.

The possible existence of miRNA-103/107-DICER axis, that had previously been described in
the case of breast cancer, convinced us to perform a study dedicated to the clinical usefulness of
miRNA-103/107 expression levels in high-grade serous ovarian cancer patients. We did not aim to
define the exact molecular ways of action of both miRNAs. MiRNA-103/107 expression levels have
never been related to prognostic clinicopathological tumor characteristics. The results of the study
indicated that miRNA-103/107 did not have any clinical or prognostic significance in our sample of
patients. Furthermore, evaluation of DICER in FFPE tissues was not possible, due to the high amount
of degraded mRNA. We found that majority of our serous high-grade ovarian cancer samples were
characterized by reduced levels of DICER protein in immunohistochemistry, and it is what we expected
in regard to the potential existence of the miRNA-103/107-DICER axis. Therefore, we aimed to perform
a preliminary evaluation of SK-OV-3, OVCAR-3, A2780, and A2780cis cancer cell lines in order to
verify a possible existence of the miRNA-103/107-DICER axis in the case of ovarian cancer. We selected
various ovarian cancer cell lines that are derived from different histotypes of EOC. We expected that
selected cells should vary between each other in regard to DICER and miRNA-103/103 expression
levels. The cells with the highest miRNA-103/107 expression levels should be characterized by the
lowest DICER expression at the same time. Our results confirmed that the miRNA-103/107-DICER axis
might exist in the case of ovarian cancer, however, we are far from drawing any final conclusions.

Lack of clinical significance of both miRNAs might be related to the small set of patients or the fact
that up-regulation of miRNA-103/107 may happen only in few ovarian cancer cells that gain migratory
potential and form metastases.

4. Materials and Methods

Ethical approval was obtained from the Polish Mother’s Memorial Hospital Research Institute
Ethics Committee (21 May 2019, approval number 71/2019). All individuals who participated in the
study provided their consent. All procedures performed in studies involving human participants
were in accordance with the ethical standards of the institutional and/or national research committee
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and with the 1964 Helsinki declaration and its later amendments or comparable ethical standards.
All patients were operated in the Department of Operative Gynecology, Endoscopy and Gynecologic
Oncology, Polish Mother’s Memorial Hospital Research Institute, Lodz, Poland. Total hysterectomy
with bilateral salpingo-oophorectomy, omentectomy, appendectomy was performed in all cases. The
extent of the surgery was individually modified in order to obtain optimal cytoreduction. Standard
platinum-taxane chemotherapy was introduced in all cases as a first-line treatment. We defined
platinum-resistant tumors when there was a relapse/progression within six months after completion of
the chemotherapy. Serum levels of CA125 (cancer antigen 125), serum human epididymis antigen-4
(HE4), and ROMA index (Risk of Malignancy Algorithm) were obtained from patients.

4.1. Assessment of Formalin-Fixed, Paraffin-Embedded Tissues

RNA isolation was performed with the use of a miRNeasy FFPE Kit (Qiagen, Hilden, Germany),
according to the manufacturer’s protocol. Spectrophotometry (PicoDrop, 260/280 nm) was used in
order to assess the quality of the samples. Reverse transcription was performed with the use of
the TaqMan® MicroRNA Reverse Transcription Kit (Applied Biosystems, Waltham, MA, USA) and
miRNA-specific primers (RT primer), according to the manufacturer’s protocol.

Quantitative Real-time PCR was performed with the use of standard TaqMan® MicroRNA Assays
(Applied Biosystems): hsa-miR-103 (Assay ID: 000439), hsa-miR-107 (Assay ID: 000443) and RNU6B
(endogenous control, Assay ID: 001093). The 10 µL qPCR reaction mixture included 0.7 µL RT product,
5 µL TaqMan Fast PCR Master Mix (Applied Biosystems) and 1 µL TaqMan miRNA Assay (20×).
The reactions were incubated in a 96-well plate at 95 ◦C for 10 min, followed by 40 cycles of 95 ◦C for 5
s and 60 ◦C for 20 s. All reactions were run in duplicate (Applied Biosystems 7900HT Fast Real-Time
PCR System). We used Detection System 2.3 Software (Applied Biosystems, Waltham, MA, USA) for
the quantification of miRNA. Relative expression was calculated according to the Ct method 2−∆∆Ct.

4.2. Quantitative Real-Time PCR Method for Selected Ovarian Cancer Cell Lines

A2780 and A2780cis were purchased from ECACC General Cell Collection (UK), while SK-OV-3,
and OVCAR-3 were purchased from ATCC (USA). All cell lines are of epithelial origin, have adherent
growth as a monolayer, and defined resistance or sensitivity to cisplatin. The growth medium consists
of RPMI 1640 with 10% FBS and the addition of penicillin and streptomycin (100 U/mL/100 µg/mL).
Moreover, cisplatin in the concentration of 1µM was added to the A2780cis cell line every 2–3 passages
in order to maintain its resistance to cisplatin. A2780, A2780cis, SK-OV-3, OVCAR3 ovarian cancer
cell lines were cultured on culture flasks until they reached 90% of confluence. All cell lines were
harvested, centrifuged, and total RNA or miRNA was isolated from cells using TRIzol® Reagent (Life
Technologies, Waltham, MA, USA) or GeneMatrix Universal RNA/miRNA Purification Kit (EURX,
Gdansk, Poland), respectively, according to the manufacturer procedure. Next, the quality control
of isolated RNA and miRNA with the use of Nanodrop with ND 1000 Software (ThermoFisher
Scientific, Waltham, MA, USA) was performed. RNA (5 µg) was processed directly to cDNA synthesis
using Maxima First Strand cDNA Synthesis Kits for RT-qPCR (Life Technologies), according to the
manufacturers manual. Similarly, the mature RNU6B, miR-103, and miR-107 were processed directly
to cDNA with the use of the Taqman MicroRNA Reverse transcription kit. The human β-actin,
DICER, RNU6B, miR-103, miR-107 expressions were quantified using TaqMan Gene Expression Assays
(Applied Biosystems, CA, USA) by real-time PCR using ABI 7900-HT detection system (Applied
Biosystems, Life Technologies), according to the manufacturer’s protocol. Controls with no template
cDNA were performed with each assay. Relative quantitation of gene expression was calculated
using the comparative CT (∆∆CT) method. The obtained data were analyzed with ABI 7900-HT (RQ
manager software v1.2) and DataAssist software v3.01 and are presented as the RQ value- representing
fold change in gene expression normalized to the reference genes (β-actin or RNU6B) and relative
to the control. Additionally, data are presented as 2−∆CT, which represents the absolute value of the
mRNA level of each evaluated gene in a particular cell line.
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4.3. Immunoblotting-ECL (Western Blotting Method)

A2780, A2780cis, SK-OV-3, OVCAR3 ovarian cancer cell lines were cultured on culture flasks
until they reached 90% of confluence. All cell lines were harvested, centrifuged, and lysed with RIPA
lysing buffer (ThermoFisher Scientific) with the addition of 1 mM PMSF and 1% of halt protease
and phosphatase inhibition cocktail for 30 min on ice. The lysates were stored at −70◦C until
further analysis. The amount of protein in each sample was measured using a DC Protein Assay
kit. The cell lysates containing equal levels of proteins were run on a 10% SDS-PAGE mini-protean
precast TGX gel, and proteins were transferred to PVDF membranes using a Trans-Blot Turbo Transfer
System (Bio-Rad, Hercules, CA, USA) at 2.5A for 10 min. Afterward, the membranes were blocked
with SuperBlock Blocking Buffer for 30 min and blotted with mouse monoclonal anti-DICER (1:500,
Thermo Fisher Scientific, catalog # MA5-31353,Waltham, MA, USA), rabbit monoclonal anti-N-cadherin
(1:1000, Cell Signaling Technology, N-Cadherin (D4R1H) XP® Rabbit mAb #13116), rabbit monoclonal
anti-E-cadherin (1:1000, Cell Signaling Technology, E-Cadherin (24E10) Rabbit mAb #3195, Danvers,
MA, USA) or mouse IgG anti-βactin antibody (1:4000, Thermo Fisher Scientific, catalog # MA1-744) (1 h,
room temperature). After washing the membranes (5 times in 2× TBS-Tween 20), they were incubated
with secondary antibodies, HRP-conjugated goat anti-rabbit IgG (1:4000) or HRP-conjugated goat
anti-mouse IgG (1:4000) (1 h, room temperature), and again washed five times. Proteins were detected
by the incubation of membranes with ECL Western Blotting Substrate. Proteins in blots underwent
densitometric analysis using a FluoroChem MultiImage FC Cabinet (Alpha Innotech Corporation, San
Leandro, CA, USA) and Alpha Ease FC software 3.1.2 (Alpha Innotech Corporation, San Leandro,
CA, USA). The results are presented as the optical density intensity (ODI) of the area under each
band’s peak.

4.4. Immunohistochemistry

Immunohistochemical staining was performed in formalin-fixed, paraffin-embedded tissues,
which were cut into 4 µm slices on a microtome. Deparaffinization and rehydration were performed in
xylene and ethanol (standard protocol). Slices were boiled in 0.01 M citrate buffer (pH 6.0) for 20 min,
and then incubated with 3% hydrogen peroxide for 5 min. After washings with PBS, sections were
incubated for 0.5 h with mouse DICER monoclonal antibody (1:400, Thermo Fisher Scientific, CL0378,
Catalog # MA5-31353). After washes, a horseradish peroxidase kit was used for antibody detection
and diaminobenzidine for chromagen visualization (Dako EnVision Detection Systems).

4.5. Statistical Analysis

Statistical analysis was performed with Excel 2013 (Microsoft, Redmond, Washington) and
STATISTICA 13.1 software (Statsoft, Tulsa, OK, USA). Statistical significance was defined by p value
lower than 0.05. Kruskal–Wallis test, median test (Pearson’s chi-squared test), unpaired t-test, and
Mann–Whitney U-test were used. Relative expression levels (RQ values) were determined with the
use of the delta-delta CT method, adjusted to the expression of selected endogenous control.

5. Conclusions

Further investigation may clarify the role of the miRNA-103/107-DICER axis in ovarian cancer and
its potential clinical/prognostic significance. The results of our study show that miRNA-103/107 did
not have any clinical or prognostic significance. Nevertheless, we believe that our study is not without
merit, as the evidence on the miRNA-103/107-DICER axis in ovarian cancer is extremely scarce.
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Simple Summary: This study investigates the expression, the histological localization, and the
influence of the factors involved in 2′-O-methylation and pseudouridylation on prognostic rele-
vant markers, proliferation markers, overall survival, molecular immune surveillance and evasion
mechanisms within the malignant melanoma. Statistically significant positive correlations to the
expression of markers involved in cell proliferation were observed. The upregulation of the RNA
modifying factors was of prognostic relevance in this tumor disease with a negative impact on
the overall survival of melanoma patients. Furthermore, the factors involved in 2′-O-methylation
and pseudouridylation were statistically significant negative correlated to the expression of human
leukocyte antigen class I genes as well as of components of the antigen processing machinery.

Abstract: The two RNA modifications 2′-O-methylation and pseudouridylation occur on several RNA
species including ribosomal RNAs leading to an increased translation as well as cell proliferation
associated with distinct functions. Using malignant melanoma (MM) as a model system the proteins
mediating these RNA modifications were for the first time analyzed by different bioinformatics
tools and public available databases regarding their expression and histological localization. Next
to this, the impact of these RNA-modifying factors on prognostic relevant processes and marker
genes of malignant melanoma was investigated and correlated to immune surveillance and evasion
strategies. The RNA modifying factors exerted statistically significant positive correlations to the
expression of genes involved in cell proliferation and were statistically significant negative correlated
to the expression of human leukocyte antigen class I genes as well as of components of the antigen
processing machinery in malignant melanoma. Upregulation of the RNA modifying proteins was of
prognostic relevance in this tumor disease with a negative impact on the overall survival of melanoma
patients. Furthermore, the expression of known oncogenic miRs, which are induced in malignant
melanoma, directly correlated to the expression of factors involved in these two RNA modifications.

Keywords: snoRNA; 2′-O-methylation; pseudouridylation; microRNA; malignant melanoma

1. Introduction

Malignant melanoma (MM) refers to a neoplasm of melanocytes comprising of neural
crest-derived cells located in particular in the stratum basal of the skin’s epidermis and in
the uvea of the eye. In contrast to keratinocytes, melanocytes are not linked to the basal
lamina by hemidesmosomes and do not have desmosomes to neighboring keratinocytes.
Instead, melanocytes as well as adjacent keratinocytes express, e.g., E-cadherin on their cell
surface [1], which is an important factor contributing to the cell migration and invasion
of melanoma cells after malignant transformation of melanocytes. Due to this migratory
ability, growth characteristics as well as other properties including resistance to radiation

41



Cancers 2021, 13, 1167

and certain chemotherapeutics [2], MM represents the deadliest type of skin cancer with
increasing incidences [3]. UV light exposition leading to DNA damages and oxidative stress
in melanocytes [4], nevus number, pigmentation characteristics as well as genetic mutations
are known predispositions for the processes leading to malignant transformation [5].
Concerning the hereditary predisposition, it is known that between 5–10% of melanoma
cases are familial [6] and mainly induced by germ line mutations in tumor suppressor
genes involved in proliferation control and DNA repair of cells.

Benign nevi defined as growth arrested, clonal neoplasms of melanocytes initiated
by well-defined oncogenic mutations in the mitogen-activated protein kinase pathway,
such as the BRAFV600E-activating mutation [7], may develop dysplastic features and are
classified as MM precursor lesions.

An essential impact on the cell proliferation per se and exemplarily referred to MM is
confined by ribosomes. An average mammalian cell has between 5 and 10 million ribosomes,
which are large multi-subunit ribonucleoprotein complexes and are required for protein
synthesis. Therefore, the formation of ribosomes and their linked translational efficiency
(TE) directly influence cell proliferation, metabolism and vitality—parameters that are
modulated upon malignant transformation [8] and indicative for neoplastic progression [9].
Thus, an enhanced TE is directly proportional to the ribosomal density, since the number of
ribosomes on a coding transcript is linked to the efficacy of translation [10–12]. Indeed, an
increase of ribosomes has been described in various cancers suggesting that the number
and modifications of ribosomes drive tumorigenesis [13].

The size of the nucleoli as major location of the ribosomal assembly represents one impor-
tant cytomorphologic parameter for the determination of malignancy in melanocytic lesions
and has prognostic relevance [14]. Interestingly, expression of MYC as well as mutations in
the tumor suppressor genes TP53 and RB1 enhanced ribosomal biogenesis [14,15].

Next to processes of transcription, the splicing and assembly of the eukaryotic 80 S
ribosomes RNA modifications including 2′-O-methylation as well as the pseudouridylation
occur in nucleoli, which involve a class of non-coding small RNAs termed sno-RNAs. Both
processes represent the most common modifications of rRNAs and are important steps for
their maturation as well as stabilization. In mammalian cells, the 5.8S rRNA, the 18S and
the 28S rRNA have in total > 100 2′-O-methylations and 95 pseudouridinylations [16,17].
In addition to the rRNAs, the class of spliceosomal snoRNAs contain both modifications
underlining the influence of snoRNAs for the splicing process [18]. The altered splicing
pattern after malignant transformation involve mRNAs of many cancer related and tumor
biological important genes [19]. In addition, transfer RNA (tRNA) molecules, microRNAs
(miRs) and messenger RNAs (mRNAs) can be modified by 2′-O-methylation [20].

For the 2′-O-methylation, a methyl residue is added to the ribose backbone, whereby
fibrillarin (FBL) is the methyltransferase using S-adenosyl methionine (SAM) as a methyl
donor (Figure 1A). FBL acts in a complex with nucleolar protein (NOP) 56, NOP58, 15.5K
(SNU13) and the guide RNA [21]. The introduction of the methyl residue leads to steric
alterations and increases the hydrophobicity thereby protecting RNA molecules from
nucleolytic attacks [22]. The sum of all 2′-O-methylations within a RNA molecule can also
affect the secondary structure and therefore possible interactions including RNA/RNA
interactions, RNA-protein interactions [23,24] as well as mRNA splicing, stability and
translation [25].
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Many sites of the pseudouridylation are evolutionarily conserved [26,27]. In humans,
the uridine is converted to pseudouridine in rRNA, sno/scaRNA and snRNA by dyskerin
(DKC1), which is a component of a complex consisting of one H/ACA snoRNA and four
core proteins, namely GAR1 ribonucleoprotein (GAR1), NHP2 ribonucleoprotein (NHP2),
NOP10 ribonucleoprotein (NOP10) and DKC1 itself [28]. The substitution of uridine with
pseudouridine introduces a novel H bond donor on the non-Watson Crick site of the
nucleotide affecting the secondary structure and consequently structure related interac-
tions [29] (Figure 1B). Pseudouridylation is involved in many important processes of gene
expression including spliceosomal small nuclear ribonucleoprotein (snRNP) biogenesis,
efficiency of pre-mRNA splicing and translation fidelity [30]. Another human pseudouri-
dine synthase is PUS10 involved in the miR maturation, which results after its depletion
in a reduced expression of mature miRs [31]. Furthermore, the 2′-O-methylation and the
pseudouridylation have also an impact on the binding of RNA-binding proteins (RBPs) and
are required for an appropriate mRNA splicing [25,30], which is altered in various tumor
entities including MM [32–34]. In this study, the expression of key molecules involved in
2′-O-methylation and pseudouridylation is addressed in more detail using MM as a model.
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2. Results
2.1. Expression Pattern and Localization of RNA-Modifying Proteins in the Skin

According to the information provided by The Human Protein Atlas, the protein
expression involved in the pseudouridylation including DKC1, GAR1, NHP2 and NOP10
were only localized in the nucleus, while the staining of the proteins involved in 2′-O-
methylation, namely FBL, NOP56, NOP58 as well as 15.5K (SNU13) revealed a more
heterogenic localization summarized in Table 1. FBL, NOP56 and NOP58 were located in
the nucleus and with the exception of NOP56 strongly expressed in the epidermis and in
the highly proliferation active cells of the stratum germinativum. In contrast, the staining
of 15.5K revealed a cytoplasmic and membranous expression almost exclusively in cells of
the epidermis layers of the skin (Table 1, Figure 2).

The correlations of factors involved in 2′-O-methylation and pseudouridylation with
melanoma relevant proliferation markers, prognostic markers, and with genes responsible
for immune surveillance as well as for immune evasion and positive as well as negative
regulations were seen as indicated and visualized in the summarizing heatmap in Figure 3.
The respective R and p values are listed within Tables 2–4. The results will be addressed in
more details in the following paragraphs.
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Table 1. Localization of the proteins involved into 2′-O-methylation and pseudouridylation in skin and MM specimen
based upon the information provided by The Human Protein Atlas.

RNA Modification Factor Localization within Skin Localization within MM

factors involved into
2′-O-methylation

FBL
nuclear, extra strong within the
cells of the epidermis especially

in the stratum germinativum
nuclear

NOP56 nuclear nuclear

NOP58

nuclear strongest expression
within the cells of the epidermal

layers, especially within the
stratum germinativum

cytoplasmic and nuclear

15.5K (SNU13)
cytoplasmic and membranous

restricted to the cells of the
epidermis

nuclear

factors involved into
pseudouridylation

DKC1 nuclear nuclear

GAR1 nuclear nuclear

NHP2 nuclear nuclear

NHP10 nuclear nuclear
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Figure 3. Summarizing visualization as a heatmap of the positive and negative correlations of factors involved in 2′-O-
methylation and pseudouridylation with melanoma relevant markers of cell proliferation, prognostic markers, and genes
involved in immune surveillance as well as immune evasion.
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2.2. Correlation of RNA-Modifying Proteins with Tumor Cell Proliferation

To address whether the expression of factors involved in 2′-O-methylation and pseu-
douridylation correlates with the pathological increased proliferation rates in MM, the
expression data of these RNA-modifying factors were analyzed in The Cancer Genome At-
las (TCGA) data sets consisting of 214 samples from MM patients provided by the R2 data
base. The following proliferation markers known to play a role in MM were investigated:
Ki67 (MKI67), PCNA, cyclin A (CCNA1), cyclin B (CCNB1), MCM2, MCM4, and mitosin
(CENPF) [35–38].

As summarized in Table 2, positive correlations between both RNA modifying factors
and the proliferation markers analyzed were found. The effect was the strongest for MCM4,
which correlated statistically significant to all factors involved into 2′-O-methylation and
pseudouridylation with the exception of NOP10. In addition, PCNA, cyclin B and mitosin
showed strong correlations, while the expression of CCNA1 did not correlate statistically
significant with any of these factors.

Based on the strong positive correlation between the factors involved in 2′-O-methylation
and pseudouridylation with most of the clinical relevant proliferation markers, a possible
correlation between these factors and prognostic marker genes relevant for MM was evaluated
such as melanoma antigen recognized by T cells (MART)1, S100 calcium binding protein
B (S100B), S100A4, S100A9, melanocyte inducing transcription factor (MITF), matrix metal-
lopeptidase 2 (MMP2), nucleoside diphosphate kinase 1 (NM23), cluster of differentiation
(CD) 44, premelanosome protein (PMEL), and BCL2 apoptosis regulator (BCL2) using the
same TCGA data sets [39–43] (Table 3). Next to these marker genes the invasion depth termed
Breslow’s depth is of prognostic value. The average Breslow score of the 214 MM patients
analyzed was 2.5 mm. All other clinical parameters of this MM patient cohort (n = 214) of the
analyzed microarray data can be obtained from the original literature Jönsson et al., 2015 [44].

The two markers MART1 and MITF, but also NM23 showed statistically significant
positive correlations to the expression of RNA modifying proteins. In contrast, the S100
family members S100B, S100A4, S100A9 and MMP2 exhibiting a prognostic potential in
MM exerted a statistically significant negative correlation, whereas CD44 did not show any
correlation and PMEL as well as BCL2 were only weakly positivey correlated.

To address whether the factors involved in 2′-O-methylation and pseudouridylation
are of central importance for prognosis in MM, the same TCGA data set was used for the
generation of Kaplan–Meier plots. As shown in Figure 4A–H, a direct correlation of the
expression level of these factors with the overall survival (OS) of MM patients was detected
and statistically significant for FBL, NOP58, and GAR1. In contrast, low NOP10 expression
levels predicted a statistically non-significant correlation with a worse patients’ outcome
(Figure 4). However, it is noteworthy that the use of TCGA data cannot replace extensive
protein based analyses of ex vivo MM specimens.

2.3. Correlation of the Expression of RNA Modifying Factors with Immune Modulatory Genes

Due to the increased implementation of immunotherapies for the treatment of hematopoi-
etic and solid tumors, it was analyzed whether the factors involved in 2′-O-methylation and
pseudouridylation directly or indirectly affect transcripts participating in the immune surveil-
lance of tumor cells. Therefore, their expression patterns were correlated to molecules involved
in the immune recognition/evasion of malignant and/or virus transformed cells from im-
mune effector cells. Using the same melanoma data set, an impressive statistically significant
negative correlation between immunological relevant molecules, in particular the human
leucocyte antigen (HLA) class Ia and Ib and components of the HLA class I antigen processing
machinery (APM), with the factors involved in 2′-O-methylation and pseudouridylation was
detected (Table 4). This might also explain the negative correlation of these factors with the OS
of MM patients, since their impaired expression was associated with a reduced anti-tumoral
immune cell response [45] (Figure 4). The divergent statistically significant positive correlation
pattern of NOP10 to molecules involved in immune surveillance was also associated with
a statistically significant positive correlation to the OS in MM patients (Figure 4H). How-
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ever, further studies are needed to investigate whether the statistically significant negative
correlated immunological relevant genes are directly negatively regulated upon a reduced
activity/expression of the factors involved 2′-O-methylation and pseudouridylation.
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2.4. Correlation of miR Expression with RNA-Modifying Factors

The processes of 2′-O-methylation and pseudouridylation also occur in other RNA
species with a strong impact to diverse molecular processes of malignant transformation
and thus are of clinical relevance. These other RNA species include microRNAs (miRs),
which are non-coding single stranded RNAs with an approximately length of ~22 nt [46],
binding specifically and preferentially, but not exclusively, within the 3′- untranslated
region (UTR) to their target mRNAs sequence [40,47] thereby causing a translational
repression and mRNA decay [48].

Some miRs can be classified into oncogenic, tumor suppressive and/or immune
modulatory miRs [48]. In addition, human viruses including herpes viruses encode for
viral miRs, which also affect cancer related cellular processes [49].

Several oncogenic miRs have been reported to be frequently overexpressed in MM.
Fattore and co-authors (2017) even grouped the most representative deregulated miRs
in melanoma with regard to the different steps of tumor progression. These potentially
oncogenic miRs with putative diagnostic and/or prognostic values include miR-9, miR-10a,
miR-10b, miR-17-5p, miR-18a, miR-21, miR-26b, miR-92a, miR-221, miR-222, miR-126,
miR-145, miR146, miR-182, miR-514, miR-520d and miR-527 [50].

The pseudouridylation of different human RNA species is mediated by different
pseudouridine synthases, such as pseudouridine synthase (PUS) 1, TruB pseudouridine
synthase 2 (TRUB2), TRUB1, PUS3, PUS4, RNA pseudouridine synthase D3 (RPUSD3),
RPUSD4, PUS7, pseudouridine synthase 7 like (PUS7L), PUS10 and DKC1 [28]. From these
candidates, TRUB1 has been recently reported to modulate the stability of hsa-let-7 [51].
However, it is noteworthy that the actual list of enzymes involved in 2′-O-methylation and
pseudouridylation of miRs might be incomplete.

51



Cancers 2021, 13, 1167

Thus far, only little is known, which of these enzymes are able to modify miRs and
which alterations in the respective miR-mediated functions and/or miR stability are caused
by such modifications.

To determine whether the expression of known oncogenic miRs in MM might be cor-
related with the expression of enzymes involved into 2′-O-methylation and pseudouridyla-
tion, the TCGA data of 214 human MM samples were further analyzed for miR expression.
As shown in Table 5, there existed no evidence for a global impact of the induction of
oncogenic miRs, while miR-21 was statistically significant negatively correlated to the
expression of the investigated enzymes in MM.

Table 5. Correlation of miR expression with enzymes known to be involved in 2′-O-methylation or pseudouridylation
of miRs.

Induced miRs in MM with
Diagnostic/Prognostic

Relevance

So Far in Literature Mentioned Enzymes with
Putative Role for 2′-O-Methylation of miRs

So Far in Literature Mentioned Enzymes with
Putative Role for Pseudouridylation of miRs

FBL HENMT1 DKC1 TRUB1

miR-9-5p
R = 0.007 R = 0.050 R = −0.026 R = 0.132
p = 0.916 p = 0.469 p = 0.708 p = 0.053

miR-10a
R = 0.020 R = −0.036 R = −0.004 R = −0.047
p = 0.767 p = 0.603 p = 0.957 p = 0.492

miR-10b
R = −0.012 R = 0.009 R = −0.064 R = −0.200

p = 0.857 p = 0.896 p = 0.351 p= 3.33 × 10−3

miR-17-5p n.d. n.d. n.d. n.d.

miR-18a n.d. n.d. n.d. n.d.

miR-21
R = −0.168 R = 0.017 R = −0.304 R = −0.139

p= 0.014 p = 0.800 p= 5.88 × 10−6 p= 0.042

miR-26b
R = 0.191 R = −0.008 R = 0.112 R = −0.091

p= 4.96 × 10−3 p = 0.906 p = 0.101 p = 0.184

miR-92a
R = 0.106 R = −0.055 R = 0.155 R = 0.059
p = 0.122 p = 0.424 p= 0.023 p = 0.390

miR-221
R = −0.029 R = 0.100 R = 0.016 R = 0.064

p = 0.676 p = 0.144 p = 0.815 p = 0.352

miR-222
R = −0.015 R = 0.083 R = 0.083 R = −0.073

p = 0.825 p = 0.227 p = 0.224 p = 0.285

miR-126
R = 0.088 R = −0.025 R = −0.034 R = −0.091
p = 0.198 p = 0.711 p = 0.620 p = 0.187

miR-145 n.d. n.d. n.d. n.d.

miR146a
R = −0.015 R = −0.081 R = 0.003 R = 0.098

p = 0.822 p = 0.235 p = 0.968 p = 0.154

miR-182
R = 0.008 R = −0.068 R = −0.045 R = 0.071
p = 0.905 p = 0.322 p = 0.510 p = 0.299

miR-514
R = −0.110 R = 0.065 R = 0.011 R = 0.052

p = 0.109 p = 0.340 p = 0.874 p = 0.446

miR-520d n.d. n.d. n.d. n.d.

miR-527 n.d. n.d. n.d. n.d.

Statistically significant positive or negative correlations (p < 0.05) are highlighted in red or green. Background color: One group of factors
belong to the brighter grey. The 2nd group to the darker grey.

Analysis of the TCGA data from 214 human melanoma tumors provided by the R2
database (https://hgserver1.amc.nl/ (accessed on 12 February 2021)) for correlation with
enzymes known to be involved in miR 2′-O-methylation and pseudouridylation with the
amount of increased and/or stabilized oncogenic miRs reported to be induced in MM.

3. Discussion

Recently, the aberrant expression pattern of DKC1, NHP2, and NOP10 in several
cancer entities has been reviewed [52]. Due to their biological functions, the localization

52



Cancers 2021, 13, 1167

of these factors was almost completely limited to the nucleus, since 2′-O-methylation and
pseudouridylation occur within the nucleoli. Furthermore, an increase within the highly
proliferational active cells of the epidermal stratum germinativum was demonstrated,
which reflects the involvement and increased number of ribosomes during proliferation.
This was further underlined by statistically significant positive correlations to proliferation
markers suggesting that some factors involved in 2′-O-methylation and pseudouridylation
might also be suitable markers for proliferation themselves.

However, this study did not answer whether in the case of positive correlations
between the factors involved in 2′-O-methylation and pseudouridylation and, e.g., pro-
liferation markers these positive correlations are an indirect result due to an enhanced
proliferation per se mediated by increased translational efficacy caused by modifications
within ribosomal RNAs, or whether the mRNAs of the positively correlated proliferation
markers are directly modified by these factors or by both mechanisms in parallel.

The positive correlations described in this study are based upon TCGA data, not
taken posttranscriptional mechanisms of gene regulation into account. Therefore, in depth
protein-based studies applying human melanoma tissue specimens are required to proof
this hypothesis.

In regard to the observed statistically significant negative and coordinated correlations
to molecules involved in immune surveillance/evasion it is noteworthy that (i) HLA Ia
and Ib genes, HLA class related MICs and major APM components are located within
the major histocompatibility complex (MHC) locus on chromosome 6p21 and that (ii) the
adaptive immunity phylogenetically occurs with the jawed vertebrates [53] and, e.g., HLA
class Ib genes are evolutionary even younger, which might have an impact on the observed
negative correlations.

Due to the limitation of transcriptome based microarray data sets it is necessary
to underline that also indirect effects may cause such down regulations. The increased
proliferation itself might decrease the antigen processing and presentation efficacy in
melanoma cells. In turn, the impaired antigen processing and presentation is a frequent
immune evasion strategy of tumors [54], which might be a prerequisite for an increased
proliferation rate of tumor cells. Thus far, the sequence of these events in MM has not
been studied.

RNA modifications on miRs affecting their stability or decay might also indirectly con-
tribute to the regulation of cancer related processes, even independently of the translational
processes linked to the number of ribosomes. This opens a new regulatory dimension for
RNA modifying enzymes (Figure 5), which has to be explored in more detail.

Thus far, it is controversially discussed whether mature mammalian miRs contain 2′-
O-methylations as reported for plants and Drosophila [55]. In Drosophila, 2′-O-methylation
of miRs occurred age dependent and its inhibition resulted in an accelerated neurode-
generation and shorter life span [56]. Despite discrepancies regarding the missing 2′-O-
methylation in mammalian miRs, the human miR-21-5p has been shown to contain a
3′-terminal 2′-O-methylation, which enhances the stability of this oncogenic miR in lung
cancer patients. Interestingly, HENMT1 was identified to act as methyltransferase [57].

Indirect effects concerning the positive or negative correlations of factors involved in 2′-
O-methylation and pseudouridylation with miRs might occur. Several miRs are processed
from introns after the splicing, while for the process of splicing the snoRNAs as huge group
of the snRNAs in involved. These snoRNAs harbor themselves 2′-O-methylations and
pseudouridylations contributing to the stability and functionality of the snoRNAs.

In this study, the impact and relevance of factors involved in 2′-O-methylation and
pseudouridylation of different RNA species related to the processes of tumor formation
and progression were summarized in MM as a tumor model. Using different bioinformatics
tools statistically significant positive correlations between proliferation and prognostic
marker genes relevant for the MM with the factors involved into 2′-O-methylation and
pseudouridylation were described for the first time.
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The impact of these molecules on other RNA species including miRs has recently been
investigated, but needs to be further studied in detail. This will lead to the identification of
proteins involved in such miR modifications, which might have an impact on the function
of such modified miRs. However, the existence of miR 2′-O-methylation and pseudouridy-
lation in general must not necessarily involve tumor relevant miRs and processes.
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4. Materials and Methods
Immunohistochemistry

The frequency and localization of protein levels involved in the two RNA modification
processes, namely FBL, NOP56, NOP58, 15.5K (SNU13), DKC1, GAR1, NHP2, and NOP10,
were analyzed by evaluation of immunohistochemistry data of healthy normal skin sections
and melanoma specimen provided by the free available online data base. The Human
Protein Atlas [58–60].

Bioinformatic analyses of gene expression data and correlation with patients’ over-
all survival.

The factors involved in RNA 2′-O-methylation and pseudouridylation were correlated
with genes encoding for above mentioned ribosomal RNAs carrying multiple of such
modifications. Unfortunately, the applied Microarrays (Illumina Human HT-12V4.0 Chips)
of the 214 MM patients published by Jönsson and co-authors 2015 [44] contained only
probes against the human RN5S9 transcript encoding the 5S ribosomal RNA. The factors
showed a positive correlation to the RN5S9, which was statistically significant for NOP56,
NOP58 and NHP2.

The correlation coefficients reflecting R values and the respective p values were calcu-
lated by the R2 database (https://hgserver1.amc.nl/ (accessed on 12 February 2021)). For
visualization these R values were presented in a heatmap generated by GraphPad Prism 8
(GraphPad Software, San Diego, CA, USA).

Correlation of the expression pattern of genes involved into 2′-O-methylation and
pseudouridylation with preselected genes involved in cell proliferation, prognosis and
immune recognition/evasion in MM is based upon TCGA data of 214 melanoma specimens
provided by the R2 database (https://hgserver1.amc.nl/ (accessed on 12 February 2021)).
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Statistically significant positive or negative correlations (p < 0.05) are highlighted in red or
green. The same TCGA data set was applied for the generation of the respective Kaplan–
Meier Plots.

5. Conclusions

Thus, a link between 2′-O-methylation and pseudouridylation to cell proliferation,
host immunity and oncogenic miRs exists in MM suggesting that both RNA modifications
and factors involved in this process represent suitable targets for tumor therapy and
putative novel prognostic markers.

Author Contributions: S.J.-B. designed the study. J.B. and S.J.-B. performed the bioinformatics
analyses. B.S., C.W., and S.J.-B. wrote the manuscript. All authors have read and agreed to the
published version of the manuscript.

Funding: This research was funded by the German-Israeli Foundation (GIF; I-37-414.11-2016) and
Werner Jackstädt Foundation. We acknowledge the financial support of the Open Access Publication
Fund of the Martin-Luther-University Halle-Wittenberg.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: The data presented in this study are available on request from the
corresponding author.

Conflicts of Interest: The authors declare no conflict of interest.

Abbreviations

APM, antigen processing machinery; BCL2, BCL2 apoptosis regulator; CCNA1, cyclin A1; CD44,
cluster of differentiation 44; CENPF, centromere protein F; EMT, epithelial to mesenchymal transition;
GAR1, GAR1 ribonucleoprotein; HLA, human leukocyte antigen; lncRNA, long non-coding RNA;
MAPK, mitogen-activated protein kinase; MART-1, Melanoma Antigen Recognized by T-cells; MCM2,
minichromosome maintenance complex component 2; MCM4, minichromosome maintenance com-
plex component 4; MHC, major histocompatibility complex; MKI67, marker of proliferation Ki-67;
MITF, melanocyte inducing transcription factor; MM, malignant melanoma; MMP2, matrix met-
allopeptidase 2; miR, microRNA; mRNA, messenger RNA; n.d., not determined; NHP2, NHP2
ribonucleoprotein; NM23, NME/NM23 nucleoside diphosphate kinase 1; NOP, nucleolar protein;
PCNA, proliferating cell nuclear antigen; PMEL; premelanosome protein; PUS1, pseudouridine
synthase 1; PUS7L, pseudouridine synthase 7 like; RBP, RNA-binding protein; RPUSD3, RNA pseu-
douridine synthase D3; rRNA, ribosomal RNA; S, Svedberg; S100B, S100 calcium binding protein
B; scaRNA, small cajal body RNA; sncRNA, small non-coding RNA; snRNA, small nuclear RNA;
SNU13, small nuclear ribonucleoprotein 13; TCGA, The Cancer Genome Atlas; TE, translational
efficiency; tRNA, transfer RNA; UV, ultraviolet.

References
1. Haass, N.K.; Herlyn, M. Normal human melanocyte homeostasis as a paradigm for understanding melanoma. J. Investig.

Dermatol. Symp. Proc. 2005, 10, 153–163. [CrossRef]
2. Laikova, K.V.; Oberemok, V.V.; Krasnodubets, A.M.; Gal’chinsky, N.V.; Useinov, R.Z.; Novikov, I.A.; Temirova, Z.Z.; Gorlov,

M.V.; Shved, N.A.; Kumeiko, V.V.; et al. Advances in the Understanding of Skin Cancer: Ultraviolet Radiation, Mutations, and
Antisense Oligonucleotides as Anticancer Drugs. Molecules 2019, 24, 1516. [CrossRef]

3. Bray, F.; Ren, J.S.; Masuyer, E.; Ferlay, J. Global estimates of cancer prevalence for 27 sites in the adult population in 2008. Int. J.
Cancer 2013, 132, 1133–1145. [CrossRef] [PubMed]

4. Sample, A.; He, Y.Y. Mechanisms and prevention of UV-induced melanoma. Photodermatol. Photoimmunol. Photomed. 2018, 34,
13–24. [CrossRef] [PubMed]

5. Hawkes, J.E.; Truong, A.; Meyer, L.J. Genetic predisposition to melanoma. Semin. Oncol. 2016, 43, 591–597. [CrossRef]
6. Debniak, T. Familial malignant melanoma—Overview. Hered. Cancer Clin. Pract. 2004, 2, 123–129. [CrossRef] [PubMed]
7. Damsky, W.E.; Bosenberg, M. Melanocytic nevi and melanoma: Unraveling a complex relationship. Oncogene 2017, 36, 5771–5792.

[CrossRef]

55



Cancers 2021, 13, 1167

8. Stepinski, D. The nucleolus, an ally, and an enemy of cancer cells. Histochem. Cell Biol. 2018, 150, 607–629. [CrossRef]
9. Pierard, G.E. Cell proliferation in cutaneous malignant melanoma: Relationship with neoplastic progression. ISRN Dermatol.

2012, 2012, 828146. [CrossRef] [PubMed]
10. Szavits-Nossan, J.; Ciandrini, L. Inferring efficiency of translation initiation and elongation from ribosome profiling. Nucleic Acids

Res. 2020, 48, 9478–9490. [CrossRef]
11. von der Haar, T. Mathematical and Computational Modelling of Ribosomal Movement and Protein Synthesis: An overview.

Comput. Struct. Biotechnol. J. 2012, 1, e201204002. [CrossRef]
12. Szavits-Nossan, J.; Ciandrini, L. Accurate measures of translational efficiency and traffic using ribosome profiling. bioRxiv 2019.

[CrossRef]
13. Pelletier, J.; Thomas, G.; Volarevic, S. Ribosome biogenesis in cancer: New players and therapeutic avenues. Nat. Rev. Cancer 2018,

18, 51–63. [CrossRef] [PubMed]
14. Penzo, M.; Montanaro, L.; Trere, D.; Derenzini, M. The Ribosome Biogenesis-Cancer Connection. Cells 2019, 8, 55. [CrossRef]

[PubMed]
15. Brighenti, E.; Calabrese, C.; Liguori, G.; Giannone, F.A.; Trere, D.; Montanaro, L.; Derenzini, M. Interleukin 6 downregulates p53

expression and activity by stimulating ribosome biogenesis: A new pathway connecting inflammation to cancer. Oncogene 2014,
33, 4396–4406. [CrossRef]

16. Maden, B.E. The numerous modified nucleotides in eukaryotic ribosomal RNA. Prog. Nucleic Acid Res. Mol. Biol. 1990, 39, 241–303.
[CrossRef]

17. Ofengand, J.; Bakin, A.; Wrzesinski, J.; Nurse, K.; Lane, B.G. The pseudouridine residues of ribosomal RNA. Biochem. Cell Biol.
1995, 73, 915–924. [CrossRef]

18. Jady, B.E.; Kiss, T. A small nucleolar guide RNA functions both in 2′-O-ribose methylation and pseudouridylation of the U5
spliceosomal RNA. EMBO J. 2001, 20, 541–551. [CrossRef] [PubMed]

19. Silipo, M.; Gautrey, H.; Tyson-Capper, A. Deregulation of splicing factors and breast cancer development. J. Mol. Cell Biol. 2015, 7,
388–401. [CrossRef]

20. Somme, J.; Van Laer, B.; Roovers, M.; Steyaert, J.; Versees, W.; Droogmans, L. Characterization of two homologous 2′-O-
methyltransferases showing different specificities for their tRNA substrates. RNA 2014, 20, 1257–1271. [CrossRef]

21. Peng, Y.; Yu, G.; Tian, S.; Li, H. Co-expression and co-purification of archaeal and eukaryal box C/D RNPs. PLoS ONE 2014,
9, e103096. [CrossRef]

22. Sproat, B.S.; Lamond, A.I.; Beijer, B.; Neuner, P.; Ryder, U. Highly efficient chemical synthesis of 2′-O-methyloligoribonucleotides
and tetrabiotinylated derivatives; novel probes that are resistant to degradation by RNA or DNA specific nucleases. Nucleic Acids
Res. 1989, 17, 3373–3386. [CrossRef] [PubMed]

23. Inoue, H.; Hayase, Y.; Imura, A.; Iwai, S.; Miura, K.; Ohtsuka, E. Synthesis and hybridization studies on two complementary
nona(2′-O-methyl)ribonucleotides. Nucleic Acids Res. 1987, 15, 6131–6148. [CrossRef]

24. Lacoux, C.; Di Marino, D.; Boyl, P.P.; Zalfa, F.; Yan, B.; Ciotti, M.T.; Falconi, M.; Urlaub, H.; Achsel, T.; Mougin, A.; et al. BC1-FMRP
interaction is modulated by 2′-O-methylation: RNA-binding activity of the tudor domain and translational regulation at synapses.
Nucleic Acids Res. 2012, 40, 4086–4096. [CrossRef] [PubMed]

25. Elliott, B.A.; Ho, H.T.; Ranganathan, S.V.; Vangaveti, S.; Ilkayeva, O.; Abou Assi, H.; Choi, A.K.; Agris, P.F.; Holley, C.L.
Modification of messenger RNA by 2′-O-methylation regulates gene expression in vivo. Nat. Commun. 2019, 10, 3401. [CrossRef]
[PubMed]

26. Li, X.; Ma, S.; Yi, C. Pseudouridine: The fifth RNA nucleotide with renewed interests. Curr. Opin. Chem. Biol. 2016, 33, 108–116.
[CrossRef] [PubMed]

27. van der Feltz, C.; DeHaven, A.C.; Hoskins, A.A. Stress-induced Pseudouridylation Alters the Structural Equilibrium of Yeast U2
snRNA Stem II. J. Mol. Biol. 2018, 430, 524–536. [CrossRef]

28. Penzo, M.; Guerrieri, A.N.; Zacchini, F.; Trere, D.; Montanaro, L. RNA Pseudouridylation in Physiology and Medicine: For Better
and for Worse. Genes 2017, 8, 301. [CrossRef]

29. Ge, J.; Yu, Y.T. RNA pseudouridylation: New insights into an old modification. Trends Biochem. Sci. 2013, 38, 210–218. [CrossRef]
30. Zhao, Y.; Dunker, W.; Yu, Y.T.; Karijolich, J. The Role of Noncoding RNA Pseudouridylation in Nuclear Gene Expression Events.

Front. Bioeng. Biotechnol. 2018, 6, 8. [CrossRef]
31. Song, J.; Zhuang, Y.; Zhu, C.; Meng, H.; Lu, B.; Xie, B.; Peng, J.; Li, M.; Yi, C. Differential roles of human PUS10 in miRNA

processing and tRNA pseudouridylation. Nat. Chem. Biol. 2020, 16, 160–169. [CrossRef] [PubMed]
32. Chen, J.; Weiss, W.A. Alternative splicing in cancer: Implications for biology and therapy. Oncogene 2015, 34, 1–14. [CrossRef]

[PubMed]
33. Ma, F.C.; He, R.Q.; Lin, P.; Zhong, J.C.; Ma, J.; Yang, H.; Hu, X.H.; Chen, G. Profiling of prognostic alternative splicing in

melanoma. Oncol. Lett. 2019, 18, 1081–1088. [CrossRef]
34. Singh, B.; Eyras, E. The role of alternative splicing in cancer. Transcription 2017, 8, 91–98. [CrossRef]
35. Guzinska-Ustymowicz, K.; Pryczynicz, A.; Kemona, A.; Czyzewska, J. Correlation between proliferation markers: PCNA, Ki-67,

MCM-2 and antiapoptotic protein Bcl-2 in colorectal cancer. Anticancer Res. 2009, 29, 3049–3052.

56



Cancers 2021, 13, 1167

36. Ladstein, R.G.; Bachmann, I.M.; Straume, O.; Akslen, L.A. Ki-67 expression is superior to mitotic count and novel proliferation
markers PHH3, MCM4 and mitosin as a prognostic factor in thick cutaneous melanoma. BMC Cancer 2010, 10, 140. [CrossRef]
[PubMed]

37. Ohsie, S.J.; Sarantopoulos, G.P.; Cochran, A.J.; Binder, S.W. Immunohistochemical characteristics of melanoma. J. Cutan. Pathol.
2008, 35, 433–444. [CrossRef]

38. Reddy, V.B.; Gattuso, P.; Aranha, G.; Carson, H.J. Cell proliferation markers in predicting metastases in malignant melanoma. J.
Cutan. Pathol. 1995, 22, 248–251. [CrossRef]

39. Bresnick, A.R.; Weber, D.J.; Zimmer, D.B. S100 proteins in cancer. Nat. Rev. Cancer 2015, 15, 96–109. [CrossRef]
40. Fander, J.; Kielstein, H.; Buttner, M.; Koelblinger, P.; Dummer, R.; Bauer, M.; Handke, D.; Wickenhauser, C.; Seliger, B.; Jasinski-

Bergner, S. Characterizing CD44 regulatory microRNAs as putative therapeutic agents in human melanoma. Oncotarget 2019, 10,
6509–6525. [CrossRef]

41. Ilmonen, S.; Hernberg, M.; Pyrhonen, S.; Tarkkanen, J.; Asko-Seljavaara, S. Ki-67, Bcl-2 and p53 expression in primary and
metastatic melanoma. Melanoma Res. 2005, 15, 375–381. [CrossRef] [PubMed]

42. Weinstein, D.; Leininger, J.; Hamby, C.; Safai, B. Diagnostic and prognostic biomarkers in melanoma. J. Clin. Aesthet. Dermatol.
2014, 7, 13–24. [PubMed]

43. Kycler, W.; Grodecka-Gazdecka, S.; Breborowicz, J.; Filas, V.; Teresiak, M. Prognostic factors in melanoma. Rep. Pract. Oncol.
Radiother. 2006, 11, 39–48. [CrossRef]

44. Cirenajwis, H.; Ekedahl, H.; Lauss, M.; Harbst, K.; Carneiro, A.; Enoksson, J.; Rosengren, F.; Werner-Hartman, L.; Torngren, T.;
Kvist, A.; et al. Molecular stratification of metastatic melanoma using gene expression profiling: Prediction of survival outcome
and benefit from molecular targeted therapy. Oncotarget 2015, 6, 12297–12309. [CrossRef]

45. Quandt, D.; Fiedler, E.; Boettcher, D.; Marsch, W.; Seliger, B. B7-h4 expression in human melanoma: Its association with patients’
survival and antitumor immune response. Clin. Cancer Res. 2011, 17, 3100–3111. [CrossRef] [PubMed]

46. Starega-Roslan, J.; Krol, J.; Koscianska, E.; Kozlowski, P.; Szlachcic, W.J.; Sobczak, K.; Krzyzosiak, W.J. Structural basis of
microRNA length variety. Nucleic Acids Res. 2011, 39, 257–268. [CrossRef]

47. Friedrich, M.; Vaxevanis, C.K.; Biehl, K.; Mueller, A.; Seliger, B. Targeting the coding sequence: Opposing roles in regulating
classical and non-classical MHC class I molecules by miR-16 and miR-744. J. Immunother. Cancer 2020, 8. [CrossRef] [PubMed]

48. Jasinski-Bergner, S.; Mandelboim, O.; Seliger, B. The role of microRNAs in the control of innate immune response in cancer. J.
Natl. Cancer Inst. 2014, 106. [CrossRef] [PubMed]

49. Jasinski-Bergner, S.; Mandelboim, O.; Seliger, B. Molecular mechanisms of human herpes viruses inferring with host immune
surveillance. J. Immunother. Cancer 2020, 8. [CrossRef]

50. Fattore, L.; Costantini, S.; Malpicci, D.; Ruggiero, C.F.; Ascierto, P.A.; Croce, C.M.; Mancini, R.; Ciliberto, G. MicroRNAs in
melanoma development and resistance to target therapy. Oncotarget 2017, 8, 22262–22278. [CrossRef]

51. Kurimoto, R.; Chiba, T.; Ito, Y.; Matsushima, T.; Yano, Y.; Miyata, K.; Yashiro, Y.; Suzuki, T.; Tomita, K.; Asahara, H. The tRNA
pseudouridine synthase TruB1 regulates the maturation of let-7 miRNA. EMBO J. 2020, 39, e104708. [CrossRef]

52. Penzo, M.; Montanaro, L. Turning Uridines around: Role of rRNA Pseudouridylation in Ribosome Biogenesis and Ribosomal
Function. Biomolecules 2018, 8, 38. [CrossRef] [PubMed]

53. Hirano, M.; Das, S.; Guo, P.; Cooper, M.D. The evolution of adaptive immunity in vertebrates. Adv. Immunol. 2011, 109, 125–157.
[CrossRef]

54. Bukur, J.; Jasinski, S.; Seliger, B. The role of classical and non-classical HLA class I antigens in human tumors. Semin. Cancer Biol.
2012, 22, 350–358. [CrossRef] [PubMed]

55. Motorin, Y.; Marchand, V. Detection and Analysis of RNA Ribose 2′-O-Methylations: Challenges and Solutions. Genes 2018, 9, 642.
[CrossRef] [PubMed]

56. Abe, M.; Naqvi, A.; Hendriks, G.J.; Feltzin, V.; Zhu, Y.; Grigoriev, A.; Bonini, N.M. Impact of age-associated increase in
2′-O-methylation of miRNAs on aging and neurodegeneration in Drosophila. Genes Dev. 2014, 28, 44–57. [CrossRef]

57. Liang, H.; Jiao, Z.; Rong, W.; Qu, S.; Liao, Z.; Sun, X.; Wei, Y.; Zhao, Q.; Wang, J.; Liu, Y.; et al. 3′-Terminal 2′-O-methylation of
lung cancer miR-21-5p enhances its stability and association with Argonaute 2. Nucleic Acids Res. 2020, 48, 7027–7040. [CrossRef]

58. Ponten, F.; Jirstrom, K.; Uhlen, M. The Human Protein Atlas–a tool for pathology. J. Pathol. 2008, 216, 387–393. [CrossRef]
59. Thul, P.J.; Akesson, L.; Wiking, M.; Mahdessian, D.; Geladaki, A.; Ait Blal, H.; Alm, T.; Asplund, A.; Bjork, L.; Breckels, L.M.; et al.

A subcellular map of the human proteome. Science 2017, 356. [CrossRef]
60. Uhlen, M.; Fagerberg, L.; Hallstrom, B.M.; Lindskog, C.; Oksvold, P.; Mardinoglu, A.; Sivertsson, A.; Kampf, C.; Sjostedt, E.;

Asplund, A.; et al. Proteomics. Tissue-based map of the human proteome. Science 2015, 347, 1260419. [CrossRef] [PubMed]

57





cancers

Article

Identification of RCC Subtype-Specific
microRNAs–Meta-Analysis of High-Throughput RCC Tumor
microRNA Expression Data

Arkadiusz Kajdasz 1,*,† , Weronika Majer 2,†, Katarzyna Kluzek 1, Jacek Sobkowiak 3, Tomasz Milecki 3,
Natalia Derebecka 2, Zbigniew Kwias 3, Hans A. R. Bluyssen 1 and Joanna Wesoly 2,*

Citation: Kajdasz, A.; Majer, W.;

Kluzek, K.; Sobkowiak, J.; Milecki, T.;

Derebecka, N.; Kwias, Z.;

Bluyssen, H.A.R.; Wesoly, J.

Identification of RCC Subtype-Specific

microRNAs–Meta-Analysis of

High-Throughput RCC Tumor

microRNA Expression Data. Cancers

2021, 13, 548. https://doi.org/

10.3390/cancers13030548

Academic Editor: Paola Tucci

Received: 14 December 2020

Accepted: 20 January 2021

Published: 1 February 2021

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2021 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/).

1 Laboratory of Human Molecular Genetics, Faculty of Biology, Institute of Molecular Biology and
Biotechnology, Adam Mickiewicz University Poznan, Uniwersytetu Poznanskiego 6, 61-614 Poznan, Poland;
k.kluzek@amu.edu.pl (K.K.); h.bluyss@amu.edu.pl (H.A.R.B.)

2 Laboratory of High Throughput Technologies, Faculty of Biology, Adam Mickiewicz University Poznan,
Uniwersytetu Poznanskiego 6, 61-614 Poznan, Poland; weronika.majer@amu.edu.pl (W.M.);
natalia.derebecka@amu.edu.pl (N.D.)

3 Department of Urology, Poznan University of Medical Sciences, Szwajcarska 3, 61-285 Poznan, Poland;
jksobkowiak@gmail.com (J.S.); mileckito@gmail.com (T.M.); zbigniew.kwias@poczta.onet.pl (Z.K.)

* Correspondence: akajdasz@amu.edu.pl (A.K.); j.wesoly@amu.edu.pl (J.W.); Tel.: +48-61-829-58-33 (A.K.);
+48-61-829-58-32 (J.W.)

† Both authors contributed equally to this work.

Simple Summary: In the majority of renal cancer cases, the disease course is non-symptomatic which
frequently leads to late diagnosis of disease. Currently, there are no molecular tools dedicated to
the detection and monitoring of renal cancer. Our study aimed to investigate changes in microRNA
(miRNA) expression in tissue samples of renal cancer patients. We performed meta-analysis using
results of 14 high-throughput studies (both, NGS and microarrays) and as a result, selected a group
of miRNAs deregulated in renal cancer and its subtypes. Later, the expression changes of selected
miRNA were validated in an independent sample set. We confirmed that the investigation of miRNA
expression might be potentially applicable in the detection and monitoring of renal cancer and
its subtypes.

Abstract: Renal cell carcinoma (RCC) is one of the most common cancers worldwide with a nearly
non-symptomatic course until the advanced stages of the disease. RCC can be distinguished into
three subtypes: papillary (pRCC), chromophobe (chRCC) and clear cell renal cell carcinoma (ccRCC)
representing up to 75% of all RCC cases. Detection and RCC monitoring tools are limited to standard
imaging techniques, in combination with non-RCC specific morphological and biochemical read-outs.
RCC subtype identification relays mainly on results of pathological examination of tumor slides.
Molecular, clinically applicable and ideally non-invasive tools aiding RCC management are still
non-existent, although molecular characterization of RCC is relatively advanced. Hence, many
research efforts concentrate on the identification of molecular markers that will assist with RCC
sub-classification and monitoring. Due to stability and tissue-specificity miRNAs are promising
candidates for such biomarkers. Here, we performed a meta-analysis study, utilized seven NGS
and seven microarray RCC studies in order to identify subtype-specific expression of miRNAs.
We concentrated on potentially oncocytoma-specific miRNAs (miRNA-424-5p, miRNA-146b-5p,
miRNA-183-5p, miRNA-218-5p), pRCC-specific (miRNA-127-3p, miRNA-139-5p) and ccRCC-specific
miRNAs (miRNA-200c-3p, miRNA-362-5p, miRNA-363-3p and miRNA-204-5p, 21-5p, miRNA-
224-5p, miRNA-155-5p, miRNA-210-3p) and validated their expression in an independent sample
set. Additionally, we found ccRCC-specific miRNAs to be differentially expressed in ccRCC tumor
according to Fuhrman grades and identified alterations in their isoform composition in tumor
tissue. Our results revealed that changes in the expression of selected miRNA might be potentially
utilized as a tool aiding ccRCC subclass discrimination and we propose a miRNA panel aiding RCC
subtype distinction.
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1. Introduction

Renal cell carcinoma (RCC) is one of ten the most commonly occurring cancer types
worldwide [1]. The occurrence of RCC is population dependent, although the general
incidence is estimated to be 10 per 100,000 individuals [2]. The 5-year recovery rate of
metastatic RCC patients is 12.3% [3] and is frequently a consequence of a late diagnosis.
Nearly non-symptomatic disease course and lack of characteristic symptoms except flank
pain, hematuria and hypertension accompanied by general fatigue, recurrently lead to the
identification of RCC in advanced and/or metastatic stage, with 18% of patients displaying
peripheral metastases in distal organs [4]. However, first mutations leading to the tumor
development occur in childhood or adolescence, years or even decades before diagnosis [5].
Since RCC is chemo- and radiotherapy resistant the main RCC treatment is partial or
complete nephrectomy [6].

Four main RCC subtypes have been identified: clear cell renal cell carcinoma (ccRCC)
(75–85% of all RCC cases), papillary (pRCC) (12–14%), chromophobe (chRCC) (4–6%), clear
cell papillary (ccpRCC) (~4%) also accompanied by renal oncocytoma, often benign, that
comprises approximately 1% of kidney tumors [6,7]. Additionally, over the last few years a
relatively rare subtype of renal tumor tubulocystic RCC (tcRCC) was described [8]. The
diagnosis relays mainly on the results of imaging techniques, such as computer tomography
or magnetic resonance, rarely followed by a tumor biopsy. RCC subtype differentiation is
confirmed after tumor resection by histological examination of the tumor slides. Frequently,
RCC tumors are difficult to distinguish due to the limitations of the imaging techniques and
histological classification might be incorrect due to tumor heterogeneity. In the majority of
oncocytoma cases, surgical intervention is not required but incorrect tumor classification
may lead to unnecessary surgery [9]. Additionally, frequent and repetitive use of imaging
techniques or biopsy could be potentially harmful to patients (excess of radiation or post-
procedure complications) [10]. Therefore, new methods that could aid cancer detection and
RCC classification such as noninvasive molecular biomarkers are a promising alternative.

Non-invasive biomarkers have been utilized in many cancer types and include Hu-
man Epidermal Growth Factor Receptor 2 (HER2) (in breast tumors), BRAF V600E (in
metastatic melanoma), Prostate Specific Antigen (PSA) (in prostate cancer) and Carcinoem-
bryonic Antigen (CEA) (in colorectal cancer) [11,12]. On the other hand, there are no
specific non-invasive biomarkers aiding RCC diagnosis. However currently, clinical trials
(e.g., RECORD-3) are focused on finding non-invasive biomarkers to monitor treatment
outcome [13].

In recent years, there is an increasing interest in employing microRNA (miRNA)—
small noncoding approximately 22 nucleotides long RNA—as cancer biomarkers [14].
miRNA originates during a multistep process in which long miRNA transcript, called
primary-miRNA (pri-miRNA) is cleaved to ~70 nt length pre-miRNA by Drosha Ribonucle-
ase III (DROSHA) in complex with DiGeorge Syndrome Critical Region Gene 8 (DGCR8).
Pre-miRNA is further cleaved by DICER1 Ribonuclease III to ~22 nt double-stranded
miRNA molecule. One of these strands is loaded into Argonaut 2 protein (AGO2) creating
RNA Inducing Silencing Complex (RISC), the second strand is degraded [15]. RISC takes
part in posttranscriptional gene expression by blocking mRNA translation or initiating
mRNA cleavage [16] due to the presence of “seed” sequence in miRNA, complementary
to mRNA usually in 3′ untranslated region (3′UTR) of targeted mRNA. Mature miRNA
can occur in isoforms (iso-miRNA) processed from the same pri-miRNA and different at 5’
and 3’ ends as a result of inaccurate cleavage by DROSHA and DICER1. Those modifica-
tions can influence miRNA activity and function. Additionally, 3’ end of miRNA may be
adenylated or uridylated which affects its stability. Deregulations of miRNA expression
have been previously correlated with changes in protein levels engaged in proliferation,
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motility or cell invasiveness and in consequence promotion of tumor development and
growth [17,18].

Changes in miRNA expression are well known in RCC tumors and these abnormalities
can be potentially useful to distinguish RCC subtypes, although certain discrepancies
between the studies can be noted [19]. The most commonly identified as downregulated
in ccRCC tumor samples were miR-141, miRNA-200c [19]. On the other hand, many
studies identified miRNA-210, miRNA-224 and miRNA-155 as upregulated in ccRCC
tumors [20,21]. It has been also shown ccRCC and pRCC display significant changes in
miRNA-424 expression, which could be helpful in RCC tumor subtype classification [22].

Here, we performed a meta-analysis of miRNA expression in ccRCC, pRCC and
chRCC tumors, analyzed the expression of miRNA isoforms and examined potential
causes of miRNA deregulation in ccRCC using a bioinformatics approach. After validation
of miRNA expression in RCC tumors kidney tissue, we postulate that a miRNA panel could
be potentially a powerful RCC classification tool and miRNA profile may be indicative of
disease grades.

2. Materials and Methods
2.1. Sample Preparation

One hundred and fifteen samples of cancer tissue and 36 adjacent noncancerous kidney
samples were obtained from renal cancer patients after partial or complete nephrectomy.
Samples were collected the Department of Urology and Urological Oncology, Poznan
University of Medical Sciences, Poland with the signed consent of patients (bioethical
consent of Local Bioethical Committee at Poznan University of Medical Sciences, no.
1124/12). Tumors were classified as RCC subtypes and according to Fuhrman grade.
ccRCC tumors (n = 97) were divided into Fuhrman grade 1, n = 12; grade 2, n = 35; grade 3,
n = 33; grade 4, n = 17. 10 pRCC, 10 oncocytoma and 36 adjacent, histopathologically
unchanged kidney tissue samples were also included in the analysis (Table S1). Samples
were randomly divided into groups used in different experiments (details in Table S1).
The average age of patients was 65. For the preservation of RNA, tissue fragments were
collected into tubes containing RNAlater (Sigma Aldrich, St. Louis, MO, USA) and stored
at −80 ◦C for further processing. Next, fragments of tissue were transferred into a sterile
mortar and grinded in liquid nitrogen. RNA was extracted with Trizol and quantified
using NanoDrop ND-1000.

2.2. Library Preparation and Sequencing

For library preparation, 1 µg of total RNA with RNA Integrity Number (RIN) equal
to or above 7 was used. RNA-Seq libraries (controls, n = 17; ccRCC, n = 58 samples) were
prepared with TruSeq RNA Library Preparation Kit v2 (Illumina, San Diego, CA, USA) and
small RNA-Seq libraries (controls, n = 6; ccRCC, n = 26) with TruSeq Small RNA Library
Preparation Kit (Illumina, San Diego, CA, USA). Quality and concentration of the libraries
were tested using Agilent DNA 1000 Kit and Agilent High Sensitivity DNA Kit (Agilent
Technologies Inc., Santa Clara, CA, USA). The libraries were sequenced on HiScan SQ
(Illumina) with TruSeq PE Cluster Kit v3-cBot-HS (Illumina, San Diego, CA, USA, cat. no.
PE-401-3001) in PE100 and SR50 modes, respectively.

The data discussed in this publication have been deposited in NCBI’s Gene Expres-
sion Omnibus [23] and are accessible through GEO Series accession number GSE151428
(https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE151428).

2.3. Small RNA-Seq Data Processing

In small RNA-Seq analysis workflow, raw reads were trimmed with cutadapt (https:
//cutadapt.readthedocs.io/en/stable/), untrimmed reads and reads shorter than 10 nt
were discarded. Reads were aligned to Ensembl GRCh38 human genome with bowtie2 [24].
Raw read counts were generated with featureCounts v1.6.3 [25] and differentially expressed
miRNA in ccRCC tumors were identified with edgeR (v3.28) package (R v3.6). miRNA
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isoforms were calculated with MIRALIGNER protocol [26] and isomiRs (v1.14) (https:
//bioconductor.org/packages/isomiRs/) package (R v3.6) based on miRBase v22.1.

2.4. RNA-Seq Data Processing

RNA-Seq raw paired-end reads were trimmed with cutadapt. Trimmed reads were
aligned to Ensembl GRCh38 human genome with STAR (v2.7) [27] and counts were ob-
tained using featureCounts v1.6.3 [25]. Differentially expressed mRNA in ccRCC tumors
were identified with edgeR (v3.28) package (R v3.6).

2.5. Meta-Analysis of miRNA Expression in RCC Tumors

Sequencing data from Exp1 were generated in our laboratory. Exp2 [28], Exp3 [29]
and Exp4 [30] were downloaded from the SRA database [31] as raw reads. All small
RNA-Seq experiments used in the meta-analysis were performed on fresh tissues, available
Formalin-Fixed Paraffin-Embedded experiments were excluded. Exp5–Exp14 results were
derived from dbDEMC2.0 database [32] (Figure S1). Significantly deregulated miRNAs
in ccRCC obtained from all above experiments were compared using the dplyr package
(v0.8.3; R v3.6). Venn graphs were created with the VennDiagram package (v1.6; R v3.6).

2.6. Poly(A)-RT

Synthesis of cDNA by polyadenylation reverse transcription reaction (Poly(A)-RT)
was described previously [33]. 12.4 µL of RNA sample (1 µg of RNA) were added to
reverse transcription mix containing: 12 µL of RT buffer (25 µL 1 M Tris-HCl, pH = 8.0;
93.75 µL 2 M KCl; 250 µL 100 mM DTT; 175 µL 1 M MgCl2); 20 µL 100 µM anchor RT
primer, containing universal adapter sequence; 436.25 µL H2O; 6 µL deoxynucleotide mix
(100 mM of each); 25 µL 10 mM rATP; 25 µL 40 U/µL RiboLock (ThermoFisher, Waltham,
MA, USA); 0.6 µL E. coli poly(A) polymerase (New England Biolabs, Rowley, MA, USA)
and 0.6 µL reverse transcriptase (ThermoFisher). The reaction was performed at 37 ◦C for
1 h followed by inactivation at 85 ◦C for 10 min.

2.7. qPCR

In the analysis of mRNA and miRNA expression, 2 µL of the 5 times diluted cDNA
template were used per qPCR reaction. miRNA amplification was performed with miRNA
specific forward primer (Table S4) and universal reverse primer complement to the adapter
sequence. In all reactions Maxima SYBR Green/ROX qPCR Master Mix (2X) (ThermoFisher)
was used. miRNA results were normalized to U6. Specific “iso-miRNA primers,” which
discriminate miRNA-363-3p or miRNA-224-5p shorter isoforms and amplify longer iso-
forms, were used in qPCR. Iso-miRNA results were normalized to U6 or specific miRNA.
mRNA results were normalized to GAPDH. The expression level was determined by the
2−∆∆Ct method [34].

2.8. Gene Ontology (GO) Analysis of miRNA Targets

Gene Ontology analysis for miRNA targets was performed with GeneMANIA (v3.5.1) [35]
in Cytoscape (v3.7.1) [36]. The most probable miRNA targets clusters in networks were de-
tected with MCODE (v1.5.1) [37] in Cytoscape (v3.7.1).

2.9. Statistical Analysis

Pearson correlation coefficient was calculated and the regression graph was created
with base functions of R (v3.6). The remaining statistical analyses were performed using
a two-tailed t-test in Microsoft Excel (NS, non-significant; * p < 0.05; ** p < 0.01 and
*** p < 0.001), ± standard error of the mean (SEM). The number of biological replicates (n)
is shown in the figure descriptions. Receiver operating characteristic (ROC) analysis was
performed with the MetaboAnalyst tool [38]. Kaplan-Meier survival plots were created
based on The Cancer Genome Atlas (TCGA) data with Kaplan-Meier Plotter [39].
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3. Results
3.1. Small RNA-Seq and Meta-Analysis

In order to identify specifically deregulated microRNAs in RCC first we conducted
small RNA-Seq experiment on ccRCC tumor tissue derived from Polish patients (Exp1,
ccRCC: n = 26, controls: n = 6). The data was extended with additional publicly available
data sets, derived from both NGS and microarray experiments, collected from Sequence
Read Archive (SRA) and dbDMEMC 2.0 databases. The details of the experiments and
analytic workflow were listed in Figure S1.

The NGS data was collected in form of raw reads, subjected to the identical data
processing and included four small RNA-Seq experiments performed on ccRCC tumors
(Exp1–Exp4) [28–30]. The final number of differentially expressed miRNAs (FDR < 0.05)
differed per data set (Figure S1a).

Additionally, in order to retrieve the information derived from NGS experiments
collected by The Cancer Genome Atlas (pRCC, chRCC) and microarray experiments (pRCC,
chRCC and oncocytoma), we utilized datasets from the dbDEMC 2.0 in a form of lists of
differentially expressed (DE) miRNAs. The data included: four ccRCC (Exp5–Exp8) [40–42],
three pRCC (Exp9–Exp11) [40,43], two chRCC (Exp12, Exp13) [40] and one oncocytoma
(Exp14) [40] experiments (Figure S1a).

After data processing, we performed a meta-analysis of deregulated miRNAs in
ccRCC and compared significantly deregulated miRNAs in NGS experiments (Figure 1a)
and microarrays (Figure 1b) identified 22 and 25 commonly deregulated miRNAs, respec-
tively. Due to technical and analytical differences between compared experiments, we
implemented stringent exclusion criteria: only miRNAs reported in all data sets to be dereg-
ulated, with significant FDR values were taken into account. chRCC was characterized by
deregulation of 18 miRNAs (Figure 1e) and 10 miRNAs were found deregulated in pRCC
(Figure 1f). Limited information on oncocytoma listed 34 deregulated miRNAs (single
microarray experiment). Detailed lists of DE miRNAs, including FC and FDR parameters,
are included in Supplementary File S1.

After comparison of all available data sets eight commonly deregulated miRNAs
in ccRCC were selected (Figure 1c) and those included: miR-200c-3p, miR-362-5p, miR-
363-3p and miR-204-5p as downregulated and miR-21-5p, miR-224-5p, miR-155-5p and
miR-210-3p as upregulated (Figure 1d).

Interestingly, as depicted in Figure 1g, our analysis suggests that there are no com-
monly deregulated miRNAs for all RCC tumors, although we cannot exclude the possibility
of missing a number of miRNA candidates due to rigorous cut-off criteria. Additionally,
this analysis suggests that deregulation of miR-21-5p, miR-155-5p and miR-210-3p could
be ccRCC-specific.

3.2. Validation of RCC-Specific miRNA Candidates

Next, we set out to validate the expression of potentially RCC subtype-specific miR-
NAs in an independent sample set using quantitative PCR (qPCR). Due to lack of avail-
ability of chRCC samples the 18 commonly deregulated miRNAs were not verified. We
included 39 ccRCC, 10 pRCC and 8 oncocytoma tumor tissues, with 15 adjacent, histopatho-
logically unchanged kidney tissue samples.

From potentially pRCC- or oncocytoma-specific miRNAs distinguished in meta-
analysis (Figure 1 and Supplementary File S1) those with the highest fold change were
selected to further validation.

For oncocytoma-specific miRNA validation we selected four miRNAs: downregulated
miRNA-424-5p, miRNA-146b-5p and upregulated miRNA-183-5p and miRNA-218-5p. In
independent sample-set miRNA-183-5p is upregulated in pRCC (22-fold change, p < 0.01)
and oncocytoma (27-fold change, p < 0.001) samples, while level of miRNA-218-5p is
significantly decreased in ccRCC tumors (0.17-fold change, p = 0.048) (Figure 2a). miRNA-
424-5p, miRNA-146b-5p display similar expression levels in all samples. Our findings
suggest that miRNAs selected in the meta-analysis are not oncocytoma-specific.
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Figure 1. The meta-analysis of deregulated miRNA in renal cell carcinoma (RCC) tumor tissues. (a,b) Venn diagrams
depicting commonly deregulated miRNAs in clear cell renal cell carcinoma (ccRCC) tumors. (a) small RNA-seq and (b)
microarray experiments; (c,d) Comparison of commonly deregulated miRNA in chromophobe renal cell carcinoma (chRCC)
(c) and papillary (pRCC) (d); (e) miRNA identified in both next-generation sequencing (NGS) and microarray experiments
performed in ccRCC; (f) Comparison of eight miRNA expression levels commonly disrupted in ccRCC reported in original
NGS and microarray experiments; (g) Comparison of commonly deregulated miRNA in ccRCC (8 miRNA), chRCC (18
miRNA), oncocytoma (34 miRNA) and pRCC (10 miRNA). ccRCC, clear renal cell carcinoma; chRCC, chromophobe renal
cell carcinoma; pRCC, papillary renal cell carcinoma; Exp1–8, experiments 1–8.

According to high-throughput data miRNA-127-3p and miRNA-139-5p should be
downregulated in pRCC tumors. Although, in contrast to previous reports, in our sam-
ple set miRNA-127-3p appears to be significantly upregulated in pRCC (29-fold change,
p < 0.01). Increase in expression of miRNA-139-5p does not significantly differ in pRCC
and oncocytoma (Figure 2b), however miRNA-139-5p appears to be downregulated in
ccRCC (0.2-fold change, p = 0.04). Inconsistency of these data suggest rejection of these
miRNA as pRCC-specific.

As shown in Figure 2c,d, expression profiles of eight potentially ccRCC-specific mi-
croRNAs were further investigated. Remarkably, downregulation of miR-200c-3p is ob-
served in pRCC (0.04-fold change, p < 0.014) and oncocytoma (0.03-fold change, p = 0.03)
with no change in ccRCC (for explanation see below). The remaining miRNAs do not
appear to be ccRCC-specific. Although, read out of the miR-362-5p (ccRCC, 0.1-fold change,
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p < 0.01; pRCC, 0.007-fold change, p < 0.001) and miR-363-3p (ccRCC, 0.15-fold change,
p < 0.01; pRCC, 0.2-fold change, p = 0.03) did not reach the statistical significance in on-
cocytoma. Only miR-204-5p, was significantly downregulated in all RCC tumor types as
compared to controls (ccRCC, 0.09-fold change, p = 0.011; pRCC, 0.006-fold change, p < 0.01;
oncocytoma, 0.03-fold change, p < 0.001).

miRNA-21-5p was overexpressed solely in pRCC tumors (14-fold change, p < 0.01).
Levels of both miRNA-224-5p and miRNA-210-3p were found significantly increased in
ccRCC tumors (5.5-fold change, p = 0.02; 12-fold change, p < 0.001, respectively), although
they were also upregulated in oncocytoma (18-fold change, p < 0.01) and pRCC (10-fold
change, p = 0.013), respectively. There was no significant change in the expression of
miR-21-5p, miR-224-5p and miR-210-3p among the subtypes (Figure 2d). Interestingly,
significant miR-155-5p upregulation appeared to be distinctive of ccRCC (15-fold change,
p < 0.001) (Figure 2d).

Next, we analyzed expression profiles of the eight miRNAs in ccRCC tumors with
different grading, represented by nine tumors in Fuhrman grade one (G1), eleven in grade
two (G2), ten in grade three (G3) and nine in grade four (G4). Figure 2e shows no significant
changes in different tumor grades in case of miRNA-200c-3p. miRNA-200c-3p is one of
most commonly identified as ccRCC downregulated miRNA [44]. Since we could not
validate its downregulation, although also suggested by NGS data implemented in the
meta-analysis, we investigated the potential reasons for such discrepancy. Firstly, we
compare sequences of miR-200 family members including miR-200a, miR-200b, miR-200c,
miR-141 and miR-429 (Figure S2a). Due to a significant sequence homology between
the miRNA-200 family members, we hypothesized that simultaneous amplification of
more than one miRNA might be the reason for the inconsistency between the studies. To
further support this hypothesis, we investigated the contribution of miR-200c-3p in the
complete family which is relatively low in both control and ccRCC tissues based on NGS
data (Figure S2b). Additionally, the comparison of miR-200 family members expression
in all available data sets shows that they could be deregulated in all RCC tumor types
(Figure S2c). These observations confirming the potential cumulative readout might lead
to misinterpretation of the data provided by qPCR.

Consistent downregulation throughout all tumor grades were observed in case of miR-
362-5p (G1, 0.09-fold change, p < 0.01; G3, 0.03-fold change, p < 0.001; G4, 0.09-fold change,
p = 0.013), miR-363-3p (G1, 0.3-fold change, p = 0.019; G3, 0.08-fold change, p < 0.001; G4,
0.07-fold change, p < 0.01) and miR-204-5p (G1, 0.3-fold change, p = 0.042; G3, 0.01-fold
change, p < 0.001; G4, 0.05-fold change, p = 0.02) (Figure 2e). Significant upregulation of
miRNA-21-5p expression is present only in the G4 (6-fold change, p = 0.047), although,
increasing expression of this miRNA is noticeable across all Fuhrman grades (Figure 2f).
The following miRNAs displayed elevated expression in all samples: miR-210-3p (G1, 21-
fold change, p < 0.001; G2, 7.4-fold change, p = 0.013; G3, 12-fold change, p < 0.01; G4, 11-fold
change, p < 0.01) and miR-155-5p (G1, 22-fold change, p < 0.01; G2, 7.4-fold change, p = 0.02;
G3, 8-fold change, p = 0.03; G4, 47-fold change, p < 0.001). Interestingly, significant rise of
miR-155-5p was clearly observed in G4 (Figure 2f). Interestingly, significant miR-224-5p
overexpression was characteristic only for G1 ccRCC tumors (28-fold change, p < 0.001).

Validation of expression levels of eight selected miRNA revealed grade-dependent
variations in ccRCC tumor tissues, whereas, a comparison of expression levels of the 14 miR-
NAs between ccRCC, pRCC and oncocytoma suggests differences in miRNA expression
dependent on the RCC subtype.
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Figure 2. Validation of commonly deregulated miRNA in the independent sample set of ccRCC, pRCC and oncocytoma
tumors by quantitative PCR (qPCR). (a,b) Specifically deregulated miRNA in oncocytoma (a) and pRCC (b) tumors based
on a meta-analysis compared to other subtypes. Analyzed specimens included: control (n = 9), ccRCC (n = 11), pRCC
(n = 10), oncocytoma (n = 8) samples; (c–f) Validation of expression disruptions of commonly deregulated miRNA in RCC
tumors. Downregulated (c) and upregulated (d) miRNA in ccRCC tumors based on a meta-analysis compared to pRCC and
oncocytoma. Analyzed specimens included: control (n = 15), ccRCC (n = 39), pRCC (n = 11), oncocytoma (n = 8) samples;
(e,f) miRNA expression in ccRCC tumors grouped according to Fuhrman grade: downregulated (e) and upregulated (f)
miRNA in ccRCC tumors based on a meta-analysis. Analyzed specimens included: control, n = 15; ccRCC (n = 39), ccRCC
G1 (n = 9), ccRCC G2 (n = 11), ccRCC G3 (n = 10), ccRCC G4 (n = 9) samples. Blue bars, control tissue; red bars, ccRCC
tumors; orange bars, ccRCC Fuhrman grades; yellow bars, pRCC; green bars, oncocytoma; ccRCC, clear renal cell carcinoma;
pRCC, papillary renal cell carcinoma; G1-G4, ccRCC Fuhrman grades 1–4. NS, non-significant; * p < 0.05; ** p < 0.01 and
*** p < 0.001.
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3.3. ROC Analysis

Receiver operating characteristic (ROC) analysis was performed to assess the prognostic
accuracy of the miRNA signatures based on real-time PCR results. The area under the
curve (AUC) was calculated for each comparison. miRNA expression levels obtained from
all RCC subtypes were compared with control tissue or between each other to calculate
their predictive potential (Figure 3). The data suggest that downregulated miRNA-362-5p
(AUC = 0.79, p < 0.01) and miRNA-363-3p (AUC = 0.8, p < 0.01) jointly with upregulated
miRNA-155-5p (AUC = 0.83, p < 0.001) and miRNA-210-3p (AUC = 0.85, p < 0.001) signif-
icantly differentiates ccRCC tumors from healthy tissue. pRCC could be classified using
miRNA-362-5p (AUC = 0.87, p < 0.001), miRNA-363-3p (AUC = 0.75, p = 0.03), miRNA-204-5p
(AUC = 0.9, p < 0.001), miRNA-21-5p (AUC = 0.79, p = 0.02) and miRNA-210-3p (AUC = 0.86,
p = 0.01) while oncocytoma with miRNA-204-5p (AUC = 0.9, p < 0.001) and miRNA-224-5p
(AUC = 0.79, p < 0.01). Furthermore, ccRCC could be significantly distinguished from pRCC
with miRNA-362-5p (AUC = 0.76, p < 0.01) and miRNA-155-5p (AUC = 0.79, p < 0.01) or
from oncocytoma with miRNA-155-5p (AUC = 0.81, p < 0.01). Whereas, miRNA-362-5p
(AUC = 0.8, p = 0.02) differentiates pRCC and oncocytoma. Additionally, expression changes
of miRNA-224-5p shows potential to discriminate ccRCC Fuhrman grades, G1 versus G2
with AUC = 0.83 (p = 0.02) or G1 versus G2-4 with AUC = 0.79 (p = 0.02) (Figure 3a).

Figure 3. Receiver Operating Characteristic (ROC) analysis predictive potential of selected miRNA. (a) Area under the curve
(AUC) with p-value calculated from miRNA expression level obtained from qPCR. Bold, comparisons with AUC > 0.75 and
p-value < 0.05; (b) ROC multivariate analysis with seven proposed miRNAs; (c) Predictive accuracies with different miRNAs
(red dot indicates a number of features with the highest predictive accuracy) and (d) frequency of selection in the test.
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To propose potential panels of miRNA to distinguish RCC subtypes we performed
ROC multivariate analysis (Figure 3b). Predictive accuracies with different miRNAs
(Figure 3c) suggest that 5, 6 and 3 miRNAs distinguish ccRCC, pRCC and oncocytoma
from healthy tissue with 83.5%, 86.7% and 76.8% of accuracy, respectively. RCC subtypes
could be differentiated by 6 miRNAs (ccRCC vs. pRCC, 83.6% of accuracy), 4 miRNAs
(ccRCC vs. oncocytoma, 71.6% of accuracy) or 4 miRNAs (pRCC vs. oncocytoma, 62.7% of
accuracy). Selection frequency of each miRNA in the ROC test is shown on Figure 3d.

Our data suggest that proposed miRNA could have diagnostic potential and could
efficiently distinguish RCC subtypes or between ccRCC tumors with Fuhrman grades.

3.4. Iso-miRNA Analysis

Mature miRNA could occur in isoforms that vary in length or presence of poly(A)
or poly(U) tails on 3′ end. According to literature, iso-miRNA expression levels could
successfully differentiate cancer types [45]. Hence, we decided to investigate iso-miRNA
signatures in ccRCC using data sets obtained from Exp1 and Exp4 and validate them in
ccRCC (controls, n = 4; ccRCC, n = 17).

We analyzed the percentage contribution of iso-miRNA of eight miRNAs, which ac-
cording to our meta-analysis were commonly deregulated in ccRCC (Table S2). As shown in
Figure 4a (upper panel), among four downregulated miRNAs, two: miR-363-3p and miR-
204-5p exhibit significantly different isoform expression pattern in ccRCC tumors. In case of
miR-363-3p, shortening of 3′ end is more frequent with simultaneous reduction of elongation,
with 67% and 14% contribution as compared to control: 52% and 20%, respectively (p < 0.01
and p = 0.047, respectively). Similarly, poly(U) addition is more common in non-ccRCC tissue
(control 15%, ccRCC 7.3%; p < 0.01). We also observed more reduced 3′ end lengthening of
miRNA-204-5p in ccRCC (control 49%, ccRCC 28.5%; p < 0.001).

In the group of potentially ccRCC-specific, upregulated miRNAs (Figure 4a lower
panel) miRNAs miR-21-5p displayed slight, less frequent, though statistically significant
modifications, with addition of poly(A) (control 4%, ccRCC 3%; p < 0.001) and poly(U)
(control 0.3%, ccRCC 0.2%). In case of miR-224-5p 3′ lengthening has elevated level in
ccRCC (control 30%, ccRCC 50%; p < 0.01). Reference miRNA-210-3p has significantly lower
percentage by 7% in ccRCC (p = 0.01). Interestingly, in case of miRNA-210-3p, we found
differences in sequencing Exp1 and Exp4 concerning a tendency toward 5′ lengthening and
less frequent addition of U nucleotide (Exp1, p = 0.02) and more frequent addition of mixed
nucleotides in Exp4 (p = 0.049), which inclines us to carefully interpret the sequencing
data and stresses the necessity for in depth, a multi-dataset study on miRNA isoforms
(Figure 4a and Figure S3a).

Specific primers used in qPCR (“iso-miRNA primer”) (Figure 4b,e) discriminate miRNA-
363-3p and miRNA-224-5p shorter isoforms and amplify longer isoforms. As shown on an
independent sample set (Figure 4c), iso-miRNA-363-3p expression was relatively similar
in all tumors, regardless their grading status (G1, 0.004-fold change, p < 0.001; G2, 0.004-
fold change, p < 0.01; G3, 0.001-fold change, p < 0.01; G4, 0.003-fold change, p < 0.001).
Interestingly, iso-miRNA-224-5p was the most significant downregulated in G4 (0.15-fold
change, p = 0.02) (Figure 4f), in contrast to miRNA-224-5p upregulation in G1 (Figure 3d).
In relation to miR-363-3p (G1, 0.02-fold change, p = 0.01; G2, 0.02-fold change, p = 0.01; G3,
0.02-fold change, p = 0.01; G4, 0.01-fold change, p < 0.01) and miR-224-5p (G2, 0.02-fold
change, p < 0.01; G4, 0.07-fold change, p = 0.02) both iso-miRNAs are significantly reduced in
ccRCC (Figure 4d,g) which confirms decreased level of longer isoforms (Figure 4a).
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Figure 4. miRNA isoform deregulation in ccRCC tumors. (a) The percentage per miRNA isoform (iso-miRNA) in control
and tumor samples based on Exp1 results. Part of the chart represents the percentage of iso-miRNA-21-5p is magnified to
show more accurately 3′ tailing of miRNA-21-5p; (b,e) Sequences of miRNA-363-3p and miRNA-224-5p isoforms identified
in kidney, respectively. “miRNA primer” (in grey) amplifies all iso-miRNA and “iso-miRNA primer” (in green) amplifies
reference miRNA and longer iso-miRNA. Bold, reference miRNA sequence; small letters, pre-miRNA sequence; italic,
additional U or A nucleotides; (c,d) Validation of iso-miRNA-363-3p in ccRCC tumors and controls by qPCR relative to
U6 (c) and miRNA-363-3p (d); (f,g) Validation of iso-miRNA-224-5p in ccRCC tumors and controls by qPCR relative to U6
(f) and miRNA-224-5p (g); (h) qPCR analysis of expression of genes involved in miRNA processing and after maturation
modifications in ccRCC tumors. Control (n = 4), ccRCC (n = 17) containing: G1 (n = 4), G2 (n = 3), G3 (n = 5), G4 (n = 5). NS,
non-significant; * p < 0.05; ** p < 0.01 and *** p < 0.001.
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Additionally, we analyzed expression profiles of genes involved in miRNA maturation
(DROSHA, DGCR8, DICER1) or post-maturation processing (Terminal Uridylyl Transferase
4, TUT4; PAP Associated Domain Containing 4, PAPD4; PAP Associated Domain Contain-
ing 5, PAPD5) (Figure 4h). qPCR results suggest that TUT4 and PAPD4 are significantly
upregulated in ccRCC tumors (15-fold change, p < 0.01 and 14-fold change, p < 0.05, respec-
tively), however, expression of PAPD4 is the highest in tumors with lower grades (G1 + G2)
(34-fold change, p = 0.03).

Our data suggest that iso-miRNA contribution in ccRCC tumors may differ from the
control tissue and observed expression shifts if validated, could aid ccRCC classification.
Additionally, disruptions of miRNA expression in ccRCC could be partially explained by
differences in miRNA isoform stability.

3.5. Basis of Deregulation of Selected miRNA in ccRCC

In order to investigate the character of deregulation of the eight commonly disrupted
miRNAs in ccRCC we explored the possibility of co-transcriptional deregulation of miRNAs
with their host genes. We utilized the data from RNA-Seq, performed on ccRCC tumors
(ccRCC: n = 60, controls: n = 17) matching small RNA-Seq samples (this work). As shown
in Figure S3b miR-200c, miR-204 and miR-362 host genes (MIR200CHG, TRPM3, CLCN5,
respectively) display a statistically significant decrease in their expression. Similarly, miR-
224, miR-21, miR-155 and miR-210 host genes (GABRE, VMP1, MIR155HG and MIR210HG,
respectively), are elevated, supporting the mechanism of co-transcriptional regulation
being the basis of seven out of eight analyzed miRNAs. The expression of miRNAs and
their host genes was highly correlated, with R = 0.97 and statistically significant (p < 0.001)
(Figure S3c). Since miR-363 is encoded by an intergenic locus, no data was obtained
from RNA-Seq.

These data suggest that miRNAs are deregulated co-transcriptionally in ccRCC tumors.
Although, more studies are necessary to investigate factors responsible for this disruption.

3.6. miRNA Functions

Survival analysis performed on the TCGA data with Kaplan-Meier Plotter on-line tool
revealed that ccRCC patients with a high level of miRNA-224 (which is overexpressed in
ccRCC G1) significantly classified patients into higher risk for death (hazard ratio (HR) = 1.49)
(Figure 5a). Although, higher grades patients show the opposite pattern. In contrary, patients
with the high level of miRNA-210, which is upregulated in ccRCC, have a lower risk for death
(HR = 0.71) which is independent of the ccRCC Fuhrman’s grade (Figure 5b).

One miRNA could regulate the expression of many genes and simultaneously one
mRNA could be targeted by a few miRNAs. Using data from the miRTarBase database [46],
we obtained a list of validated gene targets of 8 commonly deregulated miRNA in ccRCC.
Subsequently, we selected genes expressed in the kidney, examined their expression using
RNA-seq data from tumors derived from Polish ccRCC patients (Supplementary File S2)
and followed with gene ontology enrichment analysis (GO) using GeneMANIA application
in Cytoscape.

The majority of identified pathways for example, cellular response to hypoxia, response
to TGF-beta, serine/threonine kinase signaling pathway are well known to be de-regulated in
ccRCC, although our analysis points to other, also interesting pathways that may contribute to
ccRCC etiology, involving components of the homotypic fusion and protein sorting (HOPS)-
tethering complex and mRNA poly(A) tail shortening (Table 1 and Table S3).
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Figure 5. The survival rate analysis of ccRCC patients with deregulation expression of miRNA-224 and miRNA-210. (a)
Patients with high expression (red line) of miRNA-224 have worst hazard ratio (HR) in ccRCC G2 than in G4; (b) Patients
with high expression (red line) of miRNA-210 have higher survival rate although its massive upregulation in ccRCC tumors.

Table 1. Gene ontology (GO) terms for targets of commonly deregulated miRNA in ccRCC.

GO Id Description miRNA Targets

GO:0038093 Fc receptor signaling pathway miR-200c-3p, miR-224-5p, miR-155-5p
GO:0002768 immune response-regulating cell surface receptor signaling pathway miR-200c-3p, miR-204-5p, miR-224-5p
GO:0038179 neurotrophin signaling pathway miR-200c-3p, miR-224-5p, miR-155-5p
GO:0071774 response to fibroblast growth factor miR-200c-3p, miR-224-5p
GO:0030897 HOPS complex miR-362-5p
GO:0000289 nuclear-transcribed mRNA poly(A) tail shortening miR-363-3p
GO:0007178 transmembrane receptor protein serine/threonine kinase signaling pathway miR-204-5p
GO:0071559 response to transforming growth factor beta miR-204-5p, miR-155-5p
GO:0071214 cellular response to abiotic stimulus miR-21-5p
GO:0034142 toll-like receptor 4 signaling pathway miR-21-5p
GO:0019787 small conjugating protein ligase activity miR-21-5p
GO:0019901 protein kinase binding miR-155-5p
GO:0051169 nuclear transport miR-155-5p
GO:0010608 posttranscriptional regulation of gene expression miR-155-5p
GO:0071456 cellular response to hypoxia miR-210-3p
GO:1901989 positive regulation of cell cycle phase transition miR-210-3p
GO:0010639 negative regulation of organelle organization miR-210-3p
GO:0007059 chromosome segregation miR-210-3p

From networks created with GeneMANIA, we extracted the most crucial clusters (the
most connected regions) of genes and networks by MCODE application. On these networks,
we overlaid fold change and significance of differently expressed genes in ccRCC tumors
based on RNA-Seq results as shown in Figure S4. These data suggest that targets of the
selected miRNAs are involved in crucial pathways for ccRCC development such as cellular
response to hypoxia, chromosome segregation or response to signaling factors (Table 1).
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4. Discussion

Taking into consideration the asymptomatic course of RCC, its frequent diagnosis
at advance stage and as consequence its relatively low 5-years survival rate, effective
clinical and molecular markers aiding RCC classification, detection and monitoring could
significantly improve disease management. Molecular alterations in RCC tumors have been
extensively studied in the last decade, especially in ccRCC but neither identified mutations
(e.g.,: VHL, BAP1, PBRM1, SETD2, KDM5C, MTOR) nor transcriptome-based ccRCC
tumor sub-classification have straightforward clinical relevance [47,48]. Chromosomal
rearrangements which are ccRCC drivers occur decades before diagnosis in childhood or
adolescence which makes early detection of the diseases difficult [5]. The tools suitable for
detection of disease initiation, early diagnosis and progression are currently not available,
hence the need for identification of novel, molecular and ideally, noninvasive biomarkers.

As miRNA are short molecules, relatively stable in tissues and body fluids and have
been previously shown to be deregulated in all RCC subtypes. miRNA panel could be
utilized as a subtype classification, an indicator of a disease stage or treatment monitoring
tool. Furthermore, miRNA regulate the expression of thousands of genes, therefore their
deregulation likely plays a role in ccRCC pathogenesis.

We set off to perform a meta-analysis of miRNA expression in ccRCC, chRCC, pRCC
and oncocytoma, using publicly available data sets derived from small RNA-Seq and
microarray experiments. As a result, we obtained a list of miRNAs commonly dereg-
ulated in ccRCC, chRCC and pRCC. In the case of oncocytoma, only one study was
available (Figure 1). Based on the meta-analysis ccRCC could be potentially classified
by the comparison of expression levels of eight miRNAs: miRNA-200c-3p, miRNA-362-
5p, miRNA-363-3p, miRNA-204-5p, miRNA-21-5p, miRNA-224-5p, miRNA-155-5p and
miRNA-210-3p. miRNAs identified as specifically expressed in ccRCC, pRCC and oncocy-
toma subtypes were validated in an independent sample set (Figure 2).

All eight commonly deregulated miRNAs in ccRCC were previously described in the
literature as onco-suppressors or oncogenes in various cancer types [49–51]. Several studies
showed that miRNA-21-5p is upregulated in solid cancers, mainly in advanced tumors
and has been linked to uncontrolled cell growth and necrosis [52]. Recently miRNA-
21-5p was suggested as a potential therapeutic target, likely involved in processes of
drug resistance in breast cancer and leukemia [53]. miRNA-224-5p was reported to be
upregulated for example in colorectal cancer and hepatocellular carcinoma. However, its
downregulation also was observed in prostate cancer [54,55]. This miRNA was shown
to regulate cell signaling, proliferation and response to fibroblast and epidermal growth
factors. miRNA-155-5p, which is upregulated in the majority of solid tumors [56,57], target
genes are involved in tumorigenesis, DNA damage repair and inflammation. Elevated
expression of miRNA-155-5p induces the formation of new blood vessels and tumor
growth [58,59]. Furthermore, miR-155-5p influences hypoxia by targeting VHL mRNA [59]
and its overexpression is additionally connected to diminished drug response and chemo-
and radio-resistance of breast and colon cancer cells [57,59]. Overexpression of miRNA-210-
3p correlates with a negative disease outcome in several cancers [15]. Many miRNA-210-3p
targets are engaged in angiogenesis, cell survival and differentiation [15] miRNA-200c-3p is
one of the most significantly downregulated miRNAs in ccRCC tumors [44]. miRNA-200c
is member of miRNA-200 family (miRNA-200a, miRNA-200b, miRNA-200c, miRNA-141
and miRNA-429), commonly deregulated in other cancer types. miRNA-200c-3p targets
are engaged in cell signaling, proliferation, cell invasion [60,61], cancer initiation and
metastasis [62]. miRNA-362-5p has been classified as oncogenic in solid tumors [63] and
could be a potential therapeutic target or prognostic factor for human cancers [63]. In
gastric cancer, it is upregulated, displaying its oncogenic function by inhibiting tumor
suppression cylindromatosis [63]. Its downregulation was reported in cervical cancer
promotes vascular invasion and metastasis [64] miRNA-363-3p is well known as miRNA
with an anti-tumor role in many human cancers such as hepatocellular carcinoma and lung
cancer [65,66]. It blocks cell proliferation, migration and invasion [65]. miRNA-363-3p
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downregulation correlates with metastasis in colorectal and hepatocellular cancers [67].
miRNA-204-5p is an example of oncogenic miRNA with dual function [68]. In solid tumors
it mainly acts as a tumor suppressor (e.g., breast, prostate cancers and metastatic lung
cancer [69] and in colorectal cancer was described as an inhibitor of proliferation and
promotes cancer sensitivity to chemotherapy [70]. In contrast, miRNA-204-5p has been
found upregulated in leukemia, although its role in disease development is unknown [71].

Targets of selected miRNAs identified in ccRCC tumors are involved in similar path-
ways like in other cancer types. It is worth to mention that miRNA-210-3p, which targets
are involved in oxygen metabolism (Table 1, Table S3 and Figure S4b), is upregulated
in both ccRCC and pRCC tumors but not in oncocytoma (Figure 2b), where lack of hy-
poxia and HIF1 stabilization are documented [72,73]. Additionally, patients with high
level of miRNA-210 have lower risk for death (Figure 5b). Other interesting examples
are potential targets of miRNA-362-3p belong to homotypic fusion and vacuole protein
sorting (HOPS) complex (Table 1, Table S3 and Figure S4a), controlling cell homeostasis,
which dysfunctions are associated with various cancer types including renal cancers [74].
miRNA-363-3p targets stand out from other miRNA target genes since they are involved in
post-transcriptional control of RNA metabolism (Table 1, Table S3 and Figure S4a).

Deregulation of analyzed miRNA in ccRCC could be caused by different processes.
For example, upregulation of miR-210-3p in ccRCC is caused by the elevated level of
HIF [75]. In general, the expression of host genes correlates with miRNA expression,
which suggests that deregulation is linked to transcription (Figure S3b,c). Additionally,
miRNA expression could be regulated during processing exemplified by the decreasing
percentage of longer isoforms (e.g., miRNA-363-3p) (Figure 4a–d), suggestive of effective
degradation after maturation. Furthermore, adenylation is a well-known mechanism of
miRNA-21-5p destabilization [76]. Reduction of adenylated miRNA-21-5p isoforms in
ccRCC suggests its stabilization which could act together with high transcription efficiency
and explain the miRNA-21-5p increased level in ccRCC (Figure 4a). Changes in iso-miRNA
tailing are potentially related to upregulation of TUT4 and PAPD4, factors involved in
post-maturation miRNA modifications (Figure 4h). Further investigation of the reasons
of miRNA deregulation in ccRCC is needed, especially when miRNAs are considered
as therapeutic targets. Potential therapeutics could inhibit or mimic mature deregulated
miRNAs although regulation of their expression by targeting of the mentioned above
process is also possible [77].

As a result of our meta-analysis, we would like to propose a miRNA panel that could
potentially aid RCC classification, with miRNA-362-5p, miRNA-363-3p, miRNA-224-5p,
miRNA-155-5p and miRNA-210-3p as classifiers of ccRCC, miRNA-362-5p, miRNA-363-3p,
miRNA-21-5p, miRNA-204-5p as characteristic for pRCC and miRNA-204-5p and miRNA-
224-5p for oncocytoma (Figures 1–3). Interestingly, our data suggest that miRNA-155-5p
is a promising ccRCC-specific miRNA because it is unchanged in pRCC and oncocytoma
(Figures 2b and 3) and is highly upregulated in all ccRCC tumor regardless Fuhrman grade
(Figures 2f and 3). It was shown previously that the elevated level of this miRNA correlates
with poor ccRCC outcome [78]. Additionally, our results suggest that analysis of specific
miRNA isoforms (Figure 4) could increase the number of tested molecules in potential
miRNA panel. Combination of the expression pattern of the seven mentioned above
miRNAs is likely to be an indicative of the RCC tumor subtype. The most downregulated
miRNA-200c in ccRCC seems to be a poor biomarker candidate. Regrettably, we did not
validate the alteration of miRNA-200c-3p expression in ccRCC tumors likely due to low
specificity of the qPCR primer. According to all NGS experiments, miRNA-200 family
comprises a low percentage of miRNA-200c-3p in the kidney, therefore our results can be
explained by amplification of the remaining family members (Figure S2). Unfortunately,
data from high-throughput analysis of miRNA in ccpRCC and tcRCC with adjacent control
tissue are not available and we did not include these RCC subtypes into the meta-analysis.
However, ccpRCC and tcRCC could be mistaken with ccRCC and pRCC, respectively,
during the diagnosis [7,8]. Both RCC subtypes show unique miRNA expression patterns
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distinguish them from the other RCCs [79,80], hence including these subtypes in meta-
analysis should be considerate in the future.

A number of above-mentioned miRNAs might be useful to differentiate ccRCC tumor
grading and such approach is poorly represented in the literature. For example, miRNA-
224-5p is significantly upregulated in ccRCC first grade and oncocytoma (Figure 2b,f) how-
ever, its longer isoforms are significantly downregulated in ccRCC G4 (Figure 4f). Simulta-
neously, miRNA-21-5p is upregulated in ccRCC G4 (Figure 2f) and in pRCC (Figure 2b).
Likewise, miRNA-210-3p is upregulated in ccRCC and pRCC, with no change in oncocy-
toma (Figure 2b). If status of these three miRNAs and its isoforms (Figure 4e–g) would be
reflected in liquid biopsies or core needle biopsies [81] (non-invasive or less invasive biopsy
methods than nephrectomy, respectively) it is worth to considerate their combination as
ccRCC tumor grade indicator or panel distinguishing benign and malignant renal tumors
(Figure 3). This is important for oncocytoma cases where surgical intervention is usually
not required [82].

Although promising, suggested miRNA panel (Figure 3) requires additional validation
in an independent sample set, in analyses additionally taking under consideration the
heterogeneity of the tumor. Moreover, it would be interesting to test if proposed miRNA
panel would be useful as a non-invasive classification test utilizing plasma and urine from
RCC patients, as was shown previously that miRNA-210-3p was found circulating in the
serum of mice tumors with hypoxia [83].

In conclusion, based on the meta-analysis and qPCR confirmation we propose panel of
six miRNAs, with potential to distinguish ccRCC tumor grades (if extended with isoform
analysis) and between RCC subtypes, which if validated further, may aid RCC classification
in the future.

5. Conclusions

In conclusion, we found eight miRNAs to be commonly deregulated in ccRCC tumors;
additionally, their levels can be used to distinguish RCC subtypes. Functions of these
miRNAs have a potential impact on ccRCC etiology and/or development. Our results
revealed that changes in the expression of selected miRNA might be potentially utilized as
a tool aiding ccRCC subclass discrimination and we propose a miRNA panel that could be
potentially utilized as a tool for RCC subtype distinction.
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Simple Summary: Medulloblastoma is the most common malignant paediatric brain tumour. Medul-
loblastoma originates in the cerebellum, a structure located at the base of the brain, affecting move-
ment and balance in patients. Due to DNA alterations, known as mutation, some immature cells
acquire new properties, transform from healthy cells into cancer cells and begin multiplying un-
controllably. During carcinogenesis, microRNAs (miRNAs or miRs) play important roles in medul-
loblastoma, helping cells to proliferate (oncomiRs) or inhibiting cell proliferation and promoting
cell differentiation (tumour suppressor miRs). Therefore, in this review, we summarize the role of
miRNAs in the four medulloblastoma subgroups and the importance of these non-coding RNAs to
provide potential therapeutic applications.

Abstract: Medulloblastoma is the most frequent malignant brain tumour in children. Medulloblas-
toma originate during the embryonic stage. They are located in the cerebellum, which is the area
of the central nervous system (CNS) responsible for controlling equilibrium and coordination of
movements. In 2012, medulloblastoma were divided into four subgroups based on a genome-wide
analysis of RNA expression. These subgroups are named Wingless, Sonic Hedgehog, Group 3 and
Group 4. Each subgroup has a different cell of origin, prognosis, and response to therapies. Wingless
and Sonic Hedgehog medulloblastoma are so named based on the main mutation originating these
tumours. Group 3 and Group 4 have generic names because we do not know the key mutation
driving these tumours. Gene expression at the post-transcriptional level is regulated by a group of
small single-stranded non-coding RNAs. These microRNA (miRNAs or miRs) play a central role in
several cellular functions such as cell differentiation and, therefore, any malfunction in this regulatory
system leads to a variety of disorders such as cancer. The role of miRNAs in medulloblastoma is still
a topic of intense clinical research; previous studies have mostly concentrated on the clinical entity of
the single disease rather than in the four molecular subgroups. In this review, we summarize the
latest discoveries on miRNAs in the four medulloblastoma subgroups.

Keywords: miRNA; medulloblastoma; brain tumour; subgroups; stem cells

1. Introduction

Medulloblastoma (MB) is the most common primary malignant solid tumour of the
central nervous system (CNS) in children and originates in a region of the brain known as
cerebellum [1]. Embryonic tumours of the CNS account for approximately 4% of childhood
cancers [2]. In Italy, according to AIRTUM (Italian Association of Cancer Registries)
data, about 7 children per year out of a million are affected by this type of disease [3].
The incidence is slightly higher among males than females and is higher in younger
children. Moreover, children with certain genetic diseases, such as Turcot syndrome, Gorlin
syndrome, Li-Fraumeni syndrome, are at greater risk of developing medulloblastoma [4,5].
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The symptoms related to a medulloblastoma depend on the tumour’s size and lo-
cation [6]. The most common symptoms of medulloblastoma are headache, nausea and
vomiting, progressive instability in walking, problems with coordination of the hands,
arms, legs or feet, difficulty synchronizing eye movements, and changes in modulation of
the voice [7].

Medulloblastoma is caused by different gene mutations, which can transform a healthy
cell into a tumour cell [8]. It has been shown, following the discovery of miRNAs, that
gene regulation can be altered at different levels, thus leading to tumour formation [9].

In 2005, it was reported for the first time that miRNAs play a central role in brain
tumour development [10]. Since then, several studies have been performed in order to
shed light on the role of miRNAs in brain tumours such as medulloblastoma in both
paediatric and adult populations. Importantly, by using next-generation sequencing in a
large cohort of medulloblastoma patients, common driver mutations have been revealed in
each medulloblastoma subgroup [11]. However, the role of miRNAs in the framework of
the different subgroups is still limited, since most of the studies have concentrated on the
clinical entity of the single disease.

In this review, we highlight the major findings on the role of the miRNAs in the
development and progression of medulloblastoma, their potential as biomarkers for cancer
diagnosis, prognosis and therapeutic applications, with a particular focus on the regulation
of the miRNAs in the four different medulloblastoma subgroups.

2. Medulloblastoma’s Classification

Medulloblastoma can be classified into different subgroups, which are distin-
guished based on how they present under the microscope (histological classification) or
genetic alterations.

According to the World Health Organization (WHO), histological classification distin-
guishes four forms [12]:

- Classic, that is the most common subtype;
- Desmoplastic/nodular;
- Extensive nodularity, that is predominantly in infants;
- Anaplastic/large cell.

The classic forms, desmoplastic and with extensive nodularity, generally have a more
favourable prognosis, while the anaplastic large cell form is the more aggressive [1] and
displays high levels of atypia.

A more recent classification, based on genomics data, also divides medulloblastomas
into four subgroups known as Wingless (WNT) and Sonic Hedgehog (SHH), which are
better described and Group 3 (Grp3) and Group 4 (Grp4) less characterized. These new
medulloblastoma entities are based on the presence of a specific gene mutation or amplifi-
cation that causes cell proliferation [13,14].

Diagnosis, Prognosis and Therapy

The diagnosis of medulloblastoma is made with imaging techniques such as computed
tomography (CT) scan and, subsequently, magnetic resonance imaging (MRI) within one
to three months from the appearance of the first symptoms, since medulloblastoma is a
rapidly growing tumour [15]. Given the possibility of metastasis to other regions of the
CNS, it is always essential to obtain images of both the brain and the spinal cord [13].
A cerebrospinal fluid sampling by lumbar puncture allows to exclude the presence of
neoplastic cells at this level. Confirmation by histological examination is obtained after
surgery to remove the tumour [16]. Dissemination outside the CNS is very rare.

The evolution of the disease (prognosis) and response to therapies are mainly linked
to the medulloblastoma subgroup and to the presence of metastasis at diagnosis, although
generally these tumours respond to therapies much better than other neoplasms of em-
bryonic origin. The presence of metastasis in medulloblastoma is a poor prognostic factor.
The treatment options for patients with metastases are limited. Unfortunately, it is not
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uncommon, even if the therapies have worked, for the tumour to reoccur after some time
(relapse). In this case, the treatments are generally ineffective [17]. The 5-year survival
from diagnosis is around 60–70% [6].

The therapy of choice for medulloblastoma is surgical removal of the tumour followed
by chemotherapy and radiotherapy [18]. Ideally, the operation should completely remove
all cancer cells, but it may be impractical if the tumour is in an inaccessible area or if there is
a risk of damaging an area of vital importance or compromising the physical and cognitive
functions of the patient [19]. Complementary therapy to surgery is direct radiotherapy
to the head and spine (craniospinal radiotherapy) [20]. Over the decades, radiotherapy
techniques and doses, both on the entire CNS and on the site of origin of the disease,
have evolved and been modulated in order to make the treatment more effective and less
harmful. The introduction of chemotherapy also contributed to this, which, depending on
the initial situation, can be used after radiotherapy or before it. In special cases, in relation
to the patient’s age, histological type and genetic subgroup, it is possible to reduce the total
doses of radiotherapy or even omit it. It is important that the treatment plan also includes
a rehabilitation path, which improves both the response to treatment and the quality of life
of the young patient [21]. Finally, as in all paediatric diseases, an adequate and prolonged
follow-up is essential in order to offer the best possible quality of life to the patient treated
for cancer.

3. miRNAs

MiRNAs are small, non-coding regions in RNAs of around 22 nucleotides (nt) [22],
that induce translational repression or degradation of a target mRNA upon imperfect base
pairing to its 3′ untranslated region (3′UTR).

Initially, the biogenesis of miRNAs occurs in the nucleus with the transcription of
the miR by an enzyme called RNA-polymerase II. The miRNAs derive from a primary
precursor (pri-miRNA) of 100–1000 nt. The formation of mature miRNA occurs in three
phases, the first still in the nucleus, the other two in the cytosol: (i) Cropping: cutting
performed by RNAse III enzyme Drosha capable of cutting the region flanking the pri-
miRNA. Other proteins that confer specificity are associated with the Drosha enzyme (ex.
DGCR8). Following the cropping and the action of Drosha, the pre-miRNA composed
of 80 nt is released, with a stem-loop structure, it has a 5′P and a 3′OH and 2–3 nt at
the 3′OH end single helix protruding; (ii) Export: the pre-miRNA is transported into
the cytoplasm by Exportin5/RanGTP, a heterodimer is formed which passes through the
nuclear pores; (iii) Dicing: the pre-miRNA undergoes a further cleavage by another RNAse
III enzyme Dicer which, together with its partner TRBP (HIV-1 TAR RNA RBP), process
the pre-miRNA in a miR duplex of 18–22 nt. [23–25].

Then, while the mature miRNA duplex binds to AGO proteins forming RNA-induced
silencing complex (RISC), in some cases, one of the two strands of the duplex is degraded,
while the other accumulates as mature miRNA. From the duplex produced by Dicer, the
miRNA enters in the protein effector complex RISC, with the presence of proteins belonging
to the Argonauts family (AGO), which mediates the degradation or inhibition of mRNA
translation of the target gene. In particular, the AGO2 protein, together with other proteins,
forms the RISC multiprotein complex with endonuclease activity capable of specifically
degrading a target RNA containing sequences complementary to the guide sequence of
the miRNA. Eight members of the AGO family have been identified in the man. However,
only the enzymatic function of the AGO2 protein is well known [26].

Some miRNAs appear imperfectly with the 3′UTR of the target mRNA and inhibit
translation; other miRNAs show a precise complementarity to their target and lead to
mRNA degradation. The biogenesis of miRNA and the mechanism by which they silence
gene expression are represented in Figure 1.
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MiRNAs are essential for the normal development of all tissues, as they control the
most important biological processes such as cell growth, differentiation, metabolism and
apoptosis [24]. For example, in Drosophila miR-14 prevents cell death and is required for
normal lipid metabolism; miR-125b and miR let-7 control cell proliferation; miR-181 is
involved in the development of the hematopoietic lineage of B lymphocytes [25]. MiR-15a
and miR-16-1 promote the survival of immune B cells; miR-375 is involved in insulin
secretion and miR-143 promotes the development of adipocytes [25,27].

3.1. Role of miRNAs in Neuronal Development

Nowadays, it is well accepted that miRNAs play a central role in several physiological
processes. In particular, miRNA roles have been described during CNS development-
related processes, response to ambient demands and injuries, stress or mental disorders.
miRNAs are versatile regulators of gene expression, and they emerge as key players in nu-
merous pathophysiological conditions, including CNS development, adaption and disease.
Indeed, the significance of miRNA in development was confirmed by the fact that the loss
of Dicer function causes lethal aberrations. It is estimated that over 60% of documented
miRNAs are detected in the adult brain, and many of these change their expression as the
embryonic brain develops and matures [28]. Recent data have also shown that miRNAs
are expressed in the vertebrate nervous system and that their expression is modulated by
synaptic activity, essential for learning and memory formation [27]. Altered morphology
and neuronal development can result from errors in post-transcriptional processes that are
closely regulated by miRNAs. Specific miRNAs are expressed in different compartments
of the neural axis, and it has been hypothesized that miRNA pathways play a dominant
role in inducing neuronal fate and synaptic plasticity [29]. Since early brain development
and later synaptic plasticity are also regulated by miRNAs, it has been hypothesized that
neurological disorders are influenced by their expression or alteration [30,31]. Neuronal
differentiation, excitability and function are controlled by neuronal-specific miRNAs. For
example, the transition from neuronal precursor to mature neurons is caused by the in-
crease in miR-9 and miR-124 and therefore in the differentiation of embryonic stem cells.
Scientists have displayed that miR-9 determines an inhibition of neurogenesis along the
anterior-posterior axis [32], while miR-124 represses neuron-specific splicing patterns [33].
Neuronal differentiation and neurite growth, on the other hand, is modulated by miR-7
and miR-214 (as compared to miR-1,-16 and -133a) [27]. Neurodegenerative diseases such
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as Parkinson’s, Alzheimer’s or cancer also involve a reduction in the function of specific
miRNAs [34,35].

3.2. Role of miRNAs in Cancer

The miRNAs are recognized to play a central role in development as well as in cell
growth and proliferation, in differentiation, apoptosis, cell cycle, and metabolism con-
trolling the expression levels of many genes [36]. Consequently, the alterations in the
expression of these small RNAs play a key role in a wide variety of human diseases, includ-
ing cancer. The first evidence of the involvement of a miRNA in cancer was demonstrated
by Calin et al., in 2002 [37]. Since then, many studies have reported miRNA dysregulation
in various human diseases [38]. About 50% of human miRNAs annotated are located in
fragile sites of the genome associated with cancer and, moreover, they have been found
differentially expressed between tumour cells and normal cells. Some miRNAs are down-
regulated while others are overexpressed in cancer, suggesting that miRNAs can act as
tumour suppressor genes or oncogenes, respectively [39]. The epigenetic regulation of miR-
NAs, the hypomethylation of DNA, the increase in DNA methylation and the disruption of
histone modification patterns in the miRNA locus, are greater than the genes that encode
proteins. The miRNA genes can be silenced in some types of human tumours by aberrant
hypermethylation of CpG Island that surrounds it, or is close to the miRNA of histone
modification genes [40]. DNA hypermethylation in breast, lung and colon carcinomas was
favoured by a decrease in the expression of miR-9-1 [41], miR-124a and miR-145-5p [42].

The aberrant expression of miRNA may be due to mutations in its sequence that
cause a reduction in the expression of mature miRNA or an altered regulation of the
target gene [43]. The activity of these small regulatory elements can also be altered by
genomic rearrangements such as deletions or duplications of the genomic region in which
the miRNA is located, or translocations that relocate the miRNA under the control of a
new promoter.

The conclusive effects may be an increase in miRNA expression with a consequent
decrease in expression of the target gene or a decrease in miR expression with a consequent
overexpression of the target (Figure 2).
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sion of these small RNAs play a key role in a wide variety of human diseases, including 
cancer. The first evidence of the involvement of a miRNA in cancer was demonstrated by 
Calin et al., in 2002 [37]. Since then, many studies have reported miRNA dysregulation in 
various human diseases [38]. About 50% of human miRNAs annotated are located in frag-
ile sites of the genome associated with cancer and, moreover, they have been found dif-
ferentially expressed between tumour cells and normal cells. Some miRNAs are down-
regulated while others are overexpressed in cancer, suggesting that miRNAs can act as 
tumour suppressor genes or oncogenes, respectively [39]. The epigenetic regulation of 
miRNAs, the hypomethylation of DNA, the increase in DNA methylation and the disrup-
tion of histone modification patterns in the miRNA locus, are greater than the genes that 
encode proteins. The miRNA genes can be silenced in some types of human tumours by 
aberrant hypermethylation of CpG Island that surrounds it, or is close to the miRNA of 
histone modification genes [40]. DNA hypermethylation in breast, lung and colon carci-
nomas was favoured by a decrease in the expression of miR-9-1 [41], miR-124a and miR-
145-5p [42]. 

The aberrant expression of miRNA may be due to mutations in its sequence that 
cause a reduction in the expression of mature miRNA or an altered regulation of the target 
gene [43]. The activity of these small regulatory elements can also be altered by genomic 
rearrangements such as deletions or duplications of the genomic region in which the 
miRNA is located, or translocations that relocate the miRNA under the control of a new 
promoter. 

The conclusive effects may be an increase in miRNA expression with a consequent 
decrease in expression of the target gene or a decrease in miR expression with a conse-
quent overexpression of the target (Figure 2). 

 
Figure 2. Main effects of deregulation of the miRNA expression. 
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miRNAs have been isolated from serum, plasma, saliva, urine and other cell fluids [46]. 

Figure 2. Main effects of deregulation of the miRNA expression.

Despite the huge amount of miRNAs identified to date, their role in tumour processes
is not entirely clear. However, the presence of miRNA circulating in the blood of cancer
patients has increased the possibility that they could serve as new diagnostic and prognostic
biomarkers, either alone or in combination with other well-stablished biomarkers [44].

In fact, some miRNAs are specifically more expressed only in one type of tumour,
managing to also characterize malignancy [45,46]. Another reason for the choice of miRNAs
as tumour biomarkers is to be found in the non-invasiveness of the analysis. In fact,
miRNAs have been isolated from serum, plasma, saliva, urine and other cell fluids [46].
Several studies have shown that in these compartments the expression of miRNAs is
correlated with specific tumours.

An early study [47] was concerned with identifying a tumour suppressor on chro-
mosome 13q14, which was involved in chronic lymphocytic leukaemia (CLL), the most
common form of leukaemia. They showed that the 13q14 locus does not contain genes
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encoding tumour suppressor proteins, but two microRNA genes, miR-15a and miR16-a,
are expressed in the same polycistronic RNA. This result shows that the deletion of chro-
mosome 13q14 would cause the loss of these two miRNAs, and therefore it is evident that
these miRNAs are involved in the pathogenesis of human cancer.

Moreover, the discovery that miRNAs play a vital role in different types of tumour
and since they have the advantage of being able to act both as oncogenes and as tumour
suppressors they are still considered potential tumour therapeutic targets [48]. Carcinogen-
esis is favoured by oncogenic miRNAs, which are then over-expressed; on the contrary, the
tumour suppressor action is due to a decrease in particular miRNAs (Figure 2). In light of
the above, the antagomirs lead to a downregulation of the oncomirs. The concept of “miR
replacement therapy” was thus introduced thanks to the observation of the reduction of
the pathology following the action of suppressive miRNAs, with the aim of increasing the
amount of reduced miRNAs and bringing them to normal values. This approach has great
potential to be a more practical strategy than silencing individual genes by siRNAs and
represents one of the major commercial areas of interest in today’s biotechnology market.

4. miRNAs Involvement in the Different Subgroups of Medulloblastoma

In 2012, it was agreed during an international meeting that medulloblastoma has four
distinctive molecular subgroups named: Wingless (WNT-good prognosis), Sonic Hedgehog
(SHH-intermedia prognosis), Group 3 (Grp3-bad prognosis) and Group 4 (Grp4-intermedia
prognosis) [49]. WNT and SHH are named because these tumours have mutations in the
WNT and SHH signalling pathways, respectively. To date, no clear underlying signalling
pathways associated with Grp3 and Grp4 have been identified. Emerging evidence suggests
that each group may require specific therapeutic strategies [50].

4.1. Wingless (WNT) Subgroup

WNT represent 10% of all medulloblastomas cases [51]. It occurs typically in ado-
lescents and children over the age of 4 and is associated with excellent prognosis (>95%
survival at 5 years in paediatric patients) [52]. WNT primary tumours are driven by a
mutation in the CTNNB1 gene, which encodes b-catenin [53]. Mutation in this gene causes
a constitutively upregulation of gene expression that promotes tumour growth and prolif-
eration. Patients with WNT subgroups harbour TP53 mutations. In fact, WNT with p53
mutation have an excellent prognosis, suggesting that TP53-inactivating mutations on their
own do not confer a poor survival [54]. Interestingly, the robust therapeutic response is
attributed to an aberrant fenestrated vascular endothelium in the tumour. The fenestrated
endothelial surface allows the accumulation of high levels of chemotherapeutic drugs in the
tumour, thereby enhancing treatment [55]. However, children with a WNT diagnosis, are
predisposed to primary tumour haemorrhage which can lead to severe complications [56].
Due to excellent prognosis of the WNT subgroup, a new clinical trial has been recently
created to evaluate the reduction in chemotherapy and radiotherapy doses [57]. It was
reported that miR-383, miR-206, miR-183, miR-128a/b and miR-133b are downregulated in
this medulloblastoma subgroup [58] and the level expression of miR-449 is also completely
different from other MB subtypes. miR-449 is down-regulated by aberrant DNA methy-
lation in the WNT Group [59]. It was found that miR-148a expression is regulated by the
NRP1 target. NRP1 target is involved in several pathways promoting tumour growth, in-
vasion and metastasis. The downregulation of this target is due to the tumour suppressive
effect of miR-148a expression and the subsequent reduction in tumorigenicity [60].

4.2. Sonic Hedgehog (SHH) Subgroup

SHH represents approximately 30% of MB cases and appears typically in infants
and adults, accounting for two thirds of cases in these age groups [61]. The prognosis of
this subgroup varies based on age and metastatic status and molecular mutations. It has
recently been shown that p53, a tumour suppressor protein, is a prognostic marker for SHH-
MB patients. In fact, patients with mutations of TP53 gene have a worse outcome of the

84



Cancers 2021, 13, 6323

disease than those with wild-type TP53 [62]. The altered SHH signalling pathway is mainly
caused by germline or somatic mutation or copy number alterations in the SHH signalling
pathway, which leads to tumour development and proliferation. The most common
mutations are protein patched homolog (PTCH) inactivating mutation and smoothened
homolog (SMO) activating mutation [63]. In fact, infant (35%) and children (45%) have
mutations in the downstream SMO pathway, which makes tumours intrinsically resistant
to SMO inhibitors [63]. Therefore, the recent approaches to modulate SHH signalling is
focused on SMO inhibition and the mechanisms of acquired resistance in downstream SMO
pathway. The metastasis of SHH subgroup happens at the same site of primary tumour. In
a recent study, cancer stem cells (CSCs) have been isolated from SHH and expression level
of epithelial to mesenchymal transition (EMT) transcript and microRNAs was compared
with cerebellar NSCs [5]. Vegfa and its receptor Nrp2 are two molecules up regulated in
SHH CSCs and involved in EMT [64]. If these two molecules are inhibited there will be a
reduction of the cell viability and the ability of CSCs to self-renew. This mechanism leads
to the modulation of two markers involved in EMT, therefore we will see the increase in the
epithelial marker (E-Cadherin) and, on the other hand, a reduction of the mesenchymal one
(Vimentin). The miRNA identified as an inhibitor of Vegfa and Nrp2 is miR-466-3p [64].

Furthermore, CSCs identified in SHH-MB are controlled by the Sonic Hedgehog/Gli
(Hh/Gli) is an aberrant signalling pathway that control CSCs identified in SHH medul-
loblastoma, regulated by miR-326. More precisely, the downregulation of miR-326 is
characteristic of these tumours, therefore an overexpression of miR-326 leads to the inhibi-
tion of that signalling pathway [65].

More recently, in vivo and in vitro studies have displayed that SHH MB cells showed
a reduction in tumour growth by silencing miR-17/20 and miR-19a/b [66]. Furthermore,
miR-17-92 cluster is involved in SHH tumours. Within this cluster belong miR-18a, -19a,
-20a, -21, -25 and -106b [67]. Several studies have evaluated the effect of miR-10b on the
growth and proliferation of medulloblastoma through the transcriptional induction of BCL-
2, a tumour promoter [68]. Potent inhibitors of BCL-2, such as ABT-737 and ABT-199, were
evaluated on the expression of miR-10b [69]. Powerful BCL-2 inhibitors significantly inhibit
the expression of miR-10b in a dose-dependent manner. This miRNA is strongly associated
with tumours, as it plays a crucial role in cell proliferation and survival, moreover miR-10b
is not expressed in a normal brain. Several studies suggest that miR-10b is an oncomiR that
regulates cell growth and survival of this medulloblastoma subgroup by controlling BCL2
levels [68].

4.3. Group 3 (Grp3) Subgroup

Grp3-MB is the most aggressive paediatric brain tumour and occurs mostly in infants
and young children. This subgroup is (40–45%) metastasis at diagnosis and is resistant
to combinations of surgery, radiotherapy and chemotherapy [53]. Therefore, it is associ-
ated with poor prognosis and the worst survival outcome of any subgroup (under 60%
at 5 years). Unlike WNT and SHH subgroups, there is no distinctive altered signalling
pathway identified for Grp3. However, amplification of MYC (17%) and hyper activation
of the GFI1B oncogene (15–20%) are mostly observed. TP53 mutations were almost never
observed in patients with Grp3, in which isochromosome 17q is a common aberration [54].
It was showed that miR-183-96-182 cluster are up-regulated in Group 3 of medulloblastoma.
In particular, the expression of the miR-183 cluster in cells was associated with the dysfunc-
tion of the DNA damage repair and with the pathways associated with migration, EMT and
metastasis [70]. Metastasis of Grp3 happens at a different site of the primary tumour. It was
reported that, in medulloblastoma cell lines DAOY, D425 and D283 belonging, respectively,
to the SHH subgroup and Grp3, there is an under-expression of miR-30a family [71]. Group
3 and 4 are associated with the highest mortality compared to other MB subgroups. Group
3 of MB displayed a deregulation of miR-1253 expression [72]. They showed that the
restoration of miR-1253 expression is linked with a reduction in tumour cell malignancy,
which also leads to the activation of apoptotic pathways. A recent study highlighted the

85



Cancers 2021, 13, 6323

expression of seven miRNAs belonging to the miR-30 family in the 4 subtypes of medul-
loblastoma. These miRNAs are significantly downregulated (p < 0.00001) compared to
normal cerebellar tissues [71]. The inhibition of the clonogenic potential, proliferation and
tumorigenicity of different cell lines of medulloblastoma is notable after the recovery of
miR-30a through the lentiviral vector. MiR-30a is known to mediate autophagy through
the Beclin1 target. Therefore, it has been shown that the expression of miR-30a leads to
a down-regulation of genes implicated in autophagy, such as Beclin1, with consequent
inhibition in medulloblastoma cells. Autophagy is a process that allows our cells to recycle
and renew themselves. The cells then destroy their components that have become useless
and carry them out of the membrane, playing a fundamental role in our defences. This
process leads, on the one hand, to cleaning the cell, on the other hand it allows the cell to
sustain itself in difficult situations [73]. Additionally, in the medulloblastoma, low levels of
miR-4521 leads to an up-regulation of the transcription factor forkhead box M1 (FOXM1).
FOXM1 regulates the expression of various genes involved in tumour progression [74].
The Grp3 is the only one with a statistically significant difference in miR-4521 expression
reduction compared with the healthy control tissue, while in SHH subgroup there are no
particular differences.

4.4. Group 4 (Grp4) Subgroup

Grp4 accounts for 35–40% of all medulloblastoma diagnosis and occurs typically in
children and adolescence [75]. This subgroup is (35–40%) metastasis at diagnosis, although
the survival outcomes are intermediate, and the recurrences mostly occur late. Grp4
share similar gen amplifications as Grp3 as mentioned above and have not an identified
signalling pathway [76]. At the same time, Orthodenticle homeobox 2 (OXT2) amplification
and the gain of isochromosome 17q is also seen in Grp4 and Grp3 [77]. Similar to Grp3,
TP53 mutations has never been observed in Grp4 and the metastasis is at a different site of
the primary tumour. Compared to the other subgroups, Group 4 has a lower expression
of miR-181a-2-3p, which is reported to be involved in the formation of glioma acting as
tumour suppressors [78,79]. While a high expression was observed for miR-187-3p and
could be linked to a poor prognosis of patients with Group 4 MB [80]. Additionally, miR-
206 was down-regulated in all four medulloblastoma subgroups. Indeed, miR-206 acts
on OTX2, an oncogene which is involved in Grp4 pathogenesis. Overexpression of OTX2
leads to growth and proliferation of medulloblastoma. Therefore, under-expression of
miR-206 contributed to the upregulation of OTX2 expression and enhanced growth of G4
cell lines [58]. A recent study showed that the tumour-suppressive let-7 miRNA family
is downregulated by gene LIN28B and the expression of these miRNAs is significantly
lower in Group 3 and 4 compared with WNT and SHH MB [81]. miR-4521 is located on
chromosome 17p13.1. They show that a loss of chromosome 17p is closely associated with
Grp3 and Grp4-subgroups [74].

5. Role of miRNAs in Medulloblastoma

The most studied tumours at the level of miRNA deregulation are breast, prostate,
colon and leukaemia’s; little has been studied regarding the alterations of miRNAs in
medulloblastoma. Ferretti et al. conducted one of the first studies on the expression
profile of miRNAs in medulloblastoma [82]. A total of 250 miRNAs were screened in
31 primary medulloblastoma specimens and 34 miRNAs differentially expressed between
SHH-MB versus WNT-MB, Grp3-MB and Grp4-MB were identified. Additionally, three
down-regulated miRNAs were identified in SHH-MB, miR-125b, miR-326 and miR-324-5p.
Interestingly, these three miRNAs are known to target Smoothened (SMO), an activator
of the Hedgehog signalling pathway [82]. In addition, miR-324-5p also targets Gli1, a
committed transcription factor for the Hedgehog signalling pathway. Additionally, it was
suggested that a possible genetic anomaly is the cause of the loss of function of miRNA-
324-5p in SHH-MB [83]. In fact, this miRNA is contained in a gene region of chromosome
17p, which is one of the most frequent deletions in medulloblastoma. In addition to the
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miRNA, this chromosomal region also contains the tumour suppressors p53 and HIC1 but
also the antagonist of the REN signal pathway [84].

In a different study conducted by Ferretti et al., 248 miRNAs were analysed in medul-
loblastoma samples, and 248 miRNAs differentially expressed between tumours and
normal adult and foetal cerebellar tissue were detected [85]. In this analysis, two miRNAs,
miR-9 and miR-125a, were identified as downregulated in medulloblastoma and target
the truncated isoform of the neurotropin receptor (TrkC). By comparing medulloblastoma
and normal foetal cerebellum it was possible to identify a cluster of upregulated miR-
NAs in SHH-MB versus non-SHH medulloblastomas known as cluster 17-92 [67]. This
miRNA cluster is induced by N-myc in the neuronal cerebellar precursors treated with
Sonic Hedgehog; this evidence indicates that the 17-92 miRNAs cluster is a positive effector
of the proliferative effects of the Hedgehog signalling pathway.

Additionally, Uziel et al. [86], using medulloblastoma cells from Ink4c −/−; Ptch1
+/− and Ink4c −/−; p53 −/− genetically modified mice versus mature mice, identified
many deregulated miRNAs: 26 upregulated and 24 downregulated. In particular, 9 of
these 26 upregulated miRNAs were demonstrated to encode cluster 17-92. To this cluster
belong miR-92, miR-19a and miR-20 that are upregulated in the Hedgehog subgroup of
medulloblastoma. Thus, demonstrating the close correlation between cluster 17-92 and the
Hedgehog signalling pathway [86].

Two miRNAs (miR-30b and miR-30d) were identified located in a commonly amplified
region in medulloblastoma, adjacent to the MYC locus on chromosome 8q24. Such miRNAs
were found upregulated in a subgroup of primary medulloblastoma [87].

Cluster 183-96-182 was found upregulated in controlled non-Hedgehog medulloblas-
toma and, in particular, miR-182 was significantly upregulated in metastatic medulloblas-
toma [88]. It was later shown that this cluster is involved in the suppression of genes
associated with apoptosis and the regulation of the PI3K/AKT/mTOR axis [89].

Venkataraman et al. showed that several miRNAs that are downregulated in medul-
loblastoma have an active role in normal brain development. In particular, miR-128a has
been shown to be an antagonist of the Bmi1 oncogene [90].

Many miRNAs can influence tumorigenesis through their tumour suppressor action,
such as miR-34a which if overexpressed in medulloblastoma cells and induces apoptosis
and restores sensitivity to chemotherapy [89], or miR-199-5p that by its target HES1 regulate
the cancer stem cells [91].

Therefore, miRNAs can potentially regulate several pathways involved in the in-
surgence and progression of the medulloblastoma, acting as both oncogene and tumour
suppressor (summarized in Table 1).

Table 1. Summary of deregulated miRNAs involved in the pathogenesis and progression of the four MB subgroups.

SUBGROUP 1: WINGLESS

miRNAs as
Oncogenes Cellular Function Ref. miRNAs as

Suppressors
Cellular
Function Ref.

miR 30b,
miR-30d N/A [87] miR-9

Antiproliferation
Differentiation
Pro-apoptosis

[85,92]

miR-193a Metastasis
Proliferation [93] miR-148a

Antiproliferation
Invasion
Reduces

tumorigenicity

[60,85,93]

miR-224

Proliferation
Radiation-sensitivity.

Anchorage-independent
growth

[93,94]
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Table 1. Cont.

SUBGROUP 2: SONIC HEDGEHOG

miRNAs
as Oncogenes Cellular Function Ref. miRNAs

as Suppressors Cellular Function Ref.

miR-17/92 N-Myc target [66,67,89] miR-let-7 Chemoresistance [82,85,95]

miR-183/96/182 Migration [70] miR-34a
Antiproliferation

Pro-apoptosis
Senescence

[89,96–99]

miR-196b-5p,
miR-200b-3p

C-Myc target
Proliferation

Migration
Invasion

[100] miR-125b
Suppressing

progenitor and
tumor cell growth

[82]

miR-128a Antiproliferation
Senescence [85,90]

miR-135a Reduces
tumorigenicity [82,85,101]

miR-218

Antiproliferation.
Reduces

clonogenicity
Promotes

differentiation

[102–104]

miR-219

Antiproliferation
Invasion

Migration
[85,104,105]

(Ferretti et al., 2009,
Genovesi et al., 2011,

Shi et al., 2014)

[64,101,102]

miR-324-5p Proliferation [82]

miR-326 Reduces
clonogenicity [82]

SUBGROUP 3

miRNAs
as Oncogenes Cellular Function Ref. miRNAs

as Suppressors Cellular Function Ref.

miR-204

IGF2R and LC3B
target

Anchorage-
indipendent

growth
Invasion.Autophagy

[106]

miR-218

Antiproliferation.
Reduces

clonogenicity
Promotes

differentiation

[102–104]

miR-495
Gfi1 target

Cell growth
inhibition

[107]

miR-1253 Pro-apoptosis
Antiproliferation [72]

miR-9
Antiproliferation

Differentiation
Pro-apoptosis

[85,92]
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Table 1. Cont.

SUBGROUP 4

miRNAs
as Oncogenes

Cellular
Function Ref. miRNAs

as Suppressors Cellular Function Ref.

miR-9
Antiproliferation

Differentiation
Pro-apoptosis

[85,92]

miR-204

IGF2R and LC3B target
Anchorage-independent

growth
Invasion.

Autophagy

[106]

miR-495 Gfi1 target
Cell growth inhibition [107]

miR-1253 Pro-apoptosis
Antiproliferation [72]

SUBGROUP NOT SPECIFIED

miRNAs
as Oncogenes

Cellular
Function Ref. miRNAs

as Suppressors Cellular Function Ref.

miR-21 Metastasis [108] miR-31 Antiproliferation [85,109,110]

miR-106a/363
Proliferation
Apoptosis

Angiogenesis
[111] miR-124

Differentiation
Antiproliferation

Pro-apoptosis
[82,112,113]

miR-106b

PTEN target
Migration
Invasion

Tumor-sphere
formation

[114] miR-125a Antiproliferation [85]

miR-367 Invasion
Proliferation [115] miR-199b-5p Antiproliferation

Reduces cancer stem cells [91,116]

miR-206 Antiproliferation [58,93,117,118]

miR-378 Differentiation
Cell growth inhibition [119]

miR-383 Pro-apoptosis [120,121]

Clinical Application of miRNAs in Medulloblastoma

The epigenetic landscape, as well as DNA mutation or miRNAs expression of medul-
loblastoma, has been investigated for the last 20 years to discover novel biomarkers for
diagnosis, treatment, and/or disease progression [122]. miRNAs analysis in medulloblas-
toma tissue samples, as well as in cerebrospinal fluid (CSF) and in blood has been per-
formed [14,123]. Additionally, miRNA expression in extracellular vesicles isolated from
CSF or blood has been investigated. Several miRNAs were found differentially expressed
between the different MBs subgroups. Gershanov et al. [76], found three miRNAs differen-
tially express in G4-MB. These miRNAs are miR-20a-5p, 181a-2-3p, and 224-5p. Addition-
ally, Li et al. [59] reported that miR-449a is a very good candidate for WNT-MB. However,
Yogi et al. [60] reported that miR-148a is a good candidate for WNT-MBs classification.
However, due to the significant variation between samples (primary cells, cell lines, pa-
tients) and miRNA expression in these studies is making very difficult to select a miRNA
or set of miRNAs to improve medulloblastoma diagnosis and treatment. Fortunately, with
the onset of new techniques based on the study of miRNAs and the analysis of patients’
samples with medulloblastoma, miRNAs could be drastically improved to select aggres-
sive versus non-aggressive medulloblastoma subgroups for treatment selection. Thus,
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considering their important roles in medulloblastoma development, miRNAs have been
investigated as prognostic and diagnostic biomarkers for cancer detection, and also as
useful targets for therapeutic intervention [124]. miRNA-based therapeutic treatments for
medulloblastoma may follow the same strategies described above: miRNA over-expression
or miRNA repression. However, the use of miRNAs as potential therapeutic targets for
medulloblastoma remains controversial with regard to the ability of the miRNA delivery
to pass through the blood–brain barrier. In order to overcome this limit, different systems
to transport siRNA into the brain have been developed, such as engineered nanoparticles,
vector-based, chemically modified, and “packaged” RNA oligonucleotides [95].

6. Conclusions

Medulloblastoma is a tumour of the paediatric population, the second most widespread
brain tumour, after astrocytomas, and represents 1% of all cancers of the CNS [6]. A total of
70% of medulloblastomas are diagnosed between the second and tenth year of life. Survival
five years from diagnosis (children and adults) is just over 60–70% [125].

Aberrant mechanisms of neuronal and cerebellar development can lead to the forma-
tion of medulloblastoma. These genetic and epigenetic changes can cause the abnormal
activation of the Hedgehog signal pathway. In recent years, a hierarchical model for the
evolution of cancer has been proposed, in which cancer stem cells (CSCs) acquire or main-
tain the properties of self-renewal, multipotency and tumour generation. This model has
also found application in medulloblastoma, as CSCs have been observed in both mice and
humans [126]. Furthermore, it was possible to demonstrate the correlation between the
Hedgehog signalling pathway and these tumour cells [126], whose presence can lead to
greater resistance to classical therapies and probability of relapse.

Most children die within three years due to aggressive treatment or recurrency [27].
Survivors must cope with severe long-term side effects; radiation of the entire developing
brain and spinal cord to prevent metastatic recurrence have a devastating effect on intelli-
gence, neurological and endocrine function [27]. Therefore, it is crucial to identify novel
and effective therapeutic targets to treat these tumours and improve the quality of life of
patients [127].

MiRNAs are known to play vital roles in nervous system development, as well
as in various aspects of cancer development, progression, and metastasis. Thus, their
involvement in medulloblastoma tumours is not surprising. In this review, we summarized
the most important findings present in the literature on the role of miRNAs in influencing
the tumorigenesis of medulloblastoma, inducing apoptosis and restoring sensitivity to
chemotherapy [89,91]. Such as miR-326 that is absent in brain tumour pathologies and is
involved in the modulation of signalling pathways, such as Hedgehog and Notch [82,85].
In particular, it interacts with the Hedgehog signalling pathway by negatively modulating
the expression of the SMO activating receptor in cerebellar granules [82].

Furthermore, as we have seen, miRNAs are able not only to distinguish normal tissue
from tumour, but also to characterize the different subgroups of medulloblastoma. There-
fore, they can be used as biomarkers of tumour early diagnosis, prognosis, and provide
new opportunities to treat the different clinical and biological features between subgroups.

In conclusion, it is crucial to know the functional and disease-associated mechanisms
causing the deregulation of these small RNAs in medulloblastoma. Even though substantial
questions must be answered, such as the role of the miRNAs in the development and
progression of the different tumoral subgroups, they still represent a suitable target for the
future medical treatment of medulloblastoma therapy, able to change the medical practice
in the foreseeable future.
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Simple Summary: Insulin resistance is one of the risk factors of endometrial cancer.
Hyperinsulinemia can trigger many physiological effects that drive carcinogenesis, which is also
modulated by epigenetic dysregulation including miRNAs expression. Our working hypothesis was
that there must be a more pronounced relationship between insulin resistance and alterations in
miRNA profiles of endometrial cancer patients. Consequently, this work was undertaken to better
clarify this assumption. Our careful literature search indicated that miRNA could represent a potential
molecular link between the metabolic alterations related to insulin resistance and endometrial cancer.
Additionally, by reporting the known relationships between miRNA and both insulin resistance and
endometrial cancer, we highlighted their potential role as predictive factors of future endometrial
cancer in insulin resistant patients.

Abstract: Endometrial cancer (EC) remains one of the most common cancers of the female
reproductive system. Epidemiological and clinical data implicate insulin resistance (IR) and its
accompanying hyperinsulinemia as key factors in the development of EC. MicroRNAs (miRNAs)
are short molecules of non-coding endogenous RNA that function as post-transcriptional regulators.
Accumulating evidence has shown that the miRNA expression pattern is also likely to be associated
with EC risk factors. The aim of this work was the verification of the relationships between IR, EC,
and miRNA, and, as based on the literature data, elucidation of miRNA’s potential utility for EC
prevention in IR patients. The pathways affected in IR relate to the insulin receptors, insulin-like
growth factors and their receptors, insulin-like growth factor binding proteins, sex hormone-binding
globulin, and estrogens. Herein, we present and discuss arguments for miRNAs as a plausible
molecular link between IR and EC development. Specifically, our careful literature search indicated
that dysregulation of at least 13 miRNAs has been ascribed to both conditions. We conclude that
there is a reasonable possibility for miRNAs to become a predictive factor of future EC in IR patients.

Keywords: adipokines; endometrial cancer; estrogens; hyperinsulinemia; insulin; insulin resistance;
insulin signaling; insulin-like growth factors; microRNA

1. Introduction

Endometrial cancer (EC) is the most common gynecological cancer in developed countries,
with annual rates continuing to increase. It is estimated that more than 60,000 new EC diagnoses and
11,000 deaths from the disease occur in the United States alone every year [1]. However, the etiology of

97



Cancers 2020, 12, 2559

this disease is still not fully understood [1,2]. EC has been generally divided into two clinical categories.
The first is classified as type I, which represents the vast majority (80–90%) of cases and is associated
with a hyperplastic, low-grade, estrogen-related endometrium. It occurs primarily in obese pre-, peri-,
and early postmenopausal women, and is associated with a good prognosis. Type II is characterized
by a non-estrogenic, high-grade atrophic endometrium, which is also less well-differentiated. It occurs
mostly in postmenopausal women and has a high risk of relapse and metastatic disease [3]. There are
several histologic types of EC, and the most common endometrioid carcinoma tends to have a favorable
prognosis. Other histotypes (such as serous or clear cell carcinoma) of EC are associated with a poor
prognosis [4,5]. It was initially noted that type I EC generally presents an endometrioid morphology,
whereas type II cancers are characterized by non-endometrioid histology, predominantly serous
(Table 1). However, this classical distinction into two EC types has been challenged by long-term
follow-up of patients with cancer of endometrioid histology and grades 2 and 3 of differentiation,
whose survival turned out to be worse than expected [6,7]. In line with this, Setiawan et al. observed
that the risk factor patterns of high-grade endometrioid tumors and type II tumors were similar [3].
Currently, only endometrioid grade 1 (well differentiated) EC is considered to be type I, with the
remainder of EC cases being included into type II.

Table 1. Conventional comparison between type I and type II endometrial cancer [8–12].

Characteristic Feature Type I Type II

Frequency ~80% of cases Up to 20% of cases

Estrogenic status Estrogen-dependent Estrogen-independent

Histology Mostly endometrioid
adenocarcinomas Non-endometrioid carcinoma

Precursor lesion Atypical hyperplasia Endometrial intraepithelial
carcinoma

Growth Slow growth Rapid growth

Risk factors

Imbalance between estrogen and
progesterone exposures (such as
the use of unopposed estrogen

therapy)

Early age at menarche, low parity,
tobacco smoking

Obesity Often present Often absent

Type 2 diabetes mellitus Often present Often absent

Estrogen and progesterone
receptors Usually ER (+), PR (+) Usually ER (−), PR (−)

Prognosis Usually good prognosis Poor prognosis

PTEN Mutations Yes No

P53 Overexpression No Yes

Other Frequent Mutations

ARID1A
PIK3CA
CTNNB1
FGFR2

PPP2R1A
FBXW7
HER2

ARID1A: AT-Rich Interaction Domain 1A; CTNNB1: Catenin Beta 1; ER: Estrogen Receptor; FBXW7: F-Box and
WD Repeat Domain-containing 7; FGFR2: Fibroblast Growth Factor Receptor 2; HER2: Human Epidermal Growth
Factor Receptor 2; PIK3CA: Phosphatidylinositol-4,5-Bisphosphate 3-Kinase Catalytic Subunit Alpha; PPP2R1A:
Protein Phosphatase 2 Scaffold Subunit A alpha; PR: Progesterone Receptor; PTEN: Phosphatase and tensin homolog
deleted on chromosome 10; P53: Protein 53.

In 2013, The Cancer Genome Atlas (or TCGA) Research Network classification for EC
applied four molecular subgroups: DNA polymerase epsilon (POLE)-mutated (ultra-mutated),
microsatellite-instable (MSI-high, hypermutated), copy-number-low/protein 53 (P53)-wild-type (CNL),
and copy-number-high/P53-mutant (CNH) [11]. The POLE and MSI groups suggest better prognosis of
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EC patients, and CNL and CNH groups are coupled to worse prognosis [13,14]. The implementation
of this novel EC classification laid the grounds for the refined differential diagnosis of particular cancer
subtypes based on molecular signatures and provided a precision approach for both research and
clinical management [5]. A long-term follow-up of patients with these specific cancer subtypes is now
mandatory and of utmost importance.

Although EC is generally considered to be hormone-sensitive, its development is widely considered
to also be regulated by environmental and lifestyle factors. One of this cancer’s risk factors is insulin
resistance (IR), a prominent component in many metabolic disorders, including prediabetes, type
2 diabetes mellitus (T2DM), metabolic syndrome, and polycystic ovary syndrome (PCOS) [15–18].
IR is a condition of reduced sensitivity of insulin-responsive tissues to insulin, which leads to
an increase in blood insulin and glucose concentrations. According to the International Diabetes
Federation Diabetes Atlas, the global prevalence of T2DM developed from IR continues to be on
the increase [19]. Hyperinsulinemia can trigger many physiological effects that drive carcinogenesis,
as insulin is a major anabolic hormone that can stimulate cell proliferation [15]. Reduced receptor
binding and decreased insulin receptor-mediated transduction lead to hyperinsulinemia which,
in turn, triggers the deregulation of many metabolic pathways [20]. The exact molecular mechanisms
linking IR and EC are still uncertain. However, the direct effect(s) on endometrial cells of insulin
and insulin-like growth factors (IGFs), as well as of alterations in the mitogen-activated protein
kinase (MAPK)/extracellular-signal-regulated kinase (ERK) and in the complex of phosphatidylinositol
3-kinase (P13K)–phosphatase and tensin homolog deleted on chromosome 10 (PTEN)–protein kinase B
(Akt) signaling pathways, may play crucial roles [16,21,22].

Cancer development is also associated with epigenetic dysregulation, occurring at the earliest stage
of cancer [23]. The most common epigenetic modifications are DNA methylation, histone methylation
and acetylation, and the actions of non-coding RNAs, including microRNAs (miRNAs). All of
them can regulate multiple genes and are involved in various important signaling pathways [24].
miRNAs belong to a class of highly conserved, sequence-specific, single-stranded, endogenous small
non-coding RNAs, which bind to the 3’ end of the target mRNAs to induce their destabilization,
degradation, and/or translation inhibition [25]. Deregulation of miRNA profiles has been implicated in
a variety of cellular processes, including cancer development. Therefore, miRNAs have been drawing
attention for their potential usefulness as diagnostic and/or prognostic markers [26,27].

To date, numerous studies have focused on the miRNAs’ role in endometrial carcinogenesis or IR,
albeit no possible reciprocal interactions of miRNA and IR on EC have been taken into account [28].
Our working hypothesis was that there must be a more pronounced relationship between IR and
alterations in miRNA profiles of EC patients. Consequently, this work was undertaken to better
clarify this assumption. Furthermore, we discuss the known relationships between miRNA and both
clinical conditions.

2. Clinical Importance of the Association between Insulin Resistance and Dndometrial Cancer

Generally, IR is a principal pathophysiological process that relates not only to diabetes but also to
prediabetes, as well as preclinical hyperinsulinemia and dysglycemia of varied degrees. IR has been
defined as the resistance of target organs to the actions of insulin so that increased concentrations of
this hormone are necessary to obtain a normal biological effect [29]. Accordingly, IR is the primary
cause of T2DM and occurs years before its clinical manifestation [30]. This prediabetic state plays an
important role in the development and progression of some types of cancers, including breast, prostate,
colorectal, and endometrial neoplasia [31]. There is accumulating evidence that the risk factors for
IR are also risk factors for EC, which strongly suggests that the development of IR and EC may be
parallelly promoted at the same time. A meta-analysis conducted by Saed et al. demonstrated that
diabetes increases the risk of EC by 72% [32]. Another work, a meta-analysis of 16 studies (3 cohort and
13 case-control studies), found that diabetes is associated with a 2.1-fold increase in the relative risk for
EC [33]. Notably, a higher prevalence of EC was demonstrated in non-diabetic women with IR [34].
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Decreased serum adiponectin (a polypeptide hormone increasing the cell’s insulin sensitivity and a
surrogate marker for IR) concentration was found to be independently and inversely correlated with
EC occurrence [35,36]. It has also been established that the EC risk increases quite shortly following
the diagnosis of IR and diabetes; that is, approximately past 6 months after their detection [37].
Elevated levels of insulin in prediabetic and diabetic patients seem to affect their cancer risk rather
quickly [38]. Similarly, epidemiological evidence shows that the presence of accompanying diseases
substantially influences EC risk estimations [17]. For instance, the relationship between diabetes and
EC incidence can be largely promoted by increased body weight [31]. In their pooled analysis of
cohort studies, Stocks et al. found direct linear relationships of body mass index (BMI), blood pressure,
blood glucose, triglycerides, and total cholesterol concentrations with EC risk [39]. This finding is
particularly worrying in the present era of widespread overweight and obesity.

3. Insulin Resistance as a Driving Force for Endometrial Cancer

Over past decades, hyperinsulinemia and IR have been implicated as playing a major role in
diabetes-promoted cancers. Multiple studies were able to demonstrate a direct association between IR
and the incidence of EC with several biological mechanisms as a result of their common regulation by
molecular factors (such as mediators of inflammation and adipokines) [40–42]. Figure 1 presents a
model of links between metabolic alterations in the development of this malignancy, highlighting the
roles of changes in the insulin and IGF system and mediators of inflammation.
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3.1. Insulin Receptor

Molecular signaling downstream of insulin receptor (INSR) is tightly regulated by a large number
of factors. This control system supervises energy homeostasis in peripheral target tissues for insulin.
Both insulin and IGF1 activate a specific tyrosine kinase and the two main pathways of insulin signaling
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are the PI3K/Akt and the MAPK/ERK pathways. These two metabolic cascades contain several
points of regulation, crosstalk with other signaling pathways, and control proliferation, differentiation,
and survival at the cellular level [48,49].

Insulin signal transduction occurs through two INSR isoforms resulting from transcriptional
alternative splicing: INSR-A and INSR-B, differing by the absence (INSR-A) or presence (INSR-B)
of exon 11. INSR-A is the principal receptor during fetal development, recognizes both insulin
and IGFs, demonstrates a greater affinity for IGF2 than IGF1, and is responsible for intracellular
signaling that results in mitogenic responses. INSR-B, expressed in mature insulin-sensitive tissues,
is quite insulin-specific and primarily involved in glucose homeostasis [50]. The differences in the
effects exerted by INSR-A and INSR-B could be due to their varying abilities to bind IGF2 [51].
INSR-A overexpression was found in many cancer cells and tissues, suggesting that INSR-A-mediated
signaling pathways may contribute to cancer pathogenesis [52]. Wang et al. demonstrated that the
total INSR and INSR-A mRNA levels and the ratio of INSR-A/total INSR were significantly higher in
EC than in control endometrium [53]. However, no comparisons between clinical types I and II of EC,
or between particular EC histotypes, were made, making the interpretation of these results somewhat
difficult. On the contrary, Flannery et al. found that INSR-B expression was increased in non-diabetic
patients both in complex endometrial hyperplasia and EC, relative to normal tissue [54].

3.2. Insulin-Like Growth Factors and Their Receptors

Combined, insulin, IGF1, and IGF2 critically control many aspects of metabolism, growth,
and survival. IGFs are predominantly produced in the liver by hepatocytes in response to growth
hormone (GH) stimulation [55]. IGF1 displays significant amino acid sequence homology with insulin
and enhances insulin sensitivity [56]. To date, IGF2 actions have been insufficiently characterized;
however, some relevant roles have been determined for fetal development and cerebral protection [51].
Both ligands IGF1 and IGF2 activate the IGF1 receptor (IGF1R), making it their common receptor.
The IGF system plays a central role in human carcinogenesis. Interestingly, it has been hypothesized
that IGF2 is more closely linked to the etiology of EC than IGF1 [57].

At the pathophysiological level, insulin can also bind to IGF1R, which is a cell-surface tyrosine
kinase receptor coupled to several intracellular secondary messenger pathways, including the PI3K/Akt
signaling cascade. IGF1R plays a pivotal role in cell survival by regulating somatic growth, development,
and metabolism, as demonstrated by using IGF1R knock-out mice that displayed severe growth
deficiency, lethal neonatal lung hypoplasia, and muscle hypoplasia [58]. Although INSR and IGF1R
are highly homologous and are coupled to similar intracellular pathways, insulin and IGFs stimulate
distinct and specific functions, such as glucose metabolism for insulin and cell growth and proliferation
for IGFs [59]. Additionally, the functional specificity of insulin/INSR signaling can be affected by:
(1) crosstalk between INSR-A and IGF1 because of the abundant synthesis of INSR-A in tissues and
its increased binding affinity for IGF1, (2) enhanced formation of an INSR-A/IGF1R hybrid receptor,
and (3) autocrine and/or paracrine IGF production [60]. There is convincing evidence for a direct
effect of insulin and IGF1 on EC cells, with the activation of the INSR resulting in both increased
cell proliferation and inhibition of apoptosis [55]. From Dai et al., although serum concentrations
of IGF1 and IGF2, as well as the degree of activation of IGF1R in endometrial cells did not differ
between diabetic patients with or without EC, both the degree of activation of IGF2R and of PI3K
were significantly higher in endometrial cells in T2DM patients with EC [61]. These same authors
suggested that increased IGF2R protein expression in endometrial cells in T2DM patients could increase
PI3K/cyclin D1 (CCND1)-dependent cell growth through the loss of competitive binding of IGF2 to
IGF1R, a possible explanation for the higher risk of developing EC in T2DM. Moreover, this study
indicated that IGF1 and IGF2 compete for binding to IGF1R, whereas binding of IGF2 to IGF1R may
cause alternative phosphorylation of IGF1R with the resultant suppression of downstream PI3K and
CCND1 signaling cascades [61]. Somewhat similar conclusions were obtained by Petridou et al.,
who suggested a more pronounced role of IGF2 than IGF1 in the etiology of EC [57]. Of clinical
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relevance, Price et al. noted that increased IGF1R expression is linked to higher BMI and better overall
survival and disease-free survival in EC [62]. Gunter et al. observed that free IGF1 levels were inversely
associated with the incidence of EC [63]. Of interest, Roy et al. suggested the existence of two different
mechanisms that activate IGF1R in EC: ligand-dependent in type I and ligand-independent in type
II [64]. These authors found that IGF1 mRNA expression was increased in type I compared with type II.

Further interesting findings were reported by Ding et al., who found that higher protein expression
of IGF1, IGF1R, and INSR in colorectal cancer was associated with a history of diabetes, suggesting that
IGF1/INSR signaling may play an important role in the development of this cancer in diabetic
patients [65]. Unfortunately, many clinical trials with anti-IGF1R showed only limited responses in
small proportions of cancer patients. Despite promising preclinical data, anti-IGF1R/INSR-targeted
therapies lacked overall efficacy and the multitude of side effects led to their discontinuation [50,66,67].
In contrast, metformin (an oral antidiabetic drug of the biguanide family used for the treatment of
T2DM) is known to interact with the IGF pathway, induces apoptosis, and inhibits proliferation and
migration of EC cells [68]. Three separate systematic reviews and meta-analyses confirmed a beneficial
role of metformin in improving overall survival and progression-free survival in EC [69–71]. In an
in vitro study, metformin even inhibited proliferation and migration of endometrial serous carcinoma
cell lines. The authors suggested that this drug could be a novel and attractive therapeutic approach
for the treatment of this highly aggressive variant of EC [68].

3.3. Insulin-Like Growth Factor Binding Proteins

Although IGF1 is structurally related to insulin, unlike insulin, it circulates in the blood bound to
specific carrier proteins, called IGF binding proteins (IGFBPs), with variable affinity. IGFBPs tightly
regulate IGF1 availability by increasing its half-life, usually by forming a tertiary complex that blocks
IGF1 from binding to IGF1R. Six IGFBPs (labeled IGFBP-1 to -6) have been identified so far [72].
Hyperinsulinemia has been shown to increase hepatic production and bioavailability of IGF1, in part
by inhibiting hepatic production of IGFBP-1 and -2. This surplus IGF1 may excessively activate
IGF1R, INSR/IGF1R, and proliferative and anti-apoptotic signaling in both premalignant and malignant
tissues [45]. Insulin-sensitizing, blood pressure-lowering, and antiatherosclerotic properties of IGFBP-1
have been demonstrated, raising the possibility that increasing IGFBP-1 levels may be a therapeutic
option to protect individuals from IR, arterial hypertension, and atherosclerosis [73]. However,
high IGFBP-1 concentrations seem to be associated with EC risk in older women and women with an
elevated BMI [74]. One study, by Weiderpass et al., found an increased risk for EC based on serum
levels of IGFBP-1 solely in women who had ever used hormonal replacement therapy [75].

Recent evidence suggests beneficial effects of IGFBP-2 on systemic metabolism by indirect
interacting with IGF1 signaling, including inhibition of adipogenesis and enhanced long-term insulin
sensitivity [76,77]. Besides binding to IGFs, IGFBP-2 interacts with cellular components and exerts
other key functions within the nucleus, directly or indirectly promoting transcriptional activation of
specific genes. IGFBP-2 activities, both IGF-dependent and IGF-independent, contribute to the protein’s
functional roles in growth, development, metabolism, and malignancy [78]. The overexpression of
IGFBP-2 has been shown to correlate with tumor progression in a number of cancers, including ovarian,
lung, and pancreatic cancer [79–82]. However, the mechanisms by which IGFBP-2 contributes to the
progression of cancer are still unclear [83].

As for IGFBP-3, this protein inhibits adipocyte differentiation and impacts the peroxisome
proliferator-activated receptor-gamma (PPARγ) system, suggesting a role for IGFBP-3 in the
pathogenesis of obesity and IR. Apart from physiological IGF-dependent effects, this carrier protein has
been demonstrated to regulate cell proliferation independently of binding to IGFs [84]. Mochizuki et al.
found that the anti-proliferative and proapoptotic activities of IGFBP-3 are IGF-independent and
attenuate epidermal growth factor (EGF)-induced EC cell proliferation. However, the exact details
of action by which IGFBP-3 inhibits the EGF-mediated survival pathway require elucidation [85].
Recently, the binding of IGFBP-3 to a variety of growth factors was shown to improve the efficacy
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of anti-cancer precision therapy, counteract numerous mechanisms of tumor resistance, and combat
tumor heterogeneity [86].

3.4. Estrogens

Estrogens are important participants in the metabolic regulation, playing a mitogenic role in
the normal endometrium [87]. The effects of estrogen are mostly mediated by three receptors: two
cytosolic estrogen receptors (ER), α (ERα) and β (ERβ), and transmembrane G protein-coupled
estrogen receptor 1 (or GPER). ERs can carry out both genomic (transcription and gene expression
regulation) and nongenomic (regulatory protein modifications) signal transduction. Estradiol (E2),
the principal biologically active form of estrogen, controls insulin activity directly via actions on
insulin-sensitive tissues or indirectly by regulating factors responsible for oxidative stress, with both
outcomes contributing to IR [88]. Of note, some data suggest opposed effects of ERα and ERβ on
glucose tolerance, and that ERβ ligands exert diabetogenic actions [89].

Estrogen signaling causes proliferation of EC [90]. Extensive crosstalk between estrogen signaling
and the insulin/IGF axis was recently thoroughly discussed [91]. Research on ER-positive breast
cancer (cell line MCF-7 xenografts) demonstrated that tamoxifen, a selective ER modulator, effectively
inhibits classical ER-dependent transcription, including the transcription of IGF1R gene product [92].
In vivo studies have shown that E2 improves insulin sensitivity and glucose tolerance via activation of
ERα/PI3K/Akt signaling [93,94]. However, E2 has been demonstrated to inhibit the in vitro binding of
insulin to INSR by binding to both insulin and its receptor instead, an observation strongly suggesting
the ability of E2 to induce IR either directly or indirectly [95]. Attention should be paid to tissue-specific
roles of E2 [96]. Estrogens mediate the expression of IGFs in the uterus, but IGFBPs also interfere with
this process [55,97]. Merritt et al. observed lower expression of IGF1, but higher expression of IGFBP-1
and IGFBP-3, coupled with higher protein expression for ER, INSR, and IGF1R in postmenopausal
endometrium as compared to premenopausal proliferative phase endometrium [98].

Several EC risk factors provide strong support for the hypothesis of the causative role of
unopposed estrogen, stating that EC risks are increased in women with high plasma estrogens and/or
low progesterone, so that estrogenic effects are not sufficiently counterbalanced by the latter [99–101].
Insulin and IGF1 have been shown to stimulate ovarian steroid synthesis, resulting in cellular
proliferation and inhibition of apoptosis in breast epithelium and endometrium [102]. Estrogens,
both internal and from external provision, play a significant role in EC development. The majority
of type I EC cases express ER, and higher ER expression has been associated with better clinical
outcomes [8]. A recent analysis by Tian et al. underlined that insulin and estrogens could exert
combined or even synergistic effects on the progression of type I EC [103]. Estrogens are thought to
trigger proliferation and growth in cancer cells through the activation of ERα and the subsequent
activation of PI3K and MAPK pathways [90]. Furthermore, an in vitro study showed that insulin
directly stimulates aromatase activity in both endometrial glands and stroma, which strongly suggests
that hyperinsulinemia caused by IR predisposes to EC by enhancing endogenous endometrial estrogen
production [104]. Work by Galvão Wolff et al. indicated that IR stimulates endometrial expression of
ERs and progesterone receptors (PRs), thereby contributing to the increased occurrence of endometrial
proliferative lesions [105].

3.5. Sex Hormone-Binding Globulin

The activity of estrogens depends on their bioavailability, which is primarily determined by sex
hormone-binding globulin (SHBG). The synthesis of SHBG occurs in the liver and is increased by
sex steroids (mostly estrogens) and thyroxine, whereas insulin is a known important inhibitor of
its production. Winters et al. found lower serum SHBG and lower hepatic SHBG expression with
increasing IR, together with a weak association between fasting insulin concentration and SHBG mRNA
expression [106]. Not only insulin but also IGF1 inhibits the hepatic production of SHBG [102].
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In premenopausal women, hyperinsulinemia promotes the stimulation of ovarian androgen
synthesis and decreases hepatic production of SHBG. This leads to increased circulating levels of free
androgens. In contrast, in postmenopausal women, adipose tissue is the main source of estrogens
through the aromatization of androgens. Obesity and hyperinsulinemia, if present, further lead to
increased aromatization of androgens and decreased production of SHBG, the results of which are
increased levels of bioavailable estrogen [107]. Excessive estrogens promote the development of EC,
as described by the unopposed estrogen hypothesis.

3.6. Adipokines

The adipose tissue secretes a wide variety of bioactive molecules, including adipokines and
hormones, such as adiponectin, leptin, resistin, visfatin, and chemerin, as well as proinflammatory
cytokines, such as tumor necrosis factor-α (TNF-α) [108]. Among adipokines, adiponectin proved to be
particularly important. Decreased adiponectin production exerts a key role in the pathogenesis
of obesity-associated disorders: arterial hypertension, metabolic syndrome, atherosclerosis,
and cancer [109–111]. Two separate studies demonstrated a significant relationship between high
circulating adiponectin levels and reduced EC risk, an observation largely independent of other
obesity-related risk factors [112,113].

Leptin has contrasting biological functions to adiponectin: it decreases tissue sensitivity to
insulin and increases plasma insulin concentration. Hyperinsulinemia and obesity are therefore linked
with high leptin and low adiponectin levels [114]. The role of leptin in IR is still not fully clarified,
but solid evidence indicates that leptin is a major metabolic regulator of circulating IGFBP-2 [115,116].
A relationship between serum leptin and insulin concentrations has been confirmed, regardless of
body fatness [117–119]. Since obesity and adipokines are independent risk factors for EC, this notion
supports the roles of two distinct mechanisms involved in endometrial carcinogenesis: excess estrogen
and IR [120,121]. Resistance to leptin is considered a hallmark of obesity and has been shown to lead
to hepatic IR [122]. Importantly, leptin plays a proinflammatory role, contributing to the generation
and maintenance of low-grade inflammation, recently also linked to EC [42]. However, literature data
regarding circulating levels of adiponectin and leptin in EC report conflicting results [111,123,124].
Increased circulating adiponectin and adiponectin/leptin ratio and decreased leptin concentration
were shown to be associated with reduced risk for EC [125]. On the other hand, Ma et al. observed
increased leptin and decreased adiponectin levels in EC [126]. Unfortunately, adiponectin and leptin
concentrations and insulin pathway receptor expressions were not found useful for defining molecular
subtypes of EC [127]. Moreover, molecular links between adipokines and cancer cells are complex and
as yet, are not fully understood [128]. It has been hypothesized that circulating levels of adiponectin
and leptin, together with insulin pathway molecules, exert oncogenic effects on endometrial tissue
not only through their impact on the expression of tumor cell receptors but also by the activation of
multiple epigenetic pathways within neoplastic cells and their microenvironment [129,130].

Other adipokines/cytokines of adipose origin such as visfatin, vaspin, and omentin display
proinflammatory properties and affect insulin sensitivity and secretion. Recent research indicates
that serum visfatin concentration is elevated in patients with EC and that combined serum visfatin
and resistin levels could be used to predict the risk of advanced stages of EC [131]. Hlavna et al.
showed increased circulating levels of resistin in EC patients compared with control subjects [132].
Unraveling the pathophysiological roles of adipokines in IR and EC should be prioritized in future
research [133].

4. miRNAs in Both Insulin Resistance and Endometrial Cancer

Post-transcriptional regulation by miRNAs is of interest as a mechanism to silence gene
expression [134]. Aberrant expression of the miRNA profile plays a key role in a wide variety
of physiological processes, including cell proliferation, apoptosis, and tissue differentiation [135]. Yet,
deregulation in miRNA biogenesis and function have been shown to modulate many fundamental
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signaling pathways, including insulin synthesis, secretion, and signal transduction, and therefore,
specific miRNA patterns are likely to play a role in the development of IR and related metabolic
complications [136]. Importantly, miRNA-mediated insulin signaling modulation is tissue- and
cell-specific, with distinct miRNAs modulating components of the insulin transduction pathway
only in some tissues or cells. The basis for IR is multifactorial and includes obesity, inflammation,
mitochondrial dysfunction, endoplasmic reticulum stress, oxidative stress, lipotoxicity/hyperlipidemia,
genetic background, and hypoxia. These factors contribute quite differently to the disruption of insulin
signaling [137].

Various conditions are caused by dysregulation of gene networks due to changes in miRNA
expression, and the association between miRNAs and cancer is currently under vivid investigation [138].
miRNAs regulate cell metabolic processes either directly by targeting key molecules of metabolic
pathways (transporters and enzymes, including kinases), or indirectly by modulating the expression of
important transcription factors [139].

On the one hand, EC molecular subtypes have been shown to demonstrate distinct miRNA
signatures. These miRNA signatures are reduced, and particular levels of depletion are characteristic
for particular EC subtypes [140]. In summary, many miRNAs, either circulating or of tissue origin,
have been found dysregulated in EC. Table 2 presents their comprehensive list.

Table 2. MicroRNAs (miRNAs) found as dysregulated in endometrial cancer (EC).

miRNA Form of
Dysregulation Studied Specimen Reference

Specimen Reference

hsa-miR-1307-3p; hsa-miR-183-3p;
hsa-miR-183-5p; hsa-miR-200b-3p;

hsa-miR-429
up EC Normal

endometrium [141]

hsa-miR-152-3p; hsa-miR-24-1-5p;
hsa-miR-374b-5p; hsa-miR-542-3p down EC Normal

endometrium [141]

miR-650; miR-168; miR-572; miR-200a;
miR-182; miR-622; miR-34a; miR-205 up Endometrioid EC Benign

endometrium [142]

miR-411; miR-487b down Endometrioid EC Benign
endometrium [142]

let-7c-5p; miR-125b-5p; miR-23b-3p;
miR-99a-5p down Endometrioid EC Non-neoplastic

endometrium [143]

let-7g-5p; miR-195-5p; miR-34a-5p;
miR-497-5p down

Endometrioid EC
(grade 1+2) and

serous EC

Non-neoplastic
endometrium [143]

miR-205; miR-182; miR-325; miR-183;
miR-203; miR-210; miR-223; miR-194;
miR-95; miR-151; miR-200a; miR-301;

miR-141; miR-215; miR-103; miR-106a;
miR-191; miR-184; miR-326; miR-34a;

miR-200c; miR-23a

up Endometrioid EC Normal
endometrium [144]

miR-1; miR-101; miR-10b*; miR-127–3p;
miR-132*; miR-133a; miR-133b; miR-136;

miR-136*; miR-139-5p; miR-140-3p;
miR-140-5p; miR-142-3p; miR-142-5p;

miR-143; miR-143*; miR-145; miR-145*;
miR-152; miR-195; miR-196b; miR-199a-5p;

miR-199b-3p; miR-199b-5p; miR-214;
miR-214*; miR-23b; miR-24-1*; miR-27b;

miR-299-3p; miR-299-5p; miR-29b; miR-33a;
miR-337-5p; miR-34b; miR-34b*;

miR-34c-5p; miR-376a; miR-376c; miR-377;
miR-379; miR-381; miR-410; miR-411;

miR-424; miR-450a; miR-455-3p;
miR-455-5p; miR-497; miR-503; miR-542-3p;

miR-542-5p; miR-654-3p; miR-873

down Serous EC Normal
endometrium [145]
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Table 2. Cont.

miRNA Form of
Dysregulation Studied Specimen Reference

Specimen Reference

miR-222; miR-223; miR-186; miR-204 up
Serum of

endometrioid EC
patients

Serum of healthy
controls [146]

miR-186; miR-222; miR-223 up Serum of EC
patients

Serum of healthy
controls [147]

miR-204 down Serum of EC
patients

Serum of healthy
controls [147]

let-7g*; miR-181c*; miR-516a-3p; miR-9;
miR-203; miR-375; miR-652; miR-146a;

miR-9*; miR-210; miR-32; miR-148a;
miR-425; miR-592; miR-21; miR-7-1*;

miR-107

up Endometrioid EC Normal
endometrium [148]

miR-502-3p; miR-130a; miR-214; miR-218;
miR-99a; miR-410; miR-100; miR-199a-3p;

miR-424; miR-199a-5p; miR-214*; miR-99a*;
let-7c; miR-212, miR-130a*; miR-495;

miR-100*; miR-125b*; miR-218-2*;
miR-502-5p; miR-532-5p

down Endometrioid EC Normal
endometrium [148]

miR-31; miR-995-5p; miR-490-3p; miR-644;
miR-522; miR-519d; miR-98; miR-425;

miR-518e; miR-155
up Serous EC Normal

endometrium [148]

miR-370; miR-423-5p down Serous EC Normal
endometrium [148]

miR-516; let-7a; miR-424; miR-496; miR-409;
miR-451; miR-431; miR-516; miR-503;

miR-369; miR-032; miR-032b; miR-425;
miR-181c; miR-19b; miR-009; miR-205;
miR-423; miR-223; miR-183; miR-146;

miR-200c

up Endometrioid EC Normal
endometrium [149]

Nomenclature was given as provided by cited references. EC: endometrial cancer. *: the less expressed strand.

On the other hand, at least several miRNAs are known to be involved in the pathogenesis of cancer.
As for endometrial neoplasia, a 4-miRNA signature (miR-4758, miR-876, miR-142, miR-190b) has been
established as an independent prognostic factor for overall survival in EC patients (area under the
curve (AUC) of receiver operating characteristic (ROC) curve was 0.7 at 5-year overall survival) [150].
By contrast, based on their systematic review, Donkers et al. proposed miR-205, the whole miR-200
family, miR-135b, miR-182, miR-183, and miR-223 as promising diagnostic biomarkers in EC [151].
Such studies were performed in the hope that the expression pattern of miRNA would become an
early diagnostic and prognostic biomarker, whilst particular miRNAs could be identified as novel
therapeutic targets.

Although the pathophysiology that underlies the association of IR with EC requires further
investigation, miRNAs may be a missing link. Of interest, our careful literature search indicated that
dysregulation of at least 13 miRNAs is actually shared by or has been ascribed to both IR and EC.
Table 3 substantiates these findings.

Table 3. miRNAs found as dysregulated in both insulin resistance (IR) and EC.

miRNA Form of
Dysregulation

Target Genes
Involved in IR

Target Genes
Involved in EC Reference

let-7 down IGF1R, IGF2BP-2,
INSR, IRS-1, IRS-2

HMGA2, c-myc,
JAK, Aurora B
kinase, STAT3

[152–154]

miR-9 up OC-2, SIRT1 FOXO1 [155,156]
miR-29a up PPARδ TPX2 [157,158]

miR-29b up CAV2, INSIG1,
PIK3R1 PTEN [159–161]
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Table 3. Cont.

miRNA Form of
Dysregulation

Target Genes
Involved in IR

Target Genes
Involved in EC Reference

miR-29c down HK2, GLUT1, IRS-1 COL4A1 [162,163]
miR-103 up CAV1 TIMP-3 [164,165]
miR-107 up CAV1 ERα [165,166]
miR-126 down IRS-1 IRS-1 [167,168]
miR-141 up FOXA2 PLA2R [169,170]
miR-200 up ZEB1 PTEN [171,172]
miR-221 up SIRT1 SLUG [173,174]
miR-222 up IRS-1 ERα [175,176]
miR-320a up PI3Kp85 IGR1R [177,178]

CAV1, caveolin-1; CAV2, caveolin-2; ERα, estrogen receptor alpha; FOXA2, forkhead box A2; FOXO1, forkhead
transcription factor 1; GLUT1, glucose transporter 1; HK2, hexokinase 2; HMGA2, high mobility group AT-hook
2; IGFBP-2, insulin-like growth factor binding protein 2; IGF1R, insulin-like growth factor receptor; INSIG1,
Insulin-Induced Gene 1; INSR, insulin receptor; IRS-1, Insulin receptor substrate 1; IRS-2, Insulin receptor substrate
2; JAK, Janus protein tyrosine kinase; OC-2, Transcription Factor Onecut-2; PI3Kp85, phosphoinositide 3-kinase
regulatory subunit p85; PIK3R1, phosphatidylinositol 3-kinase regulatory subunit; PLA2R, phospholipase A2
receptor; PTEN, phosphatase and tensin homolog deleted on chromosome 10; SIRT1, Sirtuin 1; SLUG, Zinc Finger
Protein SNAI2 (Snail Family Transcriptional Repressor 2); STAT3, signal transducer and activator of transcription 3;
TIMP-3, tissue inhibitor of metalloproteinase 3; ZEB1, zinc finger E-box-binding homeobox 1.

The let-7 miRNA family, whose decreased expression in EC tissues has been demonstrated, is also
involved in the development of IR [179]. A let-7 loss contributes to carcinogenesis via an increase in its
target oncogenes (such as high-mobility group AT-hook 2 (HMGA2), c-Myc, Janus protein tyrosine
kinase (JAK), Aurora B kinase, and signal transducer and activator of transcription 3 (STAT3)) and
stemness factors [153,154,180]. However, the overexpression of let-7 in mouse skeletal muscles is
related to the impairment of glucose tolerance and enhancement of IR [181]. The lin-28/let-7 axis
regulates the insulin/PI3K/mammalian target of rapamycin (mTOR) pathway via multiple targets,
such as IGF1R, INSR, and insulin receptor substrates 1 and 2 (IRS-1, IRS-2), thereby directly regulating
glucose metabolism [152,182]. Understanding the tissue-specific regulation of let-7 may fill the current
data gap and result in its potential use as a therapeutic for an array of metabolic diseases [183].

Increased expression of miR-9 in EC versus normal endometrial tissue has been shown [184–186].
Myatt et al. demonstrated that miR-9 was increased in EC tissue but lower in HEC-1B (type II EC cell
line) compared with Ishikawa cells (type I EC line). Moreover, miR-9 expression was inversely correlated
with forkhead transcription factor 1 (FOXO1) expression both in EC in vivo and in Ishikawa cells [155].
Two studies reported that the gene for sirtuin 1 (SIRT1), together with FOXO1 and the gene for sterol
regulatory element-binding protein 1 (SREBP-1) act as a pathway involved in tumorigenesis suppression
and play a role in the development of progestin resistance in EC cells [187,188]. Since FOXO1 and
SREBP-1 are targets of insulin, their role in IR can be hypothesized. miR-9 can regulate insulin secretion
by inhibiting transcription factor onecut-2 (OC-2) and SIRT1 in vivo in pancreatic β-islets [156]. In turn,
this decrease in OC-2 in insulin-secreting cells results in an increase in the expression of its target gene,
granuphilin, a key player in insulin secretion and known to negatively regulate insulin exocytosis [189].
mir-9 expression was first thought to be restricted to the brain and pancreatic islets, yet recent studies
emphasize the need to focus on its precise functional role in cancer [190].

Members of the miR-29 family (i.e., miR-29a, b, and c) have been shown to be involved in
the EC development [191]. Specifically, miR-29b was found to play important roles in proliferation
and progression in EC cells by direct regulation of PTEN, whose involvement in inhibiting cell
migration, invasion, and cytoskeleton rearrangement has been proven [161]. Chen et al. demonstrated
that miR-29b contributes to EC angiogenesis by targeting both MAPK/ERK and PI3K/Akt signaling
pathways [160]. Significant downregulation of miR-29c was observed to occur in EC, possibly resulting
in increased cell proliferation and collagen type IV alpha 1 synthesis [163]. The miR-29 family is
involved in IR, as its in vivo suppression in adult mice led to a significant reduction of fasting blood
glucose concentration and improvement in insulin sensitivity [192]. A study by Massart et al. reported
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that miR-29a and miR-29c expression are increased in skeletal muscle from patients with T2DM,
playing a pivotal role in glucose and fatty acid metabolism [162]. In line with this, silencing miR-29a
resulted in decreased glucose transport and altered lipid metabolism in myotube cells, indicating the
involvement of this miRNA in IR by targeting peroxisome proliferator-activated receptor δ (PPARδ) in
skeletal muscle [157]. The various mechanisms of action by the miR-29 family suggest its dichotomous
role as a tumor suppressor and oncogene based on tissue specificity [193,194].

Other miRNAs involved in both IR and EC are miR-103 and miR-107. An in vitro study
by Du et al. showed that miR-103 overexpression significantly promoted EC cell proliferation,
whereas downregulation significantly suppressed EC cell proliferation [195]. miR-103 has been
demonstrated to directly target tissue inhibitor of metalloproteinase 3, leading to an imbalance
between matrix metalloproteinases and their tissue inhibitors, well known to play a critical role
in tumor development [164]. Hepatic miR-103 overexpression in obese mice promotes glucose
intolerance and IR [165]. In turn, miR-107-5p promotes EC progression and invasion by targeting
ERα [166]. miR-103/107 inactivation leads to increased expression of caveolin-1 (CAV1) in adipocytes,
thereby reducing downstream insulin signaling and decreasing adipocyte size [165]. Interestingly,
miR-103 and miR-107 target RNase III-like enzyme named DICER, which is a key component of the
miRNA processing machinery, resulting in global miRNA inhibition. However, these inhibiting effects
may also be mediated by other miRNAs [140].

miR-126 has been reported to directly target IRS-1 in SK-Hep1 hepatocytes [167]. This miRNA
was found to be frequently downregulated in EC. Moreover, IRS-1 is involved in miR-126-mediated
EC cell migration and invasion, thus raising a possibility of miR-126-based molecular targeted therapy
for EC [168].

High expression of the miRNA-200 family (including miR-141, miR-200a, miR-200b, miR-200c,
and miR-429) has been demonstrated in endometrioid EC compared with normal endometrium,
suggestive of their substantial role in cancer growth [196]. Importantly, miR-200 has been implicated
in IR by inducing pancreatic β-cell proinflammatory state and damage, and by downmodulating
IRS-2 [197,198]. An in vitro study by Lu et al. showed that the expression of the miR-200 family
in Ishikawa cells (type I EC cell line) was increased when compared with HEC-1B cells (type II
EC line). There is convincing evidence that dynamic expression changes during transition from
the normal to cancerous state reflect a link between ovarian steroids and the miRNA expression
pattern [199]. Zinc finger E-box binding homeobox 1 (ZEB1) is a target gene of miR-200. The product
of this gene is involved in epithelial–mesenchymal transition (EMT), which contributes to cancer
invasion, metastasis, recurrence, and therapeutic resistance [200–202]. Therefore, there should be
a role for miR-200 in EMT. Upregulation of miR-141 has been demonstrated in IR, as well as in
EC [169,170,196]. The increased expression of miR-141 resulted in impaired glucose-stimulated insulin
secretion and pancreatic β-cell proliferation. In addition, a positive correlation was observed in diabetic
patients between miR-141 expression and blood glucose concentration. Forkhead box A2 (FOXA2) was
identified as a direct miR-141 target gene [170]. Separate work demonstrated that FOXA2 must be
important in tumorigenesis based on its role in the inhibition of EMT in cancer [203,204].

Interestingly, miR-221 and miR-222 are also related to both IR and EC. Ramon et al. showed
a significant downregulation of miR-221/222 in endometrioid EC in comparison with control
endometrium. miR-221 and -222 were negatively correlated with the vascular endothelial growth
factor A (VEGF-A) protein level, an observation suggesting their involvement in the mechanism of
increased VEGF-A ratios observed in EC. miR-222-3p expression was found lower in ERα-positive EC
tissues as compared with ERα-negative ones [205]. Consequently, the level of miR-222-3p expression
was lower in tumors of lower grades and earlier stages. Further, regulation of ERα expression by
miR-222-3p was confirmed in RL95-2 EC cells [176]. Overexpression of miR-221 caused inflammation
and IR in differentiated 3T3-L1 adipocytes through the suppression of SIRT1 [173]. An in vitro study on
preadipocytes demonstrated that leptin and TNF-α downregulate miR-221, which inversely affects the
adiponectin receptor 1 (ADIPOR1) and transcription factor v-ets erythroblastosis virus E26 oncogene
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homolog 1 (ETS1) expression. Adiponectin signaling promotes insulin sensitivity, and ETS1 is known
to regulate the expression of cytokines, chemokines, and other genes involved in angiogenesis [206].
The association of miR-221 in the complex interplay between ERα, PR, hypoxia-inducible factor 1-alpha
(HIF1-α), and zinc finger protein SNAI2 (snail family transcriptional repressor 2) (SLUG) has been
demonstrated and ascribed to EMT in endometrioid EC [174].

A recent communication reported on downregulated expression of miR-320a in EC [177].
From Abbas et al., miR-320a induces proliferation inhibition in EC cells, IGF1R is a direct functional
mediator for miR-320a, and IGF1R is a critical negative regulator of insulin sensitivity in the
endothelium [207]. Additionally, a study by Ling et al. showed that miR-320 increases insulin
sensitivity of insulin-resistant 3T3-L1 adipocytes [178]. miR-320 may inhibit insulin/PI3K signaling in
adipocytes, leading to IR; thus, anti-miR-320 oligo has been proposed as a potentially new therapeutic
strategy to control IR [178].

Another aspect of the EC relationship with IR is the pleiotropic function of adipokines.
Adipokine-regulated miRNAs can act as either oncogenic or anti-tumoral factors [208]. Moreover,
adipose tissue is a major source of circulating miRNAs and they constitute a novel class of adipokines
that can act as regulators of metabolism in tissues other than fat [209,210]. The discovery of cell signaling
mechanisms followed by the appreciation of a wide network of miRNA-target genes’ expression
patterns has been crucial to identify the adipokine-regulated miRNAs in the development of EC.
However, the data from human patients are limited and large in vivo studies are needed [211].

It has been hypothesized that the role of miRNAs in the metabolic crosstalk is not only between
cellular and non-cellular components within the tumor microenvironment but also between cancerous
and other cells, such as adipocytes [174]. Another suggestion is that transfer of specific adipose cell-
or other cell-derived miRNAs may be involved in the regulation of endometrial tumor progression,
providing a new form of intercellular communication. Overexpressed miRNAs are included in
exosomes released from cells and play a functional role in cell-to-cell communication [212].

5. Perspective and Future Directions

Although diabetes has long been known to be an independent risk factor for EC, little is known
about the relationships between IR and EC [213]. Literature data were unable to indicate clear
associations between insulin, IGFs, and sex steroid hormones with EC incidence because of the
multitude of dysregulated pathways that lead to EC progression. Yet, meta-analyses support the theory
about the association between IR and EC. Currently, there is still a need for new precise molecular
tools for the early diagnosis, risk assessment, and prediction of EC development, and miRNA may be
a promising marker [214].

Epidemiological and cohort studies should determine the risk of EC in patients with IR based on
miRNA expression pattern. That would allow timely intervention(s) to prevent cancer development.
Patients with T2DM, prediabetes, metabolic syndrome, and PCOS should be included.

Taking into account that EC is a hormone-dependent cancer, studies on epigenetic mechanisms,
including miRNA and sex steroid pathway profiling, both in cancer and IR, are worth undertaking. EC
molecular subtypes have been shown to demonstrate distinct miRNA signatures [141]. These miRNA
signatures are reduced, and particular levels of depletion are characteristic for particular EC
subtypes [140]. A long-term follow-up of patients with these specific cancer subtypes is now
mandatory to unveil the clinical significance of miRNA signatures. Similarly, long-term studies should
reveal the significance of miRNAs in reference to type I and II EC. The thirteen miRNAs found by us to
be dysregulated in both IR and EC are worth special attention.
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6. Conclusions

This review highlights changes in miRNA involved in both IR and EC. In support of the possible
role of miRNA in both conditions, our careful literature search found that dysregulation of at least
13 miRNAs has been ascribed to both IR and EC. Therefore, miRNA could represent a potential
molecular link between the metabolic alterations related to IR and EC. There is a reasonable possibility
for miRNAs to become a predictive factor of future EC in IR patients.
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Simple Summary: Cigarette smoke is a major carcinogen that causes lung cancer and induces
DNA methylation. DNA methylation regulates the expression of microRNA (miRNAs), which are
important regulators of cancer biology. However, the association between smoking and miRNAs
has not been fully elucidated in smoking-related lung carcinogenesis. In this study, we found that
miR-584-5p expression was downregulated with cancer progression using a lung carcinogenesis
model cell line. Moreover, we demonstrated that miR-584-5p is downregulated by the methylation of
its promoter region and that it suppresses migration and invasion by targeting YKT6 in smoking-
related non-small cell lung cancer (NSCLC) cells. Our results provide a better understanding of the
underlying changes in miRNA expression in smoking-related lung carcinogenesis and suggest that
miR-584-5p is a potential molecular biomarker for smoking-related NSCLC.

Abstract: Cigarette smoke (CS) affects the expression of microRNAs (miRNAs), which are important
regulators of gene expression by inducing DNA methylation. However, the effects of smoking on
miRNA expression have not been fully elucidated in smoking-related lung carcinogenesis. Therefore,
in this study, to investigate the change of miRNA expression pattern and to identify tumor suppressor
miRNAs by smoking in lung carcinogenesis, we used lung carcinogenesis model cell lines that,
derived from a murine xenograft model with human bronchial epithelial cells (BEAS-2B), exposed
CS or not. The microarray analysis revealed that miR-584-5p expression was downregulated with
cancer progression in lung carcinogenesis model cell lines. We confirmed by pyrosequencing that
the methylation level of the miR-584-5p promoter increased with cancer progression. In vitro and
in vivo experiments showed that miR-584-5p suppressed migration and invasion in non-small cell
lung cancer (NSCLC) cells by targeting YKT6. Furthermore, we showed that high level of YKT6 was
associated with a poor survival rate in NSCLC patients with a history of smoking. These results
suggest that miR-584-5p acts as a tumor suppressor and is a potential molecular biomarker for
smoking-related NSCLC.

Keywords: smoking; non-small cell lung cancer; methylation; miR-584-5p; YKT6
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1. Introduction

Lung cancer (LC) is one of the most common cancers worldwide [1,2] and is classified
into two main categories: small cell lung cancer (SCLC) and non-small cell lung cancer
(NSCLC). NSCLC accounts for about 85% of all lung cancers and is classified into three
main histological subtypes: adenocarcinoma, squamous cell carcinoma, and large cell
carcinoma [3,4]. LC is caused by factors such as smoking, exposure to radon, exposure
to asbestos, and air pollution. Among these, smoking is the major risk factor for devel-
opment of LC. In addition, the lungs are the major organ affected by cigarette smoke,
and smoking accounts for 87% of deaths from LC [5]. Cigarette smoke (CS) contains a
complex mixture of about 5000 chemicals, including nicotine, tar, benzo(a)pyrene (BaP),
acetaldehyde, and nitric oxide (NO). Of these, more than 60 CS compounds are well known
carcinogens [6]. Despite the proven relationship between smoking and increased risk of
LC, the underlying mechanisms of how smoking contributes to lung carcinogenesis are not
completely understood [7].

Smoking is known to contribute to carcinogenesis by causing epigenetic changes, such
as DNA methylation and histone modification [8]. The DNA methylation of promotor
regions regulates gene expression by suppressing the transcription of protein-coding genes
and microRNA-coding genes [9]. Although DNA methylation is essential for the normal
functioning of cells, abnormal hypermethylation and hypomethylation can contribute to
cancer [10]. For example, DNA methylation of the promoter regions of tumor suppressor
genes can contribute to tumor formation [11,12]. Therefore, an assessment of the methyla-
tion status of the promoter regions of specific genes has been proposed as a method for the
early detection of cancer [13].

MicroRNAs (miRNAs) are small non-coding RNAs that regulate target gene expres-
sion by binding to complementary bases in the 3′ untranslated region (UTR) of their target
mRNAs [14,15]. miRNAs regulate various biological processes, including those involved
in critical pathways related to cell proliferation, apoptosis, metastasis, and invasion [16].
Several studies have shown that the expression level of specific miRNAs varies according
to disease stage [17]. However, no prior studies have examined miRNA expression pattern
in lung carcinogenesis due to smoking. Therefore, we analyzed changes in the miRNA
expression pattern and degree of methylation using a lung carcinogenesis model cell line
(Table 1). As a result, we identified a tumor suppressor miRNA that plays an important
role in smoking-related lung cancer and investigated its biological role in smoking-related
NSCLC cells.

Table 1. Characteristics of the lung carcinogenesis model cell lines.

Cell Lines Histological Stage a CSC Exposure Tumorigenicity b Histology

1799 Immortalized - - Adenocarcinoma
1198 Transformed + - Adenocarcinoma
1170I Tumorigenic + + Adenocarcinoma

Abbreviations: CSC (Cigarette Smoke Condensate). a Lacroix et al. [18] and b Klein-Szanto et al. [19].

2. Materials and Methods
2.1. Cell Culture and Transfection

Human lung cancer cell lines (H1703, A549, H522, H1299, and H358) were acquired
from American Type Culture Collection (ATCC) (Manassas, VA, USA) and cultured in
Roswell Park Memorial Institute (RPMI)—1640 with 1% of antibiotics and 10% of fetal
bovine serum (FBS) (HyClone, Logan, UT, USA). To establish stable cell lines overexpressing
miR-584-5p, A549 cells were infected with Lv12-u6/miR-584-5p or the negative control
(Genepharma, Shanghai, China). Forty-eight hours after infection, cells were treated with
1-µg/mL puromycin to select transformed cells. BEAS-2B (human bronchial epithelial
cells) and lung carcinogenesis model cell lines (1799 cells, normal immortalized cells; 1198
cells, transformed cells; and 1170I, tumorigenic cells) were gifts from Dr. Curtis Harris
(National Institutes of Health, Bethesda, MD, USA) [20] and Dr. Andres Klein-Szanto (Fox
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Chase Cancer Center, Philadelphia, PA, USA) [19]. Culture conditions for BEAS-2B and
lung carcinogenesis model cell lines were described in a previous study [21]. All cells
were incubated at 5% CO2 and 37 ◦C. miR-584-5p mimics and negative controls were
generated by Ambion (Thermo Fisher Scientific, Austin, TX, USA). Negative control small
interfering RNA (siRNA) and YKT6 siRNA were purchased from Santa Cruz Biotechnology
(Santa Cruz, CA, USA). miRNA and siRNA were used at 20 nM and transfected into
cells with Lipofectamine RNAiMAX (Invitrogen, Carlsbad, CA, USA), according to the
manufacturer’s instructions. pCMV6 control plasmid and pCMV6-YKT6 were purchased
from Origene (Rockville, MD, USA). In rescue experiments, cells were co-transfected with
miR-NC or miR-584-5p mimics and pCMV6 control vector or YKT6 overexpression vector
using Lipofectamine 3000 (Invitrogen, Carlsbad, CA, USA).

2.2. Treatment with Demethylation Agent

Cells were treated with 5-aza-2′-deoxycytidine (5-Aza-dC) or DMSO (Sigma-Aldrich,
St. Louis, MO, USA) as the control for 72 h. Then, cells were seeded for migration and
invasion assays. Cell pellets were stored at −80 ◦C for DNA and RNA experiments.

2.3. Microarray Analysis

MicroRNA expression in lung carcinogenesis model cell lines (1799, 1198, and 1170I)
was analyzed using Affymetrix’s Gene Chip miRNA Array 4.0 (Affymetrix, Santa Clara,
CA, USA). Total RNA (500 ng), including miRNA, was biotin HSR-labeled using FlashTag.
Samples were hybridized to the Affymetrix miRNA microarray (DNA link, Seoul, Korea)
in a hybridization oven according to the protocols provided by the manufacturer.

2.4. Pyrosequencing Analysis

Genomic DNA was extracted from cell pellets using the QIAamp DNA Blood Mini
kit (QIAGEN, Hilden, Germany) and quantified by Nanodrop (NanoDrop Technologies,
Wilmington, DE, USA). Genomic DNA (300 ng) was used in bisulfite conversion reac-
tions with the Lightning kit (Zymo Research, Irvine, CA, USA), according to the man-
ufacturer’s protocols. Pyrosequencing was performed according to the manufacturer’s
protocols (PyroGold Reagent kit, QIAGEN) by a service provider (Genomictree, Daejeon,
Korea). PCR conditions consisted of incubation at 95 ◦C for 10 min, followed by 45 cy-
cles of 95 ◦C for 30 s, 55 ◦C for 30 s, and 72 ◦C for 30 s and then a final annealing and
extension step at 72 ◦C for 5 min. Primer sequences were as follows: primer 1, miR-
584-5p (-730)-F: ATTAAAGGTTGTATTGTGTATTGA, miR-584-5p (-730)-R: biotin- CAC-
CCATATATATACCATCCTAC, and miR-584-5p (-730)-S: TTGTGTATTGAGTAGGTT and
primer2, miR-584-5p (-730)-F: ATTAAAGGTTGTATTGTG TATTGA, miR-584-5p (-730)-R:
biotin-CACCCATATATATACCATCCTAC, miR-584-5p (-730)-S: TTGTGTATTGAGTAG-
GTT, primer 3, miR-584-5p (-583)-F: GGTTAGGGTA GGATGGTATATATATGG, miR-584-5p
(-583)-R: biotin-CCCAACAAATCCCTAAAC CTCTA, and miR-584-5p (-583)-S: GGTG-
GTTGTTTTTGTAT.

2.5. Gene Expression Omnibus (GEO) Database Analysis

Microarray data (https://www.ncbi.nlm.nih.gov/geo/; accession numbers GSE74190
and GSE19945) were used in this study to evaluate the expression levels of miR-584-5p
in various tumor types. The GSE74190 dataset includes data from 18 small cell lung
carcinoma (SCLC) tissue samples, 29 squamous cell carcinoma (SQ) tissue samples, and
44 adjacent normal tissue samples, while the GSE19945 dataset contains microarray data
from 35 SCLC tissue samples, five SQ tissue samples, and eight adjacent normal tissue
samples. We also used microarray data (accession number GSE31210) to evaluate the
association between the expression level of YKT6 mRNA and survival rate. The GSE31210
dataset contains data from lung tumor and normal tumor tissue samples. An independent
Student’s t-test was performed to determine the significant difference in the miR-584-5p
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expression between lung cancer tissues and adjacent normal control tissues. p < 0.05 was
considered statistically significant.

2.6. RNA Isolation and Real-Time RT-PCR

Total RNA was isolated using Qiazol reagent (QIAGEN). miRNA was purified and
extracted using the miRNeasy Mini kit (QIAGEN) according to the manufacturer’s recom-
mendations. Complementary DNA (cDNA) synthesis was performed using the TaqMan™
MicroRNA reverse transcription kit (Applied Biosystems, Foster City, CA, USA), and Taq-
Man real time-PCR was carried out according to the manufacturer’s instructions (Applied
Biosystems). The expression of YKT6 mRNA was measured by SYBR Green quantita-
tive PCR (Applied Biosystems). The expression of miR-584-5p was normalized to that of
RNU6B, and the mRNA expression of YKT6 was normalized to that of β-actin.

2.7. Dual-Luciferase Reporter Assay

For the dual-luciferase reporter assay, the cells were seeded in 96-well plates at a num-
ber that reached confluency after a 72-h incubation. Then, the cells were co-transfected with
20-nM miRNA mimics or negative control miRNAs and 500 ng of pGL3-wt-YKT6 3′UTR
or pGL3-mut-YKT6 3′UTR using Lipofectamine 3000. Forty-eight hours after transfection,
luciferase activities were measured using the Dual-Glo Luciferase Assay System (Promega,
Madison, WI, USA).

2.8. Wound-Healing Assay

For the dual-luciferase reporter assay, cells were seeded in 96-well plates at a number
that ensured confluency after a 72-h incubation. Then, cells were co-transfected with 20-nM
miRNA mimics or negative control miRNAs and 500 ng of pGL3-wt-YKT6 3′UTR or pGL3-
mut-YKT6 3′UTR using Lipofectamine 3000. Forty-eight hours after transfection, luciferase
activities were measured using the Dual-Glo Luciferase Assay System (Promega).

2.9. Trans-Well Assays

Invasion assays were carried out in 24-well Transwell chambers (Corning Costar Corp,
Corning, NY, USA). Forty-eight hours after transfection, 1 × 105 cells were seeded in the
upper chamber in 200 µL serum-free medium, whereas the bottom chamber was filled
with 750 µL 10% FBS medium. Twenty-four and 48 h later, respectively, the two chambers
were washed and wiped off, and cells were fixed with 4% paraformaldehyde and 100%
methanol. Next, chambers were stained with 0.1% crystal violet. Cells were counted and
photographed in five randomly selected fields.

2.10. Western Blot Analysis

Cells were harvested and lysed in RIPA buffer with a protease inhibitor cocktail
(1183170001, Roche, Hvidovre, Denmark) and phosphatase inhibitor cocktail (04906837001,
Roche, New York, NY, USA). Total protein lysates were separated by 10% SDS-PAGE
and transferred to Nitrocellulose membranes (66485, Pall Corporation, Port Washington,
NY, USA). Membranes were then incubated with primary antibodies at 4 ◦C overnight.
Subsequently, membranes were incubated with secondary antibodies at room temperature.
Western blot analyses were carried out using the following antibodies: YKT6 (cat# sc-365732,
Santa Cruz Biotechnology), matrix metalloproteinase 9 (MMP-9) (cat# 13667, Cell Signaling
Technology, Danvers, MA, USA), and β-actin (cat# A5316, Sigma-Aldrich, St. Louis, MO,
USA). Signals were visualized by enhanced chemiluminescence assays (Bio-Rad, Hercules,
CA, USA).

2.11. Animal Studies

BALB/c athymic nude mice (3 to 4 weeks old) were purchased from Orient Bio Animal
Center (Seongnam, Korea). All animal experiments were performed in accordance with
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the International Animal Care Use Committee (IACUC) of Korea University College of
Medicine (IACUC approval No. KOREA-2019-0122-C1, date 8 January 2020).

2.11.1. In Vivo Tumorigenicity Assays

Ten mice were randomly divided into two groups (n = 5): an Lv-miR-NC group and
an Lv-miR-584-5p-overexpression group. A total of 1 × 106 A549 cells transfected with Lv-
miR-584-5p (or Lv-miR-NC) in 200 µL of PBS and Matrigel (356231, Corning Costar Corp)
(1:1) mixture was injected subcutaneously into the flanks of mice to generate xenograft
tumors. Tumor growth and weights were monitored every day. After thirty-two days,
mice were sacrificed, and all tumor tissues were fixed with 4% paraformaldehyde. The
expression of YKT6 in tumors was detected by qRT-PCR and immunohistochemistry assays.

2.11.2. In Vivo Metastasis Assays

A549 cells were transfected with Lv-miR-NC or Lv-miR584-5p. Sixteen mice were
randomly divided into two groups (n = 8). A total of 1 × 106 transfected cells in PBS was
injected through the tail vein. Seventy-nine days after injection, mice were sacrificed. Lung
tissues were collected and fixed in 4% formalin.

2.12. Immunohistochemistry

Paraffin sections from tumor tissue samples in mice were prepared to detect the Ki-
67(Dako, Glostrup, Denmark), YKT6 (cat# PA5-56565, Invitrogen). Immunostaining was
performed using the Polink-2 Plus HRP Broad Kit with DAB detection system (GBI Labs,
Mukilteo, WA, USA) according to the manufacturer’s protocols. The stained sections slides
were visualized using the Slide Scanner (Axio Scan Z1, ZEISS, Oberkochen, Germany).

2.13. TUNEL Assay

We detected apoptosis in tumor tissue samples using an ApopTag Peroxidase in situ
apoptosis detection kit (Merck Millipore, Darmstadt, Germany) according to the manufac-
turer’s instructions. The number of apoptosis-positive cells was counted under microscopy.

2.14. Kaplan–Meier Plot Analysis

Kaplan–Meier plot (https://kmplot.com/analysis/) analysis was utilized to deter-
mine the correlation between the mRNA expression of YKT6 and survival outcomes in
lung cancer patients with smoking experience. The Affymetrix ID corresponding to YKT6
is 217784_at.

2.15. Statistical Analysis

Each of our experiments was performed at least three times to ensure reproducibility.
Data are expressed as mean ± standard deviation. A p-value < 0.05 was considered
statistically significant. The significance of differences between groups was determined by
Student’s t-test in GraphPad Prism 5.0 (GraphPad Inc., San Diego, CA, USA).

3. Results
3.1. miR-584-5p Expression Is Downregulated in Lung Carcinogenesis Model Cell Lines

We hypothesized that the expression of tumor suppressor miRNAs would decrease
with progression of lung carcinogenesis caused by smoking. Thus, we analyzed the fol-
lowing cell lines, all of which were derived from a single cell line but represent different
lung cancer development stages: (Cigarette Smoke Condensate or CSC-nonexposed, im-
mortalized) 1799 cells vs. (CSC-exposed, transformed) 1198 cells and (CSC-nonexposed,
immortalized) 1799 cells vs. (CSC-exposed, tumorigenic) 1170I cells. (Figure 1A,B). The
microarray data analysis showed that the expression of eight miRNAs (miR-183-5p, miR-
424-5p, miR-29c-5p, miR-4448, miR-584-3p, miR-3180-3p, miR-584-5p, and miR-1183) was
significantly downregulated in these lung carcinogenesis model cell lines as the cancer pro-
gressed (Figure 1C). We then validated the expression of these eight miRNAs and confirmed
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four of the eight (miR-183-5p, miR-424-5p, miR -29c-5p, and miR-584-5p) were consistent
with the analysis results of the microarray (Figure 1D). Furthermore, we evaluated the
methylation levels of the promoter regions of these miRNAs in the lung carcinogenesis
model cell lines. As shown in Figure 1E, among the four miRNAs, the methylation level of
only the miR-584-5p promoter region increased significantly according to stage of cancer
progression. These results indicate that the CpG regions methylation level of the promoter
of miR-584-5p was negatively correlated with the expression of this miRNA in 1799, 1198,
and 1170I cells. Additionally, we evaluated expression level of miR-584-5p in the Gene Ex-
pression Omnibus (GEO) database. We found that miR-584-5p expression was significantly
downregulated in the lung tissue of patients with smoking-related lung cancer compared
to adjacent normal tissues (GSE74190 and GSE19945) (Figure 1F).

Figure 1. Cont.
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Figure 1. miR-584-5p was downregulated in lung carcinogenesis model cell lines. (A) Heat map clustering of differentially
expressed microRNAs (miRNAs) in lung carcinogenesis model cell lines. Columns: lung carcinogenesis model cell lines
(1799, 1198, and 1170I) and rows: miRNA (B) The Venn diagram shows the categories of the analysis group. Cigarette Smoke
Condensate (CSC)-nonexposed, immortalized 1799 cells were compared with CSC-exposed, transformed 1198 cells, and
CSC-nonexposed, immortalized 1799 cells were compared with CSC-exposed, tumorigenic 1170I cells. The eight miRNAs
shown below the diagram are common miRNAs that showed decreased expression in 1198 cells compared to 1799 cells and
in 1170I cells compared to 1799 cells. Threshold of >3.5-fold change and p < 0.05 were used to determine the significantly
regulated miRNAs. (C) Microarray analysis of the expression of the eight miRNAs in lung carcinogenesis model cell lines.
(D) qRT-PCR analysis of the eight miRNAs in lung carcinogenesis model cell lines; * p < 0.05, ** p < 0.01, and *** p < 0.001.
(E) Methylation levels of the eight miRNAs in lung carcinogenesis model cell lines as determined by pyrosequencing.
(F) Microarray analysis of miR-584-5p expression in tissues of lung cancer patients (https://www.ncbi.nlm.nih.gov/geo/;
Gene Expression Omnibus (GEO) database accession numbers GSE74190 and GSE19945); *** p < 0.001.

3.2. miR-584-5p Regulates Migration and Invasion in Lung Carcinogenesis Model Cell Lines

We analyzed the methylation levels of six regions of the miR-584-5p promoter in lung
carcinogenesis model cell lines. The 1170I cell line, which was the most highly methylated,
showed the highest level of demethylation after treatment with the demethylation agent,
5-aza-2′-deoxycytidine (Figure 2A,B). In particular, among the CpGs, region 5 was the most
demethylated after 5-aza-dC treatment (83% to 25%) in the 1170I cell line, followed by the
1198 cell line (80% to 42%), whereas the methylation levels of the 1799 cell line were not
affected by the 5-aza-dC treatment (Figure 2C). These results indicate that downregulation
of miR-584-5p was due to methylation of the promoter region of this miRNA and that
region 5 is the major methylated CpG region in the promoter regions. In addition, the
5-aza-dC treatment restored miR-584-5p expression in 1198 and 1170I cell lines but not in
the 1799 cell line (Figure 2D). Next, we investigated the migration and invasion ability of
1198 and 1170I cell lines in response to miR-584-5p overexpression. The overexpression
of this miRNA in 1170I cells significantly reduced their migration and invasion ability,
whereas miR-584-5p overexpression in 1198 cells decreased their migration ability only
(Figure 2E,F).
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Figure 2. miR-584-5p downregulation is associated with hypermethylation in lung carcinogenesis model cell lines. (A) The
CpG regions of miR-584-5p were predicted by MethPrimer (http://www.urogene.org), and the analyzed area is indicated
with a green box. (B,C) The methylation levels and methylation signal intensity in lung carcinogenesis model cell lines with
or without 5-aza-2′-deoxycytidine (5-aza-dC) treatment for 72 h by pyrosequencing. * p < 0.05. (D) The level of miR-584-5p
expression in lung carcinogenesis model cell lines with or without 5-aza-2′-deoxycytidine (5-aza-dC) treatment for 72 h by
qRT-PCR. * p < 0.05. Representative images and quantification of wound-healing (E) and Transwell (F) assays in 1198 and
1170I cells transfected with miR-584-5p mimic and the negative control. * p < 0.05.
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3.3. Downregulation of miR-584-5p Expression Is Associated with Hypermethylation of Promoter
CpG Island in Smoking-Related NSCLC Cells

We examined endogenous miR-584-5p levels in smoking-related NSCLC cell lines
(H1703, H522, A549, H1299, and H358) and a normal human bronchial epithelial cell
line (BEAS-2B). As shown in Figure 3A, miR-584-5p was significantly downregulated in
the H1703, H522, and A549 cell lines but upregulated in the H1299 and H358 cell lines
compared with the BEAS-2B cell line. Next, we investigated the methylation levels of
those NSCLC cell lines. Most miR-584-5p promoter CpGs were more highly methylated in
H1703 and A549 cells than in the other cell lines evaluated (Figure 3B). Consistent with our
previous findings, region 5 of CpGs was the most strongly affected by 5-aza-dC treatment
(Figure 3C). In addition, a significant dose-dependent increase of miR-584-5p expression
was detected in H1703 and A549 cells (Figure 3D).

Figure 3. miR-584-5p expression was regulated by hypermethylation in smoking-related non-small cell lung cancer
(NSCLC) cells. (A) qRT-PCR analysis of miR-584-5p expression level in smoking-related NSCLC cells; *** p < 0.001.
(B) Basal methylation level of six CpGs of the miR-584-5p promoter in smoking-related NSCLC cells, as determined by
pyrosequencing. (C) Methylation level of six CpGs of the miR-584-5p promoter in smoking-related NSCLC cells after
5-aza-2′-deoxycytidine (5-aza-dC) treatment, as determined by pyrosequencing. (D) qRT-PCR analysis of the miR-584-5p
expression level in smoking-related NSCLC cells after 5-aza-2′-deoxycytidine (5-aza-dC) treatment; * p < 0.05.

3.4. miR-584-5p Suppresses Migration and Invasion in Smoking-Related NSCLC Cell Lines

We next investigated the role of miR-584-5p in smoking-related-NSCLC cell migration
and invasion in H1703 and A549 cells (two cell lines with a low expression of miR-584-5p
and elevated methylation level). Consistent with our previous findings (Figure 2E,F), the
migration and invasion abilities of H1703 and A549 cells were significantly decreased
by miR-584-5p overexpression (Figure 4A,B). Additionally, we investigated changes in
metastatic ability after 5-aza-dC treatment. Interestingly, 5-aza-dC treatment suppressed
the migration and invasion of H1703 and A549 cells (Figure 4C,D). Several studies have
reported that the inhibition of matrix metalloproteinases (MMPs) is involved in decreased
cancer cell migration and invasion in NSCLC [22,23]. Thus, we evaluated the protein levels
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of the lung cancer metastasis-related factors, including MMP-9. As shown in Figure 4E, the
expression of MMP-9 in smoking-related-NSCLC cells was decreased by an overexpression
of miR-584-5p.

Figure 4. miR-584-5p inhibits the migration and invasion of smoking-related NSCLC cells in vitro. Representative images
and quantification of the wound-healing assay (A) and Transwell assay (B) in H1703 and A549 cells transfected with
miR-584-5p mimic or the negative control; * p < 0.05. Representative images and quantification of the wound-healing assay
(C) and Transwell assay (D) in H1703 and A549 cells after the treatment with 5-aza-2′-deoxycytidine (5-aza-dC); * p < 0.05
and ** p < 0.01. (E) Effects of miR-584-5p mimic on the matrix metalloproteinase 9 (MMP-9) protein expression level as
determined by the Western blot assay. Full Western Blot images can be found in Figure S1.

3.5. miR-584-5p Inhibits Tumor Growth and Lung Metastasis Abilities of NSCLC Cells In Vivo

To examine the effects of miR-584-5p on tumor growth and lung metastasis abilities
in vivo, we generated a stable cell line, which were infected with Lv-miR-584-5p in A549
cells and verified the expression of miR-584-5p (Figure 5A). Then, Lv-miR-NC-A549 and
Lv-miR-584-5p-A549 cells were subcutaneously injected into nude mice. After 32 days, we
identified that the average tumor volumes and weights were significantly reduced in the
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miR-584-5p-overexpressing group (Figure 5B–D). We also confirmed that the expression of
miR-584-5p was more upregulated in the tumors of the miR-584-5p-overexpressing group
than in the tumors of the miR-NC group (Figure 5E).

Figure 5. miR-584-5p suppresses tumor growth of smoking-related NSCLC cells in vivo. (A) Verification of the expression
level of miR-584-5p by qRT-PCR in A549 cells infected with miR-584-5p-overexpressing lentivirus (Lv-miR-584-5p) or miR-
negative control lentivirus (Lv-miR-NC); *** p < 0.001. (B) BALB/c nude mice (n = 5 mice per group) were subcutaneously
injected with A549 cells infected with Lv-miR-584-5p or Lv-miR-NC. Representative images of tumors from BALB/c nude
mice from the two groups. Scale bar represents 100 mm. (C,D) Tumor volumes and weights were measured in the two
groups; * p < 0.05 and ** p < 0.01. (E) Verification of the expression level of miR-584-5p by qRT-PCR from xenograft tumors
in the two groups; * p < 0.05. (F) Representative images of hematoxylin and eosin (H&E)-stained xenograft tumor sections
from the two groups; magnification 100× and 400×, scale bar = 200 µm. Representative images are immunohistochemical
(IHC) staining results for Ki-67 (G) and apoptotic cells (H) in xenograft tumor sections from the two groups; * p < 0.05 and
** p < 0.01. scale bar = 100 µm.
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Hematoxylin and eosin (H&E) staining of tumor samples showed that miR-584-5p
expression impaired tumor formation in the miR-584-5p-overexpressing group compared
with that of the miR-NC group (Figure 5F). Ki-67 expression as a proliferation marker was
decreased in miR-584-5p-overexpressing group tumors. Conversely, TUNEL staining as
a marker of apoptosis was increased in miR-584-5p-overexpressing tumors compared to
miR-NC tumors (Figure 5G,H). For the in vivo metastasis experiments, Lv-miR-NC-A549
and Lv-miR-584-5p-A549 cells were injected into mice through their tail veins (Figure 6A).
Seventy-nine days after injection, these mice were sacrificed, and the metastatic foci in
their lungs were assessed. We found that the overexpression of miR-584-5p significantly
attenuated the incidence of lung metastasis and decreased the number of metastatic nodules
(Figure 6B–D). H&E staining showed that lungs from miR-584-5p-overexpressing mice had
fewer tumor nodules than lungs of miR-NC mice (Figure 6E).

Figure 6. Cont.
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Figure 6. miR-584-5p inhibits the lung metastasis abilities of smoking-related NSCLC cells in vivo. (A) A549 cells transfected
with miR-584-5p-overexpressing lentivirus or miR-control lentivirus were injected through the tail veil into BALB/c
nude mice (n = 8 mice per group). Mice were sacrificed at 79 days after cell injection, and their lungs were collected.
(B) Representative images of the lungs of the two groups of mice. (C) Pie graphs showing the incidence of metastatic
nodules in lungs from the two groups of mice. (D) Numbers of metastatic lung nodules in the two groups; ** p < 0.01.
(E) Representative images of H&E-stained tumor sections from lungs of mice in the two groups. Magnification, 40× and
400×. Arrows indicate metastatic lung nodules.

3.6. YKT6 Is a Direct Target of miR-584-5p

We searched two public bioinformatic databases (Target scan and miR DB) to predict
the target genes of miR-584-5p and found 11 candidate genes with a target score of 80 or
higher (Figure 7A). Among the candidate target genes, the endogenous mRNA expression
of HDAC1, YKT6, RAP2A, and ENAH was reduced by more than 40% by overexpressed
miR-584-5p in H1703 and A549 cells (Figure 7B). We also confirmed that the protein
expression of YKT6 was significantly downregulated in H1703 and A549 cells by miR-
584-5p (Figure 7C). Next, we searched for interaction sites between miR-584-5p and the
3′UTR of the YKT6 mRNA using miRbase (Figure 7D) and constructed a YKT6 3′UTR
reporter luciferase assay system. Co-transfection experiments showed that miR-584-5p
overexpression significantly decreased the luciferase activity of the YKT6 wild-type vector
but not that of the mutant vector in H1703 and A549 cells (Figure 7E). Furthermore, we
validated the results in the tumor samples from nude mice. As expected, the protein
expression of YKT6 was slightly decreased in tumor tissues of the Lv-miR-584-5p group
compared to the Lv-miR-NC group but did not reach statistical significance (Figure 7F).
Consistent with these results, the IHC staining results showed that YKT6 expression was
downregulated in tumor tissues of the Lv-miR-584-5p mice group (Figure 7G).
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Figure 7. YKT6 is a direct target gene of miR-584-5p in smoking-related NSCLC cells. (A) miR DB (target score ≥ 80) and
Targetscan database were used to analyze the target gene of miR-584-5p. Venn diagrams show groups of predicted target
genes. (B) Verification of the mRNA expression of candidate target genes by qRT-PCR in H1703 and A549 cells transfected
with miR-584-5p mimic or miR control; * p < 0.05, ** p < 0.01, and *** p < 0.001. (C) Verification of the protein expression of
candidate target genes (HDAC1, YKT6, RAP2A, and ENAH) by Western blot assays in H1703 and A549 cells transfected
with the miR-584-5p mimic or miR control; * p < 0.05 and ** p < 0.01. Full Western Blot images can be found in Figure S2.
(D) Representative images of the has-miR-584/YKT6 binding sequence. (E) Relative luciferase activity was measured in
H1703 and A549 cells transfected with the reporter vector containing wild-type or mutant-type YKT6 3′UTR (untranslated
region), along with miR-584-5p mimic or miR control; ** p < 0.01. (F,G) Expression of YKT6 in xenograft tumor tissue was
analyzed by Western blot and immunohistochemical (IHC) staining. Full Western Blot images can be found in Figure S3.
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3.7. YKT6 Regulates Migration and Invasion in Smoking-Related NSCLC Cell Lines

We found that the depletion of YKT6 inhibited the migration and invasion abilities of
smoking-related NSCLC cells (Figure 8A,B). Next, we assessed the protein level of MMP-
9. Consistent with our earlier observations (Figure 4E), the protein level of MMP-9 was
markedly decreased by the depletion of YKT6 in H1703 and A549 cells (Figure 8C). Rescue
experiments revealed that YKT6 overexpression attenuated the inhibitory effect of miR-584-
5p mimics on the YKT6 expression in H1703 and A549 cells (Figure 8D). We also investigated
the effects of YKT6 overexpression on smoking-related NSCLC cell migration and invasion.
The inhibitory effects of miR-584-5p overexpression on H1703 and A549 cell migration and
invasion were attenuated by the expression of exogenous YKT6 (Figure 8E,F).

Figure 8. Depletion of YKT6 inhibited migration and invasion of smoking-related NSCLC cells. Representative images and
quantification of the wound-healing assay (A) and Transwell assay (B) in H1703 and A549 cells transfected with siYKT6 or
Control siRNA; * p < 0.05 and ** p < 0.01. (C) Verification of MMP-9 expression by Western blot assay in H1703 and A549
cells transfected with siYKT6 or Control siRNA. Full Western Blot images can be found in Figure S4 (D) Confirmation of
transfection efficiency of H1703 and A549 cells by Western blot analysis. Full Western Blot images can be found in Figure S5.
(E,F) Rescue of the migration and invasion abilities of H1703 and A549 cells by the exogenous expression of YKT6; * p < 0.05,
** p < 0.01, and *** p < 0.001.
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3.8. YKT6 Expression Level Is Associated with Survival Rate in Smoking-Related NSCLC Patients

We hypothesized that the expression of YKT6, the target gene of miR-584-5p, would
be associated with smoking-related lung cancer. In the GSE31210 dataset, YKT6 mRNA
expression was significantly upregulated in tumor tissues of ever-smokers compared to
the tumor tissues of never-smokers in lung cancer patients (Figure 9A). Additionally, we
analyzed the overall survival rate of lung cancer patients according to the YKT6 expression
level using Kaplan–Meier plots. The group with elevated YKT6 expression had a low survival
rate, and a significant p-value was obtained for smoking-related patients (Figure 9B).

Figure 9. YKT6 expression level is associated with survival rate in NSCLC patients who smoked. (A) YKT6 expression level
in NSCLC patient tumor tissue and adjacent normal tissue from the GSE31210 (GEO Database); ** p < 0.01. (B) Kaplan–Meier
survival analysis shows that patients with a higher expression of YKT6 (217784_at) had a poorer overall survival than those
with low YKT6 expression; ** p < 0.01, and n.s. = not significant.

4. Discussion

Many studies have demonstrated a correlation between smoking and miRNA expres-
sion in various cancers, including lung cancer [24–26]. In addition, previous reports have
shown that cigarette smoking induces genetic changes through its effects on miRNAs [27].
Thus, miRNAs appear to play an important role in the development of smoking-related
cancer. For example, cigarette smoking can induce miR-994 expression in oral cancer [28].
The expression of miR-21 was increased by cigarette smoke extract exposure in colorectal
cancer [29], and the expression of this miRNA was elevated in esophageal cancers patients
with consistent cigarette smoking [30]. miR-205 and miR-99a were shown to be downregu-
lated in bladder cancer in smokers [31]. The expression of miR-486-5p is associated with the
smoking-induced development of lung adenocarcinoma [25]. However, it is still insufficient
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to elucidate the specific miRNAs involved with the process of lung carcinogenesis caused
by smoking. This is because most studies selected miRNAs that change with CSC exposure
in normal or cancer cells or chose miRNAs based on smoking history [32,33]. In smoking-
related carcinogenesis studies, cigarette smoke extract (CSE), cigarette smoke condensate
(CSC), and whole cigarette smoke (WCS) are used to mimic the impacts of smoking [34].
CSE and CSC are mainly used in cell culture-based studies. CSE refers to the aqueous
solution obtained by dissolving WCS in a cell culture medium or phosphate-buffered saline
(PBS), while CSC refers to the solution obtained by collecting WCS in a filter pad and then
dissolving it in organic solvents such as methanol or dimethyl sulfide side (DMSO) [35].
However, CSE or CSC does not reflect the composition of the gas released by smoking
cigarettes, and these experimental methods do not reflect that CS affects the human lung
by inhalation through the bronchus. In this study, we used three previously established
lung carcinogenesis model cell lines—namely, 1799, 1198, and 1170I cells [19]. Although all
these cell lines are derived from BEAS-2B cells, which are immortalized human normal
bronchial epithelial cell lines, they represent different histological stages. For example,
1799 cells (immortalized) were derived from BEAS-2B cells exposed in vivo to beeswax
only as a control, while 1198 (transformed) and 1170I (tumorigenic) cells were derived
from BEAS-2B cells exposed in vivo to a beeswax pellet containing CSC. Importantly, the
lung carcinogenesis model cell lines that we evaluated mimic the gradual changes that
occur during human lung carcinogenesis induced by smoking [19]. Therefore, these cell
lines are the best available in vitro model of lung carcinogenesis caused by smoking.

In the present study, we found that the expression of miR-584-5p is decreased during
the process of lung carcinogenesis induced by cigarette smoking. Previous studies have
reported that miR-584-5p expression is dysregulated in a variety of cancers, including
hepatocellular carcinoma [36], medulloblastoma [37], gastric cancer [38], lung adenocar-
cinoma [39], and non-small cell lung cancer [40]. For example, Wei et al. [40] reported
that miR-584-5p expression was downregulated in tissues of NSCLC patients and that
the overexpression of miR-584-5p inhibited migration and invasion by targeting MMP-
14. However, the mechanism by which miR-584-5p is downregulated in several cancers,
including NSCLC cells, has not been identified. In this report, we showed that miR-584-
5p expression is regulated by methylation in lung carcinogenesis model cell lines and
smoking-related NSCLC cells. For the first time, our results demonstrated a link between
the expression of miR-584-5p and smoking-induced methylation. Furthermore, we verified
that miR-584-5p is controlled by methylation, as its expression was increased by demethy-
lation. As shown in Figure 2D, the expression level of miR-584-5p was not increased by
the 5-aza-dC treatment in 1799 cells, unlike what we observed in the 1198 and 1170I cells.
This might be because the CpG sites of the miR-584-5p promoter were hardly methylated
in 1799 cells exposed only to beeswax without CSC exposure [41]. Further, when we con-
firmed the effect of miR-584-5p on the invasion of the lung carcinogenesis model cell lines,
an overexpression of miR-584-5p inhibited the invasion of 1170I cells but not 1198 cells
(Figure 2F). We suspect that this is because 1198 and 1170I cells have different morpho-
logical characteristics. In addition, when we examined CpGs regulating the expression of
miR-584-5p, we found that region 5 is a major site for regulation through methylation.

We also demonstrated that the overexpression of miR-584-5p could inhibit the migra-
tion and invasion of smoking-related NSCLC cells through its inhibitory effects on MMP-9.
Additionally, this study is the first to show that miR-584-5p inhibits smoking-related
NSCLC cell migration and invasion both in vitro and in vivo. To understand the mecha-
nisms by which miR-584-5p inhibits migration and invasion in smoking-related NSCLC
cells, we investigated a candidate target gene of miR-584-5p. According to previous reports,
a single miRNA can regulate multiple target genes [42]. Likewise, we identified several
candidate target genes for miR-584-5p, including Ras-related protein Rap-2a (RAP2A),
ENAH, histone deacetylase 1 (HDAC1), and YKT6. However, among these candidate
target genes, only YKT6 expression was significantly regulated by miR-584-5p at both
the mRNA and protein levels in smoking-related NSCLC cells. Here, we showed that
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miR-584-5p could only inhibit migration and invasion but confirmed that miR-584-5p could
also inhibit the proliferation of NSCLC cells (data not shown). However, YKT6 depletion
could not significantly inhibit cell proliferation. Therefore, it is assumed that miR-584-5p
may have other targets that inhibit the proliferation of NSCLC cells. Although this was
not a prospective study, we found that a high expression level of YKT6 was associated
with low survival rates in lung cancer patients with smoking experience by an analysis
of the GEO database. Several previous studies have reported that YKT6 controls cell
migration and invasion [43], and the level of this protein is significantly upregulated in
p53-mutated tumors and in breast cancer cells resistant to docetaxel [44]. YKT6 is the target
of miR-134 and miR-135b in NSCLC cells, and a low YKT6 expression has been reported
to be associated with an improved survival of NSCLC patients [45]. YKT6, which is a
SNARE protein recognition molecule, is involved in vesicular transport between secretory
compartments [46] and is located in the membrane, cytosol, and perinuclear regions of
cells. Due to its likely participation in various stages of intracellular vesicle trafficking, this
SNARE protein might play essential roles in controlling the membrane dynamics during
cell adhesion and migration [43]. Taken together, our results indicate that miR-584-5p,
which functions as a tumor suppressor, was downregulated by methylation in smoking-
related NSCLC cells. In addition, we demonstrated that the overexpression of miR-584-5p
inhibited smoking-related NSCLC cell migration and invasion by targeting YKT6 both
in vitro and in vivo. Therefore, these novel findings suggest that miR-584-5p is a potential
molecular biomarker for smoking-related NSCLC.

5. Conclusions

In our study, we demonstrated that tumor suppressor miR-584-5p is an important
factor in the developmental stage of smoking-related lung carcinogenesis. We found that
miR-584-5p expression was downregulated by methylation. Moreover, overexpressed
miR-584-5p suppresses the migration and invasion of smoking-related NSCLC cells by
targeting YKT6 both in vitro and in vivo. In conclusion, tumor suppressor miR-584-5p can
be used as molecular biomarker for smoking-related NSCLC.
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Abstract: In aggressively growing tumors, hypoxia induces HIF-1α expression promoting
angiogenesis. Previously, we have shown that overexpression of oncogenic microRNAs (miRNAs,
miRs) miR526b/miR655 in poorly metastatic breast cancer cell lines promotes aggressive cancer
phenotypes in vitro and in vivo. Additionally, miR526b/miR655 expression is significantly higher
in human breast tumors, and high miR526b/miR655 expression is associated with poor prognosis.
However, the roles of miR526b/miR655 in hypoxia are unknown. To test the relationship between
miR526b/miR655 and hypoxia, we used various in vitro, in silico, and in situ assays. In normoxia,
miRNA-high aggressive breast cancer cell lines show higher HIF-1α expression than miRNA-low
poorly metastatic breast cancer cell lines. To test direct involvement of miR526b/miR655 in hypoxia, we
analyzed miRNA-high cell lines (MCF7-miR526b, MCF7-miR655, MCF7-COX2, and SKBR3-miR526b)
compared to controls (MCF7 and SKBR3). CoCl2-induced hypoxia in breast cancer further promotes
HIF-1αmRNA and protein expression while reducing VHL expression (a negative HIF-1α regulator),
especially in miRNA-high cell lines. Hypoxia enhances oxidative stress, epithelial to mesenchymal
transition, cell migration, and vascular mimicry more prominently in MCF7-miR526b/MCF7-miR655
cell lines compared to MCF7 cells. Hypoxia promotes inflammatory and angiogenesis marker (COX-2,
EP4, NFκB1, VEGFA) expression in all miRNA-high cells. Hypoxia upregulates miR526b/miR655
expression in MCF7 cells, thus observed enhancement of hypoxia-induced functions in MCF7
could be attributed to miR526b/miR655 upregulation. In silico bioinformatics analysis shows
miR526b/miR655 regulate PTEN (a negative regulator of HIF-1α) and NFκB1 (positive regulator of
COX-2 and EP4) expression by downregulation of transcription factors NR2C2, SALL4, and ZNF207.
Hypoxia-enhanced functions in miRNA-high cells are inhibited by COX-2 inhibitor (Celecoxib),
EP4 antagonist (ONO-AE3-208), and irreversible PI3K/Akt inhibitor (Wortmannin). This establishes
that hypoxia enhances miRNA functions following the COX-2/EP4/PI3K/Akt pathways and this
pathway can serve as a therapeutic target to abrogate hypoxia and miRNA induced functions in
breast cancer. In situ, HIF-1α expression is significantly higher in human breast tumors (n = 96)
compared to non-cancerous control tissues (n = 20) and is positively correlated with miR526b/miR655
expression. In stratified tumor samples, HIF-1α expression was significantly higher in ER-positive,
PR-positive, and HER2-negative breast tumors. Data extracted from the TCGA database also show
a strong correlation between HIF-1α and miRNA-cluster expression in breast tumors. This study,
for the first time, establishes the dynamic roles of miR526b/miR655 in hypoxia.
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1. Introduction

Breast cancer is the most common form of cancer, as well as the second leading cancer-related
death among Canadian women [1]. According to Canadian Cancer Statistics, 1 in 8 Canadian women
will develop breast cancer in their lifetime, while 1 in 33 will die from it [1]. Understanding the
complexity of the disease is urgently required to find personalized therapy for various kinds (i.e.,
estrogen receptor (ER)-positive and ER-negative; progesterone receptor (PR)-positive and PR-negative;
human epidermal growth factor receptor 2 (HER2)-positive and HER2-negative; and triple-negative
(ER-PR-HER2-negative)) of breast cancer, as there is no single target for treating such a complex
malignancy. One of the factors that contribute to the complexity of tumor growth, metastasis,
and patient survival in breast cancer is the level of hypoxia (oxygen deficiency) within the tumor
microenvironment [2]. Due to their rapid proliferation, cancer cells outgrow the available blood supply.
This limits the delivery of oxygen and nutrients to the cells, making the center of the aggressively
growing tumor largely hypoxic [2]. To counteract hypoxia, cancerous cells secrete growth factors and
stimulants that facilitate tumor-associated angiogenesis in the tumor microenvironment to deliver the
required oxygen and nutrients to dividing tumor cells [3].

Hypoxia influences multiple signaling pathways in cells, including the hypoxia-inducible factor
(HIF), NFκB, ERK, and PI3K/Akt/mTOR pathways, which regulate apoptosis, migration, proliferation,
and inflammation in cancer [4–6]. HIF-1 is a heterodimer composed of the HIF-1α and HIF-1β
subunits. Under normoxia (physiologically normal oxygen levels), both the HIF-1α and -1β subunits
are constitutively expressed, but the HIF-1 dimer is not formed as the HIF-1α subunit is degraded in
the presence of oxygen [4]. Under normoxic condition, the oxygen-dependent degradation domain
of HIF-1α is hydroxylated by the PHD (prolyl hydroxylase domain) enzyme, which further allows
the tumor suppressor pVHL (Von Hippel-Lindau) to catalyze the ubiquitin-dependent degradation
of the HIF-1α protein [7]. In hypoxic conditions, this hydroxylation does not occur, and pVHL does
not catalyze the ubiquitination of the HIF-1α protein, allowing it to avoid degradation. The HIF-1α
subunit can then dimerize with the HIF-1β subunit to form HIF-1 [5]. HIF-1 is a transcription factor
that binds to promoter regions and regulates the expression of multiple genes, including vascular
endothelial growth factors (VEGFs) (a pro-angiogenic agent), anaerobic respiration enzymes, glucose
metabolism, and regulates microRNA (miRNA, miR) biogenesis and functions [8–10]. The net effects
of these changes increase the amount of ATP available to the tumor cell, promoting rapid growth.

miRNAs are defined as a group of endogenously-produced, small, non-coding RNAs that can
downregulate gene expression of target messenger RNAs (mRNAs) at the post-transcription level by
complete or partial complementary base pairing. Dysregulated miRNA expression has been associated
with various cancers, including breast cancer [3,11–14]. Using gene expression and miRNA microarray
assays, we have identified that the overexpression of COX-2 in a poorly metastatic MCF7 cells (an
ER/PR-positive and HER2-negative breast cancer cell line) upregulates two miRNAs, miR526b and
miR655, which have been classified as oncogenic miRNAs in human breast cancer [13,14]. We found
that miR526b and miR655 collectively target a total of 13 genes in COX-2 overexpressing MCF7
cells (MCF7-COX2), 12 of which are classified as tumor-suppressor-like genes [15]. The single gene
targeted by both miRNAs was identified as cytoplasmic polyadenylation element-binding protein 2
(CPEB2). Recently, it was identified that CPEB2 is a tumor suppressor gene, further validating miR526b
and miR655 as oncogenic miRNAs promoting breast cancer by collectively targeting this gene [15].
We have previously shown that in SKBR3, MDA-MB-231, and MCF7-COX2 cell lines COX-2, miR526b,
and miR655 were upregulated, while CPEB2 was downregulated [15]. miR526b is located on a large
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cluster of miRNAs on chromosome 19 with the chromosomal location 19q13.42, in the gene family
miR515 [16,17]. miR655 is located on a large cluster of miRNA on chromosome 14 on the host gene
miR381HG in the chromosomal location 14q32.31 and belongs to the miR154 gene family [17,18].

We have also shown that miR526b and miR655 overexpression in ER-positive breast cancer
cell line MCF7 and an ER-negative HER2-positive breast cancer cell line SKBR3 promotes
epithelial-to-mesenchymal transition (EMT), cell migration, invasion, induction of stem-like cells
(SLCs) phenotype, tumor growth, and metastasis in vivo [13,14]. In growing tumors, the core
of the mass becomes hypoxic and requires a new means for oxygen delivery. This is achieved
through tumor-associated angiogenesis, a phenotype that can be induced by the expression of certain
miRNAs [3,19,20]. We have identified that overexpression of miR526b/miR655 in MCF7 cells enhances
tumor-associated angiogenesis and lymphangiogenesis by the production of VEGFA and that miRNA
cell secretion enhances tube formation in vascular endothelial cells [3]. Cancer cells can also mimic the
properties of vascular endothelial cells to induce tumor-associated angiogenesis, known as vascular
mimicry [21,22]. We have shown that in human breast tumors, miR526b and miR655 expression is
highly correlated with angiogenesis and lymphangiogenesis markers (VEGFA, VEGFC, and VEGFD) [3].
In this article, we investigated the roles of miRNA in promoting angiogenic marker expression and
vascular mimicry in hypoxia.

EMT is an important biological process characterized by the progressive loss of cell-to-cell adhesion,
alterations in cellular polarity, and actin cytoskeletal rearrangements leading to the formation of
filopodia and upregulation of mesenchymal phenotypes and markers [23]. Tumor cells lose intercellular
junction proteins such as E-Cadherin (CDH1) and are able to travel through the extracellular matrix, in a
process known as cell migration [24]. EMT is necessary for the migration of embryonic cells to establish
the development of an embryo, and to complete wound healing in adult tissues. However, EMT in
cancer leads to the promotion of aggressive phenotypes, such as migration, invasion, angiogenesis,
stem-like phenotypes in cancer cells, and resistance to chemo-radiotherapy [25]. Previously, we have
shown that miR526b and miR655 induce EMT in breast cancer, promote tumor cell migration and
invasion [13,14], and that miRNA cell secretions enhance the migration of vascular endothelial cells to
enhance angiogenesis [3]. However, hypoxia’s influence on miRNA-induced EMT is not clear.

Another known phenotype in hypoxic tumors is the formation of reactive oxygen species (ROS),
such as superoxide (SO), which are byproducts of cellular metabolism. Cellular inability to neutralize
and eliminate these ROS leads to oxidative stress. Furthermore, increased levels of SO have shown
regulation of signaling cascades for cell proliferation and survival [26]. We have shown that a dynamic
relationship exists between oxidative stress and miR526b/miR655 expression, where an increase in
miRNA leads to an increase in ROS and SO. Likewise, an increase in ROS was shown to significantly
increase miR526b and miR655 expression, suggesting that a positive feedback loop relationship between
both miRNAs and oxidative stress is present in human breast cancer [27]. We have previously shown
that when we treat poorly metastatic breast cancer tumor cell line MCF7 and primary endothelial
cell line human umbilical vein endothelial cells (HUVECs) with cell secretions from miR526b and
miR655-overexpressing cells, there is an increase in ROS, SO, and oxidative stress marker thioredoxin
reductase 1 (TXNRD1) expression. This suggests that miR526b/miR655-high cells’ metabolites induce
oxidative stress in the tumor microenvironment. Thus, we wanted to investigate the effect of hypoxia
on miRNA-induced oxidative stress in breast cancer cells.

For the first time, with this specific research, we investigate the capability of miR526b, miR655,
and hypoxia collaborating to promote aggressive breast cancer phenotypes. First, we show that highly
metastatic and miRNA-high cell lines show high expression of HIF-1α in normoxia, while poorly
metastatic, miRNA-low cell lines show low expression. Next, we used CoCl2 to induce hypoxia in
ER-positive MCF7, MCF7-miR526b, and MCF7-miR655 cells, as well as HER2-positive SKBR3 and
SKBR3-miR526b cells, since CoCl2 has long been used as a chemical inducer of hypoxia and has been
shown to induce HIF-1α expression [28,29]. We further verified the effects of hypoxia enhancing
miRNA-induced oxidative stress, cell migration, induction of EMT, expression of hypoxia-linked genes
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such as VHL, HIF-1α, and NFκB1, and expression of inflammation-associated genes such as VEGFA,
COX-2, and EP4 in breast cancer cell lines. Here we demonstrated that hypoxia enhances oncogenic
miRNA functions in breast cancer, which can be inhibited by COX-2, EP4, and PI3K/Akt signaling
pathway inhibitors. In silico bioinformatics analysis further confirms that miRNA functions in hypoxia
are regulated by COX-2/EP4/PI3K/Akt pathways and that miRNA has a negative correlation with
transcription factors that regulate the expression of NFκB1 and PTEN. In human breast tumors, HIF-1α
expression is significantly high and we estimated the highest expression in the ER-positive, PR-positive,
and HER2-negative breast tumors. Both miR526b and miR655 expression in breast tumors is positively
and significantly correlated with HIF-1α expression in the set of tumor samples we used in this study
and also data extracted from The Cancer Genome Atlas (TCGA) cBioPortal database, which includes
data from 16 different breast cancer studies, strongly suggesting that hypoxia and miRNAs collaborate
to promote breast cancer progression. This is a novel function of miR526b and miR655 in breast cancer.

2. Results

We do not have access to a hypoxic chamber, thus, we used CoCl2 to induce hypoxia. CoCl2
increases the expression of hypoxic marker HIF-1α and induces hypoxia in MCF7 cells [29]. First,
we conducted a dose-response assay of HIF-1α expression with various concentrations of CoCl2
(Figure S1).

To investigate the interaction between miRNA and hypoxia, we used various breast cancer cell
lines with differential levels of miR526b and miR655 expression [13,14]. We used the breast epithelial
cell line MCF10A, poorly-metastatic breast cancer cell lines MCF7, T47D (ER-positive, PR-positive,
and HER2-negative) and SKBR3 (ER-negative, PR-negative, and HER2-positive); highly metastatic
breast cancer cell lines Hs578T, MDA-MB-231 (ER-negative, PR-negative, and HER2-negative),
and MCF7-COX2 (ER-positive, PR-positive, and HER2-negative); as well as the highly metastatic
stable miRNA-overexpression cell lines MCF7-miR526b, MCF7-miR655, and SKBR3-miR526b. We used
empty vector transfected cells MCF7-Mock as a control for miRNA-overexpressing cell lines. We have
previously shown that there is no significant difference in miRNA expression between MCF7
and MCF7-Mock cells [13,14]. Thus, for experiments in this article, we used MCF7 as a low
miRNA-expressing control cell line and MCF7-COX2 as a high miRNA-expressing cell line. We also
used human breast tumor tissues to test the correlation of miRNA with HIF-1α expression in tumors.

2.1. HIF-1α Gene and Protein Expression in Normoxia

2.1.1. HIF-1α Gene Expression in Various Breast Cancer Cell Lines

We measured gene expression of HIF-1α in a variety of breast cancer cell lines in comparison to
the mammary epithelial cell line MCF10A. Poorly metastatic and miRNA-low breast cancer cell lines
MCF7, SKBR3, and T47D; and highly metastatic MCF7-COX2, MDA-MB-231, and Hs578T cell lines
were used. miRNA expressions in these cell lines are presented in Figure S2A,B [13,14]. MDA-MB-231,
MCF7-COX2, and Hs578T cell lines show very high and significant upregulation of HIF-1α compared
to MCF10A and T47D, MCF7, and SKBR3 cell lines showed lower expressions of HIF-1α (Figure 1A).
We observed that MCF7 and SKBR3 cell lines had the lowest levels of HIF-1α, and also miRNA
expression. In normoxia, MCF7-miR526b and MCF7-miR655 cell lines show an extremely significant
upregulation of HIF-1α gene expression compared to MCF7 (Figure 1B) and SKBR3-miR526b cells
showed an extremely significant increase in HIF-1α gene expression compared to SKBR3 (Figure 1C).
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Figure 1. HIF-1α mRNA and protein expression in various breast cancer cell lines in normoxic
conditions: (A) HIF-1αmRNA expression in various breast cancer cell lines (T47D, SKBR3, MCF7-COX2,
Hs578T, and MDA-MB-231) in comparison to mammary epithelial cell line MCF10A. (B,C) HIF-1αmRNA
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expression in miRNA-high cell lines MCF7-miR526b, MCF7-miR655, and SKBR3-miR526b compared
to their respective control cell lines MCF7 and SKBR3. (D) HIF-1α protein expression measured with
ELISA in miRNA-overexpressed cell lines (MCF7-miR526b, MCF7-miR655) and miRNA-high cell line
MCF7-COX2 compared to control cell line MCF7. (E) Western blot analysis of total endogenous HIF-1α
protein expression in MCF7, MCF7-COX2, MCF7-miR526b, and MCF7-miR655 cell lines. (F) HIF-1α
protein expression in SKBR3 and SKBR3-miR526b measured with ELISA. (G) Western blot analysis
showing total expression of endogenous HIF-1α protein in SKBR3 and SKBR3-miR526b cell lines,
MCF7-COX2 as a positive control. Full western blots are provided in Figure S3A–C. Data are presented
as the mean ± SEM of triplicate replicates; * p < 0.05, ** p < 0.01, and *** p < 0.001.

2.1.2. HIF-1α Protein Expression in Various Breast Cancer Cell Lines

We performed an enzyme-linked immunosorbent assay (ELISA) to test HIF-1α protein expression
in the stable miRNA-overexpressed cell lines MCF7-miR526b, MCF7-miR655, and SKBR3-miR526b,
as well as the naturally miRNA-high cell line MCF7-COX2, in comparison to their respective controls.
HIF-1α protein levels were significantly increased in MCF7-miRNA-high cell lines compared to
MCF7 cells, with MCF7-COX2 cells showing a significant but moderate increase and MCF7-miR526b
and MCF7-miR655 cell lines showing high upregulation (Figure 1D). SKBR3-miR526b cells also
show a significant increase in HIF-1α protein expression compared to SKBR3 cells (Figure 1F).
miRNA-overexpression very significantly enhances HIF-1α expression in both ER-positive MCF7 cells
and HER2-positive SKBR3 cells.

Total endogenous HIF-1α protein expression was measured with western blot analysis, data
showing high expression of HIF-1α total protein in the MCF7-miR526b and MCF7-miR655 (Figure 1E)
and SKBR3-miR526b (Figure 1G) cell lines compared to control miRNA low MCF7 and SKBR3 cell
lines, respectively. Endogenous HIF-1α protein expression further supports results recorded with
HIF-1α ELISA.

2.2. Induction of Hypoxia Using CoCl2

To mimic the effect of a hypoxia chamber, we used CoCl2 to induce hypoxia as described in
other publications [28–31]. We conducted a CoCl2 treatment dose-response assay using HIF-1α gene
expression fold changes (Figure S1) and selected 150 µM for further experiments. It should also be
noted that during CoCl2 treatment, we observed changes in cell density. We seeded an average of
6000 cells per well in a six-well plate and observed an increase in cell density in CoCl2-treated cells
(Figure S4), showing that the CoCl2 treatment we selected was not toxic to the cells.

2.2.1. HIF-1α Gene Expression in Hypoxia

We used qRT-PCR to analyze HIF-1α gene expression in MCF7, MCF7-miR526b, MCF7-miR655,
SKBR3-miR526b, and MCF7-COX2 cell lines in hypoxia, and considered sterile H2O treatment
as the control or “normoxia.” HIF-1α gene expression was significantly upregulated in all cell
lines except MCF7 in hypoxia compared to normoxia (Figure 2A). It should be noted, however,
that miRNA-overexpressing MCF7 cell lines (MCF7-miR526b, MCF7-miR655) showed the greatest
upregulation of HIF-1α. Thus, we decided to test hypoxia-enhanced functions in miRNA-overexpressing
MCF7-miR526b and MCF7-miR655 cell lines compared to MCF7 cell lines. MCF7-COX2 showed the
highest expression of HIF-1α expression in normoxia, thus, CoCl2 treatment could only moderately,
but very significantly increase HIF-1α expression. The increase in HIF-1α expression in the
SKBR3-miR526b cell line from normoxia to hypoxia was also modest; however, this could be the effect
of HER2-positivity, which warrants further investigation.

146



Cancers 2020, 12, 2008Cancers 2020, 12, x 7 of 36 

 
 

Figure 2. Induction of hypoxia using CoCl2: In all figures, ‘N’ indicates normoxia and ‘H’ indicates
hypoxia. (A) Gene expression of HIF-1α in MCF7, SKBR3-miR526b, MCF7-miR526b, MCF7-miR655, and
MCF7-COX2 cell lines under normoxic and hypoxic conditions measured using qRT-PCR. (B) Protein
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levels of HIF-1α in MCF7, MCF7-miR526b, and MCF7-miR655 cell lines measured using ELISA. (C) Total
HIF-1α protein expression in both hypoxia and normoxia were measured with western blots. Complete
western blots are presented in Figure S3D. (D) VHL gene expression in MCF7, MCF7-miR526b, and
MCF7-miR655 cell lines measured via qRT-PCR. (E) Pri-miRNA expression in MCF7-miR526b and
MCF7-miR655 cells in normoxia and hypoxia. (F) Pri-miRNA expression in MCF7 cells in normoxia and
hypoxia. Data are presented as the mean ± SEM of triplicate biological replicates; * p < 0.05, ** p < 0.01,
*** p < 0.001, and xxx indicates p < 0.001. * Also indicates comparison between normoxia and hypoxia
of the same cell line and x indicates comparison between cell lines only in a hypoxic condition.

2.2.2. HIF-1α Protein Expression in Hypoxia

We performed an enzyme-linked immunosorbent assay (ELISA) to specifically test HIF-1α
protein expression in MCF7, MCF7-miR526b, and MCF7-miR655 cells in hypoxia and normoxia.
Microplate ELISA analysis showed that there was a significant increase in HIF-1α protein levels
in all ER-positive cell lines in hypoxia compared to normoxia; however, this increase was most
significant in MCF7-miR526b and MCF7-miR655 cell lines (Figure 2B). Within the hypoxic condition,
we compared MCF7 and miRNA-high cell lines and both miRNA-high cell lines demonstrated a very
significant increase in HIF-1α protein expression compared to MCF7 cells, indicating some form of
direct involvement of miRNA in hypoxia (Figure 2B).

We also conducted a western blot analysis of HIF-1α protein expression in MCF7, MCF7-miR526b,
and MCF7-miR655 cell lines in hypoxia to measure change in total HIF-1α protein expression. For all
cell lines, CoCl2 treatment enhanced HIF-1α expression in hypoxia compared to normoxia (Figure 2C).
This enhancement of HIF-1α protein expression further confirms that CoCl2 treatment induces hypoxia
in breast cancer.

2.2.3. Analysis of VHL Gene Expression in Hypoxia

HIF-1α protein stability is dependent on VHL, a tumor suppressor gene that downregulates
HIF-1α. We identified that VHL gene expression was significantly decreased in hypoxia compared
to normoxia in all cell lines, with the most significant change occurring in the miRNA-high cell lines
(Figure 2D). Thus, CoCl2 treatment successfully increased HIF-1α expression and downregulated
VHL expression.

2.2.4. Hypoxia Enhances miRNA Expression

Both MCF7-miR526b and MCF7-miR655 cells showed a very significant increase in primary
miRNA (pri-miRNA) expression in normoxia compared to MCF7 cells (Figure S2C,D). Since we
observed an increase in HIF-1α expression in hypoxia, we wanted to determine if miRNA expression
was also increased in hypoxia. Pri-miR526b expression was significantly increased in hypoxia compared
to normoxia in MCF7-miR526b cells. Similarly, pri-miR655 expression was significantly increased
in hypoxia in MCF7-miR655 cells compared to normoxia (Figure 2E). Most prominent changes were
recorded in MCF7 cells, which showed an extremely significant increase in pri-miR526b expression
and a marginal increase in pri-miR655 expression in hypoxia compared to normoxia (Figure 2F).

2.3. Hypoxia Induces Oxidative Stress

Previously, we have shown that miRNA overexpression in MCF7 cells and cell-free conditioned
media from miRNA-high cells (MCF7-miR526b and MCF7-miR655) induces oxidative stress [27]. In the
current study, we tested if hypoxia can further stimulate oxidative stress in miRNA-high cells. Here we
show data for only 150 µM CoCl2 treatment, since we found that the 150 µM concentration of CoCl2
induced maximum hypoxia (Figure S1).
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2.3.1. Fluorescence Microscopy Assay to Measure Cellular Fluorescence

Fluorescence microscopy images showing ROS (green) and SO (red) production in MCF7,
MCF7-miR526b, and MCF7-miR655 cells in hypoxia and normoxia, with quantification presented in
Figure 3. Negative controls of MCF7 (Figure 3A,O), MCF7-miR526b (Figure 3B,P), and MCF7-miR655
(Figure 3C,Q) as well as positive controls of MCF7 (Figure 3D,R), MCF7-miR526b (Figure 3E,S),
and MCF7-miR655 (Figure 3F,T) were used to normalize fluorescence-positive cell quantifications.
Only bright fluorescent cells normalized to the negative control of respective cell lines were considered
for quantifications. We observed a significant increase in ROS and SO in MCF7-miR526b cells in
hypoxia (Figure 3K,Y) compared to normoxia (Figure 3H,V). There was an increase in ROS and SO
producing cells in MCF7 cells in hypoxia (Figure 3J,X) compared to normoxia (Figure 3G,U) as well.
Quantitative data show that ROS production in hypoxia was increased three-fold in both MCF7
and MCF7-miR526b cells (Figure 3M); however, SO production in hypoxia was enhanced 1.8- and
2.4-fold in MCF7 and MCF7-miR526b cells, respectively, compared to normoxia (Figure 3AA). Images
of MCF7-miR655 cells in hypoxia (Figure 3L,Z) and normoxia (Figure 3I,W) evidently show higher
expression of ROS and SO in hypoxia; however, quantitative data for MCF7-miR655 are not presented.
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Figure 3. Fluorescence microscopy and fluorescence microplate assays to quantify ROS and SO
production: MCF7, MCF7-miR526b, and MCF7-miR655 cells in (A–C) negative control, (D–F) positive
control, (G–I) in normoxia, and (J–L) in hypoxia under the green filter for total ROS detection.
(M) Quantification ratios of MCF7 and MCF7-miR526b cells positive for ROS in normoxia and hypoxia.
(N) Fluorescence microplate assay to quantify total ROS production in MCF7, MCF7-miR526b, and
MCF7-miR655 cells. Fluorescent SO-positive MCF7, MCF7-miR526b, and MCF7-miR655 cells (O–Q) in
negative control, (R–T) in positive control, (U–W) in normoxia, and (X–Z) in hypoxia under the red
filter for total SO detection. (AA) Quantification ratios of MCF7 and MCF7-miR526b cells positive
for SO in normoxic and hypoxic conditions. (AB) Fluorescence microplate assay to quantify total SO
production in MCF7, MCF7-miR526b, and MCF7-miR655 cells. (AC) Gene expression of TXNRD1
measured with qRT-PCR. ‘N’ indicates normoxia, and ‘H’ indicates hypoxia. Scale bar represents 50 µM.
(M,N,AA,AB,AC) Data are presented as the mean ± SEM of triplicate biological replicates; * p < 0.05,
** p < 0.01, *** p < 0.001, and xx indicates p < 0.01. * Also indicates comparison between normoxia and
hypoxia of the same cell line and x, indicates comparison between cell lines only in a hypoxic condition.
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2.3.2. Fluorescence Microplate Assay to Measure Total Fluorescence

After finding cellular fluorescence in the microscopy assay, we measured total ROS and SO
production using fluorescence microplate assays as described in previous studies [27]. Total ROS
production was marginally but non-significantly increased in MCF7 in hypoxia compared to
normoxia, whereas we recorded a significant increase in ROS production by both MCF7-miR526b
and MCF7-miR655 in hypoxia (Figure 3N). Additionally, there was a marginal increase in total
SO production by MCF7 cells and MCF7-miR526b cells, but only in MCF7-miR655 we observed a
significant increase in SO production in hypoxia compared to normoxia (Figure 3A,B). Fluorescence
microplate assays evidently show that hypoxia only enhances total ROS (Figure 3N) and SO production
(Figure 3A,B) in miRNA-high cells.

2.3.3. Overexpression of TXNRD1

TXNRD1 is a marker associated with oxidative stress. We previously showed that MCF7-miR526b
and MCF7-miR655 cell lines overexpress TXNRD1 compared to MCF7 cells in normoxia [27]. In the
current study, we measured changes in TXNRD1 expression in hypoxia in MCF7, MCF7-miR526b,
and MCF7-miR655 cell lines to determine if hypoxia further enhances TXNRD1 expression. We observed
that hypoxia promotes TXNRD1 expression in all three cell lines; however, MCF7-miR526b and
MCF7-miR655 cells showed a very significant increase compared to normoxia (Figure 3AC).
Additionally, we compared TXNRD1 expression in hypoxia between cell lines and found that TXNRD1
expression is very significantly higher in miRNA-high cells in comparison to MCF7 (Figure 3AC).
Collectively, our results strongly suggest that hypoxia further enhances oxidative stress induction in
miRNA-high cells.

2.4. Hypoxia Promotes EMT in miRNA-High Cells

Previously, we have indicated that the overexpression of miR526b and miR655 induces EMT
phenotypes in MCF7 and SKBR3 cells [13,14]. Furthermore, we have shown cell-free secretions from
miRNA-high cells induce migration of vascular endothelial cells [3]. Thus, we wanted to investigate
the role of hypoxia in promoting the EMT of miRNA-high cell lines. We used qRT-PCR to measure the
gene expressions of mesenchymal markers (VIM, TWIST1, SNAIL) and the epithelial marker CDH1,
and proceeded to perform a migration assay on miRNA-high cells in normoxic and hypoxic conditions.
In hypoxia, we observed miRNA-high cell lines mimicking vascular properties, forming tube-like
structures on growth factor-reduced Matrigel.

2.4.1. Hypoxic Condition Regulates EMT Markers Expression in Cancer Cells

We measured mRNA expression of the epithelial marker CDH1 and the mesenchymal markers
VIM, TWIST1, and SNAIL in MCF7 and miRNA-high cells in both normoxic and hypoxic conditions
using qRT-PCR. We observed a significant downregulation of the epithelial marker CDH1 in all
cell lines in hypoxia compared to normoxia (Figure 4A). Moreover, we observed an extremely
significant upregulation of the mesenchymal markers VIM and TWIST1 in MCF7-miR526b and
MCF7-miR655 cells in hypoxia compared to normoxia (Figure 4B,C). For all cell lines, there was
a marginal, but non-significant increase in SNAIL expression in hypoxia compared to normoxia
(Figure 4D). Although there was a marginal increase in mesenchymal marker expression in MCF7 cells
in hypoxia compared to normoxia, these changes were not significant (Figure 4B–D). We also compared
CDH1, VIM, and TWIST1 expressions in MCF7-miR526b and MCF7-miR655 cell lines compared to
MCF7 only in hypoxia. We found a significant downregulation of CDH1 in MCF7-miR655 cells in
hypoxia compared to MCF7 cells in hypoxia (Figure 4A) and an extremely significant upregulation of
VIM and TWIST1 in miRNA-high cells (Figure 4B,C).
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Figure 4. Expression of EMT markers in MCF7, MCF7-miR526b, and MCF7-miR655 cell lines: ‘N’
indicates normoxia, and ‘H’ indicates hypoxia. (A) Epithelial marker CDH1 gene expression. (B) Gene
expression of mesenchymal marker VIM. (C) Gene expression of mesenchymal marker TWIST1.
(D) Gene expression of mesenchymal marker SNAIL. Data are presented as the mean ± SEM of
quadruplicate replicates; ** p < 0.001, x indicates p < 0.05 and xx indicates p < 0.001. * Also indicates
comparison between normoxia and hypoxia of the same cell line and x, indicates comparison between
cell lines only in a hypoxic condition.

2.4.2. Hypoxic Condition Promotes Migration of miRNA-High Cells

miRNA overexpression induces cell migration and invasion of both MCF7 and SKBR3 cell
lines [13,14]. We previously showed that cell-free secretions from MCF7-miR526b and MCF7-miR655
cells promote migration of HUVECs [3]. Here, we tested changes in cell migration in hypoxia of
MCF7, MCF7-miR526b, and MCF7-miR655 cell lines by conducting a scratch-wound cell migration
assay over 48 h. In normoxia, both MCF7 (Figure 5A–D) and MCF7-miR526b (Figure 5I–L) migrated;
however, MCF7-miR526b cells migrated faster through the various time points (Figure 5Q). In hypoxia,
MCF7-miR526b cells (Figure 5M–P) significantly migrated and closed the wound by 24 h and completely
sealed the wound by 48 h, whereas this movement was limited for MCF7 cells (Figure 5E–H).
Quantitative data are presented in Figure 5R for hypoxia. MCF7-miR655 showed similar phenotypes,
image data are presented in Figure S5 and quantitative data are presented in Figure 5R. Hypoxic
conditions very significantly increased miRNA-induced cell migration in miRNA-high cells.
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Figure 5. Cell migration in normoxia and hypoxia: baseline scratches represented by black lines at
0, 8, 24, and 48 h time points. Representative images of MCF7 are presented in (A–D) normoxia and
(E–H) hypoxia. Representative images for MCF7-miR526b are presented in (I–L) normoxia and (M–P)
hypoxia. Scale bar represents 200 µM. Wound size measured in pixels. (Q) Mean wound size in
normoxic conditions over 0–48 h. (R) Mean wound size in hypoxic conditions over 0–48 h. Data are
presented as the mean ± SEM of quadruplicate biological replicates; ** p < 0.01 and *** p < 0.001.
* = MCF7, ◦ = MCF7-miR526b, ∆ = MCF7-miR655.

2.5. Hypoxia Promotes Inflammatory Gene Expression and Vascular Mimicry in miRNA-High Cells

We have previously shown that miR655 overexpression in MCF7 cells promotes COX-2 expression
(Figure S2E) [14] and proposed that this could be via NFκB1 upregulation in the ER-positive breast cancer
cell line [13,14]. We have also shown that COX-2 stimulates the production of PGE2 (prostaglandin E2),
which activates EP4 and consequently activates the PI3K/Akt pathway and promotes breast cancer
angiogenesis and lymphangiogenesis [32–35]. Furthermore, we have indicated the overexpression
of miR526b and miR655 downregulates PTEN [3], resulting in the upregulation of VEGFs. Here
we investigated if hypoxia can regulate miRNA functions following the same signaling pathways.
To establish a link between miRNA, HIF-1α, and the COX-2/EP4/PI3K/Akt pathway, we measured
NFκB1, COX-2, EP4, and VEGFA gene expression in breast cancer cell lines, in both normoxia and
hypoxia. We used qRT-PCR to measure gene expression of NFκB1, COX-2, and EP4.

2.5.1. Hypoxia Promotes Expression of NFκB1, COX-2, and EP4

While NFκB1 expression significantly increased in all three MCF7 cell lines in hypoxia compared to
normoxia, this increase was more prominent and significant in MCF7-miR526b and MCF7-miR655 cell
lines (Figure 6A). We also compared the gene expression of NFκB1 in MCF7-miR526b and MCF7-miR655
cell lines in hypoxia with MCF7 cells and observed that both miRNA-high cell lines show a significant
increase in NFκB1 expression compared to MCF7 cells (Figure 6A). We tested the change in NFκB1
expression in two other miRNA high cell lines SKBR3-miR526b and MCF7-COX2. In SKBR3-miR526b
cells under hypoxia compared to normoxia there was no change in NFκB1 expression. However, we
noted a significant increase in NFκB1 expression in the ER-positive, miRNA-high MCF7-COX2 cells
in hypoxia compared to normoxia (Figure 6E). COX-2 gene expression was significantly increased in
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hypoxia compared to normoxia in all cell lines except MCF7-COX2; data for MCF7, MCF7-miR526b,
MCF7-miR655 are presented in Figure 6B and data for SKBR3-miR526b and MCF7-COX2 are presented in
Figure 6F. It should be noted, however, that COX-2 overexpression in hypoxia was larger in miRNA-high
cell lines (Figure 6B,F) compared to that of MCF7-COX2, which only showed a marginal increase in
COX-2 expression. This could be due to the fact that MCF7-COX2 cells are already high in COX-2, so
hypoxia could only marginally enhance COX-2 expression. However, miRNA-overexpression enhances
COX-2 expression, and hypoxia further enhances this in both MCF7 and SKBR3 miRNA-overexpressed
cell lines. MCF7-miR655 cells in hypoxia exhibited a very significant increase in COX-2 expression
compared to MCF7 cells in hypoxia (Figure 6B). EP4 gene expression was significantly higher in
MCF7, MCF7-miR526b, and MCF7-miR655 cell lines (Figure 6C), as well as in SKBR3-miR526b and
MCF7-COX2 cell lines (Figure 6G) in hypoxia compared to normoxia.

2.5.2. Hypoxia Promotes VEGFA Gene Expression

We previously showed that miRNA overexpression in MCF7 cell lines enhanced VEGFA mRNA
and protein production in both miRNA-overexpressed cell lines [3]. Here we analyzed mRNA
expression of VEGFA in MCF7, MCF7-miR526b, MCF7-miR655, SKBR3-miR526b, and MCF7-COX2
cell lines in hypoxia and normoxia using qRT-PCR. VEGFA expression was increased in hypoxia for
all cell lines, but this increase was highest in miRNA-high cell lines. Data for MCF7, MCF7-miR526b,
and MCF7-miR655 are presented in Figure 6D and data for MCF7-COX2 and SKBR3-miR526b are
presented in Figure 6H. In hypoxic conditions, miRNA-high cells show a significant increase in VEGFA
expression in MCF7-miR526b and MCF7-miR655 cell lines compared to MCF7 cells (Figure 6D). Thus,
hypoxia further enhanced vascular gene expression in miRNA-high cells.

2.5.3. Hypoxia Promotes Vascular Mimicry

Tumor cells mimic the properties of vascular endothelial cells and form tube-like vascular
structures in a process called vascular mimicry, which show an overexpression of VEGF. MCF7
cells are poorly metastatic cell lines with no vascular properties and cannot form tubes on growth
factor-reduced Matrigel. We previously showed that cell-free secretions from MCF7-miR526b and
MCF7-miR655 cell lines promote tube formation in HUVECs and produce VEGFs [3]; however, we
have never tested the tube formation abilities of miRNA-overexpressing cells in hypoxia. Here we
tested the vascular mimicry properties of MCF7, MCF7-miR526b, and MCF7-miR655 cell lines in
hypoxia and normoxia. In normoxia, we found that only MCF7-miR526b and MCF7-miR655 cell
lines can form tube-like structures at 24 and 48 h, but MCF7 cannot (images in Figure S6A–F, data in
Figure S6G–L). In hypoxic conditions, we observed tube-like structures in MCF7 and miRNA-high
cells, but miRNA-high cells produced a significantly higher number of complete tubes compared to
MCF7 (images in Figure S6M,Q,U, data in Figure S6G–L). These results further confirmed that hypoxic
conditions enhance vascular properties in ER-positive breast cancer cells and that hypoxia enhances
vascular mimicry properties of miRNA-high cells.

2.6. Inhibition of Hypoxia-Enhanced Functions in miRNA-High Cells

The above results indicate that hypoxia enhances COX-2, EP4, and NFκB1 expression. We have
previously shown that miRNA expression and miRNA-induced functions can be abrogated with
a COX-2 inhibitor (Celecoxib, CEL), an EP4 antagonist (ONO-AE3-208, ONO), and an irreversible
PI3K/Akt inhibitor (Wortmannin, WM) [3,13,14]. Here we wanted to investigate the effect of inhibition
of COX-2/EP4/PI3K/Akt signaling pathways on hypoxia-enhanced miRNA functions and miRNA
expression. To investigate the direct involvement of miR526b and miR655 in hypoxia, we would
also need to knockdown miR526b/miR655 in aggressive breast cancer cells in normoxia and hypoxia
and test if that would inhibit miRNA induced functions. However, we were unable to conduct
miRNA-knockdown experiments.
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Figure 6. NFκB1, COX-2, EP4, and VEGFA gene expression: ‘N’ indicates normoxia, and ‘H’ indicates
hypoxia. (A) NFκB1, (B) COX-2, (C) EP4, and (D) VEGFA represents gene expression in MCF7,
MCF7-miR526b, and MCF7-miR655 cell lines. (E) NFκB1, (F) COX-2, (G) EP4, and (H) VEGFA gene
expression in SKBR3-miR526b and MCF7-COX2 cell lines. Data are presented as the mean ± SEM
of quadruplicate replicates; * p < 0.05, ** p < 0.01 and *** p < 0.001. x indicates p < 0.05, xx indicates
p < 0.01 and xxx indicates p < 0.001. * Also indicates comparison between normoxia and hypoxia of the
same cell line and x indicates comparison between cell lines only in hypoxia.
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2.6.1. Pri-miRNA and HIF-1α Gene Expression Abrogated with COX-2 Inhibitor and EP4 Antagonist

We wanted to determine if pri-miR526b, pri-miR655, and HIF-1α gene expression could be reduced
in hypoxia with CEL and ONO treatments. Expression of pri-miR526b in hypoxic MCF7-miR526b
cells was significantly reduced by non-specific COX-2 inhibitor Celecoxib (CEL), and very significantly
reduced by EP4 receptor-specific antagonist ONO-AE3-208 (ONO) treatments. Expression of pri-miR655
in hypoxic MCF7-miR655 cells was very significantly downregulated by both CEL and ONO compared
to cells in hypoxic condition only (Figure 7A). We then measured HIF-1α expression in cells in hypoxia
that had been treated with inhibitors. Both MCF7-miR526b and MCF7-miR655 cells in hypoxia show a
very significant decrease in HIF-1α gene expression when treated with CEL and ONO, in comparison to
hypoxic cells without inhibitor treatment (Figure 7B). These results strongly suggested that enhanced
functions and increase in inflammatory gene expression in miRNA-high cell lines during hypoxia
is following COX-2/EP4 signaling [3,13,14]. To test the involvement of PI3K/Akt cell signaling in
hypoxia-induced functions, we use an irreversible inhibitor WM to block miRNA functions, which we
previously showed to strongly regulate miRNA functions in breast cancer [3].
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2.6.2. Inhibition of ROS/SO Production 

Figure 7. Pri-miR526b, pri-miR655, and HIF-1α gene expression in hypoxia and in hypoxia with
inhibition: (A) Inhibition of pri-miR526b and pri-miR655 gene expression in hypoxia. (B) Inhibition of
HIF-1α gene expression in hypoxia. Data are presented as the mean ± SEM of quadruplicate replicates;
* p < 0.01 and ** p < 0.001.

2.6.2. Inhibition of ROS/SO Production

To examine hypoxia-enhanced ROS and SO production in MCF7, MCF7-miR526b, and
MCF7-miR655 cell lines. We tested if CEL, ONO, and WM could significantly block hypoxia-enhanced
ROS production in all cell lines. Fluorescence images for MCF7 and MCF7-miR526b ROS-positive cells
treated with various inhibitors are presented in Figure 8A,C,E,G and Figure 8B,D,F,H, respectively.
Quantification for ROS-positive cell fluorescence is presented in Figure 8I. The fold difference for ROS
production before and after inhibitor treatments was very prominent for MCF7-miR526b (between
3.9–11-fold) compared to MCF7 (between 1.8–3.4-fold) (Figure 8I). Both MCF7 and MCF7-miR526b cells
show significantly reduced ROS-positive cells with inhibitor treatments. However, MCF7-miR526b
cells in hypoxia show a sharper decrease in ROS production after inhibitor treatments than MCF7
cells, as denoted by the fold differences. We observed a very similar phenomenon with SO production.
SO production in MCF7 and MCF7-miR526b cell lines in hypoxia were inhibited by CEL, ONO,
and WM. Fluorescence images for MCF7 and MCF7-miR526b SO-positive cells treated with various
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inhibitors are presented in Figure 8K,M,O,Q and Figure 8L,N,P,R, respectively. Quantification for SO
cell fluorescence is presented in Figure 8S.
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Figure 8. Inhibition of ROS and SO production: Representative MCF7 and MCF7-miR526b cells in
(A,B) hypoxia, (C,D) hypoxia with CEL, (E,F) hypoxia with ONO, and (G,H) hypoxia with WM under
the green filter for total ROS detection. (I) Quantification ratios for MCF7 and MCF7-miR526b cells
positive for ROS. (J) Fluorescence microplate assay to quantify total ROS production. Fluorescent MCF7
and MCF7-miR526b cells in (K,L) hypoxia, (M, N) hypoxia with CEL, (O,P) hypoxia with ONO, and
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(Q,R) hypoxia with WM under the red filter for total SO detection. (S) Quantification ratios of MCF7 and
MCF7-miR526b cells positive for SO. (T) Total SO production measured with fluorescence microplate
assay. For all pictures, the scale bar represents 50 µM. Quantitative data are presented as the mean of
three biological replicates ± SEM. * p < 0.05, ** p < 0.01 and *** p < 0.001.

Similarly, these inhibitors blocked hypoxia-enhanced SO production in MCF7-miR526b cells
(4.2–16.7-fold) compared to MCF7 (1.9–2.5-fold) (Figure 8S). We also measured inhibition of total
fluorescence emission by cells treated with inhibitors. There was a marginal decrease in total
fluorescence by MCF7 cells with treatments, whereas for MCF7-miR526b inhibitors could significantly
abrogate hypoxia induced ROS and SO production. Total fluorescence emission measurement for
ROS is presented in Figure 8J and for SO is presented in Figure 8T. Fluorescence microplate assays
strongly imply that hypoxia enhances miRNAs’ promotion of ROS and SO production in miRNA-high
cells. This stimulation was significantly inhibited by COX-2, EP4, and PI3K/Akt inhibitors indicate a
miRNA-specific function.

2.6.3. Inhibition of Cell Migration

Hypoxia promotes migration of MCF7, MCF7-miR526b, and MCF7-miR655 cell lines. In hypoxia,
MCF7 cells migrated marginally (images in Figure 9D–F, quantification in Figure 9AE) compared to
the control MCF7 normoxia cells (Figure 9A–C). However, miRNA-high cells migrated significantly
and sealed the wound (images in Figure 9S–U, quantification in 9AF) compared to the standard
MCF7-miR526b normoxia cells (Figure 9P–R). In MCF7 cells, CEL (Figure 9G–I), ONO (Figure 9J–L),
and WM (Figure 9M–O) marginally reduced the wound sizes at 24 h. Quantitative data for MCF7
are presented in Figure 9AE. Hypoxia enhanced cell migration of MCF7-miR526b cells at both 8 h,
and 24 h. This migration was inhibited in the presence of CEL (Figure 9V–X); ONO (Figure 9Y–AA);
or WM (Figure 9AB–AD). Quantitative data are presented in Figure 9AF. Similarly, it was found that
MCF7-miR655 cells in hypoxia had significantly smaller wound sizes at both 8 and 24 h (Figure S7A–C),
while hypoxic cells treated with CEL (Figure S7D–F), ONO (Figure S7G–I), or WM (Figure S7J–L) showed
marginally smaller wound sizes at 8 h and significantly smaller wound sizes at 24 h. Quantification for
MCF7-miR655 is presented in Figure S7M. In both miRNA-high cells, while COX-2 inhibitor and EP4
antagonist could partially block cell migration; irreversible PI3K/Akt inhibitor completely blocked cell
migration. These results indicate that hypoxia enhances migration of very significantly in miRNA-high
cells via COX-2/EP4/PI3K/Akt pathways, which was evidently absent in miRNA low MCF7 cells. Thus,
enhancement of cell migration in hypoxia is due to miRNA.

2.6.4. Inhibition of Vascular Mimicry

We observed inhibition of hypoxia-enhanced tube formation by MCF7-miR526b and MCF7-miR655
cells in the presence of CEL, ONO, and WM. Images are presented in Figure S6N–P,R–T,V–X . Data are
presented in Figure S6G–L. This indicates that hypoxia promotes miRNA-induced vascular mimicry
phenotypes in miRNA-high cells following the same COX-2 and miRNA-induced angiogenesis and
lymphangiogenesis pathways [3,33,34].

2.7. Linking COX-2, EP4, and PI3K/Akt Pathways with Hypoxia and miRNAs

We have shown that miR655 overexpression promotes COX-2 expression in the ER-positive breast
cancer cell line MCF7 (Figure S2E) [14] and here we showed that in hypoxia COX-2 mRNA expression
is enhanced (Figure 6B). We have also shown that NFκB1 is upregulated in miRNA-high cell lines,
and is significantly increased under hypoxia (Figure 6A). COX-2 stimulates the production of PGE2,
which activates PGE2 receptor EP4 and consequently activates the PI3K/Akt pathway [32–35]. Moreover,
we have shown that the overexpression of miR526b and miR655 upregulates VEGF expression and
downregulates PTEN [3], a negative regulator of PI3K/Akt and HIF-1α. The absence of PTEN results in
the upregulation of HIF-1α and VEGFA. In this study, we found that VHL, a tumor suppressor gene and
negative regulator of HIF-1α, is downregulated in miRNA-high cells in hypoxic conditions, which leads
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to upregulation of HIF-1α. Hypoxia-enhanced functions could be abrogated in the presence of a COX-2
inhibitor, EP4 antagonist, or PI3K/Akt inhibitor. All of these proposed pathways are illustrated in
Figure 10.
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Figure 9. Inhibition of cell migration: Migration of cells recorded at 0, 8 and 24 h. (A–C) Representative
images of MCF7 cells in normoxia, (D–F) in hypoxia, (G–I) hypoxia with CEL, (J–L) hypoxia with ONO
and (M–O) hypoxia with WM. (P–R) Representative images for MCF7-miR526b in normoxia, (S–U) in
hypoxia, (V–X) hypoxia with CEL, (Y–AA) hypoxia with ONO, and (AB–AD) hypoxia with WM. (AE)
Quantitative data for the inhibition of MCF7 cell migration with inhibitors. (AF) Quantitative data
of inhibition of hypoxia-enhanced migration of MCF7-miR526b. Data are presented as the mean ±
SEM of quadruplicate biological replicates; ** p < 0.01 and *** p < 0.001. * = Hypoxia, ◦ = Celecoxib,
∆ = ONO-AE3-208.

2.8. Bioinformatics Analysis and Regulation of PTEN and NFκB1 by miRNA

2.8.1. PTEN Regulation

We previously showed that both miR526b and miR655 regulate PTEN [3], and that PTEN
downregulates HIF-1α. Although PTEN is not a direct target of miR526b or miR655, both miRNA
modulate transcription factors that regulate PTEN expression. Using Targetscan via miRBase,
we identified that the total number of target genes for miR526b and miR655 was 4133 and 3264,
respectively [36]. From the Enrichr database, we found a total of 31 transcription factors (TFs) that
regulate PTEN gene expression, four of which target human PTEN. Transcription factors ZFX, SALL2,
and SALL4 positively upregulate PTEN, while SREBF downregulates PTEN. Bioinformatics analysis
further shows that SALL2 is a target of miR526b and SALL4 is directly targeted by miR655 and partially
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targeted by miR526b (Figure 11A), thus, we decided to measure SALL4 expression and found an
anti-correlation effect with miRNA expression. Here we observed that in both MCF7-miR526b and
MCF7-miR655 cell lines, SALL4 is significantly downregulated compared to MCF7 cells (Figure 11C),
indicating an anti-correlation effect between miRNA and SALL4. We suggest this to be a plausible
explanation for why PTEN is significantly downregulated with miRNA upregulation in MCF7 cells.
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Figure 10. Linking COX-2, EP4, and PI3K/Akt pathways with hypoxia, miR526b, and miR655: red lines
indicate functions induced by miR526b and miR655, while black lines indicate functions that are not
directly induced by miRNAs. Arrows indicate induction, while T-shaped lines indicate inhibition.

2.8.2. NFκB1 Regulation

Here we show that in hypoxia, miRNA-high cell lines have significant upregulation of NFκB1
gene expression. We identified a total of 39 transcription factors (TFs) that are associated with the
NFκB1 gene, six of which were identified by the Enrichr database as TFs regulating human NFκB1.
Amongst these six TFs, two transcription factors, ZNF207 and NR2C2, negatively regulate NFκB1.
Bioinformatics analysis shows that both ZNF207 and NR2C2 are the common target of both miR526b and
miR655 (Figure 11B). These two TFs are significantly downregulated in miRNA-high cells compared
to miRNA-low MCF7 cells (Figure 11C), indicating an anti-correlation effect between miRNAs and
these TFs. The absence of these negative regulators explains why NFκB1 expression is upregulated in
miRNA-high cells. Luciferase reporter assays are needed in the future to validate that SALL4, ZNF207,
and NR2C2 are targets of miR526b and miR655.
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Figure 11. Bioinformatics analysis of the regulation of PTEN and NFκB1 by miRNA-high cells:
(A) regulation of PTEN by miR655 and miR526b through transcription factors SALL2 and SALL4.
(B) Regulation of NFκB1 by miR655 and miR526b through transcription factors MECOM, NR2C2,
WT1, and ZNF207. Red arrows indicate that the transcription factor upregulates gene expression,
green arrows indicate that the transcription factor inhibits gene expression. (C) Gene expression of
transcription factors targeted by both miRNAs (SALL4, ZNF207, and NR2C2) in MCF7, MCF7-miR526b,
and MCF7-miR655 cell lines. Data are presented as the mean ± SEM of quadruplicate biological
replicates. * p < 0.05, ** p < 0.001 and *** p < 0.0001.

2.9. miR526b and miR655 Expression Significantly Correlates with HIF-1α Expression in Human
Breast Tumors

2.9.1. Ontario Tumor Bank Sample Demography

To further validate the relationship between miR526b, miR655, and HIF-1α expression, we tested
our hypothesis on human breast cancer tissues. We collected 96 tumor tissue and 20 non-cancerous
control tissue samples from the Ontario Tumor Bank and extracted total RNA, synthesized cDNA
and measured gene and miRNA expressions using Taqman gene and miRNA expression assays.
Demographic data of the samples are shown in Table 1. In the tumor sample set, 96.88% are female
samples, 25% were considered tobacco smokers, 29.17% were considered social or occasional alcohol
consumers, and 3.13% were categorized as regular drinkers. In the data set, 38.85% of tumor samples
are ER-positive, and 63.54% are HER2- negative. PR-positive and PR-negative status are almost similar
at 32.29% and 31.25%, respectively, and 10.42% are triple-negative breast cancer samples. In this data
set, we have seven stage I tumor samples (7.29%), 45 stage II samples (46.87%), 39 stage III samples
(40.63%), and five stage IV tumor samples (5.21). Control tissues are histopathologically normal with
all females and 5% and 25% had smoking and alcohol habits, respectively.
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Table 1. Demography of human benign and malignant tissue samples from Ontario Tumor Bank: this
table illustrates tobacco exposures, alcohol consumption, hormone receptor status (ER, PR, HER2), and
tumor stage status of the benign and malignant human tissue samples used in this study. Samples were
age-matched; the majority of samples are from female patients, only three samples are male. Hormone
receptor status of weak and intermediate was considered neither negative nor positive. Age and pack
year were presented as mean ± SD.

Subjects Benign
N = 20 (%)

Malignant
N = 96 (%)

Sex
Female 20 (100) 93 (96.88)
Male 0 (0) 3 (3.13)

Age Distribution
(Years) Range 52–87 27–92

Age (years) Mean ± SD 66 ± 11 63 ± 17

Smoking Smokers 1 (5) 24 (25)
Pack Year
(PY) ± SD 40 27 ± 19

Alcohol
Consumption

Social or Occasional Drinker 5 (25) 28 (29.17)

Regular Drinker 0 (0) 3 (3.13)

ER Status
Positive N/A 37 (38.58)

Negative N/A 19 (19.79)
Unknown N/A 6 (6.25)

PR Status
Positive N/A 31 (32.29)

Negative N/A 30 (31.25)
Unknown N/A 6 (6.25)

HER2 Status
Positive N/A 21 (21.88)

Negative N/A 61 (63.54)
Unknown N/A 14 (14.58)

ER, PR, HER2 Status Negative N/A 10 (10.42)

Tumor Stage

I * N/A 7 (7.29)

II N/A 45 (46.87)

III N/A 39 (40.63)

IV N/A 5 (5.21)

N/A: Not Applicable. * Stage 0 samples (n = 2) were compiled with stage I samples and considered as stage I (n = 5).

2.9.2. HIF-1α and miRNA Expression in Breast Tumor and Control Tissues

Here, we report that tumor samples showed significant upregulation of HIF-1α expression
compared to the control tissues (Figure 12A). We also estimated that in stratified samples, HIF-1α
expression was very significantly high in ER-positive, PR-positive, and HER2-negative breast tumors
compared to the control tissues (Figure 12A). We did not find an association of HIF-1α expression with
triple-negative breast cancer, which could be due to the fact that we had only a few triple-negative
breast tumor tissues. In addition, HIF-1α expression was very significantly increased in stage I and II
tumors, significantly increased in stage III, but only marginally high in stage IV tumors compared to
the control tissues (Figure 12B). However, we have only a few stage I and stage IV tumor samples,
thus, the observed association of HIF-1α expression is specific to stage II and stage III and the observed
findings need to be validated with a larger sample set.
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Figure 12. Human tumor and control tissue data: (A) Delta CT (∆CT) of HIF-1α expression in control
tumor tissues, all tumor tissues, ER-positive/negative, PR-positive/negative, HER2-positive/negative,
and triple-negative tumor samples. (B) HIF-1α expression in stage I, II, III, and IV tumors. (C) Correlation
between HIF-1α and miR526b expression in tumor samples. (D) Correlation between HIF-1α and
miR655 expression in tumor samples. In figures A and B, the Y-axis represents -∆CT, as smaller ∆CT
values indicate higher expression. (E) Correlation between HIF-1α and miR526b cluster expression in
tumor samples. (F) Correlation between HIF-1α and miR655 cluster expression in tumor samples. * p <

0.05, ** p < 0.01 and *** p < 0.001.
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We established that in the same tumor sample set, the expressions of both miRNAs are significantly
high in tumor compared to control tissues, and both miRNA expressions are associated with poor
patient survival [13,14]. In our previous studies, we have shown miR526b and miR655 expression to be
proportionally higher in the ER-positive, PR-positive, and HER2-negative samples [3,13,14]. Here in
this study, we wanted to investigate a possible link between miRNA expressions with hypoxia in
breast cancer. To find any correlation between miRNA expression and HIF-1α expression in tumor
tissues, we conducted a Pearson correlation coefficient analysis. We observed a very significant positive
correlation between miR526b expression and HIF-1α expression (Figure 12C), and between miR655
expression and HIF-1α expression (Figure 12D). For miR526b and HIF-1α, the R-value is 0.6489, and for
miR655 and HIF-1α, the R-value is 0.7010, showing a strong positive correlation. Due to few samples
in stratified tumor subtype categories, we did not perform a correlation analysis between miRNA and
HIF-1α in each tumor subtype and stage. This should be investigated in future studies.

2.9.3. Data Extracted from the cBioPortal Database Via TCGA

To further validate the link between miRNA expressions with hypoxia in breast cancer, we used
human breast tumor gene and miRNA expression data available in the TCGA database. We used
the cBioPortal database within TCGA to extract breast cancer specific gene and miRNA expression
data [37,38]. In total, we used compiled breast cancer tumor tissue data from 16 breast cancer studies
included in cBioPortal. Here, we compared the HIF-1αmRNA expression to the mean miRNA cluster
expression of either miR526b or miR655. While conducting correlation of HIF-1α and miRNA clusters,
we excluded samples that did not have data for either miRNA or HIF-1α expression. As a result,
we had 200 samples for the miR526b cluster analysis and 202 samples for miR655 cluster analysis,
which had data for both miRNA clusters and HIF-1α. miR526b’s miRNA cluster contains 20 miRNAs,
of which only two miRNAs, miR516a-1, and miR516a-2, had available expression data. We took the
mean expression data of both of these miRNAs and presented this as miR526b cluster expression.
The miR655 miRNA cluster also contains 20 miRNAs, nine of which (miR154, miR369, miR381, miR382,
miR409, miR410, miR487b, miR539, and miR889) had available expression data. We took the mean of
all nine miRNAs expression data and presented this as miR655 miRNA cluster expression.

With Pearson correlation coefficient analysis, miR526b cluster expression showed a very significant
correlation with HIF-1α expression, with an R-value of 0.6134 and p < 0.00001 (Figure 12E). Similarly,
the average expression of miR655 cluster was also very significantly correlated with HIF-1α expression,
with an R-value of 0.6388 and p < 0.00001 (Figure 12F). These data, compiled from 16 different studies,
shows strong implications of miR526b/miR655 expression correlated to HIF-1α expression in breast
cancer. These results further strengthen the notion that both miRNAs collaborate in hypoxia to promote
aggressive breast cancer.

3. Discussion

The tumor microenvironment plays a major role in tumor growth and metastasis. An aggressively
growing tumor goes through a phase of hypoxia, in which the center of the tumor mass is deprived
of oxygen. In order to survive, tumor cells release growth factors and chemokines, which in turn
promote angiogenesis, thus allowing the tumor to bypass apoptosis [19,30]. Hypoxia promotes
angiogenesis, EMT, and oxidative stress in the tumor microenvironment [30]. Our previous studies
have demonstrated the roles of miR526b and miR655 as oncogenic miRNAs, promoting aggressive
breast cancer phenotypes such as cell migration, invasion, tumor associated angiogenesis, cancer stem
cell induction, oxidative stress, tumor growth, and metastasis [3,13,14,27]. Involvement of miRNAs to
change and modulate the tumor microenvironment to promote breast cancer metastasis is a growing
field of research. Thus, in this article, we tested the interaction and change of functions in two oncogenic
miRNAs, miR526b, and miR655, in hypoxia.

Both hypoxia and miRNAs have been associated with the promotion of cancer in various
studies, and one has been shown to regulate the other. For instance, Bandara et al. have shown

164



Cancers 2020, 12, 2008

that hypoxia-enhanced miRNAs play an important role in the hypoxic adaptation of cancer cells,
and have demonstrated that hypoxia is also a regulator of miRNA biogenesis [39]. Here we observed
that hypoxia enhances miR526b and miR655 expression in ER-positive breast cancer cells. Another
study by Bhandari et al. also shows hypoxia-enhanced miRNA dysregulation in various cancers, and
identified miR133a-3p as a hypoxia-modulated miRNA [40]. Hypoxia-induced miR590-5p was shown
to stimulate matrix metalloprotease activity and stimulate cell migration and invasion [41]. Conversely,
Krutilina et al. discovered that miR-18a directly targets HIF-1α, and downregulates hypoxic gene
expression [12] and in colon cancer miR22 was shown to inhibit hypoxia [42].

HIF-1α is a transcription factor that acts as a marker for hypoxia in cells. In this study, we
observed that aggressive miR526b/miR655-overexpressing cell lines (MCF7-COX2, MCF7-miR526b,
MCF7-miR655, SKBR3-miR526b) produce high HIF-1α in normoxia, while poorly metastatic
miRNA-low cell lines show a significantly lesser amount of HIF-1α. These results show that even
under normoxic conditions, miRNA-high cell lines are naturally high in hypoxia marker expression,
indicating that these miRNAs may be involved in hypoxia in breast cancer. This is supported by
Kulshreshtha et al., showing miRNA directly regulates HIF-1α gene expression in various cancers [43].
We also observed that in hypoxia, there is a very significant increase in HIF-1α mRNA and protein
expression in miRNA-high cell lines, in particular in ER-positive cells (MCF7-miR526b, MCF7-miR655)
compared to miR-low MCF7 cells, indicating that this could be an ER-specific phenomena. Additionally,
CoCl2 treatment enhanced miR526b and miR655 expression in MCF7 cells as well, thus, an increase
in HIF-1α expression in MCF7 cells could be due to miRNA expression upregulation. Furthermore,
the expression of HIF-1α is partly controlled by a tumor suppressor pVHL, which tags HIF-1α and
sends it for degradation under normoxic conditions [44]. We found that the VHL gene was significantly
downregulated in hypoxic conditions in miRNA-high cells, hence, HIF-1α expression enhanced.
This established a strong link between miRNA and hypoxia.

Hypoxic conditions are the master regulators of oxidative stress, causing ROS production,
DNA damage, promoting inflammation [45,46], and oxidative stress induces inflammatory miRNA
production [39,47]. In our previous study, we have shown that miR526b and miR655 directly upregulate
oxidative stress in breast cancer [27]. Here, we observed that in MCF7-miR526b and MCF7-miR655
cells, ROS and SO production is further stimulated by hypoxia. The increase in ROS and SO production
is greater in the miRNA-high cell lines than the increase in MCF7 cells in hypoxia. TXNRD1 is an
enzyme that regulates the production of ROS and SO and overexpression of this enzyme is an indicative
marker for oxidative stress. We found that hypoxia enhanced TXNRD1 expression in all breast cancer
cell lines, but the most significant increase was found in MCF7-miR655 cells. The marginal increase
in oxidative stress in MCF7 cells after CoCl2 treatment could be a combined effect of hypoxia and
miRNA-overexpression in this cell due to hypoxia. This suggests hypoxia and miR526b and miR655
collaborate to enhance oxidative stress in breast cancer.

Hypoxia can completely reprogram tumor cells to induce EMT, and stimulate vasculogenesis to
enhance cell migration [48]. We have shown that miR526b and miR655 overexpression in breast cancer
cells promotes EMT, cell migration, as well as VEGFA upregulation [3,13,14]. Here, we identified that
MCF7-miR526b and MCF7-miR655 had higher levels of the mesenchymal markers (VIM, TWIST1,
SNAIL) and lower levels of the epithelial marker CDH1 expression in hypoxia compared to normoxia.
Mesenchymal cells are highly migratory, thus, a scratch-wound migration assay was performed and
found that the scratch wound closes faster in miRNA-high cells in hypoxia compared to MCF7 cells
in hypoxia. We also observed that miRNA-high cell lines show vascular mimicry and promote tube
formation in hypoxia. All these phenotypes support that hypoxia enhances functions of miR526b and
miR655 to promote breast cancer cell aggressiveness.

In the past research, we have identified that in ER-positive MCF7 breast cancer cells, COX-2
overexpression significantly upregulates the expression of miR526b and miR655. miR526b and miR655
are known to upregulate COX-2 and EP4 expression, and we proposed that miRNA could regulate
COX-2/EP4 expression through the NFκB pathway [13,14]. COX-2 activity produces PGE2, which in
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turn binds to the EP4 receptor. EP4 activation induces PI3K/Akt signaling, which regulates angiogenesis
during embryogenesis and in breast cancer metastasis [33,35,49,50]. We have also shown that COX-2,
EP4, and PI3K/Akt inhibition could abrogate miRNA-induced angiogenesis in vitro [3]. A link between
miRNA regulating HIF-1α expression via PI3K/Akt signaling was shown in other tumor models as
well [51]. In the current study, we show that hypoxic conditions enhance COX-2/EP4 and NFκB1
expression in ER-positive breast cancer cells, and both COX-2 inhibitor Celecoxib (CEL) and EP4
antagonist ONO-AE3-208 (ONO) significantly abrogate miRNA expression. Therefore, we attempted
to block the cancer-promoting phenotypes enhanced by hypoxic conditions in miRNA-high cells.
Our findings show that MCF7-miR526b and MCF7-miR655 cell migration, oxidative stress, and vascular
mimicry was inhibited by the application of a COX-2 inhibitor, EP4 antagonist, and an irreversible
PI3K/Akt inhibitor Wortmannin (WM). The hypoxia-enhanced functions of miRNA-high cells were
inhibited to a greater extent than that of miRNA-low MCF7 cells. These results strongly suggest that,
in hypoxia, COX-2/EP/PI3k/Akt signaling pathways regulate miRNA functions. However, this does
not show the effect of miRNA knockdown or inhibition of miRNA expression in aggressive cell lines.
While we have shown in previous studies that the knockdown of miR526b and miR655 in aggressive
breast cancer cell lines reduces aggressive breast cancer phenotypes [13,14], here we were unable to test
the direct effects of miRNA knockdown in hypoxia. In the future, it would be interesting to investigate
the effects of miR526b and miR655 knockdown on hypoxia in breast cancer.

We previously validated that both miR526b and miR655 target CPEB2, which is a tumor suppressor
gene and strongly correlated with p53 expression in breast cancer [15]. We have previously shown
that PTEN expression is downregulated in miRNA-overexpressed MCF7 cell lines [3]. PTEN is
also a tumor suppressor that downregulates the expression of HIF-1α and regulates the PI3K/Akt
pathway. In the absence of PTEN, HIF-1α is able to act as a transcription factor for VEGFA, increasing
angiogenesis, as well as activating other pathways that promote aggressive cancer phenotypes [9].
NFκB1 is a transcription factor frequently activated in tumors that is involved in growth, progression,
and resistance to chemotherapy. Various alarmin receptors are activated by HIF-1α, which in turn
strongly activates NFκB and pro-inflammatory pathways, furthering the progression of the malignant
phenotype [52]. Here we showed that in the hypoxic conditions, NFκB1 is upregulated most significantly
in miRNA-high MCF7 cells, suggesting that miRNA induces NFκB1 expression in hypoxic conditions.
To establish miRNA-signaling pathways, we examined miRNA target genes list.

Additionally, a bioinformatics approach was taken to determine the direct connection between
miR526b and miR655 with NFκB1 and PTEN. A number of transcription factors regulating NFκB1
and PTEN were identified as direct or indirect targets of miRNA. SALL2 and SALL4 are positive
regulators of PTEN and can regulate tumor metastasis [53,54]. In our analysis, SALL4 expression was
significantly downregulated in miRNA-high cell lines compared to MCF7. We identified ZNF207 and
NR2C2 as transcription factors that are negative regulators of NFκB1 are significantly downregulated
in miRNA-high cells. It was shown that the ZNF207-HER2 fusion protein is oncogenic in gastric
cancer [55], and NR2C2 was shown to prevent MCF7 cell proliferation in an ER dependent manner [56].
In our study in miRNA-high cells, both ZNF207 and NR2C2 are downregulated, and thus, NFκB1 is
upregulated. Although we were unable to conduct a true miRNA target validation using a luciferase
reporter assay, our overall findings finally establish the link between miRNAs, NFκB1, COX-2, EP4,
PI3K/Akt, PTEN, and HIF-1α signaling pathways.

To assess the translational impact of the discoveries, we tested the relation between miRNA and
HIF-1α expression using human breast cancer tissue and non-cancerous control tissues. We found
that there is a significant increase in HIF-1α gene expression in tumor tissues compared to the control
tissues. In particular, ER-positive, PR-positive, and HER2-negative human breast tumor samples
showed the highest expression of HIF-1α. We also recorded that stage II and stage III tumors showed
the highest expression of HIF-1α, indicating hypoxia enhances miRNA-induced aggressive breast
cancer phenotypes at progressive disease states. In this same set of tumors, we previously published
that miR526b and miR655 expression was high in tumors and high expression of both miRNAs
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were associated with poor-patient survival [13,14]. In tumor tissues, we also recorded a strong
correlation between miR526b and HIF-1α and between miR655 and HIF-1α, which suggests that
HIF-1α and miRNAs strongly interact to enhance breast cancer progression. These in situ data further
confirmed the aggressive breast cancer phenotypes recorded in ER/PR-positive, HER2-negative, and
miRNA-overexpressing MCF7-miR526b and MCF7-miR655 cell lines under hypoxia in the present
article. To test the correlation between miRNA-cluster expressions with HIF-1α expression within
tumors in an independent data set, we also extracted data from cBioPortal, which includes data from 16
different breast cancer studies. These independent data sets results also showed a strong and positive
correlation between miR526b and miR655 cluster with HIF-1α expression, further strengthening our
findings. Here, we discovered a novel collaboration between hypoxia and miR526b/miR655 in breast
cancer metastasis. It would be interesting to investigate in the future if these two miRNAs can serve as
breast cancer biomarkers, specifically in ER-positive breast cancer, which is the most common type of
breast cancer incidence in Canada.

4. Materials and Methods

The overall in vitro methodologies followed in this article are presented in Figure 13. We used the
Mind the Graph Platform to create the graphical images.
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4.1. Ethics Statements

The experiments were conducted at the Department of Biology in Brandon University, following
the regulations of Brandon University Research Ethics (#21986, approved on 21 April 2017) and
Biohazard Committee (#2017-BIO-02, approved on 13 September 2017).

4.2. Cell Culture

MCF7, T47D, SKBR3, Hs578T, and MDA-MB-231 breast cancer cell lines were purchased from
the American Culture Type Collection (ATCC, Rockville, MD, USA). Stable miRNA-overexpression
MCF7-miR526b, MCF7-miR655, and SKBR3-miR526b cell lines and COX-2-overexpressing MCF7-COX2

167



Cancers 2020, 12, 2008

cell line were created by transfecting MCF7 and SKBR3 cells with respective miRNA or COX-2
overexpression plasmids. Transfected cell lines were sustained with Geneticin (Gibco, Mississauga, ON,
Canada) following protocols as previously described [13,14,32]. MCF7, MCF7-miR526b, MCF7-miR655,
and SKBR3-miR526b cell lines were grown in Roswell Park Memorial Institute (RPMI) 1640 medium
(Gibco, Mississauga, ON, Canada), supplemented with 10% fetal bovine serum (FBS) and 1% Penstrep.
T47D, SKBR3, MCF7-COX2, Hs578T, and MDA-MB-231 cell lines were grown in Dulbecco’s Modified
Eagle Medium (DMEM) (Gibco, Mississauga, ON, Canada) supplemented with 10% FBS and 1%
Penstrep. All cell lines were maintained in a humidified incubator at 37 ◦C and 5% CO2. MCF10A
mammary epithelial cells were grown and maintained in Dr. Lala’s laboratory at the University of
Western Ontario following ATCC protocol. An aliquot of cDNA samples was then transferred to Dr.
Majumder laboratory at Brandon University.

4.3. Drugs and Chemicals

Celecoxib (COX-2 inhibitor, CEL) was purchased from Pfizer (Groton, CT, USA). ONO-AE3-208
(selective EP4 antagonist, EP4A, ONO) was a gift from ONO Pharmaceuticals (Osaka, Japan).
Wortmannin (irreversible PI3K/Akt inhibitor, WM) was purchased from Sigma-Aldrich (Saint Louis,
MO, USA). CoCl2 was purchased from Fisher Scientific (Mississauga, ON, Canada). For all treatments
in vitro, hypoxia (CoCl2) served as the positive control and normoxia (sterile water, the solvent of
CoCl2) served as the negative control.

4.4. Hypoxia Induction In Vitro with CoCl2 Treatment

Concentrations of CoCl2 were chosen based on other publications tested with breast cancer
cells [29,30]. Once 70% confluent, cells were serum starved for 12 h. and CoCl2 was administered at a
concentration of either 50 µM or 150 µM. 24 h after CoCl2 treatment, cells were harvested for RNA
extraction or used for cell functional assays as described below. We observed that 150 µM induced
maximum HIF-1α expression (Figure S1), thus, for all treatments in vitro, 150 µM of CoCl2 treatment
was considered as hypoxia, and sterile H2O served as normoxia.

4.5. RNA Extraction, cDNA Synthesis, and Quantitative Real-Time PCR

Using the miRNeasy Mini Kit (Qiagen, Toronto, ON, Canada), total RNA extractions were
done from non-treated T47D, SKBR3, MCF7-COX2, SKBR3-miR526b, Hs578T, MDA-MB-231, MCF7,
MCF7-miR526b, and MCF7-miR655 cell lines, as well as CoCl2-treated MCF7, MCF7-miR526b,
MCF7-miR655, SKBR3-miR526b, and MCF7-COX2 cell lines. The RNA was then reverse transcribed
into cDNA using the High-Capacity cDNA Reverse Transcription Kit (Applied Biosystems, Waltham,
MA, USA).

For quantitative Real-Time PCR (qRT-PCR), the TaqMan Gene and miRNA Expression Assays
were used. Two genes, Beta-actin (Hs01060665_g1) and RPL5 (Hs03044958_g1) were used as
endogenous control genes and RNU44 (assay ID #001094) was considered as an internal control miRNA.
The expressions of pri-miR526b (Hs03296227_pri), pri-miR655 (Hs03304873_pri), hsa-miR-526b-5p
(assay ID #002382), hsa-miR-655-3p (assay ID #001612), HIF-1α (Hs00153153_m1), VEGFA
(Hs00900055_m1), COX-2 (Hs00153133_m1), EP4 (Hs00964382_g1), VHL (Hs03046964_s1), NFκB1
(Hs00231653_m1), TWIST1 (Hs04989912_s1), VIM (Hs00185584_m1), SNAIL (Hs00195591_m1), CDH1
(Hs00170423_m1), TXNRD1 (Hs00917067_m1), SALL4 (Hs01010838_g1), ZNF207 (Hs01045973_m1),
and NR2C2 (Hs00991824_m1) were quantified using relative gene expression analysis. A relative fold
change of gene expression was used using the comparative threshold cycle (∆Ct) followed by fold
change using the 2-∆∆Ct method [3,13,14,32].

4.6. Enzyme-Linked Immunosorbent Assay (ELISA) Analysis of HIF-1α

HIF-1α protein quantification was carried out using the ab171577-HIF1a Human SimpleStep ELISA
Kit (Abcam, Toronto, ON, Canada). This assay is specific to the HIF-1α protein and does not cross-react
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with HIF-1α homologues, such as HIF-2α (EPAS-1). Three different passages of MCF7, MCF7-miR526b,
MCF7-miR655, SKBR3-miR526b, and MCF7-COX2 cell lines were seeded into a six-well plate and
grown to 80% confluence. Cells were treated with 150 µM CoCl2 for 24 h. Three experimental replicates
were performed for each condition for each passage. The ELISA kit provided standards and was
prepared following the manufacturer’s instructions. The cells were washed with PBS then solubilized
with 1X Cell Extraction Buffer PTR. The cell lysate was then centrifuged, and the supernatant (total
protein) was collected. In a 96-well plate, 50 µL of each of the sample protein and prepared standards
were added to the wells. Additionally, 50 µL of the HIF-1α antibody cocktail was added, and the plate
was incubated on a plate shaker. Next, the wells were washed with 1X Wash Buffer PT, and 100 µL of
TMB Substrate was added to each well and incubated. Finally, 100 µL of Stop Solution was added to
each well and mixed gently. Microplate readings were then recorded with OD at 450 nm to measure
HIF-1α protein levels. Data was collected using the SoftMax Pro 6 Microplate Data Acquisition and
Analysis software (Molecular Devices, San Jose, CA, USA). Calculations were performed following the
manufacturer’s instructions. In all cases, negative control data were subtracted from experimental data
for normalization. Provided samples were used to generate a standard curve for protein quantification.

4.7. Western Blot Analysis

Cells were treated with M-PER® Mammalian Protein Extraction Reagent (Thermo Scientific,
Rockford, IL, USA), HALT Protease Inhibitor Cocktail (Thermo Scientific), and Phosphatase Inhibitor
Cocktail (Thermo Scientific) to extract total protein. Approximately, 15–20 µg of total protein were
electrophoresed per well on an 8–10% SDS-polyacrylamide gel and transferred onto Immobilon-FL
PVDF membranes (Millipore, Billerica, MA, USA). Blots were incubated with the HIF-1α primary
antibody (H1alpha 67): sc-53546 (Santa Cruz Biotechnology, CA, USA) at 1:500 dilution and monoclonal
GAPDH antibody (MAB374, from Millipore, Billerica, MA, USA) at 1:10,000 dilutions overnight.
After blocking with primary antibodies, membranes were washed and then probed with a mixture of
IRDye polyclonal secondary antibodies (LI-COR Biosciences, Lincoln, NE, USA). Images were read
with an Odyssey infrared imaging system (LI-COR Biosciences, Lincoln, NE, USA).

4.8. Fluorescence Microplate Assay

Three different passages of MCF7, MCF7-miR526b, and MCF7-miR655 cell lines were seeded in
a 96-well plate. Once the cells were grown to 70% confluency, they were treated with either 50 µM
or 150 µM of CoCl2 for 24 h. ROS and SO levels were then detected using the ROS-ID Total ROS/SO
detection kit (Enzo Life Sciences, Farmingdale, NY, USA), following the manufacturer’s protocol. First,
the cells were washed with PBS to wash off cell culture media, and ROS/SO detection dyes were added
to quantify ROS/SO production. One hour following the addition of detection dyes, microplate readings
were done using the standard Fluorescein filter (Excitation/Emission: 485/535 nm) and Rhodamine
filter (Excitation/Emission: 550/625 nm). Data was collected using the SoftMax Pro 6 Microplate Data
Acquisition and Analysis software (Molecular Devices, San Jose, CA, USA). Concentrations of the ROS
and SO produced by cells were determined based on the manufacturer’s instructions as we published
earlier [27]. ROS/SO production was quantitatively shown as a ratio of hypoxia emissions (emissions
from hypoxic cells) to negative control emissions (emissions from normoxic cells). The same process
was used for the fluorescence microplate assay with the use of inhibitors, except cells were treated
with 150 µM of CoCl2 and supplemented with either 20 µM Celecoxib, 50 µM ONO-AE3-208, or 10 µM
Wortmannin for 24 h. To measure the effect of inhibitors, hypoxia treatment was considered as control.

4.9. Fluorescence Microscopy Assay

After total fluorescence emission measurement, we used the same ROS/SO detection kit to
determine the total number of cells showing fluorescence and producing ROS and SO following
the manufacturer’s protocol. MCF7, MCF7-miR526b, and MCF7-miR655 cell lines with or without
CoCl2 were seeded in 96 well plates and grown until 70% confluent, then the cells were washed
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with PBS, and next, ROS/SO detection dyes were added. After 15 min of incubation, images were
captured with a Nikon Ds-Ri1 microscopy camera and data were analyzed using the NIS Elements
Advanced Research software (Nikon, Melville, NY, USA). The fluorescent cells in each experiment
were quantified using the ImageJ software (National Institute of Health, Bethesda, MD, USA) as
previously described [27]. For each condition, the negative control (normoxia) was used as a threshold
for quantification of hypoxia effect. Total ROS/SO production was presented as quantification ratios,
which were calculated by dividing all quantifications by negative control quantifications (i.e., the
number of fluorescence-positive cells in the sample divided by the number of fluorescence-positive
cells in the control), then dividing the resulting number by the total number of cells present in the
well. The same process was used for the fluorescence microscopy assay with the use of inhibitors,
except cells were treated with 150 µM of CoCl2 and supplemented with either 20 µM Celecoxib, 50 µM
ONO-AE3-208, or 10 µM Wortmannin. To measure the effect of inhibitors, hypoxia treatment was
considered as control.

4.10. Scratch-Wound Migration Assay

Cells were grown in RPMI complete (serum-supplemented) media until 90% confluent, then
harvested and resuspended in complete RPMI, after which 300 µL of suspended cells (approximately
20,000 cells/mL) was added to a six-well cell culture plate and maintained until 90% confluency.
A sterile 2 µL pipette tip was used to scratch the surface of each well, after which the cells were
washed with PBS to remove detached cells. The treatment conditions were then applied to the wells.
For the hypoxia-mediated migration assay, sterile H2O was used as the negative control (normoxia),
and 150 µM of CoCl2 treatment was considered as hypoxia. A total of 2 mL of the respective conditions
(treatments in RPMI basal media) were added to each well. The migratory progress and wound size
were captured using a Nikon Ds-Ri1 microscope camera at 0, 16, 24, and 48 h time points. To ensure
that we were taking pictures of the same wound-healing site over time, each well was separated into
four quadrants manually with a marker pen, and a wound/scratch was made once per coordinate.
Additionally, the microscope’s coordinate system was used for double validation to ensure photos
were taken in the same field of view. We have captured five pictures per quadrant to ensure that
the entire wound was captured. Thus, per well, we took at least 20 pictures. NIH ImageJ software
was used to measure the width of the scratch wound in pixels and mean data of 20 pictures were
considered as data for a single experimental replicate. We used three experimental wells or replicates
and three biological replicates per condition [3]. The same process was used for the migration assay
with the use of inhibitors, to determine the roles of COX-2, EP4 receptor, and the PI3K/Akt signaling
pathways, except the cells were seeded in 24-well plates and treated with 150 µM CoCl2 for 24 h, then
supplemented with either 20 µM Celecoxib, 50 µM ONO-AE3-208, or 10 µM Wortmannin for another
24 h. All quantifications were done after 24 h of inhibitor treatment (which is equivalent to 48 h of
CoCl2 treatment), as we found an increase in cell death and difficulty in quantification after 24 h.

4.11. Tube Formation Assay

Tube formation assays were carried out as previously described in a 24-well plate [3].
Diluted Matrigel media was prepared as a 1:1 ratio of growth factor reduced Matrigel (BD Biosciences,
Bedford, Massachusetts, USA) and basal RPMI media. 200 µL of diluted Matrigel was added to each
well in a 24-well plate and incubated for 1 h at 37 ◦C to allow the Matrigel to crosslink and form the
extracellular matrix. Next, 200 µL cells were then seeded into the Matrigel coated plate with a density
of approximately 20,000 cells per well. MCF7, MCF7-miR655 and MCF7-miR526b cell lines were
resuspended in either RPMI complete media; CoCl2 (150 µM)-RPMI media; or CoCl2-RPMI media
along with either 20 µM Celecoxib (COX-2 inhibitor) or 50 µM ONO-AE3-208 (EP4 antagonist), or 10 µM
Wortmannin (Irreversible PI3K/Akt pathway inhibitor) as inhibitory conditions. Each condition was
tested twice (experimental replicates) and repeated three times (biological replicates). Tube formation
was measured at 24 and 48 h, and images were obtained using a Nikon inverted microscope.
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Quantification of tubes and branching points was carried out using NIH ImageJ software (NIH,
Bethesda, MD, USA).

4.12. Bioinformatics Analysis

miRbase [36] and Enrichr [57] were two online databases used for conducting bioinformatics
analysis in this study. miRbase is a miRNA database, which provides predicted miRNA target genes
along with miRNA cluster information. The complete target gene list for miR526b and miR655
was downloaded using TargerScanVert release 7.1 [58] in miRbase for five prime mature sequences
hsa-mir-526b and hsa-mir-655. The Enrichr database uses enrichment analysis to identify transcription
factors regulating genes. All transcription factors associated with PTEN and NFκB1 were downloaded.
The two lists generated from miRbase and the Enrichr database were then cross-examined to determine
shared target genes and transcription factors.

4.13. Human Breast Cancer Tissue Samples

Frozen human breast tissue samples were obtained from the Ontario Tumour Bank after ethical
approval by Ontario Cancer Research Ethics Board (Tec # 010-11), then following approval by the
Ethics Review Board of the Tumor bank and collected at the University of Western Ontario at Dr.
Lala’s laboratory. Qiagen miRNeasy mini kit was used to extract mRNA or miRNA from tissue
samples, followed by cDNA synthesis using cDNA Reverse Transcription Kit (Applied Biosystems,
USA). An aliquot of all the cDNA samples were transferred to Dr. Majumder’s laboratory at Brandon
University following the Material Transfer Agreement (MTA) between Brandon University and the
University of Western Ontario. All further experiments were conducted at the Department of Biology
at Brandon University following Brandon University Ethics and Biohazard protocols.

4.14. In Silico Analysis of cBioPortal Data via TCGA

miR526b and miR655 cluster information was extracted from the miRbase miRNA database [36].
We identified that there are 20 miRNAs within each miRNA cluster for miR526b and miR655. Next,
we used the cBioPortal database within TCGA, which includes data from 16 breast cancer studies
to extract miR526b and miR655 cluster miRNA expression, along with HIF-1α mRNA expression,
which were both presented as z-scores [37,38]. For the miR526b miRNA cluster, the cBioPortal database
contained miRNA expression data for miR516a-1 and miR516a-2. As for miR655s miRNA cluster,
nine miRNA had expression in the cBioPortal database (miR154, miR369, miR381, miR382, miR409,
miR410, miR487b, miR539, and miR889). The mean of available miRNAs z-score within each cluster
was considered and compared to the HIF-1α z-score to determine a correlation between miR526b and
miR655 miRNA clusters and HIF-1α.

4.15. Statistical Analysis

Statistical calculations were performed using GraphPad Prism (GraphPad Software, Version 8.4.3.,
San Diego, CA, USA). All parametric data were analyzed with one-way analysis of variance (ANOVA)
by Tukey–Kramer or Dunnett post-hoc comparisons. The student’s t-test was used when comparing
the means of two datasets, and Pearson’s correlation coefficient was employed to assess statistical
correlations. Statistically relevant differences between means were accepted at p < 0.05.

5. Conclusions

Although the roles of miR526b, miR655, and hypoxia are independently studied in various tumor
metastasis models, this is the first time an association between miR526b, miR655, and hypoxia to
promote metastatic breast cancer phenotypes has been established. These findings further strengthen
the roles of these two miRNAs as master regulators of the tumor microenvironment in promoting
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breast cancer. In addition, these miRNAs can serve as possible therapeutic targets in ER/PR-positive
and HER2-negative miR526b/miR655-high breast cancer.
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SO Superoxide
TCGA The Cancer Genome Atlas
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VEGFA Vascular endothelial growth factor A
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Simple Summary: Metastasis of tumor cells is the leading cause of death in cancer patients. Concur-
rent therapy with surgical removal of primary and metastatic lesions is the main approach for cancer
therapy. Currently, therapeutic resistant properties of cancer stem cells (CSCs) are known to drive
malignant cancer progression, including metastasis. Our study aimed to identify molecular tools
dedicated to the detection and treatment of CSCs. We confirmed that microRNA-210-3p (miR-210)
was upregulated in colorectal stem-like cancer cells, which targeted stathmin1 (STMN1), to decrease
cell elasticity for increasing mobility. We envision that strategies for softening cellular elasticity will
reduce the onset of CSC-orientated metastasis.

Abstract: Cell migration is critical for regional dissemination and distal metastasis of cancer cells,
which remain the major causes of poor prognosis and death in patients with colorectal cancer (CRC).
Although cytoskeletal dynamics and cellular deformability contribute to the migration of cancer
cells and metastasis, the mechanisms governing the migratory ability of cancer stem cells (CSCs), a
nongenetic source of tumor heterogeneity, are unclear. Here, we expanded colorectal CSCs (CRCSCs)
as colonospheres and showed that CRCSCs exhibited higher cell motility in transwell migration
assays and 3D invasion assays and greater deformability in particle tracking microrheology than
did their parental CRC cells. Mechanistically, in CRCSCs, microRNA-210-3p (miR-210) targeted
stathmin1 (STMN1), which is known for inducing microtubule destabilization, to decrease cell
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elasticity in order to facilitate cell motility without affecting the epithelial–mesenchymal transition
(EMT) status. Clinically, the miR-210-STMN1 axis was activated in CRC patients with liver metastasis
and correlated with a worse clinical outcome. This study elucidates a miRNA-oriented mechanism
regulating the deformability of CRCSCs beyond the EMT process.

Keywords: colon cancer; cancer stem cells; microRNAs; deformability

1. Introduction

Cytoskeletal components, including microtubules, actins, and intermediate filaments,
support the structure of eukaryotic cells with appropriate viscoelasticity to regulate physio-
logical cell morphology [1], division [2–4], and movement [5,6]. During cancer progression,
intercellular communication and cell-extracellular matrix (ECM) interactions define the
localized and premetastatic tumor microenvironment (TME) for stimulating cancer metasta-
sis [7]. Although cellular viscoelasticity has been studied using microrheology to determine
the intracellular elastic and viscous moduli [8–10], little is known about the viscoelasticity
of cancer cells during stepwise metastatic progression in distinct TMEs.

Cancer stem cells (CSCs), a nongenetic source of phenotypic heterogeneity in bulky
tumors, are responsible for tumor initiation, therapeutic resistance, and distal metas-
tasis [11]. In colorectal cancer (CRC), CD133(+) and ESA(+)CD44(+) CSCs have been
identified [12–14]. CD26(+) and Lgr5(+) CSCs are further suggested to contribute to the
maintenance of distal metastasis [15,16]. CSC phenotypes can be induced by epithelial-
mesenchymal transition (EMT) inducers [17], maintained by inflammatory cytokines/
chemokines or defined by Wnt activity [18]. However, the mechanism by which CSCs mod-
ulate cellular viscoelasticity to promote local invasion and distal metastasis remains elusive.

MicroRNAs (miRNAs) are endogenously expressed small noncoding RNAs of
18–24 nucleotides in length that modulate gene expression at the posttranscriptional
level [19]. Dysregulation of miRNAs contributes to tumor formation and progression [20].
Several miRNAs have been associated with EMT, angiogenesis, ECM remodeling, prolifera-
tion, invasion, and apoptosis in liver or lung metastases of CRC [21]. miR-20a-5p promotes
CRC invasion and metastasis by downregulating Smad4 [22]. miR-885-5p downregulates
CPEB2, a negative regulator of TWIST1, and induces cytoskeletal rearrangement by upreg-
ulating Rho family small GTPases [23]. However, the miRNome responsible for cellular
viscoelasticity is undefined.

This study reveals an EMT-independent mechanism for motility control and demon-
strates that modulation of colorectal cancer stem cell (CRCSC) stiffness through miR-210-3p
(miR-210) and its downstream target stathmin1 (STMN1) is essential for CRCSC invasive-
ness. The miR-210High/STMNLow signature is further associated with liver metastasis of
CRC and predicts a worse clinical outcome.

2. Materials and Methods

2.1. Plasmids, shRNA Clones and Synthetic Oligonucleotides

The miR-210 antagomir and scramble control were purchased from RiboBio Co.,
Guangzhou, China. The miR-210 agomir and agomir control were synthesized by
GenePharma, Shanghai, China. The miR-Zip Control and miR-Zip-210 plasmids were
purchased from System Bioscience, Palo Alto, CA, USA. The pLenti and pLenti-STMN1-
Myc-DDKvectors were obtained from OriGene, Rockville, MD, USA. The pCMV∆R8.9,
pDVsVg, and pLKO.1-shLuc vectors and the shRNA against STMN1 were obtained from
the National RNAi Core Facility of Taiwan for gene silencing. All clones were verified by
direct sequencing.
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2.2. Cell Culture

Human embryonic kidney (HEK) 293 cells were cultured in Dulbecco’s modified
Eagle’s medium (Gibco/Life Technologies, New York, NY, USA). Human colorectal carci-
noma HT29, HCT15 and Colo205 cells were cultured in RPMI-1640 medium (Gibco/Life
Technologies). SW1116 human colorectal carcinoma cells were cultured in L-15 medium
(Gibco/Life Technologies). The above media were supplemented with 10% fetal bovine
serum (FBS, Gibco/Life Technologies). HEK293, HT29, HCT15 and Colo205 cells were
cultured in a humidified incubator at 37 ◦C with 5% CO2. SW1116 cells were cultured
in a humidified incubator at 37 ◦C with atmospheric air. HCT15-vec and HCT15-Snail
stable clones were generated previously [24]. The authenticity of cell lines was verified by
examining their DNA-short tandom repeat (STR) profiles.

2.3. Expansion of Colorectal Cancer Stem Cells

To expand sphere-derived cancer stem cells (SDCSCs), a single-cell suspension was
prepared, and cells were cultured in stem cell medium (SCM; DMEM/F12 supplemented
with N2 Plus Supplement (Invitrogen, New York, NY, USA), 10 ng mL−1 recombinant bFGF
(PeproTech Asia, Suzhou, China), 10 ng mL−1 EGF (PeproTech Asia) and 1% penicillin–
streptomycin (Gibco/Life Technologies) for 20 days to form tumor spheres. TryPLE express
(Gibco/Life Technologies) was used to dissociate cells and SDCSCs to prepare single-cell
suspensions for experiments. Cells were cultured in a humidified incubator at 37 ◦C with
5% CO2.

2.4. Transwell Migration Assay

RPMI medium (600 µL) supplemented with 10% FBS was added to the bottom wells,
and 2 × 105 cells suspended in basal RPMI medium were then seeded in the 6.5 mm
diameter upper chamber with an 8 µm pore size membrane (Corning, New York, NY, USA)
and incubated for 20 h. Cell suspensions in the upper inserts were discarded, and the
remaining cells were removed with cotton swabs. Cells adhering to the underside of the
membranes were fixed with 4% paraformaldehyde (Sigma-Aldrich, St. Louis, MO, USA)
for 15 min and stained with 1% crystal violet reagent (Sigma-Aldrich) for 30 min at room
temperature. Images were acquired with an inverted microscope (Eclipse Ts-2, Nikon
Instruments Inc., Tokyo, Japan), and the migrated cells in a 10x low-power field (LPF) were
counted for quantification.

2.5. Two-and-a-Half Dimentional (2.5D) Time-Lapse Trajectory

For measuring 2.5D cell motility, a mixture of 0.85 mL of 3 mg mL−1 PureCor bovine
collagen solution (Advance Biomatrix, Carlsbad, CA, USA), 0.3 mL of 5× RPMI basal
medium, 6 µL of 1 M NaOH and 0.35 mL of water to a total volume of 1.5 mL was prepared
as the collagen solution. Then, 250 µL of the collagen solution was added to wells in a
24-well plate for solidification at 37 ◦C for 30 min. A total of 3 × 104 cells were suspended
in RPMI basal medium and seeded on top of the thick collagen layer for 6 h prior to
time-lapse recording using an IX83 inverted microscope (Olympus Corporation, Tokyo,
Japan). Images were acquired every 10 min for up to 5 h, and a video was exported using
cellSens software (Olympus Corporation).

2.6. Three-Dimensional (3D) Invasion Assay

A total of 1 × 106 cells were suspended in 500 µL of basal RPMI medium and plated
in one well of a four-well chambered borosilicate coverglass slide (Lab-tek, New York,
NY, USA) overnight for attachment. Then, the supernatant was removed, and the surface
of the well was covered with 350 µL of the collagen solution described above for 30 min
to allow solidification. Then, 700 µL of basal RPMI medium was added, and the slide
was incubated at 37 ◦C and 5% CO2 for 72 h. After incubation, cells were fixed with 4%
formaldehyde (Sigma-Aldrich) at 4 ◦C overnight and mounted with Fluoroshield with
DAPI (Sigma-Aldrich). Confocal images (49 layers) of each well were acquired at 1.5 µm
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steps from the bottom to a height of 73.5 µm with an Olympus FV1000 laser confocal
microscope (Olympus Corporation).

2.7. Paired Cell Assay

For BrdU labeling, cells were cultured in medium containing 0.5 µM BrdU (Sigma-
Aldrich) for 2 weeks to ensure BrdU incorporation in cells. Cells were then synchronized
with 40 ng mL−1 nocodazole (Sigma-Aldrich) overnight in the presence of 0.5 µM BrdU.
For the BrdU chase, cells were washed intensively, trypsinized and seeded on poly-L
lysine (Sigma-Aldrich)-coated coverslips placed in wells of 6-well plates in BrdU-free
medium and synchronized through sequential exposure to thymidine, nocodazole, and
blebbistatin [25] to control cell division and entry into the second mitosis. Briefly, cells
were treated with 5 mM thymidine (Sigma-Aldrich) for 24 h and released for 10 h prior
to additional thymidine treatment for 24 h (the first round of division). The thymidine
was then removed for 6 h prior to nocodazole treatment for 16 h to enrich mitotic-phase
cells. The nocodazole was then removed by washing for 15 min prior to 50 µM blebbistatin
(Sigma-Aldrich) treatment for up to two hours (the second round of division). Paired
cells were observed at this stage. Cells were fixed with 4% paraformaldehyde for 30 min
at 4 ◦C and permeabilized with 0.1% Triton X-100 for 5 min. Then, cells were immersed
first in 1 N HCl for 10 min on ice and then in 2 N HCl/1% Triton X-100 for 45 min in a
37 ◦C incubator to open the DNA helix. Immediately after one acid wash with PBS, borate
buffer (0.1 M, pH = 8) was used to buffer cells for 12 min at room temperature. Cells were
washed again with PBS three times and incubated overnight with an antibody against
BrdU (1:200, 14-5071-82, eBioscience, San Diego, CA, USA) and a fluorescein-conjugated
goat anti-mouse antibody (1:200, F2761, Invitrogen). Cells were mounted with Fluoroshield
with DAPI (Sigma-Aldrich), and images were acquired with a Leica DM600B fluorescence
microscope (Leica Microsystems, Wetzlar, Germany).

2.8. Elasticity Measurements

Video particle tracking microrheology (VPTM) was used to measure the elastic mod-
ulus of cells [4,26]. A total of 2 × 106 cells were suspended in basal RPMI medium in a
10-ch dish, and 20 µL of 200 nM fluorescent carboxylated polystyrene particles (F8810,
Invitrogen, fluorescence excitation/emission peaks: 580 nm/605 nm) was then injected
into the cells with a biolistic particle delivery system (PDS-100; pressure, Bio-Rad, 450 psi,
Hercules, CA, USA). Three hours after particle injection, the cells were washed twice
with PBS and transferred to 35 mm glass bottom culture dishes (Alpha Plus, Saitama,
Japan). After incubation for 4 h, the two-dimensional Brownian motion of intracellular
fluorescent beads was recorded with an inverted epifluorescence microscope (Eclipse Ti,
Nikon Instruments Inc.), equipped with an oil immersion objective (100×, NA = 1.45),
a sCMOS camera (Hamamatsu, Hamamatsu-shi, Japan), and a cell incubation chamber
(INUB-GSI-F1, TOKAI HIT, Fujinomiya City, Japan). The two-dimensional projection of the
trajectories of the intracellular fluorescent beads was recorded for 10 s at a frame rate of 100
Hz and analyzed via customized MATLAB software (MathWorks, Natic, MA, USA) [27].
From the two-dimensional (2-D) position (x(t), y(t)) of each particle as a function of time,
we calculated the ensemble-averaged mean square displacement (MSD, Kenilworth, NJ,
USA), the effective creep compliance, and the elastic modulus G’(ω) [28]. The subcellular
locations of injected particles were observed using confocal microscopy (LSM 880, ZEISS,
Oberkochen, Germany), and 3D images were generated using ZEISS Zen software.

2.9. Cell Viability, Clonogenicity and Sphere Formation Assays

A total of 1 × 104 cells were suspended in 100 µL of complete RPMI medium and
seeded in wells in 96-well plates for 48 h. The medium was discarded, and MTT reagent
(Sigma-Aldrich) was added to the cells for 45 min at 37 ◦C. Mitochondrial MTT crystals
were dissolved with DMSO (J.T. Baker, Phillipsburg, NJ, USA), and the optical density
values were then read in a microplate reader (SpectraMax 250, Molecular Devices Corp.,
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San Jose, CA, USA). To evaluate clonogenicity, 1 × 104 cells were resuspended in complete
RPMI medium and seeded in wells of a 6-well plate for 10 days. Colonies were visualized
by crystal violet staining prior to counting. For sphere formation assays, 1000 cells were
suspended in SCM, and the spheroids were counted after 10 days. Images were acquired
with an inverted microscope (Eclipse Ts-2, Nikon Instruments Inc.), and spheroids in a
4× LPF were counted for quantification.

2.10. Lentivirus Production and Transduction

For virus packaging, pCMV∆R8.9, pDVsVg and expression lentivectors (miR-Zip
control, miR-Zip-210, pLenti-vector, pLenti-STMN1 Myc-DDK, pLKO.1-shLuc, and shRNA
clones) were cotransfected into 293T cells with T-Pro NTR III reagent (T-Pro Biotechnology,
Taiwan) overnight according to the manufacturer’s protocol. The virus-containing super-
natant was harvested 48 h after transfection. Cells were seeded and supplemented with
8 µg/mL polybrene (Sigma-Aldrich) for overnight virus transduction.

2.11. RNA Extraction and Quantitative RT-PCR

Cells were immersed in TRIzol® reagent (Life Technologies). Total RNA was reverse
transcribed using a RevertAidTM Reverse transcriptase kit (Fermentas, Waltham, MA,
USA), and FAST SYBR Green Master Mix (Applied Biosystems Inc., Foster City, CA, USA)
was used for real-time PCR in a StepOne-Plus real-time PCR system (Applied Biosystems
Inc.). Cellular mRNA and miRNA expression levels were normalized to the expression
levels of GAPDH and U6, respectively. The sequences of the primers used are indicated
below. Primer for reverse transcription of miR-210-3p (GTC GTA TCC AGT GCA GGG
TCC GAG GTA TTC GCA CTG GAT ACG ACA CAG GC). Primers for qPCR analysis:
MiR-210-3p (forward primer: GGG GGG AAT ATA ACA CAG ATG GCC, reverse primer:
TGC AGG GTC CGA GGT), GAPDH (forward primer: GGA GTC CAC TGG CGT CTT CA,
reverse primer: TGG TTC ACA CCC ATG ACG AA); U6 (forward primer: CGC TTC GGC
AGC ACA TAT AC, reverse primer: TTC ACG AAT TTG CGT GTC AT), LRRC2 (forward
primer: CTT GGC AGA AGA AGG AGG TG, reverse primer: AGT ATA CAG CCT GGG
GGA TG), CDKN2A (forward primer: ACC AGA GGC AGT AAC CAT GC, reverse primer:
AAG TTT CCC GAG GTT TCT CA), PARD3: (forward primer: TTT CAG CCT CAT CCA
GCA G, reverse primer: TTC CTC CAT CTC CAT GTT CC), RCBTB2 (forward primer:
TCG TCA GGC TTG TGT CTT TG, reverse primer: CGT CAC CTA ACC CCA AAC AG),
STMN1 (forward primer: TAC ACT GCC TGT CGC TTG TC, reverse primer: AGG GCT
GAG AAT CAG CTC AA), CDH1 (forward primer: AGA TGG CCT TAG AGG TGG GT,
reverse primer: AGG CTG TGC CTT CCT ACA GA), CDH2 (forward primer: AGC TTC
TCA CGG CAT ACA CC, reverse primer: GTG CAT GAA GGA CAG CCT CT), SNAI1
(forward primer: GCT GCC AAT GCT CAT CTG GGA CTC T, reverse primer: TTG AAG
GGC TTT CGA GCC TGG AGA T), NANOG (forward primer: CAA CCA GAC CCA GAA
CAT CC, reverse primer: TTC CAA AGC AGC CTC CAA G), POU5F1 (forward primer:
ACC GAG TGA GAG GCA ACC, reverse primer: TGA GAA AGG AGA CCC AGC AG),
LGR5 (forward primer: TGT TGG GAG ATC TGC TTT C, reverse primer: CAG ACG
GTT TGA GGA AGA GA), CD44 (forward primer: CCA GAT GGA GAA AGC TCT GA,
reverse primer: GTC ATA CTG GGA GGT GTT GG), VIM (forward primer: CAA TGT TAA
GAT GGC CCT TG, reverse primer: GGG TAT CAA CCA GAG GGA GT), BMP4 (forward
primer: CTC CTG GTC ACC TTT GGC CA, reverse primer: ATT CCA GCC CAC ATC
GCT GA), and CDX2 (forward primer: CTG GAG CTG GAG AAG GAG TTT C, reverse
primer: ATT TTA ACC TGC CTC TCA GAG AGC).

2.12. Bioinformatic Analysis

The small RNA-seq (smRNA-seq) data of HT29 cells, HCT15 cells and expanded
SDCSCs were collected from GSE43793. The smRNA-seq and RNA-seq data for the TCGA
COAD dataset were retrieved from established databases: DriverDB [29] and YM500 [30].
In-house pipelines were used to estimate the expression levels of miRNAs (30) as reads per
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million (RPM) values from fastq files. Gene expression array and microRNA array data
of the NCI-60 cell line panel implemented with Affymetrix HG-U133 Plus 2 and Agilent
Human microRNA-V2 chip platforms, respectively, were downloaded from the CellMiner
database [31]. We used Gene Set Enrichment Analysis (GSEA) (http://www.broadinstitute.
org/gsea (accessed on 20 June 2020) to assess degree of association defined signature and
expression profiles of CRC patients downloaded from GSE17538. The clinical phenotypes
were used for permutation.

2.13. Immunoblotting

Whole-cell lysates were extracted with cell culture lysis buffer (Promega, Madison,
WI, USA), and protein concentrations were quantified with a Pierce BCA Protein Assay
Kit (Thermo Fisher Scientific, USA) according to the manufacturer’s protocol. The transfer
membrane was blocked and probed with the following antibodies prepared in 5% BSA
(Sigma-Aldrich) overnight at 4 ◦C: anti-STMN1 (1:1000, 13655S, Cell Signaling, Danvers,
MA, USA), anti-FLAG-M2-HRP (1:1000, A8592, Sigma-Aldrich), and anti-β-actin (1:5000,
A5441, Sigma-Aldrich). The membrane was then probed at room temperature for 1 h
with the corresponding secondary antibodies: bovine anti-rabbit IgG-HRP (1:3000, sc-2370,
Santa Cruz Biotechnology, Dallas, TX, USA) and chicken anti-mouse IgG-HRP (1:5000,
sc-2954, Santa Cruz Biotechnology). Immunoblots were visualized in an ImageQuant LAS
4000 chemiluminescence detection system (GE Healthcare Bio-Sciences, Piscataway, NJ,
USA). All Uncropped blots can be seen in Figure S8.

2.14. Immunohistochemical (IHC) Assay

Sections of tissues (4 µm thick) from microarrays were deparaffinized and rehydrated
before staining. Tissue antigens were retrieved by autoclaving in 10 mM (pH 6) citrate
buffer for 10 min. Sections were cooled on ice for 30 min before treatment with 3% H2O2.
Samples were permeabilized with 0.2% Triton X-100 (Sigma) in DPBS and reacted with a
diluted primary STMN1 antibody (1:200, 13655S, Cell Signaling). Signals were amplified
and detected with a Super SensitiveTM Link-Label IHC Detection System (BioGenex, Fre-
mont, CA, USA) according to the instructions and counterstained with hematoxylin QS
(Vector, Burlingame, CA, USA) for 20 s. The H-scores represent the percentage of STMN1
immunoreactivity-positive regions multiplied by the STMN1 staining intensity. Images
were acquired with a BX43 light microscope equipped with a DP22 CCD camera (Olympus).

2.15. Preparation of Patient-Derived Xenografts (PDXs)

The experimental animal procedure was approved by the Institutional Animal Care
and Use Committee (IACUC) of Taipei Veterans General Hospital (2018-191). The CRC
specimens were first rinsed twice with DPBS and immersed in Matrigel (Becton-Dickinson,
Franklin Lakes, NJ, USA) at 37 ◦C. The tumors were then cut into L mm3 pieces and
implanted subcutaneously into 4-week-old female nude mice to establish patient-derived
xenografts (PDXs). The mice were sacrificed, and tumors were homogenized in TRIzol®

reagent (Life Technologies) and subjected to total RNA isolation.

2.16. Biological Samples

This study was approved by the Institutional Ethics Committee/Institutional Board
of Taipei Veterans General Hospital (2016-03-001BC, 2018-11-002C). Two sets of human
specimens were used. First, 2 CRC specimens (one primary tumor and one unpaired
liver metastatic tumor) were collected to prepare PDXs with informed consents. Second,
11 paraffin-embedded sections from the paired primary and metastatic CRC specimens
collected from the tissue biobank were subjected to IHC staining.
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2.17. Statistical Analysis

Unless indicated otherwise, Student’s t-test was used to assess the significance of
differences. The Pearson correlation analysis was used to analyze correlations between
two factors described by continuous data. The log-rank test was used for survival analysis.
The x2 test was applied for comparisons of dichotomous variables. Two-tailed p-values of
<0.05 were considered to indicate significant differences.

3. Results

3.1. Small RNA Sequencing (smRNA-seq) Reveals Enhanced miR-210-3p Expression in CRCSCs

In an attempt to discover mechanisms regulating the motility of CSCs, we initiated
this study by expanding CRCSCs from two CRC cell lines, HT29 and HCT15, using a
serum-free cultivation platform, because stem-like cancer populations were enriched as
cancer spheroids [32]. We found that the expanded HT29- and HCT15-CRCSCs grew as
suspended colonospheres (Figure 1a) and showed increased expression of stemness genes,
including NANOG, POU5F1, LGR5, CD44, and SNAI1 (Figure S1a).

The resultant spheroids are referred to as sphere-derived cancer stem cells (SDCSCs)
hereafter. Both HT29- and HCT15-SDCSCs exhibited higher transwell migration capacity
(Figure 1b) and enhanced three-dimensional (3D) vertical invasiveness (Figure 1c) than
their parental cells, and cell viability was not affected (Figure 1d). The top 500 upregulated
gene signature analyzed in HT29-SDCSCs (GSE14773) was positively associated with the
expression profiles of recurrent (Figure S1b, upper) and late stage (Figure S1b, lower) CRC
patients deposited at GSE17538, suggesting the expanded SDCSCs are migrating CRCSCs.

Next, we sought to identify the primary microRNA(s) (miRNAs) responsible for
CRCSC motility, because miRNA deregulation is critically involved in cancer progres-
sion [33]. Global miRNA expression patterns of HT29-SDCSCs, HCT15-SDCSCs, and their
parental cells (GSE43793) were explored by small RNA sequencing (smRNA-seq). The
miRNAs with log counts per million (logCPM) values of >1 and fold changes of ≥2 were
selected for examination of their clinical relevance. The Venn diagram shows the nine
differentially expressed miRNAs in HT29-SDCSCs and HCT15-SDCSCs (Figure 1e); four
miRNAs were significantly upregulated and three were downregulated in both SDCSC
datasets (Figure 1f). To explore the clinical relevance of these seven dysregulated miR-
NAs in CRC, we evaluated these miRNAs according to the patient survival data in the
TCGA COAD dataset (n = 425 patients) and found that miR-210-3p (miR-210) was the only
miRNA both enriched in SDCSCs and associated with poor overall survival (Figure 1g).
The increased expression of miR-210 in HT29-SDCSCs (Figure 1h, left panel) and HCT15-
SDCSCs (Figure 1h, right panel) was confirmed. The enhanced expression of miR-210 in
stage IV tumor-derived Colo205 CRC cells (Figure S1c) and liver metastatic PDX specimens
(Figure S1d) implies roles of miR-210 in CRCSC metastasis.
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Figure 1. Increased expression of miR-210-3p in SDCSCs. (a) Representative images of SDCSCs from two CRC cell lines. 
SDCSCs, sphere-derived cancer stem cells. Scale bar, 100 μm. (b) Histograms showing the relative transwell migration 
ability of cells. (c) Representative images of vertical invasion of cells. (d) Relative viability of cells as assessed by an MTT 
assay. ns, nonsignificant. (e) Flow charts for identifying differentially expressed miRNAs in the CRCSC miRNome associ-
ated with poor patient outcome in the TCGA-COAD dataset. The numbers of miRNAs with the same differential regula-
tion patterns in HT29- and HCT15-SDCSCs are indicated in Venn diagrams. TCGA-COAD, The Cancer Genome Atlas 
Colon Adenocarcinoma. (f) A table illustrating the relative miRNA expression levels in SDCSCs. Red, miRNAs upregu-
lated in both SDCSC lines. Green, miRNAs downregulated in both SDCSC lines. (g) Kaplan–Meier analysis of overall 
survival in patients in a TCGA-COAD dataset (n = 425). The median miR-210-3p expression level was used for patient 
stratification. miRNA high, CRC patients with high miR-210-3p expression. miRNA low, patients with low miR-210-3p 
expression. The p-value was estimated by the log-rank test. (h) RT-qPCR validation of miR-210-3p expression in the indi-
cated cells. Unless otherwise stated, all data in bar charts are expressed as the mean ± SD values. * p < 0.05; ** p < 0.01;  
*** p < 0.001 (Student’s t-test). 
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3.2. MiR-210 Is Required for the Migration and Invasiveness of CRCSCs

We investigated the functional roles of miR-210 in SDCSCs. In human cancers, accu-
mulated evidence suggests that defects in asymmetric cell division (ACD) and increased
symmetric cell division (SCD) of somatic stem cells expand stem cell pools and fuel tumor
growth [34,35]. As stem cells tend to retain the mother strand (old) DNA template in
one daughter stem cell and segregate newly synthesized DNA strands to differentiating
daughter cells [36], we investigated the segregation of mother strand DNA in SDCSCs by
pulse-chase BrdU labeling and paired cell assays (Figure S2a). Upon knockdown of miR-
210 in HT29 SDCSCs with a specific antagomir (Figure S2b), predominantly symmetrical
BrdU segregation (i.e., SCD) was observed (Figure S2c,d), indicating that silencing miR-210
did not promote early differentiation of SDCSCs. The observation of the reduced sphere-
forming capacity of HT29-SDCSCs with stable miR-210 knockdown (Zip-210) (Figure 2a,b)
but not the corresponding HCT15-SDCSCs (Zip-210) (Figure 2a,c) also suggests limited
effects of miR-210 on the self-renewal of SDCSCs. The expression of strmness markers
(CD44, NANOG, and POU5F1) and differentiation markers (BMP4 and CDX2) were not
altered upon silencing miR-210 in both HT29- and HCT15-SDCSCs (Figure S2e). In contrast,
knockdown of miR-210 markedly reduced the transwell migration capacity (Figure 2d,e)
and 3D vertical invasiveness (Figure 2f,g) of both HCT15- and HT29-SDCSCs without
affecting cell viability (Figure 2h).
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cells receiving a shRNA targeting miR-210-3p. (b) Left: sphere-forming capacity of HT29-SDCSCs receiving the scramble
control (Zip-C) or shRNA targeting miR-210-3p (Zip-210). Right: representative pictures of sphere formation in miR-
210-3p-knockdown SDCSCs. Scale bar, 50 µm. (c) Left: sphere-forming capacity of control HCT15-SDCSCs (Zip-C) and
miR-210-3p-knockdown SDCSCs (Zip-210). Right: representative pictures of sphere formation in miR-210-3p-knockdown
SDCSCs. Scale bar, 50 µm. (d) Histograms showing the relative transwell migration ability of cells. (e) Representative
images showing migrated SDCSCs. (f) Representative images of vertical invasion of control HT29-SDCSCs and miR-210-3p-
silenced HT29-SDCSCs. (g) Representative images of vertical invasion of control HCT15-SDCSCs and miR-210-3p-silenced
HCT15-SDCSCs. (h) Relative viability of cells as assessed by an MTT assay. ns, nonsignificant. All data in bar charts are
expressed as the mean ± SD values. * p < 0.05; *** p < 0.001 (Student’s t-test).

3.3. MiR-210 Suppresses Stathmin1 in CRCSCs

We hypothesized that miR-210 targets a critical cytoskeletal regulator mediating
cell motility and invasiveness. To identify the miR-210 target(s) responsible for these
functions, we identified the overlapped downregulated genes in HT29-SDCSCs (GSE14773)
with the miR-210 targets predicted by SVmicro [37] and miRtar [38] software (Figure 3a).
We focused on genes associated with cell motility or tumor suppression annotated in
DAVID (https://david.ncifcrf.gov/home.jsp (accessed on 4 July 2014)) and examined the
expression of five putative candidates identified (LRRC2, CDKN2A, PARD3, RCBTB, and
STMN1) (Figure 3b). The expression of LRRC2, RCBTB2, and STMN1 was reduced in HT29-
and HCT15-SDCSCs (Figure 3c). Stathmin 1 (STMN1) expression was found to be decreased
in HCT15 (Figure 3d) and HT29 (Figure 3e) cells receiving miR-210 agomiRs. The decreased
expression of STMN1 protein in HT29 cells receiving miR-210 agomiRs was confirmed
(Figure 3f). As STMN1 is a known miR-210 target [39], a negative association between
STMN1 and miR-210 levels was observed in the NCI-60 panel (Figure 3g). Decreased
expression of STMN1 at the protein level was also observed in HT29- and HCT15-SDCSCs
(Figure 3h). Additionally, knockdown of miR-210 expression restored the protein expression
of STMN1 in HT29- and HCT15-SDCSCs, confirming the existence of the miR-210-STMN1
axis in CRCSCs (Figure 3i).

3.4. Stathmin1 Expression Attenuates the Motility of CRCSCs

STMN1 is a phosphoprotein regulated by extracellular signals and can bind to α/β-
tubulin to modulate microtubule dynamics [40,41]. We next evaluated whether STMN1
is involved in regulating the motility CRCSCs. We found that restoration of STMN1
expression in HT29- and HCT15-SDCSCs (Figure 4a) did not alter the viability (Figure 4b),
sphere-forming capacity (Figure 4c), or clonogenicity (Figure 4d,e) of these cells. Although
STMN1 was shown to regulate EMT [42], restoration of STMN1 expression decreased the
transwell migration ability (Figure 4f) and invasiveness (Figure 4g,h) of both HT29- and
HCT15-SDCSCs without affecting a complete EMT program (Figure S3a–c).

In an attempt to verify the participation of the miR-210-STMN1 axis in mediating
SDCSC motility, we silenced STMN1 expression in miR-210 knockdown HCT15-SDCSCs.
The reduced expression of STMN1 was first confirmed (Figure 5a). We found that silencing
STMN1 expression had no effects on the viability (Figure 5b), sphere-forming capacity
(Figure 5c), or clonogenicity (Figure 5d,e) of miR-210-knockdown HCT15-SDCSCs. More-
over, enhanced transwell migration potential (Figure 5f) and invasiveness (Figure 5g)
were noted in miR-210 knockdown HCT15-SDCSCs, but no effects on the expression of
E-cadherin (CDH1), N-cadherin (CDH2) and Vimentin (VIM) were observed (Figure 5h).
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control agomiR (Scramble, 100 nM) or miR-210-3p agomiR (miR-210-AgomiR, 100 nM). (f) Western blot showing the ex-
pression of STMN1 in HT29 cells transfected with control agomiR (Scramble, Scr, 100 nM) or miR-210-3p agomiR (miR-
210-AgomiR, 100nM). (g) Analysis of the NCI-60 panel revealed an inverse correlation between STMN1 (200783_s_at) and 
miR-210-3p expression. The pvalue of the Pearson correlation was assessed, and the correlation coefficient is reported. (h) 
Immunoblots showing STMN1 expression. (i) Western blots showing the expression of STMN1 in control SDCSCs (Zip-
C) and miR-210-3p-silenced SDCSCs (Zip-210). Data in bar charts are expressed as the mean ± SD values. * p < 0.05; ** p < 
0.01; *** p < 0.001 (Student’s t-test). 
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targets were obtained from the set of differentially expressed genes in SDCSCs versus parental HT29 cells (GSE14773) and
subjected to target prediction with SVmicro. Migration-, tumor suppressor- and stemness-related genes were selected.
(b) A table illustrating the expression levels of five candidate targets of miR-210-3p from microarray analysis. (c) RT-qPCR
examining the expression of five candidate targets of miR-210-3p in SDCSCs and their parental cells. (d,e) RT-qPCR
examining the expression of miR-210-3p or LRRC2, RCBTB2 and STMN1 in HCT15 cells (d) and HT29 cells transfected
with control agomiR (Scramble, 100 nM) or miR-210-3p agomiR (miR-210-AgomiR, 100 nM). (f) Western blot showing
the expression of STMN1 in HT29 cells transfected with control agomiR (Scramble, Scr, 100 nM) or miR-210-3p agomiR
(miR-210-AgomiR, 100nM). (g) Analysis of the NCI-60 panel revealed an inverse correlation between STMN1 (200783_s_at)
and miR-210-3p expression. The pvalue of the Pearson correlation was assessed, and the correlation coefficient is reported.
(h) Immunoblots showing STMN1 expression. (i) Western blots showing the expression of STMN1 in control SDCSCs
(Zip-C) and miR-210-3p-silenced SDCSCs (Zip-210). Data in bar charts are expressed as the mean ± SD values. * p < 0.05;
** p < 0.01; *** p < 0.001 (Student’s t-test).
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Figure 4. Restoration of STMN1 expression abolishes the migratory and invasive abilities of SDCSCs. (a) Western blots
showing the expression of STMN1 in control SDCSCs (Vec) and SDCSCs ectopically expressing STMN1. An anti-FLAG
antibody was used to detect the expression of exogenous STMN1 with a DKK-Myc tag. (b) Relative viability of cells as
assessed by an MTT assay. ns, nonsignificant. (c) The sphere-forming capacity of control SDCSCs (Vec) and STMN-expressing
SDCSCs (STMN1 DKK-Myc). ns, nonsignificant. (d) The colony formation of control SDCSCs (Vec) and STMN-expressing
SDCSCs (STMN1 DKK-Myc). ns, nonsignificant. (e) Representative images showing the colonies generated. (f) Histograms
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the mean ± SD values. ** p < 0.01; *** p < 0.001 (Student’s t-test).
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Figure 5. Silencing STMN1 expression restored the attenuated migratory and invasive abilities of miR-210-3p-knockdown
SDCSCs. (a) Western blots showing the expression of STMN1 in miR-210-3p-knockdown HCT15-SDCSCs. (b) Relative
viability of cells as assessed by an MTT assay. ns, nonsignificant. (c) The sphere-forming capacity of miR-210-3p-silenced
HCT15-SDCSCs receiving control shRNA (KD-Ctrl) and shRNA against STMN1 (KD-STMN1). ns, nonsignificant. (d) The
colony formation ability of miR-210-3p-silenced HCT15-SDCSCs receiving control shRNA (KD-Ctrl) and shRNA against
STMN1 (KD-STMN1). ns, nonsignificant. (e) Representative images showing colonies generated from the indicated cells.
(f) Left: representative images of migrated cells. Right: histograms showing the relative transwell migration ability of cells.
(g) Representative images of vertical invasion of the indicated cells. (h) RT-qPCR validation of the expression of an epithelial
cell marker (E-cadherin, CDH1) and mesenchymal marker (N-cadherin, CDH2) in control HCT15-SDCSCs, miR-210-3p-
silenced HCT15-SDCSCs receiving shRNA control (KD-Ctrl) and miR-210-3p-silenced HCT15-SDCSCs receiving shRNA
against STMN1 (KD-STMN1). ns, nonsignificant. Data in bar charts are expressed as the mean ± SD values. * p < 0.05
(Student’s t-test).

3.5. The miR-210-STMN1 Axis Determines the Stiffness of CRCSCs

As SDCSCs must change their shapes while migrating through 8-µm pores in the
transwell migration assay and through the collagen matrix in the 3D invasion assay, and the
deformability of cancer cells is associated with their metastatic competence [43], we next
examined the deformability of SDCSCs. To this end, we performed elasticity measurements
by monitoring the time-lapse trajectory of injected fluorescent carboxylated polystyrene
beads in dissociated single CRC cells (Figure 6a).
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Figure 6. The miR-210-3p-STMN1 axis determines the elasticity of SDCSCs and correlates with liver metastasis in CRC
patients. (a) A representative image illustrating the biolistic particle delivery system and measurement of the intracellular
elastic modulus. (b) Representative images showing the distribution of injected fluorescent nanoparticles in HCT15 cells
by confocal imaging. The XY and YZ projections are shown. Blue, nuclear staining with Hoechst 33342; red, fluorescent
nanoparticles. (c) A three-dimensional (3D) constructed image from (b). (d) Histograms showing the elastic modulus of the
indicated HCT15 cells at 100 Hz. Zip-C, scramble control; Zip-210, shRNA against miR-210-3p; KD-Ctrl, scramble control;
KD-STMN1, shRNA targeting STMN1. Results are expressed as the mean ± SEM values. (e) Upper: trajectory of the
indicated cells in the 2.5D assay. Lower: the velocity values in the indicated cells. The box plots show the sample maximum
(upper end of the whisker), upper quartile (top edge of the box), median (band in the box), lower quartile (bottom edge of
the box), and sample minimum (lower end of the whisker) values. * p < 0.05; *** p < 0.001 (Student’s t-test). (f) The bar
charts showing the expression of miR-210-3p (upper panel) and STMN1 (lower panel) in GSE54088 and GSE3964 datasets
retrieved from the Human Cancer Metastasis Database (HCMDB), respectively. The box plots show the sample maximum
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(upper end of the whisker), upper quartile (top edge of the box), median (band in the box), lower quartile (bottom edge of
the box), and sample minimum (lower end of the whisker) values. (g) Kaplan–Meier analysis of the overall survival (upper
panel) and disease-specific survival (lower panel) of patients in a TCGA-COAD dataset. The median expression levels
of miR-210-3p and STMN1 were used for patient stratification. OS, overall survival; DSS, disease-specific survival. The
p-values were estimated by the log-rank test. Hazard ratios are reported. (h) A schematic summarizing the observations in
this study.

The intracellular fluorescent particles were mainly distributed in the cytoplasm
(Figure 6b,c). The enhanced movement of the intracellular carboxylated polystyrene beads
in HCT15-SDCSCs (Video S1) suggested the reduced intracellular elasticity (i.e., enhanced
deformability) of SDCSCs (Figure 6d, bars 1–2). Furthermore, knockdown of miR-210
(Zip-210) in HCT15-SDCSCs restored the elastic modulus (stiffness), and silencing STMN1
expression reversed the reduction in elasticity in miR-210 knockdown HCT15-SDCSCs (Fig-
ure 6d, bars 3–4). In contrast, interference with the miR-210-STMN1 axis had limited impact
on the 2.5D horizontal movement of HCT15-SDCSCs on the collagen gel (Figure 6e). Collec-
tively, these results indicated that the miR-210-STMN1 axis determined the deformability
of SDCSCs to facilitate their motility.

3.6. The miR-210-STMN1 Axis Promotes the Stiffness of CRC Cells

To validate impacts of the miR-210-STMN1 axis on parental CRC cells, we ectopically
express STMN1 in HT29 parental cells receiving miR-210 agomiRs. The expression of
miR-210 (Figure S4a) and Myc-DDK-tagged STMN1 (Figure S4b) were conformed. It was
found that the miR-210-STMN1 axis had limited impacts on the viability (Figure S4c)
and clonogenicity (Figure S4d,e) of HT29 parental cells. On the contrary, the enhanced
motility (Figure S4f) and reduced elasticity (Figure S4g) of HT29 cells receiving miR-210
agomiR could be reverted upon expressing STMN1 without modulating the EMT markers
(CDH1. CDH2 and VIM) (Figure S4h). Consistently, we found that expression of STMN1
in parental HT29 cells (Figure S5a) had no effect on cell viability (Figure S5b), clonogenicity
(Figure S5c,d) or EMT marker expression (Figure S5e). However, the transwell migration
ability was reduced (Figure S5f) and the cellular elasticity was elevated (Figure S5g) upon
STMN1 expression. This results indicated the miR-210-STMN1 axis identified in CRCSCs
also contributes to deformability and motility of CRC cells.

3.7. The miR-210High/STMN1Low Expression Signature Is Associated with Liver Metastasis and
Predicts a Poor Clinical Outcome in CRC Patients

As enhanced cellular deformability benefits local dissemination in the extracellular
matrix (ECM), along with intravasation and extravasation, the miR-210High/STMN1Low

expression signature may predict distal metastasis in CRC patients. To this end, we ex-
amined the expression of miR-210-STMN1 axis components in primary and paired liver
metastatic CRC specimens from our collection and databases in the public domain. In-
creased expression of miR-210 and decreased expression of STMN1 were observed in liver
metastatic CRC samples from GSE54088 and GSE3964 datasets, respectively (Figure 6f).
Additionally, decreased STMN expression in liver metastastic CRC patients was verified in
paired, paraffin-embedded tissues by IHC staining (Figure S6a,b). However, the expression
of STMN1 were not changed in lymph node metastatic (Figure S6c) or lung metastatic CRC
specimens (Figure S6d) comparing to liver metastasis of CRC. As miR-210High/STMN1Low

expression signature was associated with CRC metastasis that contributes to poor patient
outcomes, we verified the clinical significance of the miR-210High/STMN1Low expression
pattern. In analysis of the TCGA data sets, the miR-210High/STMN1Low expression sig-
nature predicted worse CRC patient survival (Figure 6g). Taken together, our results
suggested the elevated expression of miR-210 attenuated STMN1 expression to engender
deformability of CRCSCs for facilitating invasiveness, resulting in poor prognosis of CRC
patients (Figure 6h).
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4. Discussion

STMN1, also called oncoprotein 18 (Op18), metablastin (p19) and prosolin, is identified
as a cytosolic microtubule-destabilizing phosphoprotein [44]. Unphosphorylated STMN1
promotes microtubule depolymerization by sequestering soluble tubulin and promotes
microtubule catastrophe [45,46]. STMN1 contains four serine phosphorylation sites (Ser16,
Ser25, Ser38, and Ser63), and the microtubule-destabilizing ability of STMN1 is regulated
by its phosphorylation [47,48]. Phosphorylation of STMN1 in early mitosis abolishes its
microtubule-destabilizing ability, allowing the formation of mitotic spindles, and it becomes
dephosphorylated when cells exit mitosis and undergo cytokinesis [40]. Overexpression or
inhibition of STMN1 expression in K562 cells resulted in accumulation of mitotic cells that
were arrested in early and late mitotic stages, respectively [40,49], suggesting a threshold
level of STMN1 is required for mitosis progression. Aside from cell cycle regulation,
roles of STMN1 in hematopoiesis have been addressed in leukemia cells. STMN1 is
abundant in acute leukemia blasts [50] and its expression was decreased when inducing
differentiation by exposing an acute promyelocytic leukemia cell line HL60 to Me2SO
or exposing erythroleukemia cells K562 to hemin [51]. Inhibition of STMN1 promoted
higher megakaryocytic differentiation and polyploidization of phorbol ester-induced K562
cells [52]. On the contrary, overexpression of STMN1 in human primary CD34(+) cells
reduced the megakaryocyte maturation and platelet production [53]. The megaloblastic
anemia and thrombocytosis phenotypes observed in aged Stmn1 knockout mice further
support STMN1′s roles in hematopoiesis [54]. Additionally, aged Stmn1 deficient mice also
developed a progressive axonopathy [55]. Under social defeat stress, Stmn1 deficient mice
showed anxious hyperactivity, impaired object recognition, and decreased levels of social
investigating behaviors [56]. Thus, pleiotropic roles of STMN1 are highlighted.

In cancers, STMN1 expression correlates with a malignant phenotypes and has been
suggested as a therapeutic target [57]. Silencing STMN1 expression inhibited the metastatic
ability of a CRC cell line HCT-116 [58]. STMN1 expression was associated with aggres-
sive phenotypes in breast cancer [59]. The oncogenic Stathmin1 is also regulated by a
tumor suppressor miRNA-223 in gastric cancer [60] and liver cancer [61] or a tumor sup-
pressor miR-34a in prostate cancer [62]. Overexpression of the somatic STMN1 Q18E
mutation identified in esophageal adenocarcinoma promoted the malignant transforma-
tion of 3T3 fibroblast cells [63] and chromosomal instability in K562 cells [64]. A S31Y
STMN1 missense mutation was noted in colorectal cancer patients analyzed with Tu-
morPortal (http://www.tumorportal.org (accessed on 4 May 2020)) without functional
annotation [65]. Nevertheless, D’Andrea et al. showed that Stmn1 knockout mice showed
no impact on the onset of the p53-dependent nor RAS-driven tumorigenesis in bladder
and fibrosarcomas or skin carcinomas in mice, respectively [66], suggesting cellular context
may contribute to diverse functions of STMN1 during oncogenesis.

As local inactivation of STMN1 at the leading edge of the migrating Xenopus A6 cells
potentiated localized microtubule growth, STMN1 may function as a negative regulator
in cell movement [67]. Consistently, tumor suppressive roles of STMN1 were identified
in prostate cancer cells [42]. Williams et al. showed that the highly invasive, EMT-like
prostate cancer cells isolated from undifferentiated adenocarcinoma exhibited low STMN1
expression. Inhibition of STMN1 expression in a prostate cancer cell line DU-145, a stan-
dard prostate cancer cell line used for CSC enrichment [68], accelerated the metastatic
process by initiating an EMT program via activation of p38 and cooperation of TGF-β
signaling [42]. In this study, we identified an increased expression of an oncomiR miR-210
(Figure 1h) in both HT29- and HCT15-CRCSCs characterized previously [24] and showed
the miR-210 mediated STMN1 suppression in CRCSCs (Figure 3i). The tumor suppressive
roles of STMN1 were demonstrated by observing the reduced invasiveness of STMN1-
restored CRCSCs (Figure 4g,h) and decreased motility of STMN1-overexpressed HT29 cells
(Figure S5f), a CRC cell line exhibits higher stem-like properties [24]. The EMT program
was found to be disconnected from the miR-210-STMN1 activated invasiveness of both
CRCSCs (Figure 5h) and HT29 cells (Figure S4h). Here, we unraveled metastatic inhibition
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effects of STMN1 in our CRC cell models. Reduced STMN1 expression was also observed
in paired, liver metastatic CRC specimens (Figure S6a,b). Taken together, these findings
indicate that STMN1 tends to function as a metastatic suppressor in stem-like tumor cells
and suggest that understanding the stemness profiles and numbers of stem-like cells in
cancer patients are crucial for utilizing STMN1 as a therapeutic target.

According to the present results and our previous findings about CRCSCs, we propose
a model in which CRCSCs trigger different signaling pathways to maintain cancer stemness
and subsequent metastasis: CRCSCs are Snail-dominant cells that undergo EMT [24].
In CRCSCs, Snail suppresses E-cadherin, leading to EMT and cellular disaggregation.
Decreased E-cadherin expression results in nuclear translocation of β-catenin and activation
of the Wnt pathway, which induces miR-146a expression in CRCSCs. During serum-
induced differentiation, mIR-146a could be segregated non-randomly into CD44(+), Snail(+)
daughter colorectal stem cells to initiate a feedforward β-catenin/TCF signaling to maintain
stem cell pools without promoting CRCSC migration by targeting NUMB [35]. Here, we
identified one additional oncomiR, namely miR-210, that suppressed STMN1 expression
to facilitate invasiveness of CRCSCs. The ectopic Snail expression was not found to
activate the miR-210-STMN1 axis in CRC cells (Figure S7a,b), indicating the miR-210-
STMN1 axis was disconnected from an EMT program. Our findings suggest that Snail-
dominant CRCSCs uncouple cancer cell division mode and deformability by utilizing
distinct miRNAs for maintaining aggressive CSC phenotypes. The sequential activation
of miR-210 and miR-146 and the collaboration of these miRNAs with other coding and
noncoding genes in the TME require further investigation.

Our study has some limitations. First, our findings mainly rely on CRC cell line-
derived cell models, primary cells or CSCs isolated from different tumor types may help
to delineate dual roles of STMN1 under diverse context of cells or tissues. Second, the
molecular mediators driving dual roles of STMN1 and STMN1-driven metastasis need
further exploration.

5. Conclusions

The significance of our study is double-edged. Scientifically, the miR-210-STMN1 axis
determines the invasiveness of CRCSCs without affecting cancer stemness. As the low
STMN1 expression is essential for migrating of CRCSCs, using STMN1 as a therapeutic
target might accelerate metastasis of CRCSCs. Clinically, this study proposes a miR-
210High/STMN1Low expression pattern as a potential indicator for monitoring the liver
metastasis longitudinally along with therapeutic regimes.
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Simple Summary: Head and neck squamous cell carcinomas (HNSCCs) are highly heterogeneous
human malignancies associated with genetic and environmental factors. In HNSCCs, cancer stem
cells (CSCs) provide the plasticity for cancer cell progression, metastasis, therapeutic resistance, and
recurrence. During carcinogenesis, microRNAs (miRNAs) play important roles in regulating the
maintenance and acquisition of cancer stem cell features. Therefore, in this review, we summarize
the roles of miRNAs in regulating the cancer stemness of HNSCCs to provide potential therapeutic
applications.

Abstract: Head and neck squamous cell carcinomas (HNSCCs) are epithelial malignancies with 5-year
overall survival rates of approximately 40–50%. Emerging evidence indicates that a small population
of cells in HNSCC patients, named cancer stem cells (CSCs), play vital roles in the processes of
tumor initiation, progression, metastasis, immune evasion, chemo-/radioresistance, and recurrence.
The acquisition of stem-like properties of cancer cells further provides cellular plasticity for stress
adaptation and contributes to therapeutic resistance, resulting in a worse clinical outcome. Thus,
targeting cancer stemness is fundamental for cancer treatment. MicroRNAs (miRNAs) are known
to regulate stem cell features in the development and tissue regeneration through a miRNA–target
interactive network. In HNSCCs, miRNAs act as tumor suppressors and/or oncogenes to modulate
cancer stemness and therapeutic efficacy by regulating the CSC-specific tumor microenvironment
(TME) and signaling pathways, such as epithelial-to-mesenchymal transition (EMT), Wnt/β-catenin
signaling, and epidermal growth factor receptor (EGFR) or insulin-like growth factor 1 receptor
(IGF1R) signaling pathways. Owing to a deeper understanding of disease-relevant miRNAs and
advances in in vivo delivery systems, the administration of miRNA-based therapeutics is feasible
and safe in humans, with encouraging efficacy results in early-phase clinical trials. In this review,
we summarize the present findings to better understand the mechanical actions of miRNAs in
maintaining CSCs and acquiring the stem-like features of cancer cells during HNSCC pathogenesis.

Keywords: microRNA; cancer stem cell; stemness; head and neck squamous cell carcinoma
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1. Introduction

Cancer is responsible for about 30% of all premature deaths from non-communicable
diseases (NCDs) in adults aged approximately 30–69 years [1]. In 2018, there were 18.1 mil-
lion people who suffered from cancer worldwide, and 9.6 million of them died from cancer
(around one in six deaths globally). In addition, 354,864 (2% of all cancer sites) of new cases
were of the lip and oral cavity, accounting for 177,384 (1.9% of all cancer sites) deaths [1,2].
Head and neck squamous cell carcinomas (HNSCCs) are epithelial malignancies located
in the oral cavity, nasal cavity, pharynx (nasopharynx, oropharynx, and hypopharynx),
and larynx [3,4]. HNSCC subtypes include oral SCCs (OSCCs), laryngeal SCCs (LSCCs),
nasopharyngeal carcinomas (NPCs), and oropharyngeal SCCs (OPSCCs) [5,6]. It should
be noted that with tongue squamous cell carcinomas, an OSCC includes the anterior two-
thirds of the tongue (anterior to the circumvallate papillae) and an OPSCC consists of the
base (or posterior one-third) of the tongue [7]. The incidence of HNSCC continues to rise
and is anticipated to increase by 30% with 1.08 million new cases annually by 2030 [2,8,9].
Risk factors for the malignant incidence of HNSCCs include tobacco use, alcohol abuse,
and human papillomavirus (HPV) infection [3,6]. Signs and symptoms can manifest as
a lesion in the nose, mouth, or throat; a lump or neck mass; and ear discomfort; and
functional abnormalities such as difficulty swallowing and/or chewing are often found
in the later stages of these diseases [3]. The tumor, node, and metastasis (TNM) staging
system is used for clinical staging and as a basis for treatment choice [10]. Therapeutic ap-
proaches include surgery, radiotherapy, chemoradiotherapy, a combination of surgery with
radiotherapy or chemotherapy, and a combination of surgery with adjuvant chemotherapy
and radiotherapy. Chemoradiotherapy may be taken as adjuvant therapy in advanced
stages [11]. Unfortunately, despite several treatment options being available, outcomes
of HNSCC treatment remain poor, patients generally develop resistance, and, as a result,
the five-year overall survival rates of HNSCC patients are approximately 40–50% [6,12].
Advanced approaches have been developed by applying immunotherapy or combined
immunotherapy treatment to treat resistant and recurrent cases [13].

The major obstacle in cancer therapy is tumor heterogeneity. Cancer stem cells (CSCs)
are small populations of cancer cells and are well-known for their association with cancer
resistance, relapse, tumorigenesis, and poor clinical outcomes in HNSCCs, which has
promoted the development of novel and effective therapeutic protocols for better clin-
ical outcomes [5,14]. Therefore, targeting CSCs has become an attractive approach for
potential strategies to treat HNSCCs [15,16]. The abnormal activation of signaling cas-
settes, genetic and epigenetic modification, and microRNA (miR or miRNA) regulation
are central regulators of CSC malignancy [17–19]. miRNAs work as hub regulators to
modulate cell functions by binding to multiple 3′-untranslated regions (3′-UTRs) of target
messenger RNAs (mRNAs) and cause the translational inhibition and/or degradation of
transcripts [19–21]. Therefore, in this review, we address the roles of miRNAs in regulating
the cancer stemness of HNSCCs.

2. CSCs and Cancer Stemness

CSCs are a minor population of cells within tumor tissues with a tumor-initiating
capacity [22] and stem-like features, including self-renewal [23,24] and asymmetric cell
division (ACD) [25]. Under chemotherapy, the cycling rates of CSCs slow and they en-
ter the G0 phase in order to survive, accounting for therapeutic heterogeneity [26–28].
Cancer patients with higher stem cell signatures present poorly differentiated histological
properties and are associated with a worse clinical outcome [29]. CSCs are heterogeneous
populations. In colorectal cancer (CRC) tissues, prominin-1 (CD133) is the first molecular
marker used to isolate colorectal cancer stem cells (CRCSCs) [30,31]. The epithelial-specific
antigen (ESA)(+)/CD44 molecule and Indian blood group (CD44)(+) CRCSCs are associ-
ated with tumor recurrence after chemotherapy [32]. Dipeptidyl peptidase 4 (CD26)(+)
CRCSCs enriched from CD133(+)/CD44(+) cells drive tumor metastasis [33]. Leucine-rich
repeat-containing G protein-coupled receptor 5 (Lgr5)(+) CRCSCs are considered to be
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responsible for liver metastasis [34]. CD24 molecule (CD24) and activated leukocyte cell
adhesion molecule (CD166) surface antigens are often combined with CD44 or CD133 for
the identification and separation of CRCSCs [35]. In HNSCC, CSCs are grouped in accor-
dance with the expression of surface markers such as CD44+ and aldehyde dehydrogenase
1+ (ALDH1+). CD44 mediates the adhesion, migration, and metastasis of CSCs [36], while
ALDH1 ameliorate oxidative stress under therapeutic regimens such as platinum, taxanes,
and oxazaphosphorine [37,38].

Despite the fact that the origins of CSCs have been linked to genetic mutation, epi-
genetic alterations, and unrestrained signaling pathways for the normal stem cells and
progenitor cells [39,40], CSC properties would be induced or maintained by inflamma-
tory mediators. Inflammatory cytokines and chemokines secreted by CSCs, including
interleukin (IL)-1, IL-4, IL-6, and IL-8, sustain CSC niches in an autocrine manner [41–44].
Besides, the expression of IL-8 promotes the migratory and tube-forming capacities of
endothelial cells [44]. IL-6 is also involved in cancer metastasis [45]. IL-6 activates Janus
kinase 1 (JAK1) and phosphorylates programmed death–ligand 1(PD-L1) and promotes
PD-L1 protein stability [46]. CSCs also enhance PD-L1 expression to escape immune
surveillance, thereby enriching the CSC subpopulation [47–49]. In addition to secretory
proteins, CSCs create an immunosuppressive, pro-tumoral microenvironment by releasing
CSC exosomes for cancer progression [50,51].

To target CSCs, researchers have focused on deciphering how cancer cells acquire
stemness properties. The major mechanisms involve the expression of genes associated
with early development and aberrant intracellular signaling activation. Activation of
stemness regulators sustains the stemness properties of HNSCCs, including the MYC
proto-oncogene, bHLH transcription factor (MYC), sex-determining region Y-box 2 (SOX2),
Nanog homeobox (NANOG), Krüppel-like factor 4 (KLF4), octamer-binding transcription
factor 4 (OCT4), high-mobility group AT-hook 2 (HMGA2), cytokines, and epithelial-to-
mesenchymal transition (EMT) transcription factors (EMT-TFs) [52–58]. On the other hand,
abnormal signaling activation in Notch, Wnt(wingless)/β-catenin, transforming growth
factor-β (TGF-β), Janus-activated kinase/signal transducer and activator of transcription
(JAK/STAT), nuclear factor-κB (NF-κB), and the sonic hedgehog (SHH) pathway maintains
cancer stemness [59–64]. Therefore, the rationale for identifying combinatorial therapeutic
strategies combating CSC is intriguing.

3. miRNAs

miRNAs are non-coding (nc) RNA components with approximately 21–23 nucleotides
that bind to and repress complementary mRNA targets [21,65]. Previously, ncRNAs were
only considered to be evolutionary junk, but emerging evidence has indicated that miRNAs
have important cellular functional roles and act as post-translational regulators [21,65–67].
miRNAs control around 30% of human genes, and about half of those genes are tumor
associated or situated in vulnerable loci [68–70]; other studies have even suggested that
miRNAs can regulate the expression of more than 60% of human genes [71,72]. miRNA
expression is modulated by several mechanisms, such as transcriptional control, epigenetic
modulation, and post-transcriptional regulation [67,73,74]. On the other hand, the biogen-
esis of miRNAs can mainly be divided into six steps: (1) RNA polymerase II transcribes
miRNA genes into primary (pri)-miRNAs in the nucleus [75], (2) intermediate precursor
(pre)-miRNA is released by pri-miRNA after being processed by the Drosha/DiGeorge
syndrome critical region 8 (DGCR8) complex [75,76], (3) pre-miRNA bonds to exportin-5
(Exp5)/ras-related nuclear protein (Ran)-guanosine 5′-triphosphate (GTP) complex and
is transferred to the cytoplasm [77], (4) the Dicer/(HIV-1 transactivating response (TAR))
RNA-binding protein (TRBP)/PACT complex turns pre-miRNA into double-stranded (ds)
RNA in the cytoplasm [78–80], (5) the miRNA duplex is released into single strands by
helicase [81], and (6) the miRNA-induced silencing complex (RISC) is bound to the 3′-UTRs
of target mRNAs via the seed region of miRNA and subsequently triggers inhibition of
the translation or degradation of target mRNAs [82]. The seed region of an miRNA (also
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known as the seed sequence) is a short, conserved sequence at nucleotides 2–8 at the 5′ end
of the miRNA [83–85]. Therefore, the miRNA target prediction tools rely on an algorithm
with the thermodynamics-based modeling of RNA, i.e., RNA duplex interactions with
comparative sequence analysis to evaluate the seed region matching to the mRNAs [86].

The squamous epithelium covering the oral mucosa and skin depends on epithelial
stem cells for tissue renewal [87]. In the oral mucosa, the basal cell layer harbors the self-
renewing stem cells and their immediate descendants, the transient amplifying progenitor
cells, to produce expanded terminally differentiating cells [88]. The terminally differentiat-
ing cells then leave the basal layer and form the outer layers to maintain the oral mucosa
integrity. Therefore, stem cells and the proper controls between the phase transition of stem
cells and differentiating cells are critical to maintaining tissue homeostasis. Evidence has
shown that miRNA expression patterns control the epithelium stem cells’ characteristics.
For example, Peng et al. indicated that the miR-103/107 family is highly expressed in the
stem-cell-enriched limbal epithelium. The miR-103/107 family regulates and integrates
these stem cell characteristics, thereby sustaining tissue maintenance and regeneration [89].
Moreover, studies have also indicated that the epidermal-specific deletion of enzymes
responsible for miRNA maturation, such as DICER, Drosha, and DGCR8, severely impairs
the homeostasis and morphogenesis of the epidermis [90–93]. These results indicate that
miRNA expression is critical for the proper development of the epidermis and oral mucosa.
Moreover, emerging evidence also highlights the importance of miRNAs in regulating
carcinogenesis and CSCs. Better characterizations of miRNAs in regulating the stemness
features of CSCs will contribute to better cancer treatment strategies (Figure 1).
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Figure 1. The generations and roles of miRNAs in cancer stem cell (CSC) regulation. In miRNA generation, miRNA
genes are commonly transcribed by RNA Pol II in the nucleus. This transcription, which is cleaved by Drosha, produces a
multiprotein complex with the DGCR8 protein. Cleavage induces pre-miRNA binding to the nuclear export factor EXO5
and then transported from the nucleus to the cytoplasm. In the cytoplasm, Dicer (another RNase III), which forms a
complex with the double-stranded RNA-binding protein TRBP, cuts out the hairpin and produces an RNA duplex with
approximately 22 nucleotides. The RNA duplex is dissociated to a single strand via AGO2 mediation, incorporated into
the RISC, and binds to 3′UTR of the target mRNA to suppress the gene expression. Therefore, miRNAs can regulate
cancer stemness properties and phenotypes by targeting the critical genes that control the activation of signaling pathways,
transcriptional factors, and secreted factors. RNA Pol II, RNA polymerase II; pri-miRNAs, primary miRNAs; pre-miRNAs,
precursor miRNAs; EXO5, exportin 5; AGO2, argonaute 2; RISC, miRNA-induced silencing complex; mRNA, messenger
RNA; miRNA, microRNA (created with Biorender.com (accessed on 30 January 2021)).
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4. miRNAs in Regulating Cancer Stemness

CSCs maintain and acquire stemness features through complex mechanisms, includ-
ing abnormal activation of oncogenes, cytokines, signaling pathways, and EMT-TFs, as
mentioned in Section 2 above. Studies indicated that miRNAs that regulate cancer stemness
mainly depend on post-translational regulation to modulate activation of those stemness-
related factors. Several studies have proven that abnormal miRNA expressions can act
as oncogenes, tumor suppressors, or dual-role regulators [94,95]. All of these data high-
light the potential for targeting miRNAs to eradicate CSCs, and researchers are working
on anti-miRNA drugs and are searching for diagnostic miRNAs [96–98]. miRNAs have
been applied as biomarkers to determine cancer prognoses and diagnoses due to their
stability [99–101]. Xia et al. indicated that various tumor mutational burden levels had
different miRNA expression patterns in HNSCC patients [102], and correlations between
miRNA prognostic values as applied to HNSCCs have generated significant interest among
researchers [103–105].

4.1. miRNAs as Oncomirs

As oncomirs, miRNAs can act as oncogenic miRNAs that promote biological processes
such as proliferation, migration, angiogenesis, invasion, EMT, and stemness [106–111]. On-
comirs regulate cancer stemness through targeting their downstream targets which results
in activation of stemness-related factors and signaling pathways. Therefore, oncomirs were
shown to enhance tumor initiation and progression by modifying CSC properties such as
self-renewal, tumorigenesis, drug resistance, and signaling pathways in cancer [112–115].

Several mechanisms for the oncogenicity of HNSCCs can be affected by miRNA
presence. For example, miR-125a enhances the proliferation, migration, invasion, and
stemness maintenance in cancer cells via suppressing p53 expression [116]. The overex-
pression of p53 makes cell viability significantly decrease and induces cell cycle arrest at
the G0/G1 phase [116]. miR-134 suppresses E-cadherin expression and promotes OSCC
cell progression through targeting programmed cell death 7 (PDCD7) [117]. E-cadherin
can suppress cancer stemness by regulating the expressions of pluripotent genes (MYC,
NESTIN, POU5F1, and SOX2) via the activation of Wnt/β-catenin signaling [118]. On the
other hand, by suppressing the expression of the WW domain-containing oxidoreductase
(WWOX) gene, miR-134 can trigger oncogenicity and metastasis in HNSCCs [119]. WWOX
is a tumor stemness suppressor that reduces the self-renewal ability of CSCs, differentiation
potential, in vivo tumorigenic capability, and multidrug resistance [120]. Consistently, the
downregulation of WWOX was indicated to induce EMT, enhance stemness, and increase
chemoresistance in breast cancer [121]. miR-1246 confers tumorigenicity and affects cancer
stemness in OSCC through suppressing cyclin-G2 (CCNG2) [122] CCNG2 has been shown
to suppress EMT by disrupting Wnt/β-catenin signaling [123], which has been proven to
be involved in the migration and invasion of OSCCs [124].

Protocadherins are cell–cell adhesion molecules. The loss of protocadherins may
contribute to cancer development not only by altering cell–cell adhesion but also by
enhancing proliferation and EMT via activating the Wnt signaling pathway [125,126]. With
LSCC, Giefing et al. showed that protocadherin 17 (PCDH-17) acts as a tumor suppressor
gene [127]. Inhibition of miR-196b can suppress cell proliferation, migration, and invasion
abilities but promote apoptosis by targeting PCDH-17 in LSCC cells [128]. Moreover, LSCC
patients with low expression of miR-196b and high expression of PCDH-17 were shown to
have an increase in the 5-year survival rates [128]. miR-19a and miR-424 inhibit the TGF-β
type III receptor (TGFBR3), also known as β-glycan, which results in promoting the EMT
of tongue squamous carcinoma cells [108]. Other studies have also indicated that miR-19a
promotes migration and EMT in gastric cancer, CRC, and lung cancer [129–131].

Mitogen-activated protein kinase (MAPK) signaling cascades are critical signal path-
ways related to EMT, which promotes cancer cell progression and metastasis in CSCs [132].
miR-106A-5p facilitates a malignant phenotype by acting as an autophagic suppressor
through targeting BTG anti-proliferation factor 3 (BTG3) and activates autophagy-regulating
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MAPK signaling in NPC [133]. MYC target 1 (MYCT1), a direct target gene of MYC, is
a novel candidate tumor suppressor gene cloned from LSCC [134,135]. MYCT1 pro-
tein suppresses miR-629-3p expression by reducing specificity protein 1 (SP1) expression.
SP1 is also a TF for miR-629-3p, and its suppression enhances the expression of miR-629-
3p’s downstream target, epithelial splicing regulatory protein 2 (ESRP2). Taken together,
MYCT1 protein suppresses the EMT of laryngeal cancer via the SP1/miR-629-3p/ESRP2
pathway [136] Previous studies have shown that oral CSCs switch from expressing the
CD44-variant form (CD44v) to expressing the standard form (CD44s) during the acqui-
sition of cisplatin resistance, which results in EMT induction [137] During the process,
CD44s induces miR-629-3p expression, which inhibits apoptotic cell death under cisplatin
treatment conditions and promotes cell migration in HNSCCs [138]. Therefore, miR-629-3p
serves as a therapeutic target to reverse chemotherapy resistance. Altogether, the miRNAs
as oncomirs that regulate the stemness process of HNSCC are summarized in Table 1.

Table 1. miRNAs as oncomirs that are involved in the stemness of head and neck squamous cell carcinomas (HNSCCs).

Oncomirs Target(s) Molecular Mechanism Action Mode Refs

miR-125a p53
miR-125a enhances cell proliferation, migration,
invasion, and stemness maintenance through

suppression of p53.
Gene expression [116]

miR-134 PDCD7
miR-134 reduces E-cadherin expression by
suppressing PDCD7. E-cadherin inhibition
enhances expressions of pluripotent genes.

Gene expression [117,118]

miR-134 WWOX miR-134 suppresses WWOX, a tumor
stemness suppressor.

Suppressor
inhibition [119,120]

miR-1246 CCNG2 miR-1246 promotes cancer stemness and
tumorigenicity by suppressing CCNG2.

Suppressor
inhibition [122,123]

miR-196b PCDH-17 miR-196b promotes cell proliferation, migration,
and invasion abilities by inhibiting PCDH-17.

Suppressor
inhibition [127,128]

miR-19a,
miR-424 TGFBR3 miR-19a and miR-424 promote EMT by

suppressing TGFBR3. Signal transduction [108]

miR-106A-5p BTG3 miR-106A-5p inhibits autophagy and activates
MAPK signaling by targeting BTG3. Signal transduction [133]

miR-629-3p ESRP2 miR-629-3p enhances EMT via targeting ESRP2. EMT process [136]

EMT, epithelial-to-mesenchymal transition; MAPK, mitogen-activated protein kinase.

4.2. miRNAs as Tumor Suppressors

In contrast, tumor suppressor miRNAs were found to suppress activation of stemness
factors, thereby decreasing CSC populations and tumor progression. Studies indicated
that expressions of tumor suppressor miRNAs were commonly reduced in tumor samples.
Conversely, their corresponding oncogenic downstream targets were activated, thereby
activating stemness factors and enhancing the ability of cancer cells to acquire stemness
features.

4.2.1. miRNAs in HNSCC

The miRNA let-7 family controls normal cellular development and differentiation,
and a reduction in let-7 contributes to carcinogenesis via the upregulation of oncogenic
downstream targets and stemness properties [99]. Therefore, members of the let-7 family
are considered to be tumor suppressors for various cancers [139]. Ten members of the
human let-7 family have been identified, i.e., let-7a, let-7b, let-7c, let-7d, let-7e, let-7f, let-7g, let-
7i, miR-98, and miR-202, which share the same seed region sequence [140,141]. Expressions
of let-7 family members decrease in HNSCCs patients, and among them, let-7i has been
shown to most significantly suppress the expression of the chromatin modifier AT-rich
interacting domain 3B (ARID3B). By suppressing let-7i expression, cells enhance ARID3B
expression and acquire stemness features by activating embryonic SC (ESC)-specific genes
such as POU5F1, NANOG, and SOX2 via histone modifications [142]. The study also
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indicated that the EMT factor twist family bHLH transcription factor 1 (Twist1) cooperates
with B lymphoma Mo-MLV insertion region 1 (BMI1), suppresses let-7i expression, and
contributes to stem-like properties, thus enabling mesenchymal movements [143]. In
OSCC of the tongue, ALDH1+ cells with cancer stemness characteristics show decreased
expression of let-7a and high expressions of NANOG and POU5F1. let-7a overexpression in
ALDH1+ cells further inhibited tumor formation and metastasis in vivo, suggesting that
the let-7a gene plays an important role in modulating tumorigenesis stemness of HNSCC
cells [144].

Moreover, radioresistance poses a major challenge in HNSCC treatment, in which
CSCs are relatively radioresistant owing to different intrinsic and extrinsic factors [145].
Evidence has indicated that miRNAs might regulate not only stemness properties but
also radiotherapy response. For example, let-7c contributes to oral cancer stemness and
radio/chemoresistance through suppressing CXCL8 (IL-8) [146]. Similarly, CXCL8 was
identified as a direct target of miR-203, and the reduction in miR-203 promoted radioresis-
tance by activating IL-8/AKT serine/threonine kinase 1 (AKT) signaling in NPC cells [147].
The low expression of miR-203 was also showed to enhance EMT and result in intrinsic
radioresistance of HNSCC, which could enable identification and treatment modification
of radioresistant tumors [148]. miR-520b attenuates cell mobility via EMT suppression and
suppressed spheroid cell formation, as well as reduced expressions of multiple stemness
regulators (Nestin, Twist1, NANOG, OCT4) through targeting suppression of CD44 in
HNSCC cells [149]. Moreover, miR-520b also sensitized cells to therapeutic drugs and
irradiation through targeting CD44 [149]. CD44 is an adhesion molecule expressed in
CSCs, which interacts with a glutamate–cystine transporter and controls the intracellular
level of reduced glutathione (GSH). Therefore, CSCs with high CD44 expression show an
enhanced capacity for GSH synthesis, resulting in higher reactive oxygen species (ROS)
defense and radiotherapy resistance [150,151]. Therefore, miR-520b suppresses CD44 and
not only inhibits cancer stemness and multiple malignant properties but also sensitizes
cells to chemoradiotherapy [149].

miR-101 acts as a potent tumor suppressor, and its downregulation is associated with
oral carcinomas [152]. In HNSCCs, low expressions of miR-101 upregulate the oncogene
Zeste homolog 2 (EZH2), which subsequently downregulates another tumor suppressor
gene rap1GAP, which promotes HNSCC progression. EZH2 is a histone methyltransferase
that belongs to the polycomb repressive complex 2 (PRC2) family that facilitates the
trimethylation of H3K27 on the rap1GAP promoter to suppress its activation [153,154].
EZH2 can regulate cancer stemness by mediating the NOTCH1 activator and signaling to
promote the initiation and growth of SCs [155]. EZH2 was shown to promote cell migration,
invasion, and metastasis, and EMT, thereby enhancing cellular plasticity for oral tongue
squamous cell carcinomas [156,157]. The miR-29 family is also significantly downregulated
in HNSCC patients [158]. Moreover, miR-29b suppresses DNA methyltransferase 3 beta
(DNMT3B), resulting in inhibited EMT and promoted invasiveness of HNSCC cell lines
through restoring E-cadherin expression by the demethylation of the promoter region [159].

miR-204-5p is a tumor suppressor in HNSCCs, which inhibits tumor growth, metas-
tasis, and stemness by suppressing the signal transducer and activator of transcription 3
(STAT3) signaling and EMT via targeting SNAI2, SUZ12, HDAC1, and JAK2 [160]. STAT3
is a critical regulator of CSCs because of its relationship with EMT as one of the major
proposed mechanisms for generating CSCs. It also plays a critical role in the angiogen-
esis and regulation of the tumor microenvironment (TME), which provides signals for
differentiation or proliferation, especially through its involvement in the inflammatory
NF-κB pathway [161]. miR-124 was observed to target STAT3 to repress tumor growth
and metastasis in NPCs [162]. miR-365-3p targets the ETS homologous factor (EHF), a
keratin 16 (KRT16) transcription factor, thereby suppressing KRT16 expression. The de-
crease in KRT16 further enhances the lysosomal degradation of β5-integrin and c-Met,
leading to inhibition of their downstream Src/STAT3 signaling. In OSCC cells, miR-365-
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3p decreases migration, invasion, metastasis, cancer stemness, and chemoresistance via
inhibiting Src/STAT3 signaling [163].

4.2.2. miRNAs in OSCC

In OSCC, let-7d was shown to function as a negative regulator of EMT and exhib-
ited chemoresistant properties and silencing of enhanced mesenchymal, stem-like, and
chemoresistant traits through suppressing TWIST1 and Snail family transcriptional repres-
sor 1 (SNAI1) expression [164]. miR-98 acts as a tumor suppressor, which reduces tumor cell
growth and metastasis through targeting the insulin-like growth factor 1 receptor (IGF1R)
in OSCCs [165]. IGF1R is critical in the human embryonic niche for self-renewal and SC
expansion and regulates SC maintenance in normal tissue processes [166,167]. Moreover,
the IGF1R pathway is critical for EMT induction/maintenance and the expansion of cancer
stem-like cells [167–170]. In HNSCCs, Leong et al. indicated increased epidermal growth
factor (EGF) receptor (EGFR) and IGF1R expressions and phosphorylation, which increased
the activation of downstream pathways in ALDH1+ cells compared to ALDH- cells. Im-
portantly, treatment with EGFR and IGF1R inhibitors reduced SC fractions, implying that
the IGF1R is critical for maintaining HNSCC CSCs [171].

miR-139-5p overexpression inhibits OSCC cell proliferation, in vitro mobility of OSCC,
and the expression of WNT-responsive MYC, CCND1, and BCL2 through suppressing CXC
chemokine receptor 4 (CXCR4) [172]. MYC-related signaling regulates CSC chemother-
apeutic resistance and CRC organoids [173]. In addition, miR-139 triggers the apoptosis
of an oral cancer cell line, Tca8113 cells, through the Akt signaling pathway [174]. An-
other study suggested that miR-139-5p suppresses the tumorigenesis process and OSCC
cell mobility by targeting homeobox (HOX)-A9 (HOXA9) [175]. HOX genes can encode
master regulatory TFs that regulate SCs during development in various cancers; HOX4 and
HOXA9 were observed to upregulate expression of the SC marker ALDH1 and increase
SC self-renewal [176]. Similarly, miR-495 was observed to suppress EMT, proliferation,
migration, and invasion and promote the apoptosis of CSCs by inhibiting the HOXC6-
mediated TGF-β signaling pathway in OSCCs [177]. Other studies have also indicated that
miR-495 significantly inhibits cell proliferation, migration, invasion, and EMT through the
miR-495/IGF1/AKT signaling axis or by targeting NOTCH1 in OSCCs [178,179].

The miR-34 family contains three members, miR-34a, miR-34b, and miR-34c, clus-
tered on two different chromosomal loci on chromosomes 1p36.22 (Mir34a) and 11q23.1
(Mir34b/c) [180,181]. In OSCCs and OPSCCs, miR-34a is described as a regulator of SCs [182].
miR-34a was observed to be downregulated in HNSCC tumors and cell lines [183]. Sun et al.
observed that CSC enrichment by a spheroid culture showed significant downregulation
of miR-34a expression. Furthermore, the restoration of miR-34a significantly inhibited
EMT formation of the CSC phenotype and functionally reduced clonogenic and invasive
capacities in HNSCC cell lines [184]. During the EMT process, cancer cells acquire the
ability for tumor metastasis, invasion, drug resistance, and recurrence, which are associated
with CSC functions. Gregory et al. first indicated that miR-205 and the miR-200 family
(miR-200a, miR-200b, miR-200c, miR-141, and miR-429) suppressed the EMT by targeting
zinc finger E-box binding homeobox 1 (ZEB1) and Smad-interacting protein 1 (SIP1, also
known as ZEB2) in breast cancer [185]. Similarly, the miR-200 family was indicated to
enhance EMT through a reciprocal feedback loop between the miR-200 family and ZEB1 in
HNSCCs [186,187]. Recent emerging evidence has indicated that the EMT process might
not simply be divided into a dichotomous system but may actually be an EMT spectrum.
The epithelial/mesenchymal (E/M) hybrid status provides plasticity for cells with mixed
E and M characteristics [188]. Lu et al. devised a unique model of miRNA-based coupled
chimeric modules to elucidate the core regulatory network that underlies the hybrid E/M
status. In that model system, two double-negative feedback loops of miR-34/SNAI1 and the
miR-200/ZEB mutually regulate the E and M phenotypes and the hybrid phenotype. miR-
200/ZEB was indicated to act as the decision-making module for cancer cells to undergo
partial or complete EMT [189,190].
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miR-22 inhibits phosphatidylinositol 3-kinase (PI3K)/Akt/NF-κB signaling via down-
regulating activators such as S100A8, platelet-derived growth factor (PDGF), and vascular
endothelial growth factor (VEGF), which implies a tumor suppressor role of miR-22 in
tongue squamous cell carcinoma [191]. PI3K is well known as a regulator for stemness-
related signaling, including RAS/mitogen-activated protein kinase (MAPK) [192,193], NF-
κB [194,195], Wnt/β-catenin [196,197], and TGF-β [198–202]. The NF-κB pathway main-
tains stemness by regulating many tumor-promoting inflammation-related cytokines, like
tumor necrosis factor (TNF)-α [203], IL-1 [204], IL-6 [205,206], monocyte chemoattractant
protein 1 (MCP1) [207], cytochrome oxidase subunit 2 (COX2) [203], and inducible nitric
oxide synthase (iNOS) [203,208]. Simultaneously, the NF-κB pathway downregulates the
expression of matrix metalloproteinases (MMPs) to increase tumor cell invasion [209]. miR-
22 also targets the expression of node-like receptor (NLR) family pyrin domain-containing
3 (NLRP3) and suppresses OSCC cell growth, migration, and invasion [210]. The NLRP3
inflammasome was associated with the carcinogenesis and CSC self-renewal activation
in HNSCC patients with upregulated expression of BMI1, ALDH1, and CD44 [211]. The
overexpression of miR-22 results in reduced cell viability and an increase in the OSCC
cell apoptotic rate by targeting the Wnt/β-catenin signaling pathway [212]. Qiu et al.
indicated that the downregulation of miR-22 would result in the upregulation of CD147
in tongue squamous cell carcinomas [213]. CD147 is also known as an extracellular MMP
inducer, which promotes tumor initiation and progression through NF-κB signaling and
also mediates the TGF-β1-induced EMT in HNSCC cells [214,215]. Therefore, CD147 might
be a potential prognostic and treatment biomarker for HNSCCs.

4.2.3. miRNAs in LSCC

In LSCC, miR-98 was shown significantly reduced in both clinical specimens and cell
lines, and miR-98 directly targeted HMGA2-POSTN signaling and then suppressed cell
migration, metastasis, invasion, and EMT-TFs of SNAI1 and Twist1, as well as SC-like
features [216]. Moreover, miR-101 inhibited tumorigenesis progression by regulating the
Wnt/β-catenin signaling pathway by directly targeting cyclin-dependent kinase 8 (CDK8)
in LSCC [217]. CDK8 plays an important role in regulating biological processes at the
transcription level in the Wnt/β-catenin signaling pathway, and it is considered a CRC
oncogene [218,219].

4.2.4. miRNAs in NPC

miR-139-5p inhibits the proliferation, invasion, and migration of human NPC cells
by modulating EMT [220]. EMT enhances cancer cell motility and dissemination, which
led to the concept of migrating CSCs as the basis of metastasis [221]. Findings have
demonstrated a direct molecular link between EMT and stemness, where EMT activators
such as Twist1 can co-induce EMT and stemness properties, thereby linking the EMT and
CSC concepts [188]. EMT plays an important role in tumor metastasis and recurrence, and
thus it is closely related to CSC functions [222,223]. Moreover, miR-139-5p reduces cisplatin
resistance in NPC cells [220].

miR-488-3p activates the p53 pathway through suppressing zinc finger and BTB
domain-containing protein 2 (ZBTB2), a reader of unmethylated DNA that regulates
embryonic stem cell differentiation, thereby inhibiting proliferation and inducing apoptosis
in esophageal SCCs [224,225]. p53 is able to suppress CD44, which is a CSC marker and sup-
presses cellular plasticity [226]. In NPCs, miR-372 promotes radiosensitivity by activating
the p53 signaling pathway via the inhibition of PDZ-binding kinase (PBK) [227]. Moreover,
p53 represses EMT by mediating miR-200c expression, which causes the inhibition the
translation of ZEB1 and BMI1 [228]. By downregulating ATF3 expression, miRNA-488
suppresses cell invasion and EMT in tongue squamous cell carcinoma cells [229]. Taken
together, miRNAs as tumor suppressors that regulate the stemness process are summarized
in Table 2.
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Table 2. miRNAs as tumor suppressors that are involved in the stemness of head and neck squamous cell carcinomas
(HNSCCs).

Suppressors
miRNAs Target(s) Molecular Mechanism Action Mode Refs

HNSCC

let-7i ARID3B
let-7i inhibition enhances ARID3B

expression and activates the expression of
POU5F1, NANOG, and SOX2.

Gene expression [142]

let-7a NANOG, POU5F1
Upregulation of let-7a in ALDH1+ cell

suppresses tumor formation and
metastasis.

Gene expression [144]

let-7c CXCL8
let-7c inhibition enhances stemness and
radio-/chemoresistance by suppressing

CXCL8.

Signal
transduction [146]

miR-203 CXCL8
miR-203 reduction promotes EMT and
activates IL-8/AKT signaling to trigger

radioresistance.

EMT process/
Signal

transduction
[147]

miR-520b CD44

miR-520b inhibits EMT and the expression
of stemness regulators and sensitizes cells

to chemoradiotherapy through
suppression of CD44.

EMT process/
Gene expression [149]

miR-101 EZH2 miR-101 inhibits EZH2 and suppresses
metastasis and EMT.

EMT process/
Signal

transduction
[153,156,157]

miR-101 CDK8
miR-101 inhibits CDK8 expression and

subsequently suppresses Wnt/β-catenin
signaling and tumorigenesis.

Signal
transduction [217]

miR-29b DNMT3B miR-29 suppresses DNMT3B, resulting in
inhibition of EMT. EMT process [159]

miR-204-5p SNAI2, SUZ12, HDAC1,
and JAK2

miR-204-5p inhibits stemness by
suppressing STAT3 signaling and EMT

via targeting SNAI2, SUZ12, HDAC1, and
JAK2.

EMT process/
Signal

transduction
[160]

miR-124 STAT3 miR-124 inhibits tumor growth and
metastasis by suppressing STAT3.

Signal
transduction [162]

miR-365-3p EHF

miR-365-3p decreases metastasis,
stemness, and chemoresistance by
suppressing EHF, which inhibits

Src/STAT3 signaling.

Signal
transduction [163]

OSCC

let-7d TWIST1, SNAI1 let-7d suppresses EMT. EMT process [164]

miR-98 IGF1R miR-98 reduces self-renewal by
suppressing IGF1R.

Signal
transduction [165]

miR-139-5p CXCR4
miR-139-5p inhibits cell proliferation and
the expression of WNT-responsive MYC,
CCND1, and BCL2 via inhibiting CXCR4.

Signal
transduction [172]

miR-139-5p HOXA9 miR-139-5p inhibits HOXA9. HOXA9 can
increase stem cell self-renewal.

Gene expression/
Signal

transduction
[175,176]

miR-495
HOXC6-mediated
TGF-β signaling

pathway

miR-495 inhibits the HOXC6-mediated
TGF-β signaling pathway and then

suppresses EMT, proliferation, migration,
and invasion.

Signal
transduction [177]

miR-495 IGF1/AKT signaling
axis and NOTCH1

miR-495 inhibits cell proliferation
migration, invasion, and EMT through

targeting the IGF1/AKT signaling axis or
NOTCH1.

Signal
transduction [178,179]

miR-34a EMT miR-34a inhibits EMT formation. EMT process [184]

miR-200 family ZEB1/2 The miR-200 family suppresses EMT by
targeting ZEB1/2. EMT process [186,187]
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Table 2. Cont.

Suppressors
miRNAs Target(s) Molecular Mechanism Action Mode Refs

miR-22 KAT6B miR-22 inhibits activators of
PI3K/Akt/NF-κB signaling.

Signal
transduction [191]

miR-22 NLRP3 miR-22 inhibits NLRP3 which suppresses
expressions of BMI1, ALDH1, and CD44.

Signal
transduction [210,211]

miR-22 CD147

miR-22 inhibits CD147, which suppresses
tumor initiation and progression through

NF-κB signaling and mediates
TGF-β1-induced EMT.

EMT process/
Signal

transduction
[213–215]

LSCC

miR-98 HMGA2-POSTN
signaling

miR-98 inhibits HMGA2-POSTN
signaling, which suppresses metastasis

and EMT-TFs.

EMT process/
Signal

transduction
[216]

miR-101 CDK8
miR-101 inhibits CDK8 expression, which
suppresses Wnt/β-catenin signaling and

tumorigenesis.

Signal
transduction [217]

NPC

miR-139-5p EMT
miR-139-5p suppresses EMT and inhibits
proliferation, invasion, migration, and

cisplatin resistance.
EMT process [220]

miR-488-3p ZBTB2
miR-488-3p activates the p53 pathway by
suppressing ZBTB2 to inhibit proliferation

and induce apoptosis.

Signal
transduction [224,225]

miR-372 PBK
miR-372 activates the p53 signaling

pathway via repressing PBK to promotes
radiosensitivity.

Signal
transduction [227]

EMT, epithelial-to-mesenchymal transition; TFs, transcription factors; OSCC, oral squamous cell carcinoma; LSCC, laryngeal squamous cell
carcinoma; NPC, nasopharyngeal carcinoma; IL-8, interleukin 8; EHF, ETS homologous factor; STAT3, signal transducer and activator of
transcription 3; IGF1, insulin-like growth factor 1; AKT, AKT serine/threonine kinase 1; TGF-β, transforming growth factor-β; HMGA2,
high-mobility group AT-hook 2; NF-κB, nuclear factor-κB.

4.3. miRNAs as Pleiotropic Functions

Some miRNAs play dual roles in oncogenes and tumor suppression, depending on
the specific cell/tissue context. This reflects the complexity of the miRNA–target regulatory
network. For example, miR-107 was observed to antagonize and degrade let-7. miR-
107 suppressed let-7 expression and activated downstream oncoprotein expressions such
as HMGA2 and RAS and enhanced the tumorigenic and metastatic potential of cancer
cells [230,231]. In HNSCCs, a miR-107 increment was found in patients with lymph node
metastasis, suggesting an oncogenic role for miR-107 [232]; however, miR-107 was indicated
to suppress the proliferation, invasion, and colony formation of cells in LSCCs via inhibiting
the voltage-gated calcium channel subunit α2δ1 (α2δ1) (encoded by CACNA2D1) [233]. In
non-small-cell lung cancer (NSCLC), α2δ1 also enhances radioresistance in cancer stem-like
cells by enhancing the efficiency of DNA damage repair [234]. Those results indicate the
pleiotropic functions of miR107 in HNSCCs.

miRNAs also mediated the regulation of cytokines/chemokines and the TME that
modulates the CSC signaling pathway and sustains the CSC niche for acquiring and
maintaining CSC features. For example, downregulation of miR-9, miR-542-3p, and miR-
34a, and significant upregulation of miR-21 were shown in CD44-positive CSCs with
increased IL-6 and IL-8 expressions via targeting of the CD44v6/NANOG/phosphatase
and tensin homolog (PTEN) axis in oral cancer [235]. miR-9 acts as a tumor suppressor
microRNA in HNSCC, and its role seems to be mediated through CXCR4 suppression [236].
Studies have indicated that miR-9 overexpression results in decreased cellular proliferation
and inhibited colony formation in soft agars when targeting CXCR4 in HNSCC cells [236].
Conversely, another study has also indicated that miR-9 was expressed at high levels in

207



Cancers 2021, 13, 1742

patients with recurrent HNSCCs [237]. Similar results were also shown for breast cancer
with miR-9 acting as a tumor suppressor in breast cancer proliferation in the early stage
of breast cancer, while, with a higher malignancy, miR-9 plays an opposite role in the
metastatic process [238]. Thus, miR-9 was suggested to have dual roles in carcinogenesis.
Taken together, miRNAs with pleiotropic functions in HNSCCs are summarized in Table 3.

Table 3. miRNAs with pleiotropic functions that are involved in the stemness of head and neck squamous cell carcino-
mas (HNSCCs).

Pleiotropic
miRNAs Target(s) Molecular Mechanism Action Mode Refs

miR-107 let-7

miR-107 suppresses let-7 expression and
activates downstream oncoprotein

expressions for enhancing tumorigenic
and metastasis.

Gene expression/
Signal transduction [230,231]

miR-107 CACNA2D1
miR-107 suppresses proliferation,

invasion, and colony formation of LSCC
cells via inhibiting CACNA2D1.

Signal transduction [233]

miR-9 CD44v6/NANOG/PTEN
axis

miR-9 inhibits the
CD44v6/NANOG/PTEN axis for

suppressing IL-6 and IL-8 signaling.
Signal transduction [235]

miR-9 CXCR4 miR-9 decreases proliferation and colony
formation by targeting CXCR4. Signal transduction [236]

LSCC, laryngeal squamous cell carcinoma; NANOG, Nanog homeobox; PTEN, phosphatase and tensin homolog.

5. Conclusions

miRNAs can function as cancer suppressors or oncogenes, or even exhibit dual roles
during cancer development, depending on the different cancer types or tumorigenesis stage.
miRNAs are critical to tumor initiation, progression, metastasis, EMT, and chemoresistance
via regulating CSC functions. miRNAs regulate important EMT-TFs and signaling path-
ways and modulate the TME to sustain and enhance cancer stemness. Therefore, targeting
CSCs through miRNA manipulation provides a therapeutic opportunity for managing
metastatic diseases. Moreover, with an understanding of miRNAs during tumorigenesis,
we can take advantage of miRNA stability and use it as a diagnostic marker for primary
diagnoses and patient follow-ups. We can also monitor miRNA changes to predict ther-
apeutic responses as a non-invasive detection method. Recent studies have indicated
that exosomal miRNAs can be better sources of biomarkers due to their advantages in
terms of their quantity, quality, and stability [239]. Ludwig et al. indicated that miR-205-5p
was exclusively expressed in HPV(+) exosomes, whereas miR-1972 was only detected in
HPV(−) exosomes. These miRNAs emerge as potential discriminating HPV-associated
biomarkers [240] Intriguingly, human papillomavirus 16 (HPV16) infection has been in-
dicated to enhance CSC properties, including ALDH1 activity, migration/invasion, and
CSC-related factor expression, and enhances tumor growth OSCC cells [241]. Whether
tumor-derived exosomes (TEX)-miRNAs are also involved in regulating the recipient cell
stemness is unclear. In contrast to the extensive studies for cellular miRNAs in regulating
cancer stemness, TEX-miRNA knowledge is relatively limited.

Moreover, Huang et al. indicated that only 5.63% of miRNAs were detected in both
cells and TEX, which implies that cells can selectively pack certain miRNAs into exosomes
in OSCC cells [242]. Meanwhile, exosomes can be released by various cell types, such as
cancer-associated fibroblasts (CAFs) [243], dendritic cells [244], B cells [245], T cells [246],
and tumor cells [247]. For example, Li et al. indicated that miR-34a-5p was significantly
reduced in CAF-derived exosomes in OSCC patients. CAF transfers miR-34a-5p-devoid
exosomes to OSCC cells and results in promoting the proliferation and motility of OSCC
cells by upregulating the downstream target AXL (encoding AXL receptor tyrosine kinase).
Therefore, the miR-34a-5p/AXL axis promotes the proliferation, metastasis, and EMT

208



Cancers 2021, 13, 1742

of oral cancer cells through the AKT/glycogen synthase kinase (GSK)-3β (GSK-3β)/β-
catenin/SNAI1 signaling cascade [248]. Consistently, the cellular miR-34a significantly
inhibited EMT formation of the CSC phenotype in HNSCC cell lines [184]. Hence, the
sources and biological functions of exosomal miRNAs warrant further research before
using them for screening and surveillance.

Among the tumor suppressor microRNAs of HNSCCs, miR-34 is the only one that
has been used in a clinical trial applied to treat primary liver cancer, small-cell lung car-
cinomas, lymphomas, multiple myelomas, and renal cell carcinomas. In 2013, the first
microRNA-associated therapeutic drug was tested in a clinical trial (NCT01829971), MRX34,
a special amphoteric lipid nanoparticle filled with miR-34 mimics. Although this phase
I study provided a dose-dependent modulation of relevant target genes that provide a
proof-of-concept for MRX34 application for cancer therapy, severe adverse events were
reported in five patients in terms of experiencing serious immune responses [249,250].
Hence, leading up to the MRX34 phase 2 clinical trials, NCT02862145 for melanomas has
been withdrawn [251]. Other clinical trials have mainly focused on observational studies
to explore the prognostic value of miRNAs in HNSCCs, for example, the prognostic value
of miR-29b in the tissue, blood, and saliva in oral squamous cell carcinomas (NCT02009852).
The miR-29 family has been used to investigate Twist1-mediated cancer metastasis in HN-
SCCs (NCT01927354) (Table 4). Further research is warranted to determine the molecular
functions and mechanisms of cellular or exosomal miRNAs, as well as their potential as
miRNA-based diagnostics and therapeutics for HNSCCs.

Table 4. List of miRNA-related clinical trials in head and neck squamous cell carcinomas (HNSCCs).

miRNAs Clinical Trials Trial ID

miR-29b
Observational study to explore the prognostic
value of miR-29b in tissue, blood, and saliva in

OSCC
NCT02009852

miR-29 family
Observational study to investigate the role of

miR-29 family in Twist1-mediated cancer
metastasis in HNSCC

NCT01927354

OSCC, oral squamous cell carcinoma.
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Simple Summary: Ovarian cancer is the leading cause of death from gynecological malignancies.
Recent studies have focused on ovarian cancer-associated microRNAs that play strong regulatory
roles in various cellular processes. While miRNAs have been shown to participate in regulation of
tumorigenesis and drug responses through modulating the DNA damage response (DDR), little is
known about their potential influence on sensitivity to chemotherapy. The main objective of this
review is to summarize recent findings on the utility of miRNAs as ovarian cancer biomarkers and
their regulation of DDR or modified replication stress response proteins.

Abstract: Genomic alterations and aberrant DNA damage signaling are hallmarks of ovarian cancer
(OC), the leading cause of mortality among gynecological cancers worldwide. Owing to the lack of
specific symptoms and late-stage diagnosis, survival chances of patients are significantly reduced.
Poly (ADP-ribose) polymerase (PARP) inhibitors and replication stress response inhibitors present
attractive therapeutic strategies for OC. Recent research has focused on ovarian cancer-associated
microRNAs (miRNAs) that play significant regulatory roles in various cellular processes. While
miRNAs have been shown to participate in regulation of tumorigenesis and drug responses through
modulating the DNA damage response (DDR), little is known about their potential influence on
sensitivity to chemotherapy. The main objective of this review is to summarize recent findings on the
utility of miRNAs as cancer biomarkers, in particular, ovarian cancer, and their regulation of DDR or
modified replication stress response proteins. We further discuss the suppressive and promotional
effects of various miRNAs on ovarian cancer and their participation in cell cycle disturbance, response
to DNA damage, and therapeutic functions in multiple cancer types, with particular focus on ovarian
cancer. Improved understanding of the mechanisms by which miRNAs regulate drug resistance
should facilitate the development of effective combination therapies for ovarian cancer.

Keywords: microRNA; ovarian cancer; PARP; replication stress; targeted therapy

1. Introduction

Ovarian cancer is the leading cause of death from gynecological malignancies. The
high fatality rate is linked to the complexity of the disease and consequent difficulty in
making an accurate diagnosis. At the initial stages of disease progression, patients present
with non-specific symptoms [1]. The majority of cases are diagnosed at the third or fourth
stage of clinical advancement following the spread of disease to other organs. At present,
standard treatment for ovarian cancer involves total removal of tumor mass and any tissue
that may pose risk of spread. In the case of highly advanced tumors, radical surgery is not
possible [2]. Debulking surgery is performed, followed by adjuvant treatment with drugs
containing platinum compounds or taxane-based chemotherapy, which has shown success
in improving the survival rates of patients in the fourth stage of the disease. However, the
five-year survival rate for advanced-stage cases remains below 30% [3]. Ovarian cancer
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cells often carry BRCA1 or BRCA2 (BRCA1/2), germline or somatic mutations in ataxia
telangiectasia and Rad3-related protein (ATR) or checkpoint kinase 1 (CHK1) genes of the
homologous recombination (HR) pathway [4]. Poly (ADP ribose) polymerase inhibitors
(PARPis) have been identified as the most promising targeted therapy for ovarian cancer.
In the United States, the FDA approved olaparib for maintenance treatment of patients
with BRCAMUT advanced epithelial ovarian cancer (EOC) showing complete or partial
response to first-line platinum-based chemotherapy in 2018 [5].

Elucidation of molecular alterations in serous ovarian carcinoma cells is necessary
to identify novel targets for early detection and treatment. Recent studies have focused
on ovarian cancer-associated microRNAs (miRNAs) that play strong regulatory roles in
various cellular processes. Initial findings support a potential correlation between miRNAs
and cancer development. Even low-level disruption in expression patterns of individual
miRNAs can lead to significant pathological changes, such as neoplasia. Alterations in
miRNA expression are widely reported in multiple cancer types, especially ovarian cancer
resistant to chemotherapy [6]. Knowledge of the specific associations between miRNAs
and DNA damage response (DDR) or DNA repair should aid in expanding applications
of miRNAs in cancer therapy. Cells detect DNA damage and coordinate an appropriate
response involving activation of repair pathways, such as nucleotide excision repair (NER)
and HR. If damage is too excessive for repair, an apoptotic response is initiated through
activating death receptors or triggering intrinsic apoptosis.

In this review, earlier findings on the direct effects of miRNAs on sensitivity of
ovarian cancer cells to replication stress response (RSR) inhibitors are described. The
therapeutic potential of the miRNAs regulating DDR/DNA repair is discussed, along with
the mechanisms by which miRNAs affect sensitivity to PARP, ATR, and CHK1 inhibitor
therapy. The identification of mediator miRNAs that improve response to treatment with
checkpoint inhibitors would increase the proportion of patients benefiting from therapy.

2. Participation of miRNAs in Pathogenesis and Development of Neoplastic Diseases

MiRNAs are a class of small, endogenous, and noncoding RNAs that post-transcriptionally
regulate gene expression. MiRNA is transcripted in the nucleus, usually by RNA poly-
merase II, to produce the primary miRNA (pri-miRNA). Pri-miRNA is identified and
cleaved by the Drosha, an RNase III enzyme, and its cofactor DGCR8 (Pasha), which form
a hairpin precursor miRNA (pre-mRNA). The hairpin precursor is exported out of the
nucleus by Exportin 5, where Dicer (RNase III enzyme) cleaves double stranded mi-RNA
and creates miRNA as transient 21–24 nucleotide duplex miRNA. The strand of mature
sequence is then transported onto Argonaute (Ago) and is loaded into a protein complex
called RISC. MiRNA recognizes their target sequences based on complementarity to the
3′untranslated region (3′UTR) of mRNA transcripts, leading to translational inhibition
and/or mRNA degradation [7,8], Figure 1.

Almost half the miRNA genes are located in fragile sites of the genome where chro-
mosome fragments are lost or rearranged with high frequency. Mutations in these areas
are often linked to cancer development, implicating microRNAs in the formation and
progression of neoplasms [7–9]. Expression of miRNA genes located near these regions
is commonly disrupted. One example is miR-15a and miR-16-1 genes located on the
long arm of chromosome 13 in region 14.2 where deletions are frequent. Reduced lev-
els or complete absence of miR-15a and miR-16-1 are detected in many patients with
B-cell chronic lymphocytic leukemia, ovarian and prostate cancer, mantle cell lymphoma,
and multiple myeloma [10–12]. MiRNAs are also secreted from both normal and cancer
cells in exosomes, small vesicles that play a key role in cell-to-cell communication in the
body [13]. In addition, variable environmental factors, such as low pH and hypoxia (char-
acteristic of most solid tumors, including ovarian cancer), affect miRNA expression and
promote exosome secretion. Several indications support the potential utility of miRNAs
circulating in the bloodstream as biomarkers of cancer. One hypothesis is that miRNAs
appear in the bloodstream through two mechanisms, one associated with tissue damage,
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as demonstrated in earlier studies (e.g., miR-208 is observed in serum after cardiac mus-
cle damage) [14], and the second related to so-called microbubbles (exosomes) involved
in tumor-associated immunosuppression, metastasis, and angiogenesis that are derived
directly from the cytoplasmic membrane and reflect the antigenic composition of parent
cells [15]. Secreted miRNAs can also be an additional source of information about defects in
the DNA repair system, including those related to replication stress (miR-200c, miR-214 [16],
miR-185-5p [17], miR-126, miR-17, miR-92a [18], and miR-34a [19]). In 2008, Taylor et al.
first demonstrated that eight exosomal miRNAs (miR-21, miR-141, miR-200a, miR-200b,
miR-200c, miR-203, miR-205, and miR-214) were elevated in the serum of ovarian cancer
patients, even in the case of patients with early stages of the disease. Very importantly,
the miRNA profiles observed in exosomes were similar to those in the originating tumor
cells. Circulating miRNA profiles accurately reflect the tumor profiles, which make them
potential biomarkers and relevant for ovarian cancer diagnosis prognosis and therapeu-
tics [16,20,21]. Since that time, other studies confirmed other circulating miRNA profiles
in plasma samples of ovarian cancer as possible biomarkers of which some miRNA were
significantly increased, e.g., hsa-miR-106a-5p, hsa-let-7d-5p, hsa-miR-93-5p [17], miR-1274a,
miR-625-3p, and miR-720 [18], and others significantly decreased, e.g., hsa-miR-122-5p,
hsa-miR-185-5p and hsa-miR-99b-5p [17], miR-106b, miR-126, miR-150, miR-17, miR-20a,
and miR-92a [18]. Maeda et al. recently described the potential role of serum miR-34a
in early diagnosis of ovarian cancer and for histological subtyping of EOC [19]. In the
case of ovarian cancer patients, the elevated level of miRNA (in comparison to healthy)
was reported not only in serum exosomes, but also, e.g., in ascites: miR-21, miR-23b, or
miR-29a [22], or in urine: miR-30-5p [23]. It is considered that these exosomes are re-
sponsible for inducing more aggressive disease, so it confirms that they also might serve
as a promising diagnostic and therapeutic targets [21,22]. The correlation between the
increased levels of miR-200b and miR-200c with the main marker of ovarian cancer-CA125,
commonly used in diagnosis [24], was also observed. Additionally, studies performed by
Kapetanakis et al. [25] demonstrated that miR-200b was able to predict the sensitivity to
treatment in much more sensitive manner than CA125. After primary treatment (surgery
and chemotherapy) of the group of 33 ovarian cancer patients, CA125 very quickly (even
after 1 month after treatment) returned to a normal level in almost all patients, whereas
there was a difference in the level of miR-200b between individuals. The patients with a
negative miR-200b variation had a longer progression-free survival (PFS), than those pa-
tients with a positive variation. Increased levels of specific mRNAs characteristic of certain
cancer types (breast, lung, ovary, prostate, pancreas, liver, and colon cancer and chronic
myeloid leukemia) are often associated with tumor invasiveness or metastasis. The miRNA
molecules known to inhibit the processes of migration and invasion of neoplastic cells
include miR-149 (breast cancer), miR-138 (ovarian and kidney cancer), miR-126 (lung and
stomach cancer), and miR-206 (melanoma and cervical cancer), among others. Additionally,
miR-373 and miR-520c are associated with the invasive and metastatic ability of cancer
cells. These molecules directly inhibit expression of the CD44 surface receptor responsible
for binding hyaluronan (the main component of the extracellular matrix), an intermediary
for several stimulatory processes, such as migration and proliferation. Moreover, miRNAs
are involved in epithelial-to-mesenchymal transition (EMT), a necessary step in metastasis.
Increased levels of specific miRNAs are additionally associated with the occurrence of
epigenetic abnormalities in cancer cells [26,27] Molecular functions of miRNAs in ovarian
cancer acting as oncogenes or suppressors are presented in Table 1.
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Table 1. Molecular functions of miRNAs in ovarian cancer.

MiRNAs as Oncogenes Ref MiRNAs as Suppressors Ref

miR-138 [26,27] miR-16 [28,29]
miR-200 a, a-3p, b, c [30–33] miR-10a, 10b [34]

miR-141 [30,33] miR-29 [35,36]
miR-429 [30,33] miR-let-7 [37–40]
miR-205 [41] miR-31, 31-5p [42,43]

miR-126-3p [44] miR-506-3p [45]
miR-183 [46] miR-424-5p [47]
miR-760 [48,49] miR-503-5p [47]
miR-151 [50] miR-199a-5p [51]

miR-21-5p [52] miR-34 [53]
miR-106a [54] miR-340-5p [55]
miR-195 [54] miR-138 [56]
miR-222 [57,58] miR-509-3 [59]
miR-221 [57,58,60] miR-335-5p [61]

miR-520b [62] miR-383 [63]
miR-10b [64] miR-185 [65]
miR-21 [66] miR-126 [67]

miR-17-92 [66] miR-708 [68]
miR-622 [69] miR-200c [18,70,71]

miR-424-5p [72]

3. Aberrant Expression Profiles of miRNAs in Ovarian Cancer

Recent studies revealed differences in the miRNA expression profiles in tissues from
patients with ovarian cancer and healthy individuals. Increased miRNA levels were not
detected in patients with benign ovarian disease [73]. Further comparison of expression
levels of miRNAs in ovarian cancer revealed distinct roles of different miRNAs. Expres-
sion of miR-200a, miR-200b, and miR-200c was significantly higher than that in normal
tissues, whereas mir-199a, miR-140, miR-145, and miR-125b1 displayed low expression in
ovarian cancer tissues [74]. MiR-10a and miR-10b suppressed proliferation of granulosa
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cells in the ovary. The miR-10 family suppressed expression of several key genes in the
transforming growth factor beta (TGF-β) pathway, suggesting a negative feedback loop
between the miR-10 family and TGF-β pathway [34]. Numerous studies performed on
various tissue types have validated the utility of miRNAs as a prognostic marker of ovarian
cancer [75–77].

3.1. MiRNAs as Tumor Suppressors

Suppressor genes, also known as anti-oncogenes, encode proteins that inhibit the pro-
cesses of cell growth and differentiation and maintain genetic stability of the cell. Mutations
in these genes can lead to uncontrolled cell proliferation and, consequently, development
of cancer. The effect of miRNAs in the case of their activation or deactivation will lead to
an insufficient number of target genes or their overexpression, respectively. Target miRNA
transcripts determine whether the miRNA should be considered an oncogene or a tumor
suppressor [78,79]. Biological functions of miRNAs depend on the cellular context, tumor
molecular subtype, stage of tumor progression, or interactions with therapy [80]. It was
observed that miR-200c and miR-141 produce resistance to carboplatin while sensitizing
MES-OV/TP cells to paclitaxel. The authors suggest that the effects of these miRNAs on
drug sensitivity are cell context dependent [6]. Higher miR-200c levels were also associated
with better progression-free survival in stage I epithelial ovarian cancer [81]. Liu et al.
found that miR-200b and miR-200c increased cisplatin sensitivity through downregulation
of DNA methyltransferases (DNMT3A/DNMT3B) and the indirect downregulation of
DNMT1 by targeting Sp1 transcription factor [26]. Based on 220 ovarian cancer patients’
analysis, it was observed that overexpression of miR-200c correlated with poor or good
outcome depending on the cellular localization of HuR (RNA binding protein). MiR-200c
can act either as a suppressor or enhancer of the aggressive phenotype, depending upon the
localization of HuR. Suppressor genes contribute to drug resistance of several types of solid
tumors [82]. Tumor suppressor miRNAs prevent tumor development through negative
regulation of genes that control cell differentiation or apoptosis. To date, a number of
miRNAs have been identified as tumor suppressors [83]. For instance, miR-29 significantly
reduces migration of highly metastatic ovarian cancer cells [36]. Expression of miR-29
alone or in combination with cisplatin could effectively reduce tumorigenicity of CP70
ovarian cancer cells [35].

One of the most well-characterized tumor suppressors of the miRNA family in ovarian
cancer is Let-7, which belongs to a family of highly homologous members. Ten mature
subtypes of the human let-7 family have been identified to date, whereby mature let-7a
and let-7f are processed from precursor sequences (let-7a-1, let-7a-2, let-7a-3; let-7f-1, and
let-7f-2) [38–40]. Let-7 inhibits cell proliferation and increases apoptosis by inhibiting ex-
pression of proto-oncogenes, such as the small GTPase RAS, high mobility group AT-hook 2
(HMGA 2), c-Myc, cell division cycle homolog 25A (CDC25A), cdk 6, and cyclin 2 [39,84].
Overexpression of let-7g miRNA in OVCAR3 and HEY-A8 EOC cells induced cell cycle ar-
rest, slowed progression of EMT, and significantly improved cell response to cis-platinum
treatment. Let-7g worked through vimentin and reduced the expression of Snail and
Slug (the protein product of snail family transcriptional repressor 2) [39]. Other studies
have demonstrated overexpression of miR-16 in ovarian cancer tissues, including SKOV3
and OVCAR3 cell lines, compared with normal ovarian epithelial cells. MiR-16 is re-
ported to exert suppressive effects on cell migration and invasion by inactivation of the
Wnt/β-catenin signaling pathway through decreasing expression of matrix metallopepti-
dase MMP2 and MMP9. Additionally, miR-16 regulates the expression of mesenchymal
markers (cadherin 1 and 2, snail 1 and 2, vimentin, and twist family BHLH transcription
factor) [28]. MiR-31 is another microRNA with biological significance. This miRNA is
expressed at low levels in serous ovarian cancer cells and tissues and induces suppression
of cell proliferation, clonogenic potential, and cell migration and invasion [43]. Recent
research indicates that miR503HG interacts with and promotes methylation of miR-31-5p
that play a role in inhibition of ovarian cancer cell invasion and migration [42]. MiR-506-3p
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inhibits proliferation and promotes apoptosis via inactivation of the NAD-dependent
protein deacetylase sirtuin-1 (SIRT1)/AKT/Forkhead box protein 3a (FOXO3a) signaling
pathway [45]. Myotubularin-related protein 6 (MTMR6) has been identified as another
functional target of miR-506-3p. Several recent studies indicate that malignant biological
behaviors are regulated by the myotubularin (MTM) protein family [85]. Other miRNAs
acting as suppressors include miR-424-5p and miR-503-5p that directly target the 3′UTR of
KIF23 (kinesin-6, a plus-end-directed motor protein in mitosis) to suppress its expression
and inhibit ovarian cancer cell proliferation and migration [47]. Additionally, miR-199a-5p
is reported to function as a suppressor of ovarian cancer (HO-8910 and ES-2) cell prolifer-
ation and invasion through inhibiting NF-κB1 expression. Notably, expression patterns
of matrix metalloproteinases (MMP-2 and MMP-9) are altered in a similar manner as
NF-κB1 upon exogenous expression of miR-199a-5p [51]. The anti-oncomiR list includes
miRNAs from the miR-34 family that inhibit oncogenes, such as c-MYC and c-MET, or
promote mitosis CDKs [53] and miR-340-5p. Deficiency of miR-340-5p promotes expres-
sion of serine/threonine-protein kinase B-raf (BRAF), NF-kB and ATP-binding cassette
sub-family B member 5, also known as P-glycoprotein (ABCB5), resulting in development
of drug resistance [55].

3.2. MiRNAs as Oncogenes

Alterations in expression of several miRNAs are observed in many cancer types [81,86,87].
Mutation in a single allele of proto-oncogenes can trigger transformation into oncogenes.
These genes promote cancer development by negatively regulating the tumor genes re-
sponsible for cell differentiation or apoptosis [88]. Several miRNAs in tumor cells exhibit
oncogenic traits and promote tumorigenesis. Notably, almost all members of the miR-200
family (miR-200a, miR-200b, miR-200c, miR-141, and miR-429) are upregulated in ovarian
cancer [89]. Different miRNA types, including miR-182 and the miR-200 family (specifically,
miR-200a, miR-200b, and miR-200c), are highly overexpressed in high-grade serous epithe-
lial ovarian cancer (SEOC). The miR-200 family participates in EMT through regulating
E-cadherin by inhibiting zinc-finger E-box-binding homeobox 1 (ZEB1) and zinc-finger
E-box-binding homeobox 2 (ZEB2) [30] and improves response to paclitaxel (PTX) due
to repression of the miR-200c target, ZEB1. The transcription factor, Grainyhead-like 2n
(GRHL2), acts as a pivotal gatekeeper of EMT in EOC via miR-200-ZEB1 [31]. The miR-200
family also sensitizes ovarian cancer cells to PTX through downregulation of TUBB3/class
III beta-tubulin, a component of microtubules that binds paclitaxel [90]. Moreover, in
PTX resistant cells (A2780/1A9, MES-OV, OVCAR-3, ES-2), miR-200b and miR-200c were
downregulated and associated with EMT, with increased vimentin, fibronectin1, MMP2, or
MMP9 [90]. MiR-200a is reported to enhance sensitivity to PTX-induced reactive oxygen
species production. Overexpression of miR-200a-3p markedly promotes proliferation,
colony formation, and invasion of ovarian cancer cells. Expression of this miRNA in
ovarian cancer tissues is significantly negatively correlated with that of Protocadherin-9,
a potential tumor suppressor, in a variety of cancers [32]. Moreover, the miR-200 family
plays a major role in regulating EMT and sensitivity to carboplatin and PTX in OVCAR-3
and MES-OV cells. Inhibition of miR-200c and miR-141 resulted in the downregulation of
E-cadherin and the upregulation of vimentin and fibronectin [33].

MiR-205 expression is significantly increased with a simultaneous decrease in tran-
scription factor 21 (TCF21, a tumor suppressor gene) in epithelial ovarian carcinoma
compared to normal ovarian cells. Thus, miR-205 is regarded as an oncogene in ovarian
cancer that plays critical roles in tumor invasion and metastasis [41]. MiRNA-126-3p is
also implicated in cancer progression and inflammation. Overexpression of miR-126-3p in
OVCAR3 cells is reported to suppress cell proliferation and invasion as well as phosphoryla-
tion of serine/threonine-specific protein kinase B (AKT) and extracellular signal-regulated
kinases 1

2 (ERK1/2) [44]. MiR-183 exerts tumor-promoting effects in ovarian cancer by
regulating one of the transcription factor proteins, Mothers against decapentaplegic ho-
molog 4 (Smad 4), via the TGF-β/Smad4 pathway. MiR-183 is upregulated in OC tissues
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and cell lines. Downregulation of miR-183 via cell transfection inhibited proliferation and
invasion and induced apoptosis in SKOV3 and OVCAR3 cells [46]. Expression of miR-760
is markedly upregulated in association with an aggressive phenotype of OC and poor
prognosis [48,49]. Additionally, miR-151 plays an oncogenic role in carcinogenesis and
progression of ovarian cancer by activating AKT/mTOR signaling through effects on the
Rho guanine nucleotide dissociation inhibitor (RhoGDIA). MiR-151 activates Ras-related
C3 botulinum toxin substrate 1 (Rac1), Cdc42, and Rho GTPase by directly targeting the
3-UTR of RhoGDIA, a metastasis suppressor [50]. Examples of oncomiRs include miR-
21-5p, which controls the suppressor gene phosphatase and tensin homolog (PTEN, an
inhibitor of the Akt kinase pathway) [52], miR-106a, which regulates the p21 protein level,
and miR-195, which controls WEE1 kinase, an inhibitor of cell division [54]. MiR-222 is
overexpressed in EOC cases and promotes proliferation through downregulation of target
cyclin-dependent kinase inhibitor p27Kip1 [57]. An earlier study reported upregulation
of miR-221 in 63 samples of ovarian cancer. A negative correlation between expression
of apoptosis protease activator 1 (APAF1) protein and miR-221 in 5 of 63 ovarian cancer
tissues and six cell lines was observed, including A2780, OVCAR3, SKOV3, and 3AO5 [60].
An in vitro cell viability assay showed that downregulation of miR-221/222 sensitized
A2780/CP cells to cisplatin-induced cytotoxicity [58]. Another identified oncomir shown
to promote proliferation of SKOV3, Hey, and OVCAR3 cells is miR-520b, which targets
the ring finger protein 216 (RNF216) gene to promote cell growth. The negative correla-
tion between miR-520b and RNF216 may present a new strategy for ovarian cancer [62].
In addition, numerous studies have shown that oncomirs play an important role in the
acquisition of the ability to invade and form metastases by cancer cells. Overexpression
of miR-10b in ovarian cancer has been reported in association with reduced amounts of
transcription factor, HOXD10, in altered cells, leading to an increase in the levels of ras
homolog family member C (RhoC) and matrix metallopeptidase 14 (MMP14), which are
responsible for metastasis [64].

4. MiRNA Functions in Cancer Based on Regulation of DDR

The DNA damage response is a complex network involving proteins that are activated
to facilitate detection of DNA damage and determine the survival or death of cells exposed
to stress via stimulation of the signal transduction cascade [91]. Activation of the DDR path-
way triggers cell cycle checkpoint activation and dividing alternation, in turn preventing
the transfer of damaged DNA to daughter cells. Simultaneously, DNA repair mechanisms
are activated. Upon repair of damage, cell cycle and division resume, allowing survival
and continuation of function. If repair is not possible due to an excessive number of lesions,
cells are eliminated by triggering programmed cell death or cellular aging, irreversible
cell cycle arrest, and division processes [92], as presented in Figure 2. DDR modulates
miRNA expression in transcriptional and post-transcriptional levels and involves miRNA
degradation [66,93,94]. On the other hand, miRNAs may directly modulate the expression
of multiple proteins in the DDR pathways.

ATR and Ataxia telangiectasia mutated (ATM) kinases belonging to the phosphatidyli-
nositol 3-kinase-related kinases (PIKK) family play central roles in activation of the DDR
pathway [95]. Histone H2AX, one of the first known substrates for ATR and ATM kinases,
is expressed in high-grade SOC, mucinous adenocarcinomas, and clear cell carcinomas.
Significant changes in the gene and protein levels of H2AX have been reported in OC,
supporting its predictive value as a biomarker [96].

4.1. MiRNAs Are Involved in Cell Cycle Disruption

Imbalances in activities of miRNA molecules significantly affect cell cycle regulation,
leading to excessive proliferation. Disruption of this process is often associated with direct
interactions of miRNAs with key regulatory molecules of signaling pathways underlying
proliferation, e.g., PTEN, Myc, Ras, and V-abl Abelson murine leukemia viral oncogene
homolog 1 (ABL1), as well as proteins from the Rb pathway, cyclin-CDK complexes, or
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cell cycle inhibitors from families of inhibitors of CDK4 (INK4) and CDK-interacting
protein/kinase inhibitory protein (Cip/Kip) [97]. Examples include miR-21, which is
overexpressed in breast, ovary, and liver cancer, and a group of miR-17-92 members that
inhibit PTEN phosphatase activity. Suppression of the gene encoding PTEN promotes
cell proliferation. Another miRNA that influences the cell cycle is miR-15b, Figure 3.
Decreased expression of miR-15b leads to an increase in cellular cyclin E1, resulting in lack
of control during the transition from G1 to S phase. Ectopic expression of miR-192/215
induces cell cycle arrest and targets a number of transcripts that regulate G1/S and G2/M
checkpoints [98,99]. These miRNAs are transcriptional targets of p53 and also upregulate
p53 by downregulating Murine Double Minute gene 2 protein (MDM2) [100].
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4.2. Functional miRNAs in Activation of the “Response Track” to DNA Damage and the Role of
H2AX Histone

In response to DNA damage, H2AX is phosphorylated by DNA-dependent protein
kinase, catalytic subunit (DNA-PKc), which is also a member of the PIKK family. The
histone is phosphorylated at serine 139 (known as γH2AX) and initiates attachment of
subsequent elements of the signaling pathway [101]. At the same time, histone H2AX is
dephosphorylated at tyrosine 142 and constitutively phosphorylated under conditions of
no DNA damage [102]. Dephosphorylation promotes direct attachment of the mediator of
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DNA damage checkpoint protein 1 (MDC1) protein to γH2AX. Anchoring of MDC1 at the
site of damage is a platform for activation of other proteins belonging to the DDR pathway
and the MRN (MRE11, Rad50, NBS1)/ATM complex. This enhances local ATM kinase ac-
tivity and extension of the H2AX phosphorylation region to include nucleosomes adjacent
to DNA damage [103,104]. The clusters favor extensive formation of γH2AX, which plays
an important role in accumulation and maintenance of components of the DDR pathway,
such as MRN, and proteins related to DNA repair, including BRCA1 and p53-binding
protein 1 (53BP1). Binding of phosphorylated MDC1 to γH2AX facilitates attachment of E3,
RNF8 (E3 ubiquitin-protein ligase), and RNF168 ubiquitin ligases to the lesion site, which
promote association of BRCA1 and 53BP1 via ubiquitination of chromatin [91,105–108].
Downregulation of ubiquitin ligase RNF8, which is necessary for γH2AX to recruit DNA
repair proteins to DNA damage sites, via miR-214, induces chromosomal instability in
ovarian cancer [109], Figure 4. Thus, H2AX histone appears to play a pivotal role as
an early indicator protein for DDR. Previous reports showed that miR-24 and miR-138
regulate H2AX via 3’-UTR attachment. Overexpression of miR-138 inhibited homologous
recombination and enhanced cellular sensitivity to multiple DNA damage agents (cisplatin,
camptothecin, and ionizing radiation) [98]. MiR-138 was recently identified as an effective
tumor suppressor in multiple malignancies including ovarian cancer [56]. MiR-24 medi-
ates suppression of H2AX in terminally differentiated blood cells, which renders them
hypersensitive to gamma-irradiation, deficient in DSB repair, and susceptible to chromoso-
mal instability [110]. Another study reported that overexpression of miR-24-insensitive
CHEK1 does not rescue the DNA repair phenotype induced by miR-24 [111]. Moreover,
γH2AX has been shown to regulate miR-3196 gene expression. H3K27 trimethylation in the
miR-3196 promoter region regulated via H2AX phosphorylation at Ser139 is a key step in
H2AX-mediated apoptosis [112]. Furthermore, Fra-1 transcriptional factor and miR-134 are
upregulated in ovarian cancer tissues. MiR-134 enhances H2AX S139 phosphorylation via
activation of c-Jun NH2 kinase (JNK) and promotes DNA repair through non-homologous
end-joining (NHEJ) [113].

4.3. MiRNAs Contributes to DSB DNA Damage Repair System

The primary function of the DDR pathway is to identify DNA damage and, where pos-
sible, initiate repair processes. The majority of DNA damage is repaired by the triggering of
catalytic event sequences involving multiple proteins, including base excision repair (BER),
NER, mismatch repair (MMR), HR, and NHEJ. Two types of nucleotide excision repair
pathways exist. One is active during transcription (transcription coupled repair, TCR),
while the other is independent of transcription (Global Genomic Repair, GGR) [114,115].
Activation of a specific mechanism depends on the type of DNA damage. BER, NER, and
MMR pathways play key roles in repairing damage such as single DNA strand breaks
(SSB), replication errors, insertions, deletions, and adducts [116,117].

Double-strand breaks (DSB) are one of the most dangerous types of DNA damage,
and a single unrepaired DSB is sufficient to trigger apoptosis [118]. Two processes are
involved in repair of double-strand breaks, specifically, HR and NHEJ. Homologous re-
combination can occur in the S and G2 phases of the cell cycle. On the other hand, repair
of damage by non-homologous recombination is possible at any phase of the cell cycle,
including G0 [119–121]. In HR repair, proteins of the MRN complex and BRCA1 C-terminal
Interacting Protein (CtIP) play a key role. These proteins are involved in formation of
short sections of single-stranded DNA (ssDNA), which initiate repair of damage through
homologous recombination. With the aid of BRCA1, BRCA2, and RAD51 proteins, short
sections of single-stranded DNA are joined to the undamaged template. In conjunction
with the activities of polymerase, nuclease, helicase, and other proteins, damage is re-
paired. HR is also involved in resumption of replication caused by blockage of replication
forks [122,123]. One of the key proteins of the MRN complex is RAD51. In an earlier study,
upregulation of miR-210 significantly suppressed expression of RAD51, while upregulation
of miR-373 inhibited RAD52 (which recognizes double-strand breaks and adheres to the
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free ends of the break) [110]. Another study by Moskwa et al. [124] consistently showed that
miR-182 downregulates BRCA1 expression. MiR-182 enhances BRCA1 protein levels and
protects against irradiation-induced cell death, while its overexpression reduces BRCA1
protein, impairs homologous recombination-mediated repair, and renders cells hypersen-
sitive to irradiation. Subsequently, ability of HR to stimulate DSB repair is significantly
decreased [124].
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In the case of NHEJ, DSB are recognized by the heterodimeric Ku70/Ku80 protein
complex, which binds DNA-PKc kinase. Subsequently, DNA polymerases and DNA ligase
IV, enzymes that process DNA ends, are recruited and activated. In addition, it is possible
to repair DNA damage related to joining non-homologous ends. This process, known as
alternative NHEJ (alt-NHEJ) or microhomological-mediated end joining (MMEJ), occurs
independently of the Ku protein [125,126]. Earlier literature suggests that miR-101 is able to
successfully regulate DNA-PKcs and ATM through attaching to their 3’-UTRs. Specifically,
upregulation of miR-101 significantly reduced the protein levels of DNA-PKcs and ATM in
tumor cells and sensitized them to radiation, both in vitro and in vivo. Thus, miR-101 is a
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potential option for use in DNA DSB repair gene targeting to optimize the effects of tumor
radiotherapy [127].
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4.4. MiRNAs Modulate Activity of p53, a Key Protein of the DDR Pathway

The p53 protein is a key suppressor of neoplastic transformation that regulates tran-
scription of numerous genes and interacts directly with multiple proteins. p53 is implicated
in a number of critical cell processes, including DNA repair, cell cycle, and programmed
cell death. Under conditions where the cell is not exposed to stress factors, the p53 pro-
tein level is relatively low. This may be attributed to interactions with (MDM2), which
blocks transcriptional activity of p53, leading to its ubiquitination-dependent degradation.
MDM2 synthesis is regulated by p53, generating a negative feedback loop leading to a
decrease in p53 levels after induction. The imbalance between p53 and MDM2 levels is a
critical step in p53 activation [128] and occurs when activated ATM and/or ATR kinase
phosphorylates the p53 protein at serine 15 and CHK2 at serine 20. ATM also phospho-
rylates MDM2 in response to DNA damaging agents. As a result of these modifications,
interactions of MDM2 with p53 are blocked, leading to the inhibition of MDM2-dependent
degradation and, consequently, accumulation of p53. Thus p53 is activated as a result of
post-translational modifications, such as phosphorylation, acetylation, methylation, and
ubiquitination. The p53 protein serves as a transcriptional factor to regulate expression
of target genes, which also occurs through recruitment of coactivators or corepressors.
Among these molecules, acetyltransferases are known to play an important role. Enzymes
such as CREB-binding protein (CBP), p300, Tip60, human males absent on the first (Hmof),
or P300/CBP-associated factor (PCAF) acetylate p53 and histones alter chromatin confor-
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mation, increasing the availability of the DNA template for transcription machinery. In
response to DNA damage, CBP and/or p300 acetylate p53 at six lysine residues, which
present a target for MDM2 ubiquitination, thereby increasing the stability of p53 and
binding ability to DNA [129].

Depending on the type and extent of DNA damage, various post-translational modi-
fications of p53 are initiated, which translate into different cellular responses. Thus, p53
serves as the main decision switch for survival or death. Several groups can be distin-
guished among the genes regulated by p53 in response to DNA damage. One of these
categories is negative regulators/inhibitors of the cell cycle, such as p21, 14-3-3σ, and
GADD45α, which trigger cell cycle arrest and division, facilitating repair of DNA dam-
age [130]. In response to DNA damage, p53 is involved in the regulation of processes
related to cell metabolism and autophagy. In addition, transcription-independent and
miRNA-dependent p53 functions have been reported. MiRNAs either directly target the 3′

UTR of p53 or indirectly regulate p53 activity by modulating proteins associated with p53.
Among these microRNAs, miR-504 negatively regulates p53 expression through binding
two DNA cis elements located in the 3′ UTR region [131]. DNA damage promotes the
p53-dependent upregulation of miR-192, miR-194, and miR-215. Studies also have revealed
the existence of a specific p53 binding site around the miR-194/miR-215 cluster [132].

In addition to direct binding to p53, several miRNAs, including miR-34a, miR-29, and
miR-122, indirectly modify p53 activity [133–136]. MiR-34a is a direct transcriptional target
of p53 [137–139], whereby p53 upregulates miR-34a expression via binding to specific
promoter regions. MiR-34a positively regulates p53-dependent apoptosis through another
SIRT1 [133]. MiR-34a expression is low in patients with chromosomal abnormalities
involving the tumor protein p53 (TP53) gene locus and is associated with poorer prognosis
and shorter survival. Mutations or deletions in the 17p13 region of the TP53 gene locus
may indirectly lead to reduced miR-34a expression [140]. Another miRNA family involved
in p53 regulation is miR-29. Members of this family directly suppress phosphoinositide
3-kinase subunit (P85a) and cell division control protein 42 homolog (CDC42), both of
which negatively regulate p53. As a result, miR-29 positively upregulates the p53 level and
induces apoptosis and DNA repair in a p53-dependent manner [134].

5. MiRNAs Associated with DNA Repair Checkpoint Proteins: New Options for
Optimizing Ovarian Cancer Therapy
5.1. PARP

PARP is an important protein involved in the repair of single-stranded DNA breaks,
seen in Figure 3. PARPis have been shown to selectively kill cells with defective HR
pathways as a result of synthetic lethality [141]. However, a large proportion of HR-mutated
cancers gain resistance to these therapeutic agents. PARPi sensitivity is modulated through
downregulation of critical DNA repair genes as a consequence of alterations in miRNA
profiles. PARPi resistance may be promoted by miR-622 that modulates the balance of DNA
repair through selective inhibition of expression of NHEJ proteins, such as KU70/80, which
maintain genome stabilization after treatment with DNA-damaging agents or PARPi. High
expression of miR-622 in BRCA1MUT epithelial ovarian cancer is associated with prediction
of poorer disease-free and overall survival [69]. The functional impact of miR-493-5p has
been characterized in BRCA2MUT cancer cells. MiR-493-5p induces platinum and PARPi
resistance by affecting several pathways, including single-strand annealing (SSA), R-loops,
and replication fork stability [142]. In contrast, miR-107, miR-129-3p, and miR-222 increase
sensitivity to PARP inhibitors and ionizing radiation by causing a reduction in the DNA
damage response via impairing the HR pathway based on targeting of RAD51 [143]. Mi182
exerts similar effects and enhances PARPi sensitivity by downregulating BRCA1 [124].
Moreover, expression of miR-96 is increased in many cancer types. This miRNA enhances
sensitivity to platinum agents and PARP via downregulation of the DNA repair proteins
REV1 and RAD51 [144]. Another study on a patient-derived xenograft (PDX) model of high-
grade serous ovarian carcinoma (HGSOC) revealed an essential role of miR-509-3 in tumor
suppression and HR signaling, along with increased sensitivity to PARPi treatment [59].
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Furthermore, PARP1 expression could be altered by miR-335 or miR-216-b. MiR-335 plays
a dual role as either a tumor promoter or suppressor in a wide variety of cancers. However,
expression is reduced in ovarian cancer cells and miR-335 shown to effectively increase
sensitivity to cisplatin treatment [61]. MiR-216-b regulates apoptosis and autophagy and
directly binds to PARP1 mRNA, leading to inhibition of its expression. Lower expression
of miR-216b is reported in cisplatin-resistant ovarian cancer cells [145]. Recent studies have
additionally demonstrated a role of Neuropilin 1 (NRP1) in response to ovarian cancer
therapies. NRP1 is expressed at high levels in resistant cells (SKOV3) and shown to be
upregulated in partially sensitive cells (UWB-BRCA) upon prolonged olaparib treatment,
resulting in poor drug response. MiR-200c targets and suppresses NRP1 expression in OC
cells resistant to therapy, leading to the restoration of olaparib sensitivity [89].

Platinum-resistant ovarian tumors display low miR-Let7i expression. Conversely,
its gain of function results in restoration of drug sensitivity in chemoresistant ovarian
cancer cells [146]. Agomir is a type of specially labelled and chemically modified double-
stranded microRNA that can regulate the biological functions of target genes by mimicking
endogenous microRNAs. Let-7e agomir suppressed the mRNA levels of PARP1 and
insulin-like growth factor I (IGF-1) while its downregulation enhanced PARP1 and IGF-1
expression [37]. Specific miRNA expression profiles could therefore serve as biomarkers in
ovarian cancer to predict response to PARPi therapy.

5.2. ATR

The ATR protein belonging to the phosphatidylinositol 3-kinase-related (PI3K) family
is involved in the signaling of stalled replication forks and maintaining genomic stability
during the S phase, along with its partners ATR interacting protein (ATRIP) and replication
protein A (RPA) [147]. A broad spectrum of DNA damage, such as single- and double-
stranded DNA breaks, cross-links, and adducts, can lead to the activation of ATR [148]. ATR
is referred to as the “master of DDR”, highlighting the relevance of miRNAs implicated in
DDR pathways as novel therapeutic targets for ovarian cancer. MiR-383-5p and miR-185-5p
have been shown to be associated with ATR kinase. MiRNA-383-5p is predominantly
downregulated and acts as a tumor suppressor in several human cancer types, such as
gastric, glioma, medulloblastoma, and testicular embryonal carcinomas. In the mammalian
ovary, miR-383 plays a functional role in follicle development [63]. MiR-185 suppresses
expression of ATR and activation of its downstream effector, CHK1, which are induced
by ionizing radiation. Furthermore, miR-185 is reported to induce G1 cell cycle arrest and
apoptosis, inhibiting cancer cell proliferation [149].

A serine/threonine-protein kinase, PLK-4, has been identified as a target of miR-126,
which is downregulated in various cancers in correlation with tumor progression and
poor prognosis. Earlier experiments showed that PLK-4 knockdown led to a decrease in
expression of ATR and CHK1, supporting its interactions with the ATR/CHK1 pathway.
Moreover, changes in miR-126 expression led to PLK-4, ATR, and CHK1 dysregulation [67].
Based on these findings, it is proposed that miR-126 inhibits cancer progression via regula-
tion of the cell cycle through inducing alterations in the ATR/CHK1 pathway.

MiR-708 overexpression is associated with suppression of the ATR/CHK1 pathway.
Timeless was a direct target of miR-708. Total and phosphorylated ATR and CHK1 levels
were decreased in cells overexpressing miR-708 after cisplatin treatment [68], supporting
the utility of this miRNA as a potential therapeutic target. Overall, the effects of miRNAs
on ATR kinase levels signify their potential application as new therapeutic targets for
ovarian cancer.

5.3. CHK1

Checkpoint kinase 1 is a serine/threonine kinase encoded by the CHEK1 gene ac-
tivated in response to DNA damage and replication stress that is proposed to regulate
mitotic progression [150]. ATR and CHK1 share the same signaling pathway. However,
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in addition to ATR-induced activation, CHK1 can be autophosphorylated and activated
independently of ATR [151].

Numerous studies have validated the oncogenic association of miR-424. Decreased
expression of miR-424-5p is significantly associated with distant metastasis in high-stage
(stage III and IV) ovarian cancers [72]. Moreover, downregulation of miR-424 contributes
to the progression of cervical cancer via upregulation of target CHEK1 gene expression and
phosphorylation of CHK1 protein, while its overexpression inhibits CHK1 expression [152].

Another miRNA downregulated in serous ovarian tumours is miR-195-5p [153]. In
lung tumor tissues, miR-195 expression is low and associated with poor survival outcomes,
while overexpression of miR-195 results in suppression of cancer cell growth, migration,
and invasion. CHK1 has been identified as a direct target of miR-195. Low expression of
miR-195 leads to high expression of CHK1, which is associated with poor prognosis in
patients with lung tumors [154].

Expression of miR-330-5p regulates the development of different tumor cell types.
In cutaneous malignant melanoma, miR-330 suppresses cell proliferation as well as ex-
pression of tyrosinase and protein disulfide-isomerase A3 (PDIA3) [155]. Conversely, its
overexpression could promote apoptosis of prostate cancer cells through E2F1-mediated
suppression of RAC-alpha serine/threonine-protein kinase (Akt) phosphorylation [156]. In
esophageal adenocarcinoma, miR-330 was shown to modulate neoadjuvant chemoradio-
therapy sensitivity [157], while in non-small cell lung cancer, its overexpression inhibited
NIN1/RPN12 binding protein 1 homolog (NOB1) expression and cancer cell growth [158].
On the other hand, downregulation of miR-330-5p is reported in epithelial ovarian cancer
tissues [159]. Moreover, the long non-coding RNA LINC01224 modulates expression of
miR-330-5p, resulting in the downregulation of CHEK1 in hepatocellular carcinoma [160].
CHEK1 has also been identified as a direct target of miR-497, whereby expression of
CHK1 protein is negatively regulated by miR-497 and upregulated under conditions of
downregulation of miR-497 [161]. Other miRNAs responsible for suppressing expression
of CHK1 and Wee1 are miR-16 and miR-26a. During genotoxic stress, p53 upregulates
miR-16 and miR-26a, in turn attenuating expression of Wee1 and CHK1 [29]. These effects
promote accumulation of cells in the G1 phase and, consequently, apoptosis. Additionally,
miR-199b-3p overexpression in ovarian cancer suppresses E-box binding homeobox (ZEB)1
and CHK1. Moreover, E-cadherin and EMT expression were increased, which led to the
conclusion that miRNA-199b-3p may suppress the progression of ovarian cancer via the
CHK1/E-cadherin/EMT signaling pathway [162].

The collective findings highlight the significance of CHK1 as a key pharmacolog-
ical target. Inhibition of CHK1 protein induces sensitization of cancer cells to geno-
toxic therapy and is recognized as beneficial in the treatment of ovarian cancer [163].
Thus, downregulation of CHK1 through targeted miRNAs may present an effective novel
therapeutic strategy.

6. Conclusions

Since early detection tools are lacking, ovarian cancer is often diagnosed at late stages,
which substantially contributes to the high mortality rates. MiRNAs are implicated in
regulating almost every aspect of the DDR, DNA repair, and cell cycle arrest (Figures 2–5).
MiRNAs may be an alternative method to identify DDR defects in patient therapy. Pre-
viously, a miRNA-score was developed that was associated with genome instability and
predicted the outcome of ovarian cancer based on mutations in caretaker genes. The
authors described 10 miRNAs. Six of them had higher expression than the median value
across the dataset and were associated with a high frequency of mutation (miR-151, miR-
301b, miR-505, miR-324, miR-502, and miR-421). The other four (let-7a, miR-320, miR-146a,
and miR-193a) had lower expression associated with a lower frequency of mutation in the
cancer genome [164].
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Figure 5. Schematic diagram representing several hallmarks of cancer contributing to pathogenesis
of ovarian cancer. RNA markers involved in DDR signaling (PARP1, histone H2AX, P53, ATR,
CHK1 regulation), cell cycle disturbance, metastasis, or epithelial–mesenchymal transmission are
highlighted in blue.

Improved understanding of the critical roles of miRNAs in DDR and chemother-
apy may therefore provide novel insights with a view to expanding their application as
potential tools, biomarkers, or sensitizers in cancer treatment. Promising for increasing
the effectiveness of ovarian cancer treatment is the combined therapy with miRNA and
chemotherapeutic agents. The role of miRNA in modulating the ovarian cancer cells’ sensi-
tivity to chemotherapeutic agents in multidrug-resistance has been confirmed. It has been
revealed that, e.g., decreased resistance to paclitaxel was associated with the upregulation
of miR-29b, let-7i, miR-199a, miR-200a, miR-200c, and miR-215, while decreased resistance
to platinum agents is related to the upregulation of miR-149, miR-155, miR152, miR-199a,
miR200b, miR- 200c, miR-30d, miR-34c, miR-363, miR-497, miR-506, miR-9, and let-7i and
to the downregulation of miR-23a and miR-603 [165]. Recent studies demonstrated also
that miR-200c significantly enhanced the anticancer efficacy of olaparib in drug-resistant
OC cells, which gives hope for optimizing the clinical use of PARPi [89]. Further research is
warranted to clarify the correlations among miRNAs, DDR, and ovarian cancer. Continued
advancements in miRNA research should allow clarification of the mechanisms’ underly-
ing cancer development, individualization of treatment, and improvement in prognosis for
patients with ovarian cancer.
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Simple Summary: In population-based screens, tissue biopsy remains the standard practice for
women with imaging that suggests breast cancer. We examined circulating microRNAs as minimally
invasive diagnostic biomarkers to discriminate malignant from benign breast lesions. A retrospec-
tive cohort of plasma samples divided into training and testing sets and a prospective cohort of
women with suspicious imaging findings who underwent tissue biopsy were investigated through a
global microRNA profile by OpenArray. Seven signatures, involving 5 specific miRNAs (miR-625,
miR-423-5p, miR-370-3p, miR-181c, and miR-301b), were identified and validated in the testing
set. Among the 7 signatures, the discriminatory performances of 5 of them were confirmed in the
prospective cohort.
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Abstract: In population-based screens, tissue biopsy remains the standard practice for women with
imaging that suggests breast cancer. We examined circulating microRNAs as minimally invasive
diagnostic biomarkers to discriminate malignant from benign breast lesions. miRNAs were analyzed
by OpenArray in a retrospective cohort of plasma samples including 100 patients with malignant (T),
89 benign disease (B), and 99 healthy donors (HD) divided into training and testing sets and a
prospective cohort (BABE) of 289 women with suspicious imaging findings who underwent tissue
biopsy. miRNAs associated with disease status were identified by univariate analysis and then
combined into signatures by multivariate logistic regression models. By combining 16 miRNAs
differentially expressed in the T vs. HD comparison, 26 signatures were also able to significantly
discriminate T from B disease. Seven of them, involving 5 specific miRNAs (miR-625, miR-423-5p,
miR-370-3p, miR-181c, and miR-301b), were statistically validated in the testing set. Among the 7
signatures, the discriminatory performances of 5 were confirmed in the prospective BABE Cohort.
This study identified 5 circulating miRNAs that, properly combined, distinguish malignant from
benign breast disease in women with a high likelihood of malignancy.

Keywords: breast cancer; diagnosis; circulating biomarkers; microRNAs

1. Introduction

Breast cancer (BC) is the most frequent cancer among women, and despite screens for
its early diagnosis, it remains a leading cause of cancer-related mortality worldwide [1].
The Breast Imaging Report and Data System (BI-RADS) lexicon was introduced by the
American College of Radiology to score the risk of suspected BC in imaging studies [2,3]
and determine the need for image-guided biopsy. BI-RADS categories 4 and 5 classify
suspicious lesions for which biopsy is recommended. However, while BI-RADS 5 findings
are greatly suggestive of BC, BI-RADS 4 lesions are highly variable in the outcome group,
having a probability of malignancy ranging from 3% to 95%. Thus, some patients have
benign lesions but undergo unnecessary biopsies or, in some cases, surgery. Biopsy remains
required to prove that suspicious imaging findings are malignant or benign in 7% to 10%
of women who undergo breast cancer screens, as reported by the National Centre for
screening monitoring (https://www.osservatorionazionalescreening.it/, accessed on 9
August 2021).

Tissue biopsy is an invasive procedure that represents a cost for the health system.
Thus, a simple and minimally invasive test to overcome these drawbacks remains an unmet
clinical need. One such option is to monitor circulating molecular markers in blood that
distinguish benign from malignant breast disease. Over the last 20 years, the advent of
“omics” strategies has led to novel approaches in the search for noninvasive biomarkers for
diagnosing BC. Circulating carcinoma antigens, tumor cells, cell-free tumor DNA and RNA,
and extracellular vesicles in the peripheral blood have appeared as potential biomarkers
that supplement current clinical tools [4].

MiRNAs are a class of short noncoding, single-stranded RNAs that regulate gene
expression at the post-transcriptional level by binding to target mRNAs. miRNAs are
commonly dysregulated in various human cancers, becoming oncogenes or tumor sup-
pressor genes and regulating several steps in neoplastic transformation (reviewed in [5,6]).
Differences in miRNA expression in various malignancies have been examined primarily as
biomarkers for the diagnosis, prognosis, and response to treatment in cancer. miRNAs can
be secreted by several cell types into the extracellular space and then shuttled to peripheral
blood in a form that is resistant to digestion by RNases through their encapsulation by
extracellular vesicles or binding to lipoproteins. Because miRNAs are stable in routinely
collected clinical liquid samples, in contrast to mRNA, these molecules constitute a class
of reliable, minimally invasive cancer biomarkers that merit interest in the detection of
early-onset disease (reviewed in [7]).
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Circulating miRNAs are indicative of BC [8–19], and the combination of certain
circulating miRNAs distinguishes BC from normal and healthy controls [20–24]. However,
benign breast lesions that may yield diagnostic images that indicate BC have rarely been
included in these studies, and the number of samples that have been considered has been
limited [25–28]. Thus, the development of an accurate and reliable panel of circulating
miRNAs for the early diagnosis of BC in women with suspicious diagnostic images remains
a challenge.

In this study, we attempted to discriminate malignant from benign breast disease by
analyzing circulating miRNAs in a training set and a testing set of retrospectively collected
plasma samples from BC patients, women with breast benign disease, and healthy donors
and performing a prospective clinical study of women with suspicious imaging findings
(BI-RADS 4–5) who underwent biopsy to obtain a correct histopathological diagnosis of
malignant or benign disease.

2. Materials and Methods
2.1. Plasma Samples

Two independent cohorts of plasma samples were retrospectively (Retrospective
Cohort) and prospectively (BABE—BreAst Blood Early diagnosis) collected at Fondazione
IRCCS Istituto Nazionale dei Tumori di Milano (INT) between 2013 and 2017 (Figure 1).
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Figure 1. Study workflow. Graphical representation of plasma samples profiled and analyzed by
OpenArray technology for each cohort.

For the Retrospective Cohort, a total of 288 plasma samples were collected between
2013 and 2015, stored in the Biobank of INT, and randomly split into a training (TRS) and
testing (TES) set by annotated disease status. Overall, Retrospective Cohort consisted of 99
healthy donor women (HD, 50 in the TRS and 49 in the TES), 100 patients with a breast
tumor (T, 50 in the TRS and 50 in the TES), and 89 patients with a benign breast lesion (B, 44
in the TRS and 45 in the TES). Two-hundred eighty-nine plasma samples from the BABE
study were prospectively collected between 2015 and 2017 from women with no previous
diagnosis of cancer. These women underwent a biopsy to determine whether abnormal
areas, identified by breast ultrasonography [maximum diameter of 20 mm (BI-RADS 4-5)],
were malignant or benign lesions. Plasma samples were also collected at 12 ± 3 months of
follow-up from 29 women at INT after being diagnosed with a malignant lesion (BABE-FU
Cohort). Institutional approval from our independent ethics committee was obtained
for this study (approval numbers INT111-13, INT144-14, and INT66-15). Patients gave
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informed consent to the use of their samples. All procedures were conducted per the
Declaration of Helsinki.

Table 1 summarizes the clinicopathological characteristics of the tumors in the co-
horts by WHO classification [29]. The median age was 50 years (interquantile range,
IQR: 42–56), 47 (IQR: 41–53), and 59 (IQR: 49–72) for HD, B, and T in the Retrospective
Cohort, respectively; similarly, in the BABE Cohort, the median age was 46 (IQR: 41–52) and
55 (IQR: 48–70) for B and T, respectively. In the BABE-FU Cohort, the median age at surgery
was 56 (IQR: 50–72). With regard to histology, benign breast disease was represented
primarily by fibroadenoma (26%) and benign epithelial proliferations (47%) in the Retro-
spective Cohort and by fibroadenoma (35%) and benign epithelial proliferations (51%) in
the BABE Cohort. All 29 BC patients of the BABE-FU Cohort received radiotherapy, 19
patients received hormone therapy alone and 5 patients received chemotherapy in addition
to hormone therapy.

2.2. Blood Collection, Plasma Separation, and RNA Extraction

Blood was withdrawn before surgery from patients with T or B (Retrospective Cohort)
in collaboration with the INT Biobank and before a core biopsy from women with imaging
that was suggestive of breast cancer (BABE Cohort). For BABE patients in follow-up, blood
was taken before surgery (T0) and 12 ± 3 months after surgery (T1) during a scheduled
clinical evaluation. Blood was obtained from HDs at the time of blood donation in the
Immunohematology and Transfusion Medicine Service of INT. Whole blood was collected
in commercially available EDTA-treated tubes and centrifuged at 2200× g for 20 min at
4 ◦C to remove cells, and the recovered plasma was frozen immediately at −80 ◦C. Total
RNA was extracted from 200 µL of plasma using the mirVana PARIS Kit, catalog number
AM 1556, (Thermo Fisher Scientific, Waltham, MA, USA) according to the manufacturer’s
protocol and eluted in 50 µL of buffer.

To determine the influence of hemolysis on miRNA expression, an ad hoc forced
hemolysis experiment was implemented. Hemolysis was artificially introduced into the
plasma sample from an HD of the TRS by adding serial 1:4 dilutions of red blood cells
(0.004–0.25% v/v) and uncontaminated plasma. Each sample was analyzed in triplicate
over the entire absorbance spectrum on a NanoDrop™ 1000 (Thermo Fisher Scientific)
before RNA extraction to check that hemolysis had occurred. The samples were then
profiled for miRNA expression using OpenArray and analyzed per the simultaneous
confidence intervals approach [30].

2.3. miRNA Profile

The miRNA in each sample was profiled by qRT-PCR using the OpenArray Human
microRNA panel (OA), catalog number 4,470,189 (ThermoFisher Scientific), a fixed-content
panel that contains 754 validated human TaqMan miR assays that were designed in miR-
Base, RRID:SCR_003152 v14.0. Briefly, the miRNAs in each sample were amplified with
the manufacturer’s replicates of internal controls, including U6 and ath-miR-159a spike-in.
Reverse-transcription and preamplification were performed using Megaplex RT Primers
Human Pools A (v2.1) and B (v3.0), catalog number 4,444,750, per the manufacturer’s
instructions. The samples, master mix, and Taqman reactions were arranged in a 384-well
plate and transferred automatically to OpenArray plates using a QuantStudio OpenArray
AccuFill System. The loaded OpenArray plate was sealed immediately, filled with OpenAr-
ray Immersion Fluid, and sealed by inserting the OpenArray Plug into the loading port.
qRT-pCR was performed on a QuantStudio 12K Flex (Thermo Fisher). Primary data were
retrieved using QuantStudio 12K Flex, v1.2.3.
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Table 1. Clinicopathological characteristics of breast cancer patients.

Retrospective
Cohort

(n = 100)

BABE
Cohort

(n = 125)

BABE FU
Cohort
(n = 29)

n (%) n (%) n (%)

Histology

IDC a 74 (74) 87 (69) 17 (59)
ILC b 10 (10) 18 (15) 5 (18)

IDC + ILC 5 (5) 1 (1) 1 (3)
In situ c 3 (3) 8 (6) 4 (14)

IDC mixed d 3 (3) 4 (3) 1 (3)
Special Types e 5 (1) 6 (5) 1 (3)
Normal Tissue - 1 (1) -

IHC Histotype f

Luminal A 17 (17) 34 (27) 12 (41)
Luminal B 45 (45) 60 (48) 12 (41)

Luminal HER2 11 (11) 5 (4) -
HER2 5 (5) 7 (6) 1 (3)

Triple-Negative 19 (19) 5 (4) -
In situ 3 (3) 8 (6) 4 (15)

Not determined - 6 (5) -

Grade

I 8 (8) 14 (11) 3 (11)
II 43 (43) 72 (58) 21 (72)
III 49 (49) 38 (30) 5 (17)

Not determined - 1 (1) -

Tumor Size g
T1 68 (68) 101 (81) 27 (93)
T2 32 (32) 21 (17) 2 (7)

Not determined - 3 (2) -

Lymph node
Negative 62 (62) 83 (66) 22 (76)
Positive 38 (38) 24 (19) 7 (24)

Not determined - 18 (15) -

ER h
Positive 74 (74) 105 (84) 26 (90)

Negative 26 (26) 14 (11) 3 (10)
Not determined - 6 (5) -

PgR h
Positive 63 (63) 95 (76) 19 (66)

Negative 36 (36) 24 (19) 10 (34)
Not determined 1 (1) 6 (5) -

HER2 i
Positive 17 (17) 14 (11) 2 (7)

Negative 83 (83) 105 (84) 27 (93)
Not determined - 6 (5) -

Ki-67 l
Positive 79 (79) 79 (63) 13 (45)

Negative 19 (19) 36 (29) 16 (55)
Not determined 2 (2) 10 (8) -

Age Median (interquartile range) 59 (49–72) 55 (48–70) 56 (50–72)
a IDC infiltrating ductal carcinoma; b ILC infiltrating lobular carcinoma; c Ductal in situ and intracystic tumor; d

IDC plus mucinous or iperplasia or in situ; e Other invasive tumors: Apocrine, Tubular, Mucinous, Metaplastic
and Papillary. f IHC Subtype: Luminal A: ER+, PgR+or−, Ki-67−, Luminal B: ER+, PgR+or−, Ki-67+, Luminal
HER2: ER+, PgR+or−, HER2+, HER2: ER−, PgR−, HER2+, Triple-Negative: ER−, PgR−, HER2−; g T2 when size >
2 cm; h ER- and PgR-positive > 10% cell positivity by IHC; i HER2 positive scored 3+ by IHC or 2+/FISH-positive;
l Ki-67-positive > 14% cell positivity by IHC.

2.4. Statistical Analysis
2.4.1. Preprocessing Step

For all cohorts, quality control of the data was performed to identify critical samples.
The number of wells with a low ROX signal (ROX < 1000) and the number of detected
miRNAs (Amp Score > 1 and Cq Confidence > 0.80) were evaluated for each sample.
Outliers were flagged using the Hampel filter (values outside of the interval between the
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median of the distribution ±3 × the median absolute deviation were considered outliers).
A hierarchical clustering of the correlation of expression profiles for all possible pairs of
samples was also performed to assess the homogeneity of the data. Samples with detectable
U6 manufacturing control and ath-miR-159a spike-in were included in the subsequent
statistical analysis workflow. Ct values were analyzed in terms of Amp Score and Cq
Confidence: only Ct values with Amp Score > 1 and Cq Confidence > 0.80 were considered
in the subsequent statistical analysis.

TRS preprocessed data were analyzed to identify a subset of reference miRNAs and a
set of candidate miRNAs that were to be combined into signatures. Reference miRNAs
were identified by running an updated version of the NqA R-function [31,32]. The relative
quantity (RQ) of each miRNA, expressed on a logarithmic scale (log2RQ = −dCt), was
then considered to be the pivotal variable for the subsequent statistical analysis. The same
normalization was then used to analyze the TES and BABE data.

2.4.2. Retrospective Cohort Analysis

Two disease-specific comparisons were first considered for Retrospective Cohort:
patients with breast tumor vs. healthy donors (T vs. HD) and patients with benign
breast lesion vs. healthy donors (B vs. HD). In this step for the TRS data, only miRNAs
that were detected in at least 10 subjects/disease were considered for the univariate
analysis [33]. Differentially expressed miRNAs were identified in the univariate analysis
by a nonparametric Kruskal–Wallis test. Candidate hemolysis-free miRNAs (according
to the forced hemolysis experiment) that showed specific-disease statistical significance
in the T vs. HD or B vs. HD comparison, but not both, were selected for the multivariate
analysis. According to the required number of events per variable (EPV) [34], a standard
method or the Penalized Maximum Likelihood Estimation (PMLE) approach [35,36] was
used to combine significant miRNAs by multivariate analysis (i.e., all subset analyses).
For each fitted model, the area under the receiver operating characteristic (ROC) curve
(AUC) and its corresponding 95% confidence interval (95% CI) were calculated. Signatures
that showed significant performance on the TRS, in terms of AUC values (i.e., lower 95%
CI > 0.50), in the T vs. HD comparison but not in B vs. HD and vice versa were then
evaluated on the TES data. Signatures that retained their significance on the TES were
examined further in between T vs. B) by applying the same regression coefficients as in the
TRS [33], to mimic the application to the subsequent BABE Cohort.

2.4.3. BABE Cohort Analysis

The most promising signatures in the Retrospective Cohort with regard to the T vs. B
comparison were assessed in the BABE plasma samples alone or as extended models that
included the CA15-3 epitope of the large transmembrane glycoprotein MUC1, that was
tested in heparin plasma samples on an automatic electrochemiluminescence immunoassay
system, catalog number 03045838122 (Cobas 6000 e601, Roche Diagnostics, Germany). The
expression profiles of BABE-FU samples before surgery (T0) and 12 ± 3 months after
surgery (T1) were compared by Wilcoxon signed rank (WSR) test for paired data.

All statistical analyses were carried out with SAS (Statistical Analysis System,
RRID:SCR_008567, version 9.4.; SAS Institute, Inc., Cary, NC, USA) and R, adopting
an α level of 5%.

3. Results
3.1. Retrospective Cohort Analysis

Of the 144 TRS plasma samples that were profiled on the OpenArray plates, 105
(46 HD, 31 T, and 28 B) passed the preprocessing steps, and 255 miRNAs were considered
in subsequent statistical analyses (Figure 1). By NqA 31, 4 miRNAs (hsa-miR-143-002249,
hsa-miR-152-000475, hsa-miR-185-002271, hsa-miR-139-5p-002289) were identified for data
normalization. Hemolysis-free miRNAs that were associated with disease status (T vs. HD
or B vs. HD) were identified by univariate analysis by Kruskal–Wallis test. Specifically,
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16 miRNAs (10 upregulated and 6 downregulated) were differentially expressed only in T
vs. HD comparison, versus 14 (3 upregulated and 11 downregulated) only in the B vs. HD
comparison (Table 2, Supplementary Figure S1).

Table 2. List of differentially expressed miRNAs in the two disease-specific comparisons in the TRS.

T vs. HD miRNA #T #HD KW-p Value Direction

hsa-miR-423-5p-002340 31 45 0.0003 up
hsa-miR-21-000397 29 46 0.0006 up

hsa-miR-148a-000470 30 46 0.0011 up
hsa-miR-218-000521 31 42 0.0037 up
dme-miR-7-000268 24 37 0.0046 up

hsa-miR-324-3p-002161 31 45 0.0067 up
hsa-miR-502-3p-002083 30 46 0.0067 up

hsa-miR-625-002431 27 45 0.0081 down
hsa-miR-18a-002422 31 46 0.0120 up

hsa-miR-142-5p-002248 31 46 0.0127 down
hsa-miR-301b-002392 21 43 0.0148 down
hsa-miR-186-002285 31 46 0.0153 down
hsa-miR-370-002275 16 43 0.0155 up

hsa-miR-548c-5p-002429 20 35 0.0182 up
hsa-miR-181c-000482 30 44 0.0190 down
mmu-miR-134-001186 18 43 0.0237 down

B vs. HD miRNA #B #HD KW-p Value Direction

hsa-miR-128a-002216 26 45 0.0008 down
hsa-miR-24-000402 27 46 0.0009 down

hsa-miR-598-001988 26 45 0.0013 down
hsa-miR-27a-000408 28 46 0.0027 down

hsa-miR-133a-002246 27 46 0.0028 down
hsa-miR-30c-000419 28 46 0.0048 down
hsa-miR-320-002277 28 46 0.0051 up

hsa-miR-148b-000471 27 46 0.0068 down
hsa-miR-204-000508 27 45 0.0107 up

hsa-miR-376a-000565 28 45 0.0126 down
hsa-miR-331-000545 28 46 0.0133 down

hsa-miR-324-5p-000539 27 46 0.0140 down
hsa-miR-330-000544 24 42 0.0142 down
hsa-miR-502-001109 15 27 0.0216 up

T: breast tumor, B: benign breast lesion, HD: healthy donor women, KW: Kruskal–Wallis Test.

According to each comparison (T vs. HD or B vs. HD), candidate miRNAs were
combined in multivariate manner (i.e., signatures) using the TRS data. In the T vs. HD
scenario, 52 signatures retained their significant performance in the 143 samples that passed
the preprocessing steps in the TES (i.e., T-promising signatures). No signatures showed
significant performance in discriminating B vs. HD within the TES data. Among the
52 T-promising signatures, 26 had significant discriminatory performance in the T vs. B
comparison for the TES. Supplementary Table S1 reports several descriptive statistics of the
AUC values of these 26 signatures (i.e., TB-promising signatures) in the TRS and TES data.

Among these 26 TB-promising signatures, 7 (M1–M7, top signatures) retained their
significant performance in the TES even by applying the same regression coefficients that
were obtained in the TRS (Table 3).

These top signatures were specific combinations of 5 miRNAs, from a maximum of 4
to a minimum of 2 miRNAs. Figure 2 reports the ROC curves of the top 7 signatures in the
TRS and TES, with AUC values ranging from 0.680 to 0.769 and 0.632 to 0.708, respectively.
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Table 3. Performance of the 7 validated signatures (M1-M7) in the breast tumor vs. benign breast lesion.

Model TRS Data
AUC (95% CI)

TES Data
AUC (95% CI) n. miRNAs Included miRNAs Included

M1 0.726 (0.556; 0.897) 0.708 (0.580; 0.837) 4 hsa-miR-423-5p-002340; hsa-miR-181c-000482;
hsa-miR-625-002431; hsa-miR-301b-002392

M2 0.769 (0.562; 0.976) 0.683 (0.546; 0.820) 4 hsa-miR-423-5p-002340; hsa-miR-181c-000482;
hsa-miR-301b-002392; hsa-miR-370-002275

M3 0.712 (0.527; 0.897) 0.696 (0.564; 0.828) 3 hsa-miR-181c-000482; hsa-miR-625-002431;
hsa-miR-301b-002392

M4 0.753 (0.559; 0.946) 0.675 (0.539; 0.812) 3 hsa-miR-423-5p-002340; hsa-miR-625-002431;
hsa-miR-370-002275

M5 0.688 (0.515; 0.861) 0.657 (0.522; 0.791) 3 hsa-miR-423-5p-002340; hsa-miR-625-002431;
hsa-miR-301b-002392

M6 0.763 (0.557; 0.970) 0.660 (0.522; 0.799) 3 hsa-miR-181c-000482; hsa-miR-301b-002392;
hsa-miR-370-002275

M7 0.680 (0.511; 0.849) 0.632 (0.507; 0.758) 2 hsa-miR-181c-000482; hsa-miR-301b-002392

TRS: training set; TES: testing set, AUC: area under the ROC Curve; CI: confidence interval.
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the ROC curves of the 7 miRNA-based signatures in the training (TRS, in blue) and testing (TES, in red) sets of the
Retrospective Cohort.

3.2. BABE Cohort Analysis

To confirm the relevance of all 7 signatures in a clinical setting, 289 EDTA-recovered
plasma samples from the prospective BABE study and their technical controls were allo-
cated and profiled in OpenArray plates, as performed for the TRS and TES data of the
Retrospective Cohort. After the preprocessing steps, 269 samples (115 T and 154 B) were
considered in subsequent statistical analyses. By fitting the M1-M7 signatures to the BABE
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data, the discriminatory performance of 5 signatures was confirmed (in terms of AUC
value) but borderline significant for the remaining 2 (Figure 3).
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A significant association (KW p-value: 0.036) between CA15-3 level and disease status
was noted in the BABE Cohort, with higher levels in breast tumor samples (Supplementary
Figure S2). However, when the analysis extended the 7 miRNA-based signatures (M1-M7)
with CA15-3 levels, no significant increase in AUC values was observed (Supplementary
Table S2), suggesting that an objective assessment of these candidate molecules could
mitigate the limited diagnostic performance of currently available soluble markers.

3.3. BABE-FU Cohort Analysis

To examine the evolution of candidate miRNAs after surgical removal of the tumor,
the circulating levels of the 5 miRNAs in signatures M1-M7 were measured in 29 BABE
patients with a histological diagnosis of a tumor (Table 1), using matched plasma samples
that were collected before surgery (T0) and 12 ± 3 months after surgery (T1). Their relative
expression levels, according to the overall mean approach [37], were compared at the
2 time points. All patients were disease-free at T1. A significant increase in the log2(RQ) of
miR-625 was observed after surgery (WSR test p-value: 0.044), but the 4 remaining miRNAs
did not differ significantly at the 2 time points (Figure 4), suggesting that the origin of these
5 miRNAs was not from cancer cells.

251



Cancers 2021, 13, 4028
Cancers 2021, 13, x FOR PEER REVIEW 11 of 15 
 

 

 
Figure 4. Evaluation of signature miRNAs at 2 time points. Distribution of each of the 5 miRNAs in signatures M1-M7 
before surgery (T0) and 12 ± 3 months after surgery (T1). Each box indicates the 25th and 75th percentiles. The horizontal 
line in the box indicates the median, and the whiskers indicate the extremes. The black dot indicates the mean value. * if 
p-value < 0.05. 

4. Discussion 
Although mammography remains the pillar diagnostic method in the early diagnosis 

of BC, current image-based approaches are associated with an increased frequency of bi-
opsies to determine the malignant or benign nature of abnormal areas. Thus, reliable min-
imally invasive blood-based tests are long cherished to increase the compliance, while 
reducing cost, of population-based screens for BC.  

In this study, we analyzed circulating microRNAs in search of diagnostic biomarkers 
able to discriminate the benign and malignant nature of abnormal breast areas with im-
aging suggestive of BC (BI-RADS 4-5). We have identified 5 miRNAs that, when properly 
combined to form 7 miRNA-based signatures, can be applied to fluid biopsies to support 
diagnostic imaging. These results were obtained examining a retrospective cohort and 
confirmed in a prospective clinical cohort consecutively enrolled during the study. Using 
high-throughput OpenArray technology, over 700 microRNAs were analyzed in a retro-
spective cohort of plasma samples from age matched HDs and T or B patients, split into 
training and testing sets. Although distinct microRNAs emerged from the T vs. HD and 
B vs. HD comparisons in the TRS set, only signatures that discriminated between T and 
HD—not B and HD—were confirmed in the TES, highlighting the challenges of identify-
ing circulating molecules that reflect the presence of benign breast disease. Nevertheless, 
out of 52 signatures distinguishing between T and HD, 26 significantly discriminated T 
from B lesions in the TES and, notably, 7 miRNA-based signatures comprising ad hoc 
combinations of 5 miRNAs retained significant performance even when the same regres-
sion coefficients obtained in the TRS was applied. Although the differences in blood sam-
ples from B patients were minimal with respect to HD, these results argue in favor of 
dissimilarities between malignant and benign breast blood samples that could be ex-
ploited in making a differential diagnosis.  

Consistently, 5 of the 7 combinations of 5 miRNAs maintained their ability to dis-
criminate malignant from benign disease in our large BABE prospective cohort. These 
signatures were applicable to 93% of women with uncertain tumor or benign disease, in-
dicating that the 5 constituent miRNAs are readily detected in plasma samples and that 
their absence (9 tumors, 11 benign lesions) is independent of disease status. Thus, it is 
conceivable that a small tumor, as in the early screening of the BABE Cohort, harbors cir-
culating miRNAs that are sufficiently differentially expressed compared with benign 
breast disease. This is consistent with the detection of various circulating miRNAs, in a 
spontaneous model of mammary carcinogenesis, that are differently expressed from the 

Figure 4. Evaluation of signature miRNAs at 2 time points. Distribution of each of the 5 miRNAs in signatures M1-M7
before surgery (T0) and 12 ± 3 months after surgery (T1). Each box indicates the 25th and 75th percentiles. The horizontal
line in the box indicates the median, and the whiskers indicate the extremes. The black dot indicates the mean value. * if
p-value < 0.05.

4. Discussion

Although mammography remains the pillar diagnostic method in the early diagnosis
of BC, current image-based approaches are associated with an increased frequency of
biopsies to determine the malignant or benign nature of abnormal areas. Thus, reliable
minimally invasive blood-based tests are long cherished to increase the compliance, while
reducing cost, of population-based screens for BC.

In this study, we analyzed circulating microRNAs in search of diagnostic biomarkers
able to discriminate the benign and malignant nature of abnormal breast areas with imag-
ing suggestive of BC (BI-RADS 4-5). We have identified 5 miRNAs that, when properly
combined to form 7 miRNA-based signatures, can be applied to fluid biopsies to support
diagnostic imaging. These results were obtained examining a retrospective cohort and
confirmed in a prospective clinical cohort consecutively enrolled during the study. Using
high-throughput OpenArray technology, over 700 microRNAs were analyzed in a retro-
spective cohort of plasma samples from age matched HDs and T or B patients, split into
training and testing sets. Although distinct microRNAs emerged from the T vs. HD and
B vs. HD comparisons in the TRS set, only signatures that discriminated between T and
HD—not B and HD—were confirmed in the TES, highlighting the challenges of identifying
circulating molecules that reflect the presence of benign breast disease. Nevertheless, out
of 52 signatures distinguishing between T and HD, 26 significantly discriminated T from B
lesions in the TES and, notably, 7 miRNA-based signatures comprising ad hoc combinations
of 5 miRNAs retained significant performance even when the same regression coefficients
obtained in the TRS was applied. Although the differences in blood samples from B pa-
tients were minimal with respect to HD, these results argue in favor of dissimilarities
between malignant and benign breast blood samples that could be exploited in making a
differential diagnosis.

Consistently, 5 of the 7 combinations of 5 miRNAs maintained their ability to discrimi-
nate malignant from benign disease in our large BABE prospective cohort. These signatures
were applicable to 93% of women with uncertain tumor or benign disease, indicating that
the 5 constituent miRNAs are readily detected in plasma samples and that their absence
(9 tumors, 11 benign lesions) is independent of disease status. Thus, it is conceivable that a
small tumor, as in the early screening of the BABE Cohort, harbors circulating miRNAs
that are sufficiently differentially expressed compared with benign breast disease. This is
consistent with the detection of various circulating miRNAs, in a spontaneous model of
mammary carcinogenesis, that are differently expressed from the non-transgenic siblings
and that are maintained or differently represented along the stage of transformation [38].
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Notably, one microRNA has a human homolog (has-miR-370) which belongs to the
7 signatures discriminating T from B patients. The miR-423-5p, detected at higher levels
in T than B plasma samples, has been shown highly expressed in plasma and blood
exosomes of breast cancer patients in comparison with healthy controls and significantly
associated with clinical stage and Ki-67 levels [39]. The miR-625, which we found decreased
in T versus B plasma samples, has been reported at lower levels in ductal lavage from
patients with unilateral breast cancer versus ductal lavage of the contralateral normal
breast [40]. Remarkably, the level of miR-625-5p increased after surgical removal of the
tumor indicating its properness in combination with the other four miRNAs to form the
diagnostic models for the presence of malignancies. In addition, this finding suggests that
the source of miR-625-5p is not from neoplastic cells that rather negatively regulate its
expression. Several datasets of microRNA expression in normal cell populations, show
miR-625-5p expressed at high level in T lymphocytes (Supplementary Figure S3) and,
therefore tumor cells might find benefit from lowering its expression in the attempt to
escape immune surveillance. Although the presence of a minimal residual disease not
detectable by conventional detection strategies cannot be excluded, the lack of change in
the levels of miR-423-5p, miR-370-3p, miR-181c, and miR-301b after surgery also indicates
their origin from cells other than the primary tumor. Accordingly, datasets of microRNA
expression in normal cell populations [41–43] showed inflammatory cells, endothelial cells,
fibroblasts and adipocytes as possible source of the 4 miRs. Specifically, the miR-423-5p
(up in T vs. B plasma samples) was found enriched in immune populations, particularly
B lymphocytes, compared with epithelium and endothelium (Supplementary Figure S3).
Moreover, based on miRNA databases, in human plasma (PRJNA296772) and plasma-
derived exosomes (PRJNA196121), miR-423-5p was among the top 20 most abundant
circulating miRNAs [44]. Regarding the other 3 miRNAs, miR-301b-3p was higher in
monocytes and endothelial cells; miR-181c-5p was expressed in T lymphocytes, along
with miR-625-5p, and expressed in neutrophils and mast cells. Finally, miR-370-3p, was
enriched in mesenchymal stem cells and mesenchymal-derived lineages, such as fibroblasts
and adipocytes (including preadipocytes). Thus, no changes in the levels of miR-423-5p,
miR-370-3p, miR-181c, and miR-301b after surgery could be indicative that inflammation
and breast healing still occur at 1-year follow-up likely due to the adjuvant therapy and
radiotherapy the patients received at T1 blood withdrawal.

Defining the biological meaning of circulating miRNAs proves to be particularly
challenging due to their unknown origin and cell/tissue specific mechanism of action.
Based on lists of predicted targets of the five miRNAs of interest, the most represented
pathways are related to the control of cell cycle and senescence, but there is also the so
called “Human T-cell leukemia virus 1 infection” KEGG pathway, which is implicated
in chronic inflammatory diseases [45]. The literature provides data on validated targets,
such as KRAS for miR-181c-5p [46], or SOX2 for miR-625-5p [47], which are important
oncogenes in breast cancer.

Although the analysis of a defined set of miRNAs by qRT-PCR on the OpenArray
platform might have overlooked additional or better-performing candidates in detecting
BC, our signatures, obtained by properly combining miR-625, miR-423-5p, miR-370-3p,
miR-181c, and miR-301b, significantly discriminated a tumor from a benign nodule, even
in a prospectively recruited cohort of women with a high likelihood of malignancy, such
as in the BABE Cohort. The collection of plasma samples from patients enrolled in the
BABE-FU is still ongoing to evaluate possible time trends in the change of miRNA levels as
well as to evaluate their potential prognostic values in predicting patients’ outcome.

5. Conclusions

In this study, we identified and confirmed on a prospective clinical study five miRNAs-
based signatures able to discriminate malignant from benign breast disease. Even though
our signatures are unlikely to be used alone to make accurate BC predictions, our work
supports the use of circulating miRNAs in distinguishing malignant from benign breast
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disease to complement imaging-based screens for the early diagnosis of BC and perhaps
to spare unnecessary biopsies to a large fraction of women. Further studies are needed
to confirm the analytically performance of our signature and to fully assess their clinical
utility. To this end, an easy-to-use assay with the discovered miRNA signatures should be
firstly developed and evaluated in the current clinical setting program on patients from the
same target population.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/cancers13164028/s1, Figure S1: Distribution of expression levels of de-regulated miRNAs
in the TRS. Panel A and B report the miRNAs distribution tumors vs. healthy donors comparison
and in the benign lesions vs. healthy donors comparison, respectively. Each box indicates the 25th
and 75th percentiles. The horizontal line inside the box indicates the median, and whiskers indicate
the extreme measured values; Figure S2: Association between CA15.3 expression levels and disease
status. Distribution of CA15.3 expression levels according to the disease status (malignant or benign
lesions) of the BABE Cohort. Each box indicates the 25th and 75th percentiles. The horizontal
line inside the box indicates the median, and the whiskers indicate the extreme measured values.
Figure S3: In silico miRNA expression analysis in human primary cells. miR-423-5p, miR-181c-5p,
miR-301b-3p, miR-625-5p and miR-370-3p expression levels in 26 human primary cells, comprising
19 blood cells, 6 stromal cells and mammary epithelial cells. Data are expressed as average reads per
million miRNA reads (RPM) (± SD) and are not otherwise normalized. Sample number (n) for each
cell type is indicated below expression bars; Table S1: Descriptive statistics (in terms of AUC) of the
26 TB-promising signatures; Table S2: AUC values and their corresponding 95% CI for each signature
alone or with CA15.3 in the model.
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Simple Summary: Exosomal microRNAs (exo-miRs) significantly contribute to cancer metastasis.
However, few studies have investigated the role of exosomes as metastasis mediators in hepatocellular
carcinoma (HCC) despite recent advancements in liquid biopsy. We aimed to identify pro-metastatic
circulating exo-miRs potentially predicting metastasis onset in HCC through comprehensive and
systematic integrative analyses of plasma exo-miR sequencing data and publicly available RNA
expression datasets, and accordingly propose a potential mechanism of action of pro-metastatic
miRs, including promoting epithelial–mesenchymal transition (EMT). We found that circulating
exo-miR-1307-5p is a predictive marker for metastasis in patients with HCC, and EMT promotion
through SEC14L2 and ENG downregulation could be the potential downstream pathway of
miR-1307-5p. We believe that our study makes a significant contribution to the literature because
our findings provide novel insights into the role of circulating exo-miRs in the pathogenesis and
progression of HCC and suggest that exo-miRs are a potential treatment target in HCC.

Abstract: Exosomal microRNAs (exo-miRs) contribute to cancer metastasis. To identify pro-metastatic
circulating exo-miRs in hepatocellular carcinoma (HCC), next-generation sequencing-based plasma
exo-miR profiles of 14 patients with HCC (eight non-metastatic and six with metastasis within
1 year of follow-up) were analyzed. Sixty-one miRs were significantly overexpressed among
patients with metastatic HCC. Candidate miRs were selected through integrative analyses of two
different public expression datasets, GSE67140 and The Cancer Genome Atlas liver hepatocellular
carcinoma (TCGA_LIHC). Integrative analyses revealed 3 of 61 miRs (miR-106b-5p, miR-1307-5p,
and miR-340-5p) commonly overexpressed both in metastasis and vascular invasion groups, with
prognostic implications. Validation was performed using stored blood samples of 150 patients with
HCC. Validation analysis showed that circulating exo-miR-1307-5p was significantly overexpressed
in the metastasis group (p = 0.04), as well as in the vascular invasion and tumor recurrence groups.
Circulating exo-miR-1307-5p expression was significantly correlated with tumor stage progression
(p < 0.0001). Downstream signaling pathways of miR-1307 were predicted using TargetScan and
Ingenuity Pathway Analysis. On comprehensive bioinformatics analysis, the downstream pathway
of miR-1307-5p, promoting epithelial–mesenchymal transition (EMT), showed SEC14L2 and ENG
downregulation. Our results show that circulating exo-miR-1307-5p promotes metastasis and helps
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predict metastasis in HCC, and SEC14L2 and ENG are target tumor suppressor genes of miR-1307
that promote EMT.

Keywords: hepatocellular carcinoma; metastasis; exosome; microRNA; bioinformatics analysis

1. Introduction

Hepatocellular carcinoma (HCC) is the sixth most common malignancy and the third leading
cause of cancer-related mortality worldwide [1]. In the past several decades, the prognosis of HCC has
significantly improved owing to advancements in diagnostic and treatment approaches for HCC [2].
However, the prognosis of patients with advanced-stage HCC remains poor with a median survival of
4–6 months [3]. Metastasis is a key determinant of the treatment strategy among patients with HCC
because locoregional therapies are no longer effective to control extrahepatic metastasis [4]. Therefore,
determination of the metastatic status during the initial staging process is essential for generating an
appropriate treatment strategy directly associated with survival. In most cases, extrahepatic metastasis
is detected through conventional imaging modalities including computed tomography and bone
scintigraphy; however, they require considerable effort and are costly, and sometimes they cannot detect
small metastatic lesions. The identification of metastasis driver molecules in blood before diagnosis
through conventional imaging modalities would help classify patients in accordance with the stratified
risk of metastasis, thus, potentially facilitating the implementation of precision medicine approaches.

Liquid biopsy is performed to detect tumor-derived genetic factors in body fluids including
blood, urine, and saliva [5–7]. Liquid biopsy can target various classes of circulating tumor molecules
including cell-free DNA, circulating tumor cells, and tumor cell-derived extracellular vesicles [8].
Exosomes (approximately 30–100 nm diameter) are extracellular vesicles delivering genetic factors
from the donor cell to the recipient cell [9,10]. Exosomal content has been extensively assessed as
major targets of liquid biopsy [11]. Among the exosomal genetic factors, microRNAs (miRs) received
increasing attention because the loading of specific miRs into exosomes is suggested to result from
active selection in accordance with the properties of donor cells [12,13]. Recent studies have shown that
exosomes promote the generation of a metastatic niche by transferring functional molecules activating
epithelial–mesenchymal transition (EMT) at different sites and promoting downstream signaling
in recipient cells [14,15]. In particular, exosomal miRs (exo-miRs) significantly contribute to cancer
metastasis. However, few studies have investigated the role of exosomes as metastasis mediators in
HCC despite recent advancements in liquid biopsy.

In this study, we aimed to identify pro-metastatic circulating exo-miRs that potentially predict
metastasis onset in HCC through comprehensive and systematic integrative analyses of plasma exo-miR
sequencing data and publicly available RNA expression datasets. Accordingly, we propose a potential
mechanism of action of pro-metastatic miRs, including promoting EMT.

2. Results

2.1. Confirmation of Isolated Circulating Exosomes and Identification of Overexpressed Exo-miRs in Metastatic
HCC Patients

Figure 1 shows a schematic representation of systematic integrative analyses performed herein to
identify circulating exo-miRs potentially promoting metastasis. First, circulating exosomes were isolated
and their baseline characteristics were evaluated. Transmission electron microscopy (TEM) revealed
that the samples contained spherical vesicles of 30–100 nm in diameter (Figure 2a). The concentration
and size distribution of these vesicles were determined through Nanoparticle tracking analysis (NTA)
(Figure 2b). NTA revealed that particles of 30–100 nm diameter were strongly enriched in the samples.
The results of western blotting showed that the isolated vesicles were positive for exosomal markers
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(CD63, CD81, and CD9) and negative for an endoplasmic reticulum marker, Grp78 (Figure 2c and
Figure S1). These results indicate that the circulating exosomes were well isolated, and exosomal RNA
was appropriately extracted. Small RNA sequencing libraries were successfully generated from 14 of
the 52 exosomal RNA preparation samples from the Plasma-HCC cohort. These 14 samples were used
herein, of which, eight were obtained from the metastasis-free group and six from the metastasis group.
Sequencing data of plasma exo-miRs were analyzed, and 61 exo-miRs predominantly overexpressed in
the metastasis group were identified (>2-fold, p < 0.05). The heatmap reveals the overexpression of the
61 exo-miRs in the metastasis group (Figure 2d).
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Figure 1. Schematic representation of the systematic integrative analyses performed herein to identify
metastasis-stimulating circulating exosomal microRNAs. Exo-miRNA seq, exosomal microRNA
sequencing; HCC, hepatocellular carcinoma; Meta, metastasis; exo-miR, exosomal microRNA;
OE, overexpressed.
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Figure 2. Confirmation of isolated circulating exosomes and identification of overexpressed exo-miRs
in the metastasis group. (a) Transmission electron microscopic observation of separated circulating
exosomes obtained from patients with hepatocellular carcinoma. Arrows indicate exosomes. Scale bar
= 100 nm. (b) Nanoparticle tracking analysis (NTA) size distribution and concentration of exosomes.
(c) Western blot analysis. Plasma exosomes were positive for exosome markers (CD63, CD81, and CD9)
and negative for Grp78. Hep3B lysate was used as a negative control. (d) Heatmap of the differentially
expressed 61 exo-miRs in accordance with the metastasis status. NM, non-metastasis; M, metastasis.
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2.2. Integrative Analyses of Public Gene Expression Datasets to Select Potential Candidate Pro-Metastatic miRs

To further select pro-metastatic miRs, systematic integrative analyses were performed in two
public gene expression datasets, GSE67140 and TCGA_LIHC [16]. The GSE67140 cohort comprised
91 patients with HCC with vascular invasion and 81 without vascular invasion. In the GSE67140 dataset,
pattern analysis was performed in accordance with vascular invasion using CLICK algorithm [17].

As a result, miRs could be categorized into three clusters by the expression pattern according
to vascular invasion status (Figure 3a). Figure 3b illustrates heatmaps of the miR expression in each
cluster according to vascular invasion status. Among the three clusters, 185 miRs of cluster 1 and
20 miRs of cluster 3 showed significantly increased values in the vascular invasion group than in the
non-vascular invasion group. Thus, the 205 miRs in cluster 1 or 3 were analyzed using a Venn diagram,
which revealed that nine miRs—miR-106b-5p, miR-1307-5p, miR-193b-3p, miR-202-3p, miR-33b-5p,
miR-340-5p, miR-455-3p, miR-542-3p, and miR-574-3p—were commonly overexpressed in both the
metastasis group of the Plasma-HCC group and vascular invasion group of GSE67140 (Figure 3c).

The expression of the nine miRs in the 14 plasma exosomal small RNA sequencing (RNA-Seq)
dataset was visualized in accordance with the metastasis status in Figure 3d. All nine miRs were
significantly overexpressed in the metastasis group. Figure 3e shows the expression of the candidate
miRs in accordance with their vascular invasion status in the GSE67140 cohort. All nine miRs were
significantly overexpressed in the vascular invasion group. Using TCGA_LIHC datasets, the Overall
survival (OS) was analyzed in accordance with the expression of the nine miRs (Figure 3f). As a result,
overexpression of miR-106b-5p or miR-1307-5p was significantly associated with a poor OS; however,
the expression levels of other miRs did not influence the OS.

2.3. Validation of the Clinical Implications of Candidate Exo-miRs in the Validation Cohort

Expression levels of plasma exo-miR-106b-5p and miR-1307-5p were determined in the
Plasma-HCC cohort (n = 52) to validate the clinical implications of the selected miRs as metastasis
predictors. Figure 4a shows the expression of the two plasma exo-miRs in the metastasis-free (n = 27)
and metastasis groups (n = 25). Plasma miR-1307-5p expression levels were significantly higher in the
metastasis group than in the non-metastasis group (p = 0.04), while that of exo-miR-106b-5p did not
significantly differ between the two groups.

Further validation analysis was performed to investigate the clinical implication of the selected
circulating exo-miRs in the Serum-HCC cohort owing to its limited size and the lack of several clinical
data regarding the Plasma-HCC cohort. Figure 4b shows the expression of exo-miR-106b-5p and
miR-1307-5p in accordance with the vascular invasion status in the Serum-HCC cohort. Patients with
vascular invasion had significantly higher serum exo-miR-106b-5p and miR-1307-5p expression levels.
Figure 4c shows the expression of serum exo-miRs in accordance with the tumor recurrence status.
Both of serum exo-miRs were significantly overexpressed in the tumor recurrence group. Figure 4d
shows the expression of the three exo-miRs in accordance with the modified Union for International
Cancer Control (mUICC) stages. Expression of the two serum exo-miRs were gradually upregulated
according to tumor stage progression significantly.

Taken together, both of circulating exo-miR-1307-5p and exo-miR-106-5p were identified as
potential biomarker for predicting vascular invasion, tumor recurrence, and advanced tumor
stage in patients with HCC. However, in the aspect of metastasis, only exo-miR-1307-5p showed
significant association with extrahepatic metastasis. Further, we tried to identify if circulating
exo-miR-1307-5p could be used as a potential biomarker in the detection of HCC. Expression of serum
exo-miR-1307-5p was compared between the HCC patients and normal healthy control (Figure S2).
Serum exo-miR-1307-5p was markedly overexpressed in the HCC group compared to normal control
(p < 0.0001). The AUC of exo-miR-1307-5p for detecting HCC was calculated as 0.958.
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Figure 3. Integrative analyses of two different public RNA expression datasets (a) On Cluster analysis,
miRs could be categorized into three clusters on the basis of their expression patterns according to
vascular invasion status in GSE67140. (b) Heatmaps of miR expression in each cluster based on the
vascular invasion status. (c) Venn diagram analysis to select potential candidate metastasis driver
miRs. (d) Comparison of the expression of nine miRs between metastasis (M) and non-metastasis
(NM) groups based on the expression of 14 plasma exosomal small RNA sequencing data. * p < 0.05;
** p < 0.01. (e) Comparison of the expression levels of nine miRs based on the vascular invasion status in
the GSE67140 cohort. * p < 0.05; ** p < 0.01; *** p < 0.001. (f) Kaplan–Meier plot of overall survival based
on the expression of miR-106b-5p and miR-1307-5p in TCGA_LIHC. * p < 0.05. NM, non-metastasis;
Meta, metastasis; TCGA_LIHC, The Cancer Genomic Atlas Liver Hepatocellular Carcinoma.
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status. (d) Expression of the serum exo-miRs according to the modified UICC stage. *** p < 0.001.
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2.4. In Silico Prediction of the Target Genes of miR-1307-5p

We attempted to identify the downstream target genes of miR-1307-5p that promote extrahepatic
metastasis. Target gene prediction using TargetScan 7.2 identified 120 candidates as miR-1307-5p target
genes (Figure 5a). Thereafter, the expression levels of 120 genes were evaluated in the TCGA_LIHC
cohort. As miRs negatively regulate their target genes, we attempted to identify genes downregulated
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in the HCC tissues. In the TCGA_LIHC cohort, 16 of 120 genes were downregulated in HCC tissue
rather than in adjacent non-tumor tissue, and 9 of 16 genes, namely, ALDH8A1, C11orf96, CLYBL,
EFNB3, ENG, NPC1L1, PIM3, SEC14L2, and SLC8A1, displayed a significant difference (p < 0.05)
(Figure 5a and Figure S3).

Cancers 2020, 12, x FOR PEER REVIEW 8 of 15 

 

were evaluated by western blotting in Huh-7 (Figure 5f). As a result, expression level of ENG and 

SEC14L2 was increased by inhibition of miR-1307-5p, and the expressions of the EMT markers were 

altered as a direction of EMT promotion after treatment of AS-miR-1307-5p. Taken together, we 

could confirm the downstream pathway of miR-1307-5p in HCC, which down-regulates 

ENG/SEC14L2 and promotes EMT process.  

 

Figure 5. Prediction of target genes of miR-1307-5p in hepatocellular carcinoma through 

bioinformatics analysis. (a) Selection of potential target genes of miR-1307-5p via TargetScan 7.2 and 

expression data in TCGA_LIHC. (b) Pearson’s correlation analysis using the expression data in 

TCGA_LIHC to identify inversely correlated genes. (c) Pathway analysis with functional annotation 

of the epithelial–mesenchymal transition using the IPA software on miR-1307-5p and the target gene 

candidates, ENG and SEC14L2. (d) Kaplan–Meier plot of overall survival and disease-free survival 

based on ENG expression in TCGA_LIHC. **p < 0.01; *** p < 0.001. (e) Kaplan–Meier plot of overall 

survival and disease-free survival based on SEC14L2 expression in TCGA_LIHC. **p < 0.01. (f) 

Western blot analysis of ENG, SEC14L2, and EMT markers after miR-1307-5p inhibition by 

AS-miR-1307-5p in human HCC Huh-7 cells. 

Figure 5. Prediction of target genes of miR-1307-5p in hepatocellular carcinoma through bioinformatics
analysis. (a) Selection of potential target genes of miR-1307-5p via TargetScan 7.2 and expression
data in TCGA_LIHC. (b) Pearson’s correlation analysis using the expression data in TCGA_LIHC
to identify inversely correlated genes. (c) Pathway analysis with functional annotation of the
epithelial–mesenchymal transition using the IPA software on miR-1307-5p and the target gene
candidates, ENG and SEC14L2. (d) Kaplan–Meier plot of overall survival and disease-free survival
based on ENG expression in TCGA_LIHC. ** p < 0.01; *** p < 0.001. (e) Kaplan–Meier plot of overall
survival and disease-free survival based on SEC14L2 expression in TCGA_LIHC. ** p < 0.01. (f) Western
blot analysis of ENG, SEC14L2, and EMT markers after miR-1307-5p inhibition by AS-miR-1307-5p in
human HCC Huh-7 cells.

To identify genes inversely associated with miR-1307-5p, Pearson’s correlation analysis was
performed using the expression data in the TCGA_LIHC database. The expression levels of five
of nine genes, namely, ALDH8A1, C11orf96, CLYBL, ENG, and SEC14L2, displayed a significant
inverse correlation with miR-1307-5p expression (r ≤ −0.3 and p < 0.05) (Figure 5b). We performed
pathway analysis with functional annotation of the EMT, using the Ingenuity Pathway Analysis (IPA)
software on miR-1307-5p and the five target candidate genes (Figure 5c and Figure S4). Consequently,
miR-1307-5p/SEC14L2/Akt and miR-1307-5p/ENG signaling pathways were associated with the EMT.
Survival analyses based on the expression of ENG and SEC14L2 was performed using expression
data from the TCGA_LIHC database. Figure 5d,e display Kaplan–Meier plots of OS and disease-free
survival (DFS) based on the expression of ENG and SEC14L2, respectively. Compared to the high
expression group, the low ENG expression group had a significantly poor OS (p = 0.0002) and poor
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DFS survival (p = 0.0026). Furthermore, compared to the high expression group, the low SEC14L2
group had a poor OS (p = 0.011) and DFS (p = 0.003).

To validate the downstream pathway of miR-1307-5p proposed by TargetScan and IPA, we treated
antisense (AS)-miR-1307-5p, an inhibitor of miR-1307-5p, to immortalized HCC cell line- Huh-7
cell. Then, protein expression level of ENG and SEC14L2, which were proposed target molecules of
miR-1307-5p, and expression of EMT markers (ZO-1, N-cadherin, vimentin, and slug) were evaluated
by western blotting in Huh-7 (Figure 5f). As a result, expression level of ENG and SEC14L2 was
increased by inhibition of miR-1307-5p, and the expressions of the EMT markers were altered as a
direction of EMT promotion after treatment of AS-miR-1307-5p. Taken together, we could confirm the
downstream pathway of miR-1307-5p in HCC, which down-regulates ENG/SEC14L2 and promotes
EMT process.

3. Discussion

Increasing evidence indicates that exosomes deliver pro-metastatic molecules to recipient cells,
resulting in a pre-metastatic niche [14,15]. This study was based on the assumption that the expression
of specific exo-miRs potentially increased during systemic circulation prior to extrahepatic metastasis,
thus, promoting metastasis in patients with HCC.

To confirm this assumption, next generation sequencing-based circulating exo-miR profiles were
analyzed, and differentially expressed circulating exo-miRs were identified between the metastasis-free
group and the metastasis group during the follow-up period. Among the 61 predominantly
overexpressed exo-miRs in the metastasis group, candidate miRs were further selected through
systematic integrative analyses of publicly available RNA expression datasets. Consequently,
exo-miR-1307-5p was identified as potential candidate pro-metastatic molecule. In the validation study,
circulating exo-miR-1307-5p was significantly overexpressed in the metastasis group. Furthermore,
SEC14L2 and ENG downregulation and the promotion of the EMT were considered potential
downstream pathways of miR-1307-5p upon comprehensive bioinformatics analyses. We validated
it by demonstrating up-regulation of ENG/SEC14L2 and EMT marker expression alteration after
AS-miR-1307-5p treatment.

Exosomes contain unique cargo from donor cells, and exosomal cargo is considered a promising
cancer biomarker. Several recent studies have shown circulating exo-miRs as potential diagnostic
biomarkers for early-stage HCC [18,19]. Moreover, aberrantly regulated exo-miRs can promote
HCC progression and metastasis by altering the genetic network [20]. An in vitro study by Lin et al.,
exosome-mediated miR delivery was shown to promote the EMT and metastasis in HCC [21]. However,
few studies have investigated circulating exo-miR profiles as metastasis predictors or promoters in
HCC. Herein, circulating exo-miR-1307-5p was considered a potential candidate metastasis predictor
and metastasis driver in patients with HCC. Although miR-1307 is known as an onco-miR in diverse
cancers as well as HCC, the clinical implication of the circulating exo-miR-1307-5p as cancer biomarker
was only evaluated in ovarian cancer [22–25]. We identified exo-miR-1307-5p as a potential candidate
metastasis driver and predictor in HCC. To our knowledge, this is the first study to identify circulating
exo-miR-1307-5p as a novel metastasis promoter and predictor in patients with HCC.

Vascular invasion is considered as a pathognomonic hallmark of HCC invasiveness and poor
prognosis [26]. Furthermore, it has been reported as a principal predictive marker for tumor recurrence
and extrahepatic metastasis in HCC [27]. Herein, circulating exo-miR-1307-5p was significantly
overexpressed in patients with vascular invasion as well as metastasis and tumor recurrence.
Considering that vascular invasion is closely associated with subsequent extrahepatic metastasis
and tumor recurrence in patients with HCC, exo-miR-1307-5p may potentially serve as a prognostic
biomarker in patients with HCC.

Epithelial cells lose their epithelial phenotype and display a mesenchymal phenotype during
the EMT [28]. EMT markedly promotes tumor invasiveness and metastasis by obliterating cell-cell
adhesion [29]. Herein, we proposed SEC14L2/Akt and ENG-related signaling pathways as downstream
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pathways of miR-1307-5p for promoting the EMT in patients with HCC. Pathway analysis using
IPA revealed that SEC14L2 is downregulated by miR-1307, in turn activating the Akt pathway, thus,
promoting the EMT. SEC14L2 is a potent tumor suppressor gene in various malignancies [30]. Li et al.
reported that SEC14L2, a novel master regulator gene, exerts an anti-proliferative effect in HCC cells
and strongly suppresses tumor growth in a mouse model [31]. ENG (CD105), a transmembrane
glycoprotein, is a transforming growth factor-β co-receptor [32]. ENG is involved in angiogenesis in
solid tumors including HCC [33]. Several studies have shown that ENG downregulation in HCC tissue
and its serum levels potentially serve as a poor prognostic marker in patients with HCC [32,34,35].
However, the mechanisms of action of ENG in HCC progression remain unclear. The present study
demonstrated that miR-1307-5p down-regulates ENG and that downregulation of ENG is associated
with the EMT promotion.

This study has two limitations. First, the patient cohort sizes were small. Herein, the metastasis
group included patients with extrahepatic metastasis after initial blood sampling. As patients with
HCC with available blood samples prior to the occurrence of metastasis were rare, we could not
enroll enough patients to obtain a high statistical power. Furthermore, owing to the shortage of blood
samples from patients with metastatic HCC, we assume that the present results provide valuable and
potentially useful information regarding pro-metastatic exo-miRs. Further validation studies with
larger cohorts are needed to verify the present results. Second, we could not determine the mechanism
underlying the promotion of extrahepatic metastasis by exo-miR-1307-5p. To overcome this limitation,
we implemented an in silico analysis strategy. Downstream pathways of miR-1307-5p promoting the
EMT were predicted through in silico analysis. Hence, further studies are required to confirm the
underlying signaling pathway.

4. Materials and Methods

4.1. Patients and Sample Collection

To identify candidate circulating exo-miRs with pro-metastatic potential, the medical records
of patients with HCC with available plasma samples during diagnosis were reviewed and patients
were included in accordance with the inclusion and exclusion criteria. The inclusion criteria were as
follows: (1) patients newly diagnosed with HCC in accordance with the American Association for the
Study of Liver Diseases, criteria [36]; (2) patients without extrahepatic metastasis during diagnosis;
(3) patients treated with local or systemic therapy in accordance with the tumor burden or location [37];
(4) Child-Pugh class A or B; and (5) the availability of follow-up imaging data for evaluating the
tumor burden and metastasis status every 3 months for >1 year. Patients lost to follow-up 1 year
before metastasis onset were excluded. Extrahepatic metastasis occurred in 25 of 52 patients meeting
the inclusion criteria (metastasis group), and the remaining 27 patients were metastasis-free during
follow-up evaluation (metastasis-free group). This cohort was called the Plasma-HCC cohort.

Owing to the low strength and lack of several clinical data in the Plasma-HCC cohort, patients with
HCC with available pre-treatment serum samples during diagnosis were included to validate the
clinical implications of selected circulating exo-miRs. This validation cohort was called the Serum-HCC
cohort, comprising 91 serum samples from 73 patients with HCC and 28 healthy controls. A healthy
control was defined as an individual without any medical history, who visited the Ajou Health
Promotion Center for a regular health check-up. Data on the vascular invasion status, metastasis status,
and tumor stage based on the modified Union for International Cancer Control (mUICC) staging
system were obtained. The baseline characteristics of patients in the Plasma-HCC and Serum-HCC
cohorts are elucidated in Table 1.
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Table 1. Baseline characteristics of the Plasma-HCC cohort and the Serum-HCC cohrort.

Variables

Plasma-HCC Cohort (n = 52) Serum-HCC Cohort (n = 91)

HCC (n = 52) Healthy Control
(n = 28) HCC (n = 73)

Age (years), mean ± SD 54.22 ± 9.98 34.96 ± 8.18 54.62 ± 9.06
Male sex, n (%) 47 (85.5) 3 (10.7) 57 (78.1)

AST, IU/mL 72.73 ± 77.36 16.82 ± 4.06 73.81 ± 92.28
ALT, IU/mL 46.11 ± 32.85 14.14 ± 7.77 49.48 ± 63.53

Platelet, x109/L 161.59 ± 82.04 314± 63.33 169.85 ± 85.41
AFP (ng/mL), mean ± SD 8000.26 ± 17,325.08 1.65 ± 0.58 4394.77 ± 14,600.73

Etiology, n
HBV/HCV/alcohol/others – 65/4/3/1

Albumin (g/L), mean ± SD 4.07 ± 0.60 4.23 ± 0.55
Bilirubin (mg/dL), mean ± SD 1.22 ± 1.81 1.49 ± 3.91

INR, mean ± SD 1.16 ± 0.14 1.18 ± 0.19
Modified UICC stage, n (%) – 26 (36)/9 (12)/20 (27)/11

(15.4)/7 (9.6)I/II/III/IVa/IVb
Metastasis, n (%) 25 (48.1)/27 (51.9) 7 (9.6)/66 (90.4)

Yes/No
Vascular invasion, n (%) – 29 (54.7)/24 (45.3)

Yes/No

HCC, hepatocellular carcinoma; AST, aspartate transaminase; ALT, alanine transaminase; AFP, alpha-feto protein;
HBV, hepatitis B virus; HCV, hepatitis C virus; INR, international normalized ratio; UICC, Union for International
Cancer Control; –Dashes denote lack of reliable data.

The study protocol was approved by the Institutional Review Board of the Ajou University
Hospital, Suwon, South Korea (AJRIB-BMR-OBS-16-344). Anonymous blood samples and clinical data
were provided by the Ajou Human Bio-Resource Bank. Informed consent was waived.

4.2. Analysis of Gene Expression Omnibus (GEO) Database and TCGA_LIHC

To estimate miR expression levels in HCC, public genomic data were obtained from TCGA_LIHC
(https://cancergenome.nih.gov) and the GEO database (GSE67140) [16] of the National Center for
Biotechnology Information.

4.3. Cell Culture and AS-miR-1307-5p Transfection

Hep3B and Huh-7 cells (ATCC, Manassas, VA, USA) were cultured in EMEM or DMEM
mudium (GenDEPOT, Barker, TX, USA) containing 10% FBS (Invitrogen, Waltham, MA, USA)
and 100 units/mL penicillin-streptomycin (GenDEPOT), at 37 ◦C in a humidified incubator with 5%
CO2. Antisense inhibitor miR-1307-5p or scrambled control antisense inhibitor (Bioneer, Daejeon,
Korea) was transfected into Huh7 cells using Lipofectamine 2000 (Invitrogen) according to the
manufacturer’s protocol.

4.4. Blood Exosome Isolation and Total Exosomal RNA Extraction

Blood samples were obtained from the Biobank of Ajou University Hospital, a member of the
Korea Biobank Network. Five milliliters of blood were collected from each individual directly into
EDTA-containing tubes (for plasma) or serum-separating tubes (for serum) and centrifuged at 2000× g
for 5 min at 4 ◦C and the resultant plasma or sera were aliquoted into 1.5 mL tubes and stored at
−80 ◦C until use. To isolate exosomes from blood, the ExoQuick reagent-cat# EXOQ5A-1 (System
Biosciences, Mountain View, CA, USA) was used for serum exosome isolation and the ExoQuick Plasma
Prep and Exosome Precipitation Kit (Cat# EXOQ5TMA-1) was used for plasma exosome isolation.
Briefly, plasma samples were ultra-centrifuged for 15 min (13,000 rpm) to remove partial cells and
their debris. Then, to remove fibrinogen and fibrin in plasma, 5uL SBI Thrombin Reagent was added
to the supernatant to convert fibrinogen into fibrin and centrifuged at 10,000× g for 5 min to make
fibrin pellet. Then, the supernatant was transferred to a new microfuge tube and the fibrin pellet was
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discarded. Exosomes were isolated from the supernatant using the ExoQuick Exosome Precipitation
Solution in accordance with the manufacturer’s protocol. Finally, the exosome pellet was re-suspended
in 100 uL of PBS and stored at −80 ◦C for subsequent extraction of RNAs and proteins. RNA from
blood-derived exosomes was extracted using the SeraMir Exosome RNA Amplification kit (System
Biosciences). Thereafter, the total RNA concentration and purity were assessed using a NanoDrop
2000 spectrophotometer (Thermo Fisher Scientific, Waltham, MA, USA).

4.5. Small RNA Sequencing

Small RNA libraries were constructed from total RNA using the Illumina HiSeq 2000 system
(Illumina Inc., San Diego, CA, USA). After small-RNA sequencing, reads were trimmed by cutadapt
program for removing adapter and low-quality sequences, 18~26 bp in length considering the length of
mature miRNA. Then, the trimmed reads were collapsed to remove duplicates and estimate abundance
for the same sequence, and annotated using blast with miRBase. For comparison between samples,
count of each sample was normalized in units of Transcripts Per Million (TPM).

4.6. TEM

TEM was performed to confirm the presence and sizes of exosomes. Samples were fixed in 2%
glutaraldehyde and 4% paraformaldehyde for 2 h at room temperature and embedded responded with
0.13% methylcellulose and 0.4% uranyl acetate. Exosomes were then observed using a Hitachi H-7600
TEM (Hitachi High-Tech, Tokyo, Japan).

4.7. NTA

NTA was used to measure the size distribution and concentration of exosomes on the basis of light
scattering and Brownian motion. NanoSight NS300 (Malvern Panalytical Ltd., Malvern, UK) equipped
with a 405 nm laser with a frame rate of 30 frames/s was used for recording particle movement, and the
data were evaluated using the NTA software (version 3.0, Malvern Panalytical Ltd.).

4.8. Western Blotting

Proteins were extracted from exosome and cell lysates, using radio immunoprecipitation
(RIPA) buffer containing Halt Protease Inhibitor Cocktail (Thermo Fisher Scientific). Total proteins
were separated by sodium dodecyl sulfate polyacrylamide gel electrophoresis and transferred to a
polyvinylidene difluoride membrane (Merck Millipore, Burlington, MA, USA). The membranes were
blocked with 5% non-fat milk in Tris-buffer saline and 0.1% Tween-20 and probed with the following
primary antibodies: mouse anti-CD63 (1:1000, Abcam, Cambridge, MA, USA), rabbit anti-CD9 (1:2000,
Abcam), mouse anti-CD81 (1:250, Invitrogen), and mouse anti-Bip/Grp78 (1:1000, BD Biosciences, San
Jose, CA, USA), rabbit anti-ENG (1:1000, Abcam), rabbit anti-SEC14L2 (1:1000, Abcam), mouse anti-ZO-1
(1:1000, Thermo Fisher Scientific), mouse anti-N-cadherin (1:2000, BD bioscience), rabbit anti-Vimentin
(1:5000, GeneTex, Alton, CA, USA), rabbit anti-Slug (1:1000, Cell Signaling Technology, Danvers,
MA, USA), and mouse anti-GAPDH (1:1000, Santa Cruz Biotechnology, Santa Cruz, CA, USA).
Chemiluminescence signals were detected using Clarity™Western ECL Substrate and ChemiDoc (both
from Bio-Rad Laboratories, Hercules, CA, USA).

4.9. Quantitative Reverse-Transcription Polymerase Chain Reaction (qRT-PCR) Analysis

Circulating exo-miR expression levels were quantified using qRT-PCR. Each miR sequence
was obtained from the miRBase database. [38] Primer sequences used herein are listed in Table S1.
cDNA was synthesized from exosomal RNA using the miScript RT II kit (Qiagen, Hilden, Germany) in
accordance with the manufacturer’s instructions, amplified using the Amfisure qGreen qPCR Master
Mix (GenDEPOT), and monitored in real time using CFX Connect™ Real-Time PCR Detection System
(Bio-rad Laboratories). The cycling conditions were as follows: 2 min at 95 ◦C, 40 cycles of 15 s at
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95 ◦C, 34 s at 58 ◦C or 60 ◦C, and 30 s at 72 ◦C. Individual miR expression levels were determined from
triplicate reactions and normalized with that of hsa-miR-1228-3p. The relative standard curve method
(2−∆∆CT) was used to determine relative expression levels.

4.10. Prediction of miR Targets

miR-1307-5p targets were predicted in silico using TargetScan 7.2 [39].

4.11. IPA

Signaling pathways downstream of miR-1307-5p and its target genes were subjected to functional
annotation of EMT via IPA (Qiagen Inc., Redwood City, CA, USA) [40].

4.12. Statistical Analysis

All experiments were performed at least three times and all samples were analyzed in triplicate.
Between-group differences were analyzed using a paired t-test or unpaired Welch’s t-test with GraphPad
prism version 5.0 software (GraphPad Software Inc., San Diego, CA, USA). OS and DFS were plotted
using the Kaplan–Meier method, and the significant differences were analyzed using the log-rank test.
Differences were considered statistically significant when p was < 0.05.

5. Conclusions

In conclusion, this study shows that circulating exo-miR-1307-5p is a novel metastasis promoter
and predictive marker for metastasis in patients with HCC, through systematic integrative analyses.
EMT promotion through SEC14L2 and ENG downregulation could be the potential downstream
pathway of miR-1307-5p, as revealed through comprehensive bioinformatics analyses.

Supplementary Materials: The following are available online at http://www.mdpi.com/2072-6694/12/12/3819/s1,
Figure S1: The whole blot (uncropped blots) showing all the bands with all molecular weight markers, Figure S2:
Serum exo-miR-1307-5p expression and ROC curves in normal healthy controls and the patients with HCC,
Figure S3: Expression of the nine target gene candidates of miR-1307-5p in The Cancer Genomic Atlas Liver
Hepatocellular Carcinoma (TCGA_LIHC), Figure S4: Pathway analysis with a functional annotation of the
epithelial–mesenchymal transition (EMT) using the Ingenuity Pathway Analysis (IPA) software on miR-1307-5p
and the target gene candidates, ALDH8A1, C11orf96, and CLYBL, Table S1: miRNA sequence used for qRT-PCR.
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Simple Summary: Improvement in melanoma patients with metastatic disease is needed to better
assess immunotherapies. Lactate dehydrogenase (LDH) is currently an accepted biomarker for
stage IV, but it has limited utility for stage III melanoma patients. Thus, finding biomarkers for
metastatic melanoma is important not only to identify progressive melanoma tumors, but also to
monitor patients under checkpoint inhibitor immunotherapy (CII). The aim of this pilot study was to
demonstrate the utility of circulating cell-free microRNAs (cfmiRs) as potential blood biomarkers for
stage III and IV melanoma patients compared to LDH. To accomplish this aim, we profiled for cfmiR
the plasma of metastatic melanoma patients before and during CII treatment, and compared them to
normal healthy donors’ samples. The cfmiR profiling was performed using an NGS-based miRNA
assay, which requires no extraction and a small volume input. We found specific cfmiR signatures in
stage III and IV metastatic melanoma patients. As a proof of concept, our results showed that certain
cfmiRs are associated with CII outcomes.

Abstract: Serum lactate dehydrogenase (LDH) is a standard prognostic biomarker for stage IV
melanoma patients. Often, LDH levels do not provide real-time information about the metastatic
melanoma patients’ disease status and treatment response. Therefore, there is a need to find reliable
blood biomarkers for improved monitoring of metastatic melanoma patients who are undergoing
checkpoint inhibitor immunotherapy (CII). The objective in this prospective pilot study was to
discover circulating cell-free microRNA (cfmiR) signatures in the plasma that could assess melanoma
patients’ responses during CII. The cfmiRs were evaluated by the next-generation sequencing (NGS)
HTG EdgeSeq microRNA (miR) Whole Transcriptome Assay (WTA; 2083 miRs) in 158 plasma samples
obtained before and during the course of CII from 47 AJCC stage III/IV melanoma patients’ and
73 normal donors’ plasma samples. Initially, cfmiR profiles for pre- and post-treatment plasma samples
of stage IV non-responder melanoma patients were compared to normal donors’ plasma samples.
Using machine learning, we identified a 9 cfmiR signature that was associated with stage IV melanoma
patients being non-responsive to CII. These cfmiRs were compared in pre- and post-treatment plasma
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samples from stage IV melanoma patients that showed good responses. Circulating miR-4649-3p,
miR-615-3p, and miR-1234-3p demonstrated potential prognostic utility in assessing CII responses.
Compared to LDH levels during CII, circulating miR-615-3p levels were consistently more efficient
in detecting melanoma patients undergoing CII who developed progressive disease. By combining
stage III/IV patients, 92 and 17 differentially expressed cfmiRs were identified in pre-treatment plasma
samples from responder and non-responder patients, respectively. In conclusion, this pilot study
demonstrated cfmiRs that identified treatment responses and could allow for real-time monitoring of
patients receiving CII.

Keywords: serum LDH; blood biomarker; miRNA; circulating microRNA; plasma; immunotherapy;
immune checkpoint inhibitors; metastatic melanoma

1. Introduction

Over the past decade, checkpoint inhibitor immunotherapy (CII) has significantly improved
the outcomes of metastatic melanoma patients [1]. The CII monoclonal antibodies approved to treat
metastatic melanoma patients include ipilimumab (targeting cytotoxic T lymphocyte-associated antigen
4, CTLA-4) [2], nivolumab and pembrolizumab (targeting programmed cell death protein-1, PD-1) [3].
Ipilimumab, nivolumab, and pembrolizumab represent the standard of care and are the most commonly
utilized CII for treating metastatic melanoma patients [4]. One of the advantages of specific CII regimens
is the durable response observed in melanoma patients even after treatment discontinuation, which can
vary depending on the individual or combinatory CII implemented. Unfortunately, the complete
response (CR) rate in melanoma patients is about 12–15% [5,6]. Major limitations for CIIs are primary
and acquired CII resistance. Another limitation is the development of severe immune-related adverse
events (IRAE), which forces the oncologist to discontinue the patient’s treatment [7]. Different tumor
responses, tumor microenvironment changes, and host systemic immune responses play interactive
roles in CII resistance, and IRAE [7,8]. Unfortunately, no key consistent findings and biomarkers have
been found to identify these induced CII events earlier on patients.

Lactate dehydrogenase (LDH) is an enzyme involved in glucose metabolism that is highly
expressed in rapidly growing tumors [9,10]. Due to the high energy demand from the tumor
cells, glycolysis shifts from aerobic to anaerobic in a process called the Warburg effect [9].
Consequently, LDH expression increases in the cytosol of tumor cells, but in general will only
reach the blood stream when the damaged cells release LDH [9]. Several prognostic blood biomarkers
have been proposed for melanoma, but only serum LDH has been accepted as a prognostic
biomarker for stage IV metastatic melanoma by the American Joint Committee on Cancer (AJCC) [11].
Therefore, the prognostic value of LDH has been assessed in metastatic melanoma patients receiving CII.
In a prospective study, LDH and S100B have both been shown to be indicators of disease progression,
although S100B was shown to be a better predictor of the development of distant metastasis [12].
Nevertheless, both failed at identifying high-risk patients with loco-regional metastasis and low tumor
burden [12]. Elevated baseline LDH is an independent prognostic factor for overall survival (OS)
in melanoma patients receiving ipilimumab [13], pembrolizumab, or ipilimumab and nivolumab
combined [14]. Moreover, among different prognostic factors (LDH, tumor size, tumor PD-L1 status,
ECOG performance status, BRAF mutation status, prior BRAF inhibitor targeted therapy, prior line of
therapies, size of metastasis, and albumin levels), only low LDH baseline levels were associated with a
CR to pembrolizumab [5]. Additionally, elevated LDH baseline levels were reduced at the first scan in
melanoma patients receiving nivolumab or pembrolizumab, who had a better objective rate response
when compared to patients with progressive disease (PD) [15]. To summarize, baseline LDH is a strong
prognostic blood biomarker for stage IV melanoma patients, but has limitations. However, serum LDH
assessment does not have informative utility for assessing stage III melanoma patients receiving CII.
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Blood biomarkers are necessary for real-time monitoring of metastatic melanoma patients during
treatment to allow for more effective decision making on treatment strategies. In the past several
years, our group and others have shown that circulating cell-free nucleic acids (cfNA) have utility
in monitoring metastatic melanoma patients undergoing treatment, particularly using circulating
cell-free DNA (cfDNA) and circulating tumor cells (CTCs) [16–23]. The limitations of studying cfDNA
in melanoma blood samples are the poor extraction efficacy from plasma, large volume of plasma
required for assays, and the limited frequency of genomic aberrations in specific genes that are
detectable [24,25]. The limitations in monitoring CTCs are the robustness of the isolation method used
and the heterogeneity of the CTCs that can limit the interpretation of the findings. To find robust blood
molecular biomarkers, our group has also focused on finding microRNAs (miRs) in melanoma patients’
blood [26] and tumor tissues [27,28]. MiRs are short sequence nucleic acids of 18–22 base pairs length
that have a longer half-life and degrade minimally compared to cfDNA [29,30]. MiRs play significant
roles in controlling and regulating mRNA expression, and thus lead to the activation/deactivation of
specific molecular pathways [29,30]. In most of cancers, including melanoma, miRs are aberrantly
expressed which affects molecular pathways controlling different cellular processes. These miRs can
also be referred to as oncomiRs as they promote tumor development and progression. In melanoma
several miRs have been proposed as tumor biomarkers to determine disease progression [29,31].
Also, significant efforts have been made in determining circulating cell-free miRs (cfmiRs) and
exosomal miRs [29,31]. Recently, by using HTG EdgeSeq miR WTA, we found cfmiR signatures in
plasma samples from patients with melanoma brain metastasis (MBM) [32]. Furthermore, we unraveled
common cfmiR signatures in pre-operative plasma samples taken from stage III and IV melanoma
patients receiving CIIs [32]. The advantage of using HTG EdgeSeq miR WTA to study cfmiRs is that we
can directly profile and quantify >2000 miRs found in plasma samples by next-generation sequencing
(NGS) to identify signature patterns [32]. Moreover, compared to other cfNA assays, the assay requires
a minimal amount of plasma and no tedious extraction procedures.

Our hypothesis is that specific cfmiR signatures found in metastatic melanoma patients’ plasma
samples allows us to perform multiple assessments and provides the clinician with the opportunity
to monitor CII response in real-time. This is important in metastatic melanoma patients’ treatment
management, as resistance to CII followed by rapid disease progression requires immediate decisions
in order to prolong survival. In this study, we compared cfmiR expression to the standard blood
protein biomarker LDH in stage IV melanoma patients. To carry this out, we screened for specific
cfmiRs that were indicative of metastatic melanoma disease in pre- and post-treatment plasma samples
from stage IV melanoma patients compared to normal donors’ plasma samples. By using machine
learning we identified cfmiR signatures that were associated with CII response in stage IV responder
and non-responder patients. Then, we compared the utility of these cfmiRs in predicting CII response
in comparison to LDH levels at baseline and throughout the patients’ follow-ups. CfmiRs produced
consistent results in predicting CII responses compared to elevated LDH levels at baseline and in
longitudinal clinical assessment in stage IV melanoma patients. Finally, we identified cfmiRs that have
potential in determining CII responses in both stage III and IV melanoma patients.

2. Results

2.1. LDH Levels at Treatment Baseline as a Predictive Factor for CII Response in Metastatic Melanoma Patients

In order to identify cfmiRs associated with metastatic melanoma, we assessed plasma from a
cohort of 47 melanoma patients (AJCC 8th edition stage III (n = 24) and IV (n = 23)) seen at the
JWCI/SJHC clinic (Table 1). For each patient a range of 3–6 blood samples were collected and the
samples were categorized as pre- or post-treatment according to the CII start date. Only plasma
samples were included in the study and from this point on all the samples will be referred to as plasma.
The samples were all analyzed using the HTG EdgeSeq miR WTA [32]. All of the patients analyzed had
a median follow-up of 9.7 months and received CII (ipilimumab, nivolumab, pembrolizumab, or the
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combination of ipilimumab and nivolumab) as first line treatment. The 47 patients were divided into
four different cohorts based on stage (III and IV) and CII response (responders and non-responders),
which were analyzed by Response Evaluation Criteria In Solid Tumors (RECIST) 1.1 (Figure 1A–D).
The four groups were as follows: stage III responder (group A); stage III non-responder (group B);
stage IV responder (group C); and stage IV non-responder (group D). All of the patients had an
LDH assessment taken at baseline and on longitudinal LDH assessments (average of 11 samples
per patient) during CII (Figure 1A–D). LDH was considered elevated if patients had values taken
>1 the upper limit normal (ULN) [23] (Table 1). Since LDH values at baseline were shown to be
predictive of CII response in previous clinical studies [12–15], we initially compared the LDH levels
at baseline for stage III and IV responder and non-responder patients. Although the sample size
for this analysis is limited, the results showed a significantly higher expression of LDH levels at
baseline in the stage IV non-responder group D when compared to the stage IV responder patients
group C (Figure 1F). As expected, no differences were observed in responder and non-responder
stage III patients (Figure 1E). Similar results were observed when the LDH values were assessed at
3 months after CII in both groups C and D (Figure 1G,H). These results are in agreement with previous
observations showing that the LDH baseline levels predicts response in stage IV patients undergoing
CII [15]. However, when assessing individual patients, the LDH levels were not of prognostic utility,
since only ~54% of stage IV patients (7 of 13 patients) showed a correlation between high LDH levels
and positive CII response. Importantly, the LDH values did not offer any advantage for stage III
melanoma patients in relation to their response to CII.

Table 1. Clinical pathological information for metastatic melanoma patients receiving CII 1 analyzed
for cfmiRs 2 in plasma samples.

Melanoma Patients (n = 47)

Variables n (%)

Age at diagnosis, mean (SD 4) 62.0 (13.9)
Age at treatment, mean (SD 4) 65.9 (13.5)

<60 14 (29.8)
≥60 33 (70.2)

Gender
Male 30 (63.8)

Female 17 (36.2)
Treatment regimen

Anti-PD-1 31 (65.95)
Anti-PD-1/anti-CTLA-4 16 (34.05)
AJCC 8th ed. Stages 3

III b/c 24 (51.1)
IV a/b/c/d 23 (48.9)

BRAF mutation
Positive 25 (53.2)

Negative 22 (46.8)
CII-response based on RECIST 5 1.1

Responders 22 (46.8)
Non-responders 25 (53.2)

Number of metastasis
1 24 (51.06)
≥2 16 (34.04)

unknown 7 (14.90)
LDH 6 level at baseline

≤1X 7 ULN 35 (74.5)
>1X ULN 12 (23.5)

1 CII = checkpoint immune inhibitor. 2 Cell-free microRNAs = cfmiRs. 3 AJCC 8th stage = American Joint Committee
on Cancer 8th edition determined at the start date of CII. 4 SD = standard deviation. 5 RECIST = Respond Evaluation
Criteria In Solid Tumors. 6 LDH = lactate dehydrogenase. 7 ULN = upper limit normal.
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Figure 1. Melanoma patients and LDH assessment. (A,B) Swimmer plots showing disease status 
(NED, no evidence of disease; AWD, alive with disease; EXP, expired), RECIST 1.1 criteria (CR, 
complete response; PR, partial response; SD, stable disease; PD, progressive disease), surgery, and 
LDH levels (WNL, within normal; ABN, above normal) in stage III responder (Group A) (A) and non-
responder (Group B) (B) melanoma patients. (C,D) Swimmer plots showing (NED, no evidence of 
disease; AWD, alive with disease; EXP, expired), RECIST 1.1 criteria (CR, complete response; PR, 
partial response; SD, stable disease; PD, progressive disease), surgery, and LDH levels (WNL, within 
normal; ABN, above normal) in stage IV responder (Group C) (C) and non-responder (Group D) (D) 
melanoma patients. (E) Boxplot showing the LDH values (ULN, upper limit normal) at baseline in 
stage III responder and non-responder melanoma patients (NS, non-significant). (F) Boxplot showing 
the LDH values (ULN) at baseline in stage IV responder and non-responder melanoma patients (* p < 
0.05). (G) Boxplot showing the LDH values (ULN) at three months follow-up in stage III responder 
and non-responder melanoma patients (NS, non-significant). (H) Boxplot showing the LDH values 
(ULN) at three months follow-up in stage IV responder and non-responder melanoma patients (** p 
< 0.01). Dots represent outliers in each condition. 

  

Figure 1. Melanoma patients and LDH assessment. (A,B) Swimmer plots showing disease status
(NED, no evidence of disease; AWD, alive with disease; EXP, expired), RECIST 1.1 criteria (CR,
complete response; PR, partial response; SD, stable disease; PD, progressive disease), surgery,
and LDH levels (WNL, within normal; ABN, above normal) in stage III responder (Group A) (A) and
non-responder (Group B) (B) melanoma patients. (C,D) Swimmer plots showing (NED, no evidence
of disease; AWD, alive with disease; EXP, expired), RECIST 1.1 criteria (CR, complete response;
PR, partial response; SD, stable disease; PD, progressive disease), surgery, and LDH levels (WNL,
within normal; ABN, above normal) in stage IV responder (Group C) (C) and non-responder (Group D)
(D) melanoma patients. (E) Boxplot showing the LDH values (ULN, upper limit normal) at baseline in
stage III responder and non-responder melanoma patients (NS, non-significant). (F) Boxplot showing
the LDH values (ULN) at baseline in stage IV responder and non-responder melanoma patients
(* p < 0.05). (G) Boxplot showing the LDH values (ULN) at three months follow-up in stage III
responder and non-responder melanoma patients (NS, non-significant). (H) Boxplot showing the LDH
values (ULN) at three months follow-up in stage IV responder and non-responder melanoma patients
(** p < 0.01). Dots represent outliers in each condition.
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2.2. Identification of cfmiRs in Pre- and Post-Treatment Samples from Patients Non-Responsive to CII

In evaluating the utility of cfmiRs, it is important to find cfmiRs that have applicability in real-time
monitoring of melanoma patient’s disease status before and during CII(s) to evaluate response.
Recently, we have shown that specific cfmiR patterns found in MBM patients’ plasma may have utility
in monitoring melanoma patients undergoing treatment [32]. Our hypothesis is that specific cfmiRs
have a better utility compared to serum LDH levels in the assessment of melanoma patients undergoing
CII. To address this hypothesis, pre-treatment samples (n = 13) from 13 stage IV melanoma patients who
progressed (group D) were compared to normal donors’ samples (n = 73). A total of 162 differentially
expressed (DE) cfmiRs were observed in the melanoma samples, of which 89 were upregulated and
73 were downregulated. To determine which cfmiRs classify metastatic melanoma patients from
normal donors’ samples, we implemented a Random Forest algorithm to the 162 DE cfmiRs identified.
The analysis generated a cfmiR classifier signature consisting of 12 cfmiRs (Figure 2A, Figure S1,
and Table 2). To identify DE cfmiRs associated with disease progression during CII, 26 post-treatment
samples collected from 13 stage IV non-responder (group D) melanoma patients were compared
to normal donors’ samples. In each analysis 215 and 202 DE cfmiRs were found. Random Forest
algorithm was applied to the 215 and 202 DE cfmiRs identified (Figure 2A, Figures S2 and S3).
The top and commonly identified nine cfmiRs were selected as potential cfmiR biomarkers to monitor
disease progression on melanoma patients undergoing CII (Table 2 and Figure 2B). Then, the levels
of those nine cfmiRs were compared in pre-treatment, post-treatment, and normal donors’ samples.
Of the nine cfmiRs identified, eight (miR-1234-3p, miR-3175, miR-4271, miR-4649-3p, miR-4745-3p,
miR-615-3p, miR-6511-3p, and miR-6794-5p) were further evaluated since they showed significant
changes in pre- and post-treatment samples from stage IV non-responders (Figure S4A–I). To summarize,
using 13 paired blood samples (13 pre- and 26 post-treatment samples) nine cfmiRs were found as a
potential biomarker for stage IV non-responder (group D) melanoma patients. Only eight of the nine
cfmiRs were significantly DE in melanoma patients’ compared to normal donors’ samples.

2.3. MiR-615-3p Correlates with Melanoma Response to CII

To determine whether the cfmiRs identified in stage IV non-responder patients had clinical
utility to monitor patients’ treatment, we selected nine pre- and post-treatment samples from stage
IV patients (group C) that responded to CII-treatment (achieved objective rate response, PR or CR).
Of those nine patients, four reached CR (Figure 3A) and five patients had a partial response (PR)
(Figure 3B). All of the samples were analyzed to determine the levels of the eight cfmiRs in the pre-
and post-treatment samples. MiR-4649-3p, miR-1234-3p, and miR-615-3p levels significantly decreased
in the post-treatment samples of the stage IV responder patients who had a CR (Figure 3C–E), but the
levels did not change significantly for miR-3175, miR-4271, miR-4745-3p, miR-6511-3p, and miR-6794-5p
(Figure S5A–E). On the contrary, in patients who had a PR no significant differences were observed in
pre- and post-treatment samples for any of the eight cfmiRs assessed (Figure 3F–H and Figure S5F–J).
To validate our observation, we assessed the expression levels of miR-615-3p in plasma samples
from two stage IV responder and non-responder patients. Stage IV non-responder patients who
progressed during CII had a significant increase in the expression of miR-615-3p (Figure 3I,J). In both
cases LDH levels were unable to detect melanoma disease progression (Figure 3I,J). On the contrary,
responder patients showed a decrease in miR-615-3p levels in post-treatment samples (Figure 3K,L).
Similarly, LDH levels were also unable to detect CII response (Figure 3K,L). Then, we analyzed the
detection levels of miR-615-3p for its ability to monitor stage III patients. To do that we compared
pre- and post-treatment samples. The post-treatment samples were selected based on the patients’
RECIST 1.1 criteria. All of the patients had PD at some point during treatment, but at the time point of
blood collection, only 8 patients had PD. MiR-651-3p was significantly increased in melanoma patients
with PD compared to pre-treatment samples (Figure S6A). More importantly, miR-615-3p was able to
monitor stage III non-responder melanoma patients during CII (Figure S6B). Finally, we compared
the expression of miR-615-3p in pre- and post-treatment samples from stage III responders. For the
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12 post-treatment samples selected, the patients achieved CR at the time point of blood collection.
No significant differences were observed for miR-615-3p in stage III responder patients (Figure S6C).
Similar analysis were performed for miR-4649-3p and the results were consistent with those observed
for miR-615-3p (Figure S7A–E). To summarize, the cfmiR signature was successful in identifying
stage IV responders during CII-treatment. MiR-4649-3p, miR-1234-3p, and miR-615-3p levels were
associated with a CR in stage IV patients undergoing CIIs and were useful in monitoring responses of
stage IV melanoma patients undergoing CII. Also, the results demonstrated differences for miR-615-3p
in detecting stage III patients with PD, but failed to identify stage III patients with CR.Cancers 2020, 12, x FOR PEER REVIEW 7 of 19 
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Figure 2. Identification of DE cfmiRs in normal donors’ and melanoma patients’ plasma samples
(A) Shown are the DE cfmiRs in normal plasma samples versus pre- and post-treatment (Post-1 and
Post-2) plasma samples. DE cfmiRs in each comparison were analyzed by the Random Forest algorithm.
Specific classifiers were obtained for each analysis. A nine cfmiR classifier was commonly identified
in all groups. (B) Heatmap showing the nine DE cfmiRs that were commonly identified in pre- and
post-treatment plasma samples from stage IV non-responder melanoma patients. Scale bar showing
the Log2 of normalized counts (ncounts).
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Table 2. CfmiR 1 classifiers commonly identified by Random Forest in stage IV patients that had PD 2.

Probe Pre-Treatment FIS 3 Post-Treatment-1 FIS 3 Post-Treatment-2 FIS 3

miR-4271 0.06 0.05 0.07
miR-3175 0.05 0.05 0.04

miR-4745-3p 0.04 0.01 0.02
miR-6862-3p 0.03 N/A N/A
miR-4649-3p 0.03 0.04 0.02
miR-6510-3p 0.02 0.01 N/A

miR-4306 0.01 0.02 0.02
miR-1234-3p 0.01 0.05 0.01

miR-6511a-3p 0.01 0.04 0.01
miR-615-3p 0.01 0.02 0.02
miR-6794-5p 0.01 0.02 0.03
miR-1301-5p 0.01 0.02 N/A

1 CfmiR = cell-free miRNA. 2 PD = progressive disease. 3 FIS = Feature Importance Scores.
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Figure 3. Validation of cfmiRs identified in assessing patient response to CIIs. (A,B) Disease status in
stage IV patients who had a complete response (A, CR) or partial response (B, PR). Orange stars indicate
pre-treatment (Pre) plasma samples. Red circles indicate blood collected in patients at CR. Red squares
indicate blood collected in patients at PR. (C–E) Boxplots showing the changes in miR-4649-3p (C),
miR-615-3p (D), and miR-1234-3p (E) levels in patients who achieved a CR (p values are indicated on
top) compared to pre-treatment samples. (F–H) Boxplots showing the changes in miR-4649-3p (F) and
miR-615-3p (G), and miR-1234-3p (H) levels in patients who achieved PR compared to pre-treatment
samples (NS, non-significant). (I–L) Graph showing four melanoma patients: stage IV non-responder
(IV-NR) patient 1D (I) or patient 5D (J); stage IV responders (IV-R) patient 2C (K) or patient 10C7 (L).
Shown is the follow-up in months, LDH levels (labeled as light gray), and miR-615-3p levels (labeled as
light blue; normalized counts, ncounts) at the indicated time points. Red line points to RECIST 1.1.
Gray solid line indicates the upper limit normal (ULN) for LDH. Black dotted line indicates the average
level of miR-615-3p detected in normal healthy donors’ plasma samples. Green solid line indicates the
start of CII.

2.4. A cfmiR Signature to Assess CII Responses in Stage III Melanoma Patients

To find specific cfmiRs associated with stage III and CII response, 24 stage III patients (22 stage
IIIC and 2 stage IIIB) undergoing CII were examined, of which 12 were responders (group A;
Figure 1A) and 12 were non-responders (group B; Figure 1B). Initially, we compared the cfmiR
expression in pre-treatment samples taken from stage III responders (group A) versus non-responders
(group B). Surprisingly, miR-3197 was the only significantly DE cfmiR in the comparison (Figure 4A,B).
MiR-3197 differentiated stage III responders from non-responders in pre-treatment samples (Figure 4B).
Additionally, miR-3197 showed significant differences when comparing pre-treatment samples from
responders versus normal donors’ samples (Figure 4B). This suggested that the cfmiRs detected in
stage III patients are not significantly changing compared to normal donors’ samples. This is likely
related to low tumor burden and low doubling time of stage III tumors being treated with CII.
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Figure 4. Characterization of cfmiRs in stage III melanoma patients. (A) Venn diagram showing
the number of cfmiRs found in each comparison: stage III non-responders versus normal donors
(III-NR vs. N); stage III responders versus normal donors (III-R vs. N); stage III responders versus
non-responders (III-R vs. III-NR). (B) Boxplot showing the levels of miR-3197 in stage III responders (R),
non-responders (NR), and normal donors’ plasma samples. (** p < 0.01, *** p < 0.001, NS, non-significant).
(C) Shown are the DE cfmiRs in normal donors’ versus pre-treatment plasma samples from stage III/IV
responder melanoma patients. (D) Shown are the DE cfmiRs in normal donors versus pre-treatment
plasma samples in stage III/IV non-responders melanoma patients.

In order to find biomarkers to monitor metastatic melanoma patients and increase our sample size,
we combined stage III/IV melanoma patients and grouped them as non-responders and responders
to CII. Then, non-responder and responder samples were compared to normal donors’ samples,
respectively. A total of 286 DE cfmiRs (158 upregulated and 128 downregulated) were found in CII
pre-treatment samples from the responder group compared to normal samples (Figure 4C). We then
compared the pre-treatment samples from the non-responder patients versus normal donors’ samples.
In the analysis, 253 DE cfmiRs (158 upregulated and 95 downregulated) were observed in non-responder
patients compared to normal donors’ samples (Figure 4C). It is important to find cfmiRs that are
useful for the monitoring of CII responses and to help distinguish metastatic melanoma responders
from non-responders. Therefore, we focused on the detection of DE cfmiRs that were observed
associated with non-response or response to CII. Therefore, we calculated the ratio of the FCs obtained
in responders versus normal donors’ samples and in non-responders versus normal donors’ samples.
Only cfmiRs with a ratio FC <0.75 were included. A total of 92 cfmiRs were DE in responders’ compared
to normal donors’ and non-responders’ samples (Table S1).

We proposed that specific cfmiRs have the potential to identify patients who will respond to CII.
By applying the same strategy but considering a ratio FC >1.25, 17 DE cfmiRs were found in stage
III/IV non-responders’ compared to normal donors’ and responders’ samples (Table S2). The cfmiRs
identified may represent potential biomarkers to determine patients who will likely develop PD to CII.
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MiR-1273e, miR-584-5p, and miR-1290 were found increased in non-responders stage III/IV melanoma
patients. Surprisingly, the same cfmiRs were also found elevated in pre-operative MBM plasma
samples as previously described by our group [32]. To summarize, 92 cfmiRs found in pre-treatment
samples distinguished stage III/IV responders’ from non-responders’ and normal donors’ samples.
On the contrary, 17 cfmiRs differentiated stage III/IV non-responders from responders and normal
donors’ samples.

3. Discussion

Notwithstanding the large number of clinical and translational research studies, there is still a dire
need for more reliable and informative blood biomarkers to better evaluate CII responses in real-time in
melanoma patients. Metastatic melanoma progression can be rapid once tumors develop resistance to
CIIs and bypass the host systemic immune control. Better blood biomarkers that can identify real-time
changes in the patient’s disease status and allow for active monitoring could translate into earlier
treatment decision making. There is evidence showing that higher baseline LDH values are associated
with CII responses [13–15,33] and can allow for monitoring CII [15], but often the levels of LDH do not
correlate with disease progression in patients receiving CII. Thus, it is difficult to rely on longitudinal
LDH level assessment to make early clinical decisions in patients who are undergoing unsuccessful CII.
Our study provides a detailed profiling of cfmiRs that potentially allow for the monitoring of stage III
and IV melanoma patients during CII.

Despite the significant advances in improving progression-free survival (PFS) and OS, a high
percentage of patients will still develop resistance and experience recurrence within the first year of
starting CII [34]. Several studies have been conducted to identify miR biomarkers in melanoma tissues
and/or plasma/serum that could predict melanoma progression [35,36]. However, most of the proposed
cfmiRs are not validated or they represent single cfmiRs with limited reproducibility, and non-specific
overlapping with benign diseases or normal healthy donor levels. In identifying biomarkers for CII
response, some groups have focused on specific deregulated miRs in the tumor that can modulate the
immune response against melanoma tumors, and thus control CII response. For example, miR-30b is
upregulated in melanoma patients’ tissues and correlates to different clinical variables such as stage,
metastatic potential, and shorter OS. MiR-30b promotes immunosuppression by targeting GALNT7
(N-Acetylgalactosaminyltransferase 7) and increasing IL-10 production [37]. We observed an increased
level of circulating cfmiR-30b in both responder and non-responder melanoma stage III/IV patients
compared to normal donors’ samples. Also, an increase in cfmiR-30b levels was observed in responder
compared to non-responder patients. In another study, miR-210 was shown to be upregulated in
hypoxic areas of the tumor controlling cytotoxic T lymphocytes meditated lysis [38]. To summarize,
miR-210 mediates its effects by targeting PTPN1, HOXA1, and TP53I11 [38]. These studies support the
role of elevated miRs in promoting melanoma progression in response to CII. However, the translational
value of these findings into clinical biomarkers would require an assessment of the miRs in longitudinal
biopsies of the tumor, which is not always feasible.

Blood biomarkers represent the most logistical and promising way to actively monitor patients in
real-time during CII. Other studies have shown an eight cfmiR signature (miR-146a, miR-155, miR-125b,
miR-100, let-7e, miR-125a, miR-146b, and miR-99b) found in extracellular vesicles released by metastatic
melanoma tumors which were found to be associated with an increase in myeloid-derived suppressor
cells and resistance to ipilimumab and nivolumab therapy [39]; however, not all of the cfmiRs identified
were DE in melanoma patients when compared to normal donors’ samples. Our findings revealed
that cfmiRs (miR-1234-3p, miR-3175, miR-4271, miR-4649-3p, miR-4745-3p, miR-615-3p, miR-6511-3p,
and miR-6794-5p) are detected in pre-treatment plasma samples. Only miR-1234-3p, miR-4649-3p
and miR-615-3p were significantly enhanced in post-treatment samples from stage IV non-responder
patients. Accordantly, miR-4649-3p, miR-1234-3p, and miR-615-3p decreased in post-treatment samples
of stage IV responder patients who had a CR during CII. Whereas, no significant differences were
observed in stage IV responder patients who had a PR in comparison to pre-treatment samples.
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On longitudinal blood assessment, miR-615-3p and miR-4649-3p showed promising clinical utility in
monitoring CII response in stage IV responder and non-responder patients. MiR-615-3p was previously
detected and listed as a potential cfmiR for metastatic melanoma [40], but its function in melanoma
is unknown [41]. To our knowledge, there is not report of the miR-4649-3p function in melanoma;
however, it was previously reported that miR-4649-3p inhibits cell proliferation by targeting protein
tyrosine phosphatase SHP-1 in nasopharyngeal carcinoma cells [42].

Identifying informative cfmiR biomarkers for stage IIIB-D melanoma is challenging, as the
tumor size is variable ranging from multinodal micrometastasis to macrometastasis, with often
variable growth rates. In this study, plasma samples derived from 24 melanoma patients undergoing
CII (22 stage IIIC and 2 stage IIIB) were examined. As shown in previous studies [13–15,33] and
in the present study, LDH baseline level assessment was successful in identifying most of stage
IV patients, but it was not a reliable prognostic factor for stage III patients. When comparing
stage III responders versus non-responders, only miR-3197 was found DE. Factors influencing the
detection of cfmiRs changing could be associated with individual cfmiR variability, tumor burden,
and tumor heterogeneity. To address this problem and to identify cfmiRs able to monitor metastatic
melanoma, stage III and IV melanoma responders and non-responders were compared to normal
donor samples. We found 92 cfmiRs associated with CII response. Whether any of these cfmiRs can be
used as a robust biomarker will require further investigation. Also, 17 cfmiRs have shown potential
applicability to determine stage III/IV melanoma patients who will not respond to CII. Relevant to this,
we observed that miR-1273e, miR-584-5p, and miR-1290 have also been detected in MBM patients’
plasma. These cfmiRs may be indicators of III/IV melanoma patients who will eventually develop
MBM. Recently, Walbrecq et al. identified miR-1290 as a novel hypoxia-associated miR, which is highly
abundant in hypoxic extracellular vesicles released by melanoma cells [43].

Similar to CII resistance, different mechanisms have been associated with BRAF and MEK inhibitors
resistance in metastatic melanoma. Often, these mechanisms over-activate the mitogen-activated
protein kinase (MAPK) pathway and overcome BRAF and MEK inhibitors effects [44–46]. It has been
proposed that similar mechanisms may drive CII resistance, as MAPK pathway can be over-active
in CII-treated melanoma tumors [45]. Thus, it is also important to determine whether elevated
miRs regulate MAPK pathway. In a previous study, high levels of miR-125b-5p were shown to be
associated with Vemurafenib (BRAF inhibitor) resistance [47,48]. Accordingly, we observed that
miR-125b was elevated in CII non-responder patients, but decreased in responding patients to CII
(Table S1). Thus, miR-125b-5p may represent an example of overlapping roles for miRs in promoting
cross-resistance to both BRAF and MEK inhibitors and CII.

We understand the limitations of our study in analyzing melanoma patients receiving different
types of CII. Therefore, these findings may represent cfmiRs associated with responses to different
CII. Future analyses are required to confirm and validate whether the cfmiRs have the ability to
determine treatment response in well-defined cohort of patients receiving specific CII. To the best of
our knowledge, this is the first report showing the potential ability of cfmiRs to distinguish patients
who are non-responsive to CII from normal donors’ plasma samples. Further studies are needed to
validate our observations in prospective clinical trials on larger sample sizes of metastatic melanoma
patients undergoing CII(s).

4. Materials and Methods

4.1. Consent to Participate and Patient Specimen Accrual

This single-center study followed the principles found in the Declaration of Helsinki. All human
samples and clinical information for this study were obtained according to the protocol guidelines
approved by Saint John’s Health Center (SJHC)/John Wayne Cancer Institute (JWCI) Joint Institutional
Review Board (IRB): JWCI Universal Consent (Providence Health and Services Portland IRB:
JWCI-18-0401) and Western IRB: MORD-RTPCR-0995. Informed consent was obtained from all
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participants. The study was a prospective study designed to assess cfNA in CII-treated patients seen
at JWCI/SJHC. All specimens were de-identified and entered into a restricted access database by a
database operator.

4.2. Blood Sample Collection

Blood samples of healthy donors and melanoma patients were prospectively collected at
SJHC/JWCI. Briefly, all blood samples were collected from 2016–2020 in Streck blood collection
tubes (Streck, La Vista, NE, USA). Blood samples were accrued and processed to obtain plasma.
Plasma was centrifuged, filtered, aliquoted, barcoded, and cryopreserved at −80◦C as previously
described [16]. Aliquots of plasma were thawed only once, mixed, and centrifuged before being
analyzed by HTG EdgeSeq miR WTA.

For HTG EdgeSeq miR WTA analysis plasma samples (n = 73) were collected from normal
healthy donors ranging in age from 21–65 years old, of which 41 were females and 32 were males.
Pre-treatment samples (n = 47) were collected from AJCC 8th stage III and IV melanoma patients
who received CII (Table 1). From the same CII- treated patients 2–5 blood samples (n = 111) that
were collected post-treatment (after the first dose and during CII). All plasma samples were analyzed
by HTG EdgeSeq miR WTA analysis. Overall, 158 melanoma plasma samples were analyzed from
47 patients. The melanoma patients analyzed had detailed clinical follow-up information and treatment
response assessments as described in Section 4.3 below. The clinical demographics information for the
47 melanoma patients analyzed is summarized in Table 1.

4.3. CII Response

Every patient had a follow-up evaluation at the JWCI/SJHC cancer clinic as recommended in
the current standard of care. The median follow-up was 9.7 months for the 47 patients analyzed.
Each patient included in the study received at least four doses of the approved CII drugs (ipilimumab,
nivolumab, pembrolizumab, or the combination of ipilimumab and nivolumab [16]) and were assessed
for the RECIST 1.1. Briefly, CII responses were assessed using computerized tomography/magnetic
resonance imaging every three months according to RECIST 1.1 criteria, denoting PD, SD (stable disease),
PR, and CR. Based on RECIST 1.1 criteria the patients were stratified into responders (PR/CR) and
non-responders (PD). Stage III patients who received surgery before receiving CII were considered
NED until evaluated for RECIST 1.1. Stage III patients (3A, 4A, 7A, 8A, 9A, 10A, and 12A) from group
A and patients (3B, 5B, 6B, 7B, 8B, 9B, 10B, and 11B) from group B received surgery and adjuvant
treatment. This prospective study was performed in accordance with the REMARK guidelines [49,50].

LDH levels were evaluated using Dimension Vista LDH (LDI) Flex reagent cartridge (cat# K2054)
an in vitro diagnostic test for the quantitative measurement of LDH in human serum on the Dimension
Vista System analyzer (Siemens Medical Solutions Inc., PA, USA) at the SJHC Clinical Chemistry
Department. LDH baseline and subsequent values were obtained for each patient. At least 3 LDH
values were collected at different time points for all of the patients. Elevated LDH levels were
considered in patients with >1X ULN (>240 U/L).

4.4. Sample Processing for HTG WTA

Melanoma patients’ and normal donors’ plasma samples were computer coded and de-identified
during processing and assessing. The melanoma patients’ and normal donors’ plasma samples
processing and NGS library preparation, quality control, normalized, and pooled was performed as
described previously [32]. The pool library was sequenced on MiSeq or NextSeq 550 instruments
following the respective Illumina instrument sequencing protocols. FASTQ files were generated from
raw sequencing data using Illumina BaseSpace BCL to FASTQ software version 2.2.0 and Illumina Local
Run Manager Software version 2.0.0. FASTQ files were analyzed with HTG EdgeSeq Parser software
version v5.1.724.4793 to generate raw counts for 2083 miRs per sample. An .xls file containing the final
counts for 2083 miRs per sample was generated for downstream data analysis. Data normalization

283



Cancers 2020, 12, 3361

was performed as discussed in Biostatistical analysis. Each HTG EdgeSeq miR WTA included negative
(CTRL_ANT1, CTRL_ANT2, CTRL_ANT3, CTRL_ANT4, CTRL_ANT5) and positive (CTRL_miR_POS)
miR controls. In all runs, Human Brain Total RNA (Ambion, Inc., Austin, TX, USA) was used as a
control for library preparation, but they were not sequenced. All the samples that did not pass the
quality control set by the HTG REVEAL software version 2.0.1 (Tuscon, AR, USA) were excluded from
the analysis.

4.5. Biostatistical Analysis

The DESeq2 data normalization, analyses, and statistical comparisons for the melanoma (pre- and
post-treatment) and normal donors’ plasma samples were all performed using the HTG REVEAL
software version 2.0.1. In all of the comparison only cfmiRs with a log2 fold-change (Log2FC) >1.2 or
<−1.2, a false discovery rate (FDR) > 0.05, and normalized counts greater than 30 were only considered.
Ratio of the FCs was calculated by dividing the FC in non-responder versus normal to the FC of
responder versus normal. Data normal distribution was evaluated by Shapiro-Wilk normality test.
According to data normal distribution Kruskal-Wallis (non-normal distribution) tests were performed
to determine differences among three or more groups. Mann-Whitney U-test (non-normal distribution)
analysis was performed to compare differences between two groups. Box plots were performed
with GraphPad Prism 5 (GraphPad Software Inc., La Jolla, CA, USA). To visualize the sequence
and duration of treatments, patient response, and LDH levels, swimmer plots were employed using
ggplot2 package version 3.3.2.9000 [51,52]. The swimmer plots were carried out using R version 4.0.0
(R Core Team) [52]. Data processing and Random Forest algorithm were performed using Python
3.7.7 using Scikit-learn and other packages as previously described in [32]. A two-sided p-value < 0.05
was considered statistically significant: * p < 0.05; ** p < 0.01; *** p < 0.001, and a p-value > 0.05
was considered non-significant (NS). The figures were processed using CorelDraw graphics suite 8X
(Corel Corporation, Ottawa, Canada).

4.6. Data Deposit

The data generated and discussed in this study has been deposited in the NCBI’s Gene Expression
Omnibus (GEO) and is accessible through the GEO Series accession number GSE157370.

5. Conclusions

In this prospective study, specific cfmiR signatures were found in plasma samples from metastatic
melanoma patients. Three cfmiRs that were elevated in pre- and post-treatment plasma samples of stage
IV non-responder patients were found to be downregulated in post-treatment plasma samples from
patients who responded to CII and vice versa (see the Graphical Abstract). In addition, we proposed
cfmiRs that may have the potential prognostic value to assess stage III/IV melanoma patients who
will progress during CII. The present pilot study revealed specific cfmiRs that can help in monitoring
CII response. MiR-615-3p and miR-4649-3p demonstrated a higher efficiency than LDH at baseline or
during CII to monitor stage IV patients undergoing CII.

Supplementary Materials: The following are available online at http://www.mdpi.com/2072-6694/12/11/3361/s1,
Figure S1: Random Forest algorithm in pre-treatment samples from stage IV non-responder patients, Figure S2:
Random Forest algorithm in post-treatment-1 samples from stage IV non-responder patients, Figure S3: Random
Forest algorithm in post-treatment-2 samples from stage IV non-responder patients, Figure S4: CfmiRs detection
levels in pre- and post-treatment-1 and 2 samples from stage IV non-responder patients, Figure S5: CfmiR levels
in pre- and post-CII-treated melanoma patients, Figure S6: MiR-615-3p levels in longitudinal bloods from stage
III non-responder patients, Figure S7: MiR-4649-3p levels in longitudinal bloods from stage IV non-responder
patients, Table S1: CfmiR identified in pre-treatment samples of stage III/IV responders, Table S2: CfmiR identified
in pre-treatment samples of stage III/IV non-responders.
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