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Advances in the Knowledge of the Molecular Pathogenesis of High-Prevalence Tumors and Its
Relevance for Their Future Clinical Management
Reprinted from: Cancers 2021, 13, 6053, doi:10.3390/cancers13236053 . . . . . . . . . . . . . . . . 1

Javier Martinez-Useros, Mario Martin-Galan, Maria Florez-Cespedes and Jesus

Garcia-Foncillas

Epigenetics of Most Aggressive Solid Tumors: Pathways, Targets and Treatments
Reprinted from: Cancers 2021, 13, 3209, doi:10.3390/cancers13133209 . . . . . . . . . . . . . . . . 5

Rohit Gundamaraju, Wenying Lu and Rishya Manikam

Revisiting Mitochondria Scored Cancer Progression and Metastasis
Reprinted from: Cancers 2021, 13, 432, doi:10.3390/cancers13030432 . . . . . . . . . . . . . . . . . 33

Maria Isaguliants, Ekaterina Bayurova, Darya Avdoshina, Alla Kondrashova, Francesca

Chiodi and Joel M. Palefsky

Oncogenic Effects of HIV-1 Proteins, Mechanisms Behind
Reprinted from: Cancers 2021, 13, 305, doi:10.3390/cancers13020305 . . . . . . . . . . . . . . . . . 47

Yaiza Senent, Daniel Ajona, Antonio González-Martı́n, Ruben Pio and Beatriz Tavira
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Fernández-Hinojal, Ada Esteban-Sánchez and Aránzazu Manzano et al.

Genomic Mapping of Splicing-Related Genes Identify Amplifications in LSM1, CLNS1A, and
ILF2 in Luminal Breast Cancer
Reprinted from: Cancers 2021, 13, 4118, doi:10.3390/cancers13164118 . . . . . . . . . . . . . . . . 155
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Preface to ”Molecular Pathways in Cancers”

Despite continuous advances in anticancer therapies, the survival rates in most tumor types

remain very poor, especially in those patients with advanced stages of the disease, due to a complex

network of alterations that change and increase the oncogenic behaviour of tumor cells. Therefore,

a better understanding of the main molecular mechanisms that govern the different human cancer

types is and will be the best strategy to improve patient outcomes.

Ion Cristóbal and Marta Rodrı́guez

Editors

vii
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This Special Issue aims to include relevant works that increase our knowledge about
the molecular pathways that govern the development and progression of high-prevalence
human cancers, which are responsible for most cancer-related deaths worldwide. This
is one of the ways to provide oncologists with novel therapeutic tools that can improve
the clinical management and outcome of cancer patients. In addition to original articles
providing relevant results that will be commented upon in more detail below, this Special
Issue also contains several review articles that summarize the current state of the art in
crucial aspects of human cancer. Thus, the work by Martinez-Useros et al. [1] reviewed
epigenetic pathways and treatments (several under study in current clinical trials) that
target epigenetic modifications in highly aggressive tumors. Gundamaraju et al. [2] focused
in their manuscript on the molecular mechanisms by which the mitochondria influence
cancer biology and their usefulness to develop therapeutic strategies. Another relevant
challenge, reviewed by Isaguliants et al. [3], is the increased risk of developed cancer
observed in people living with human immunodeficiency virus type 1 (HIV-1), despite
a long-term successful implementation of antiretroviral therapy. The authors focused on
the oncogenic properties of five viral proteins: envelope protein gp120, accessory protein
negative factor Nef, matrix protein p17, transactivator of transcription Tat, and reverse
transcriptase RT. All proteins either led to the proliferation of pre-existing malignant cells
or induced the malignant transformation of normal cells, which is responsible for the
carcinogenic effects of HIV-1. Moreover, Senent et al. [4] reported the importance of the
complement system in ovarian cancer, highlighting how certain elements of this system
play tumor-promoting roles that decrease the efficacy of distinct therapeutic approaches,
and discussing the potential usefulness of the complement as a target of treatments for
ovarian cancer. In addition, the work by Nishida [5] reviewed the role of oncogenic
signaling pathways on the cancer immunosuppressive microenvironment in hepatocellular
carcinoma. Interestingly, this manuscript summarizes the molecular factors that could
be determining the efficacy of therapies based on immune checkpoint inhibition. Finally,
Guijarro-Hernández and Vizmanos [6] carried out a systematic review summarizing the
signaling pathways affected in Ph-negative mieloproliferative neoplasms (MPNs). MPNs
are driven not only by a constitutive activation of the JAK2/STAT signaling and JAK2-
related pathways, but a complex network of non-canonical pathways that affects key
cellular functions such as epigenetic and transcriptional regulation, splicing and additional
pathways that confer a highly complex and coordinated program in the tumor cells of these
blood disorders.
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Regarding the contribution of original articles, our Special Issue contains four pieces
of work about breast cancer focused on the identification of molecular aberrations that can
serve as novel molecular targets and prognostic markers. Thus, Lee et al. [7] reported that
the use of a CD99-derived agonist ligand inhibited EGF-induced EGFR dimerization. This
issue involved a PTPN12-dependent c-Src/FAK inactivation that impaired cytoskeletal
reorganization and suppressed tumor growth in vivo of the triple negative breast can-
cer cell line MDA-MB-231. Furthermore, Noblejas-López et al. [8] carried out a genomic
mapping that evaluated the presence of alterations in 304 splicing-related genes and their
prognostic value in luminal breast cancer patients. They identified that amplifications in
CLNS1A, LSM1, and ILF2 determined poor outcome. At the functional level, they found
that these alterations conferred enhanced proliferation in luminal cell lines that can be
pharmacologically reversed by using BET inhibitors. In this line of thinking, an increasing
number of publications have shown that the use of BET inhibitors could be a therapeutic
approach in triple negative breast cancer (TNBC), and that PP2A is a tumor suppressor
that directly targets the bromodomain-containing protein 4 (BRD4) regulating its stabiliza-
tion and activation. The work of Sanz-Alvarez et al. [9] evaluated the clinical impact of
BRD4 phosphorylation levels in TNBC patients. Notably, they observed BRD4 hyperphos-
phorylation in around 34% of cases, and strongly associated with PP2A inhibition status.
Moreover, this alteration was markedly associated with patient recurrence and predicted
unfavorable prognosis, suggesting the clinical relevance of the PP2A/BET axis as a poten-
tial novel marker in TNBC. Considering these results, and the fact that the PP2A pathway
has also been previously reported to be affected in luminal breast cancer, it seems that the
PP2A/BET interplay could represent a plausible druggable target to develop alternative
therapeutic strategies in certain breast cancer patient subgroups from different molecular
subtypes. The same research group also published another study in this Special Issue, in
this case about HER2-positive breast cancer models. In their work, Sanz-Alvarez et al. [10]
evaluated the efficacy of three different PI3K/AKT/mTOR inhibitors (BEZ235, everolimus,
and TAK-228) in a panel of HER2-positive breast cancer cell lines with primary and ac-
quired resistance to Trastuzumab. They found promising results combining TAK-228 with
Trastuzumab in all resistant cell lines, observing decreased cell proliferation together with
increased apoptosis and G0/G1 cell cycle arrest. Considering these results, the combina-
tion of Trastuzumab with PI3K/AKT/mTOR inhibitors emerges as a potential alternative
strategy to overcome Trastuzumab resistance in HER2-positive breast cancer.

In the context of prostate cancer, the work by Martínez-Martínez et al. [11] provides
novel findings about the role of dual specificity phosphatase 1 (DUSP1). The authors
demonstrated that this tumor suppressor leads to Snail downregulation and decreased
migration and invasion capabilities of prostate cancer cells through the inhibition of c-
Jun N-terminal Kinase (JNK) and extracellular-signal-regulated kinase (ERK). Notably,
they also found that the subgroup of prostate cancer patients with an expression pat-
tern DUSPhigh/activated JNKlow/activated ERKlow/Snaillow showed better clinical out-
come, suggesting its potential utility as molecular marker in this disease. Moreover,
Khalil et al. [12] showed relevant results suggesting that the TLK1/NEK1/YAP1 signaling
axis plays a key role during the process of androgen-sensitive to androgen-independent
conversion, facilitating progression to metastatic castration-resistant prostate cancer. Fi-
nally, Papadaki et al. [13] published a comprehensive study in bladder cancer. They found
that two secreted extracellular matrix proteins, osteomodulin (OMD), and proline/arginine-
rich and leucine repeat protein (PRELP), were selectively expressed in bladder umbrella
epithelial cells but markedly downregulated in bladder cancer cells. These two proteins act
as tumor suppressors, regulating epithelial to mesenchymal transition (EMT), which was
mediated by the inhibition of the TGF-β and EGF pathways.

Altogether, this Special Issue includes several reviews and unique articles with novel,
interesting findings that allow the readers to improve their knowledge about the molecular
mechanisms involved in high-prevalence tumors and the recent advances in targeted
therapies for these diseases.
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Simple Summary: The large amount of knowledge regarding epigenetic pathways has opened
a broad range of treatments that provide hope for adult patients with highly aggressive forms
of solid tumors. The most commonly used treatments for epigenic modifications are based on the
specific inhibitors of DNA methyltransferases, azacitidine and decitabine (5-AZA-dC), and on histone
deacetylases inhibitors, such as trichostatin A (TSA) or vorinostat (SAHA). However, many other
compounds are under investigation, and some are being evaluated in clinical trials. In this review, we
have extracted relevant information about epigenetic pathways and treatments that target epigenetic
modifications in highly aggressive tumors, as a new hope for these patients.

Abstract: Highly aggressive tumors are characterized by a highly invasive phenotype, and they
display chemoresistance. Furthermore, some of the tumors lack expression of biomarkers for target
therapies. This is the case of small-cell lung cancer, triple-negative breast cancer, pancreatic ductal
adenocarcinoma, glioblastoma, metastatic melanoma, and advanced ovarian cancer. Unfortunately,
these patients show a low survival rate and most of the available drugs are ineffective. In this context,
epigenetic modifications have emerged to provide the causes and potential treatments for such
types of tumors. Methylation and hydroxymethylation of DNA, and histone modifications, are the
most common targets of epigenetic therapy, to influence gene expression without altering the DNA
sequence. These modifications could impact both oncogenes and tumor suppressor factors, which
influence several molecular pathways such as epithelial-to-mesenchymal transition, WNT/β–catenin,
PI3K–mTOR, MAPK, or mismatch repair machinery. However, epigenetic changes are inducible and
reversible events that could be influenced by some environmental conditions, such as UV exposure,
smoking habit, or diet. Changes in DNA methylation status and/or histone modification, such
as acetylation, methylation or phosphorylation, among others, are the most important targets for
epigenetic cancer therapy. Therefore, the present review aims to compile the basic information
of epigenetic modifications, pathways and factors, and provide a rationale for the research and
treatment of highly aggressive tumors with epigenetic drugs.

Keywords: epigenetic; methylation; acetylation; non-coding RNA; small-cell lung cancer; triple-
negative breast cancer; pancreatic ductal adenocarcinoma; glioblastoma; metastatic melanoma;
advanced ovarian cancer

1. Introduction

DNA is organized inside the nucleus, in a very complex structure called chromatin.
The negative charge of DNA is supported by basic proteins that are rich in arginine and
lysine residues, called histones. There are five families of histones and according to their
function they are called core histones (H2, H3, and H4) that form the nucleosome core,
or linker histones (H1 and H5), which contribute to the condensation of the nucleosome.
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The nucleosome core is composed by two H2A–H2B dimers and a H3–H4 tetramer. The
electrostatic attraction between the positively charged histones and negatively charged
DNA allows the complex structure of chromatin to form [1,2]. Chromatin is composed of
nucleosomes wrapped by 146–147 bp DNA [3]. The H1 histone serves as a linker between
the nucleosomes, in order to provide a highly stable chromatin structure [4]. Histones
possess amino-terminal tails that allow gene regulation, by epigenetic modifications, due
to their flexible shaping [4]. Deregulation in the deposition of histone modification is
associated with several human diseases, such as cancer [5]. Moreover, some epigenetic
modifications could be influenced by specific molecular pathways involved in cancer, such
as epithelial-to-mesenchymal transition (EMT) [6], Wnt/β-catenin signaling [7], the MAPK
signaling pathway [8], DNA repair [9], hypoxia [10], and the PI3K–mTOR pathway [11].
Interestingly, some environmental conditions, such as UV exposure or diet, are also able to
induce epigenetic changes. For example, compounds such as folate, choline, betaine, and
methionine act as cofactors or methyl donors for DNA methylation reactions. A diet rich
in resveratrol, curcumin, genistein, epigallocatechin-3-gallate, sulforaphane, and quercetin
is able to reactivate certain tumor suppressive genes by inducing DNA demethylation;
however, fungi-contaminated agricultural foods contain mycotoxins that may also lead to
cancer [12].

Clinical research has achieved several advances in cancer treatment that have led
to a longer survival of patients. However, treatment strategies for highly aggressive
tumors remains almost constant, without any significant improvements. In the new era
of targeted therapy, epigenetic therapies appear as a potential approach for the treatment
of highly aggressive tumors, offering new hope for these patients. Methylation and
hydroxymethylation of DNA, and histone modifications, are the most common targets of
epigenetic therapy, to influence gene expression without any DNA alteration. On the other
hand, increasing reports support the use of non-coding RNA as epigenetic treatment to
intercept translation, and negatively regulate the expression of oncogenes.

1.1. DNA Methylation

DNA methylation plays a crucial role in normal cell metabolism; therefore, changes
in the methylation status of cells, by methyltransferases, can lead to cell transformation
and represent the difference between normal and tumor cells [13] (Figure 1). Cytosine
and adenine are the only bases susceptible to methylation. DNA methylation consists of
the transfer of methyl groups (-CH3) to the cytosine in position C5, which is followed by
a guanine (G). These sites are termed CpG dinucleotides and result in 5-methylcytosine.
These sites occur with high frequency in CpG genomic regions. Non-cytosine methylation,
such as the methylation of adenine or thymine, appears in very low probability [14]. CpG
islands are located in ~60% of human promoters, and methylation of these sites results in
a transcriptional repression of the genes [5,15]. Furthermore, 60–80% of CpG islands of
somatic cells genome are methylated [16]. The DNA methyltransferase (DNMT) (Figure 1)
family regulates the process of DNA methylation [17]. This protein family is composed
of the following five members: DNMT1, DNMT2, DNMT3a, DNMT3b and DNMT3L.
Interestingly, mutations in some of these members are usually associated with some types
of cancer [18]. For example, the DNMT3b subtype is significantly overexpressed in some
tumors [19,20]. The methylation status of DNA can be read by MBD (methyl-CpG binding
domain) proteins, which are divided into three families. The first family includes MeCP2,
MBD1, MBD2, MBD3 and MBD4 [21]; although, MBD3 can only detect hydroxymethylated
DNA [22]. The second family is characterized by a BTB domain (also called as the POZ
domain) and comprises ZBTB33, ZBTB4 and ZBTB38 [23]. The third family includes
the following two proteins: UHRF1 and UHRF2 [24]. Some drugs are able to modulate
the expression levels of these proteins. Decitabine and 5-azacytidine trigger calcium-
calmodulin kinase (CamK) activity, leading to MeCP2 nuclear export, which induces the
epigenetic reactivation of some tumor suppressive genes in colorectal cancer [25]. Other
drugs, such as 5-azacytidine, doxorubicin, vorinostat, paclitaxel, or cisplatin, regulate the
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expression of different MBD proteins. MBD1 was upregulated after treatment with all
those drugs. Downregulation of MBD2 was observed after 5-azacytidine, doxorubicin, or
vorinostat treatment, MBD3 downregulation after vorinostat, and the inhibition of MBD4
varied in a time- and drug-dependent manner [26]. Another study reported the decrease
in ZBTB4 levels after roscovitine treatment [27]. Concerning UHRF1, its downregulation
enables the demethylation, and the subsequent reactivation, of some epigenetically silenced
tumor-suppressive genes [28]. Giovinazzo et al. reported the pharmacological inhibition
of UHRF1 by the anthracycline derivatives, idarubicin and mitoxantrone [29]. Therefore,
several drugs allow the negative modulation of these MBD proteins, implying a high
potential to be used as target therapies.

Aberrant DNA methylation has been associated with drug resistance, and as predictive
biomarker [30]. Also, inadequate methylation is associated to inflammatory diseases, pre-
malignant lesions and cancer led by chromatin instability [31]. Hypermethylation and
hypomethylation of DNA are usual phenomena in cancer; indeed, tumor-suppressive
genes are hypermethylated in cancer cells, while they remain hypomethylated in normal
cells [32]. Therefore, the demethylation of target genes could be a promising approach
in clinical practice. Physiologically, demethylation of DNA sequences is carried out by
the ten-eleven translocation (TET) proteins. The three mammalian TET proteins, called
TET1, TET2 and TET3, enable the oxidation of 5-methylcytosine (5mC) of nucleic acids, to
5-hydroxymethylcytosine (5hmC), 5-formylcytosine (5fC) or 5-carboxylcytosine (5caC) [33].
The mutation or inhibition of TET proteins is associated with aging and tumorigenesis [34].
Indeed, mutation in TET2 is frequently found in hematopoietic malignancies [35], and the
downregulation of TET proteins has been observed in several solid tumors, such as breast
cancer, gastric, glioblastoma, liver, lung, melanoma and prostate [34,36–38].

 
Figure 1. Schematic representation of the DNA methylation process. DNMTis inhibits DNA methylation by downregulation
of DNMTs. The action of DNA methylation inhibitors (DNMTs inhibitors and TET proteins) triggers a chromatin-remodeling
process and chromatin structure becomes transcriptionally accessible to RNA polymerase II, which will begin the transcrip-
tion process. DNMTis: DNA methyltransferases inhibitors. DNMTs: DNA methyltransferases. TET: ten-eleven translocation
proteins. RNAPII: RNA polymerase II. Me: methyl. Ac: acetyl.

7



Cancers 2021, 13, 3209

1.2. Histone Modification

Histone modification can take place in the following two locations: the flexible tails
of the nucleosomes and the internal sites in the core of the histone (Figure 2) [39]. The
residues most susceptible for modification are lysine and arginine residues, and hydroxyl
group-containing serine/threonine/tyrosine residues [40]. Histone modification includes
several reactions, such as the methylation and acetylation of lysine and arginine residues,
phosphorylation of threonine and serine residues, SUMOylation of lysine residues, isomer-
ization of proline residues, ADP-ribosylation, ubiquitylation, citrullination, deamination,
formylation, O-GlcNAcylation, propionylation, butyrylation and crotonylation [41]. His-
tone acetylation of lysine limits the interactions between the histones H3 and H4, and DNA;
while deacetylation leads to gene inactivation [42]. Acetylation is associated with active
transcription, and facilitates the recruitment of co-regulators and elements to promote
transcription. Modifications of histones are driven by protein effectors and are crucial in
the regulation of gene expression. HATs (histone acetyltransferases) are a group of effectors
that transfer the acetyl groups to lysine residues of histones [43]. Notably, aberrations in
the histone modification pattern may induce cancer [44]. For example, tumor cells present
a loss of Lys16 acetylation and Lys20 trimethylation of histone H4 at the early phase of
tumor initiation [45]. In contrast, histone deacetylases are another group of effectors that
remove the acetyl groups from acetyl-lysine residues, which allows DNA to wrap tightly
to histones [46]. Histone deacetylases (HDACs) have been recently reported as a target for
cancer therapy (Figure 2) [46]. HDAC1-11 and other histone deacetylases, termed sirtuins,
normally play a role as gene silencers [47]. Other effectors are histone demethylases that
remove methyl groups from lysine residues. The lysine-specific demethylase 1 (LSD1)
exhibits tumor-prone abilities in glioblastoma, and its inhibition sensitizes tumor cells to
vorinostat, increasing apoptosis [48]. Other histone demethylases, such as KDM4, produce
genome instability, while KDM6 is considered a tumor-suppressive factor [49].

On the other hand, readers of these modifications determine the functional outcome
of specific epigenetic change. Some of the proteins involved in the recognition of histone
modifications are BET (bromodomain and extraterminal domain-containing). This family
is composed of four proteins (BRD2, BRD3, BRD4 and BRDT), and plays important roles in
tumor development, since they also lead to transcriptional activity [50,51]. For this reason,
BET inhibitors have been evaluated as anti-tumor therapies, showing encouraging results
in several malignancies, without significant toxicities or adverse events (Figure 2) [51].
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Figure 2. Schematic representation of the main histone modification processes. Both acetylation and methylation positively
and negatively regulate gene transcription according to the methylated or acetylated residue (up). Several drugs have
been designed to allow chromatin remodeling by the inhibition of BET, HDAC or HMT proteins that condense chromatin
and hamper transcription (down). Histones acetylation and cytosines unmethylation will result in an open chromatin
structure and gene transcription is active. BET: bromodomain and extra-terminal motif (BET) proteins. HDAC: histone
deacetylases. HMT: histone methyltransferase. DNMTs: DNA methyltransferases. HAT: histone acetyltransferase. HDM:
histone demethylase.

1.3. Non-Coding RNA

This family includes several factors, but the most notable, in regards to cancer, are
small interfering RNA (siRNAs), microRNAs (miRNAs), PIWI-interacting RNA (piRNAs),
and long non-coding RNAs (lncRNAs) (Figure 3) [5].

The small interfering RNA (siRNA) transcripts are double-stranded RNA fragments,
about 21–25 base pairs long. The function of siRNA is thought to be related to erasing
viral double-stranded sequences to avoid infection. SiRNA is cleaved by Dicer from
long double-stranded RNA sequences [52]. The double-stranded siRNA is processed by
the RNA-induced silencing complex (RISC), to produce single-stranded siRNA [53]. This
strand is able to recognize the target mRNA. The perfect match induces mRNA degradation,
and a partial match results in translational repression [54].

MiRNA are the most known non-coding RNA and they are involved in several cell
functions. Several miRNAs are linked to cancer initiation and development. Furthermore,
miRNAs can be tumor-prone or tumor-suppressive factors [55]. MiRNAs are very similar
to siRNAs; however, miRNAs originate from double-stranded RNA hairpins, rather than
long double-stranded RNA that need additional manipulation by DROSHA [56].

P-element-induced wimpy testis (PIWI) proteins belong to the Argonaute (AGO)
family and were discovered in the germline [57]. They also bind a unique type of non-
coding small RNAs, called piRNAs (PIWI-interacting RNAs). This tandem, composed of
PIWI and piRNAs, constitute the piRNA-induced silencing complex (piRISC). PiRNAs
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are special mediators, because depending on the factors that modulate, some piRNAs are
considered oncogenic, while others are considered tumor-suppressive factors [58].

Long non-coding RNAs (lncRNAs) constitute a huge subgroup of ncRNAs, defined as
RNA transcripts, with more than 200 nucleotides [59]. LncRNAs play an important role in
the development of various cancers [60]. The lncRNA, HOTAIR, is closely related to epige-
netic modifications. The knockdown of HOTAIR activates transcription-reducing H3K27
trimethylation [61]. Moreover, HOTAIR is able to interact with lysine-specific histone
demethylase 1A (LSD1) [62]. Aberrant HOTAIR expression has been observed in several
tumors, and its positive expression has been associated with several hallmarks of cancer,
such as high cell proliferation, angiogenesis or drug resistance, by the direct regulation
of several downstream factors involving multiple signaling pathways [63–65]. Another
crucial lncRNA is MALAT-1 (metastasis-associated lung adenocarcinoma transcript-1),
which is aberrantly upregulated in multiple tumor types, and yields high proliferative and
metastatic profiles [66]. High expression of MALAT-1 has been associated with high-grade
and advanced-stage melanoma, glioma and lung cancers [67–69].

 

Figure 3. Schematic representation of non-coding RNA. LncRNA targets mRNA to inhibit translation or degrade mRNA
(left). PIWI proteins stabilize piRNAs and lead to post-translational control (middle). MiRNA are originated from double-
stranded RNA hairpins. The ribonuclease III enzyme, DROSHA, binds and cleaves hairpin structures in primary RNA
transcripts into precursor miRNAs. Once transported to cytoplasm, precursor miRNAs are processed by DICER into mature
miRNAs that regulate expression of mRNA (right). miRNA: microRNA. DICER: ribonuclease III enzyme. DROSHA:
ribonuclease III enzyme. RISC: RNA-induced silencing complex. piRNA: PIWI-interacting RNA.

The large amount of knowledge regarding epigenetic modifications has opened a
broad palette of treatment strategies for the most aggressive solid tumors in adulthood.
Thus, the objective of this review is to compile basic knowledge about epigenetic pathways
and treatments, and provide a rational for further clinical trials, based on the use of these
treatments in highly aggressive solid tumors.
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2. Epigenetic Modulation in Highly Aggressive Solid Tumors

The most commonly drugs used as hypomethylating agents are specific inhibitors
of DNA methyltransferase (DNMT), for example, azacitidine and decitabine (5-AZA-dC)
(Figure 1) [70]. These drugs lead to a reduction in whole DNA methylation status [71],
and damage DNA by inducing genomic instability that hampers DNA synthesis [72].
Trichostatin A (TSA) and vorinostat (SAHA) are the most used inhibitors for the class
I and II histone deacetylases (HDAC), demonstrating a broad spectrum of epigenetic
activities [73]. Sodium phenylbutyrate is also a histone deacetylase inhibitor that is under
investigation for its potential use in malignant brain tumors [74]. Although epigenetic drugs
have a great potential to improve patient prognosis, there are also important considerations
concerning global transcriptional effects. Epigenetic modifications by drugs may result
in an aberrant gene expression pattern, leading to a global transcriptional alteration that
will drive severe genome instability and cancer [75]. At the molecular level, several
studies have reported the upregulation of P21 after epigenetic treatment [76]. On the
other hand, since germ cells drive broad epigenetic reprogramming, these drugs could
influence histone modifications and alterations in the non-coding RNAs of sperm and
oocytes, which may influence progeny development [77]. Furthermore, these drugs have
been demonstrated to impair normal hematopoiesis. Indeed, some of the adverse events in
the clinical evaluation of epigenetic drugs are hematologic toxicity [76], as well as severe
cardiac toxicity, as previously reported with the administration of the histone deacetylase
inhibitor [78]. Nevertheless, these drugs exhibited promising results for cancer patients,
and due to the growing interest and hope in epigenetic modulation in the clinical practice,
we focus this review on different pathways and treatments for the most aggressive solid
tumors, specifically small-cell lung cancer, triple-negative breast cancer, pancreatic ductal
adenocarcinoma, glioblastoma, metastasic melanoma and ovarian cancer (Figure 4).

 

Figure 4. Summary of the most representative epigenetic modifications of most aggressive solid tumors observed in
adulthood. UV: ultraviolet. SCLC: small-cell lung cancer. PDAC: pancreatic ductal adenocarcinoma. AOC: advanced
ovarian cancer. TNBC: triple-negative breast cancer. GBM: glioblastoma.
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2.1. Epigenetic Modulation in Small-Cell Lung Cancer

Small-cell lung cancer (SCLC) incidence over time has decreased, reducing by 10–11%
in all the cases of lung cancer, which may reflect decreases in smoking habits and changes
in the type of cigarettes [79]. One of the causes that leads to a malignant phenotype in lung
cancer is the exposure to polycyclic aromatic hydrocarbons, such as benzo (a) pyrene. This
induces TRIM36 hypermethylation, and its subsequent inhibition is associated with the
acquisition of an aggressive phenotype [80]. SCLC is the highest aggressive subtype of
lung cancer, since tumor cells are highly proliferative, and they spread and metastasize
quickly throughout the body [81].

The methylation status of bronchial washings from different types of lung cancers pro-
vided a signature, based on four DNA methylated factors (P16, TERT, WT1, and RASSF1),
which could improve the efficiency of SCLC diagnosis when compared with cytologic
evaluation [82]. Another study found that SCLC frequently express thyroid transcription
factor 1 (TTF1) at high levels, due to hypomethylation of its promoter [83]. TTF1 overex-
pression has been reported to confer high tumor cell proliferation and survival [84]. Also,
the hypermethylation status in DCLK1, which has been associated to colorectal cancer and
cholangiocarcinoma, has been found in liquid biopsies in 75% of SCLC patients, and has
been associated with poor survival; therefore, this could represent a promising biomarker
for early diagnosis and disease prognostic for this cancer subtype [85]. Several other genes
have also been found methylated in SCLC, for example ITK, RUNX3, CTLA4, PLG, EMR3,
SLC22A18, TRIP6IL10, PECAM1, S100A2, MMP9, ERCC1, CSF3R and CAV1 [86].

In the treatment scenario, one study reported that 5-AZA-dC and the HDAC inhibitors,
LBH589 or MGCD0103, synergistically reduced proliferation in five out of nine SCLC cell
lines in vitro [87]. Interestingly, the authors observed higher expression of IFN-stimulated
genes in the resistant cell lines after treatment, which determine SCLC cell sensitivity to
epigenetic modulators [87]. Another study describes that TSA is able to induce an increase
in ABCB1, a protein that confers drug resistance to tumor cells [88]. In clinical trials, a
new epigenetic treatment, called RRx-001, is under investigation (NCT02489903; Table 1;
Figures 1 and 2). RRx-001 is an alkylating agent based on a dinitroazetidine derivative that
inhibits DNA methyltransferase (DNMT) and induces DNA damage via ATM/γ-H2AX,
and apoptosis by the activation of caspases [89]. This drug is being tested in platinum
refractory or resistant SCLC patients, with 3.8% complete responses and 23.1% partial
responses, which increased the overall survival OS [90].

The progress in the treatment of SCLC has been very limited in the last decade,
especially when compared to the numerous results that arise for NSCLC. Although the
FDA approved the use of immunotherapy anti-PD-L1 in combination with carboplatin
and etoposide as an induction therapy in extensive-stage SCLC, much remains to be
done to achieve a cure for SCLC patients. In fact, the combination of immunotherapy
plus chemotherapy has only represented an improvement in the overall survival of two
months [91]. Therefore, there is much left to be done, and, in this sense, drugs directed
against epigenetic targets may represent potential treatment approaches.

2.2. Epigenetic Modulation in Triple-Negative Breast Cancer

Triple-negative breast cancers (TNBC) comprise 7–14% of all breast cancers [92]. TNBC
is considered the most aggressive subtype due to the lack of expression of estrogen receptors
(ER), progesterone (PR), and HER2 receptors that make the currently used drugs ineffective.
One study reported a highly methylated promoter region in the ER gene [93]; thus, a
correlation has been suggested with the downregulation of ER expression levels in TNBC
patients and the absence of a response [94]. Histone H3 methylation and deacetylation lead
to a less compact chromatin structure, which facilitates DNA access to transcription protein
machineries. For example, one of the activated genes, due to histone modification in TNBC
that provides proliferative features, is NF-κB and its NF-κB-inducing kinase (NIK) [95].
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Table 1. Current clinical trials developed with epigenetic-based therapies in highly aggressive solid tumors in adulthood.

Identifier Disease Stage Design Drugs Administration
of ET

Epigenetic
Target Brief Status

NCT02847000 Pancreatic cancer Advanced

Early phase 1,
single-arm,
open-label,

proof-of-concept
clinical trial

Decitabine/tetra-
hydrouridine Orally DNMT

Drug combination of decitabine and
tetrahydrouridine in patients that have

progressed through one or more lines of
therapy. The most frequent adverse event

was anemia and decitabine exhibited a
limited systemic effect.

C

NCT01845805 Pancreatic cancer Resected

Phase II trial,
randomized, single
group assignment,

open label.

Oral azacitidine
(CC-486)/nanoparticle

albumin-bound
paclitaxel or
gemcitabine

Orally DNMT
Azacitidine (CC-486) until recurrence,
then first-line treatment: Abraxane or

gemcitabine.
R

NCT04257448 Pancreatic cancer Advanced

Open-label phase
I/II study,

non-randomized,
sequential

assignment, open
label

Romidepsin,
azacitidine,

nab-paclitaxel,
gemcitabine,
durvalumab,
lenalidomide

Subcutaneous HDAC and
DNMT

Azacitidine and/or romidepsin in
combination with

nab-paclitaxel/gemcitabine followed by
sequential immune targeting with
programmed death ligand (PD-L)1

blockade in combination with low-dose
lenalidomide.

R

NCT02489903

SCLC, NSCLC,
neuroendocrine

tumors and
ovarian epithelial

cancer

Platinum
refractory/resistant

Phase II study,
randomized, parallel

assignment, open
label

RRx-001, cisplatin,
etoposide, carboplatin,
irinotecan, vinorelbine,

Doxil, gemcitabine,
taxane, Paclitaxel,

nab-Paclitaxel,
pemetrexed

Intravenously DNMT

Participants with SCLC will receive one of
the following: RRx-001 followed by
platinum-doublet chemotherapy or

platinum-based chemotherapy alone.
Neuroendocrine, RRx-001 followed by

platinum-doublet chemotherapy. NSCLC,
RRx-001 followed by platinum-doublet

chemotherapy. Participants with platinum
refractory/resistant ovarian will receive

one of the following: RRx-001 followed by
platinum-doublet chemotherapy or

chemotherapy alone.

A

NCT03901469 Triple-negative
breast cancer

Without germline
mutations of

BRCA1 or BRCA2

Phase 2 study,
non-randomized,

single group
assignment, open

label

ZEN-3694, talazoparib Orally BET Triple-negative breast cancer without
germline mutations of BRCA1 or BRCA2 R
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Table 1. Cont.

Identifier Disease Stage Design Drugs Administration
of ET

Epigenetic
Target Brief Status

NCT01194908 Triple-negative
breast cancer Metastatic

Phase I/II trial,
single group

assignment, open
label

Decitabine,
panobinostat,

tamoxifen
Intravenously DNMT and

HDAC

ER is silenced by methyl and histone
groups. Reactivation of ER by

demethylating inhibitors (such as
decitabine) and histone deacetylase

inhibitors (such as panobinostat) can
remove these methyl and histone groups

and reactivate ER with tamoxifen.

T

NCT01700569 Grade IV astrocy-
toma/glioblastoma

Complete or
near-complete
resection with
unmethylated
MGMT gene

A phase-1
dose-escalation

study, single group
assignment, open

label,

Folinic acid
concomitantly with
temozolomide and

radiation

Orally DNMT

Temozolomide in combination with
radiation therapy induces MGMT. Then,

folinic Acid is able to lead MGMT
methylation.

R

NCT00925132 Metastatic
melanoma

Refractory/resistant
to any prior
treatment

Phase Ib/II trial with
dose escalation,

single group
assignment, open

label

Combination of
temozolomide,

decitabine,
panobinostat

Orally DNMT and
HDAC

The treatment combination is proposed to
unlock genes (Apaf-1) that may contribute
to mechanisms that cause tumor growth.

The triple agent was well tolerated.

T

NCT02816021 Metastatic
melanoma

Unresectable stage
III/IV metastatic

melanoma

Phase II
non-randomized,

open label

Oral azacitidine
(CC-486),

pembrolizumab
Orally DNMT

The goal of this clinical research study is to
learn if oral azacitidine (CC-486) and

pembrolizumab (MK-3475) can help to
control melanoma progression.

R

NCT01876641 Metastatic
melanoma

BRAF-mutated
tumors regardless
of prior treatment

Phase 1/2 trial,
single group

assignment, open
label

Vemurafenib,
cobimetinib,
Decitabine

Subcutaneous DNMT
Improve the low therapy response rate

with the combination of vemurafenib with
decitabine plus cobimetinib.

T

NCT03765229 Metastatic
melanoma

In non-Inflamed
stage III/IV

An exploratory,
open-label,

single-arm, phase II
study

Entinostat,
pembrolizumab or any

other PD-1/PD-L1
inhibitor

Orally HDAC

Induction of epigenetic changes in tumor
biology by entinostat to enhance treatment

response, progression-free survival and
incidence of adverse events.

R

NCT00715793 Metastatic
melanoma

Unresectable stage
IIIB/IV despite
prior therapies

Single-arm phase I/II
trial, single group
assignment, open

label

Decitabine,
temozolomide Intravenously DNMT

The combination of decitabine and
temozolomide may induce changes in

DNA to improve clinical response.
Determine the efficacy, safety and

tolerability of the combination decitabine
and temozolomide. This study obtained

18% ORR and 61% clinical benefit rate (CR
+ PR + SD)

C

14



Cancers 2021, 13, 3209

Table 1. Cont.

Identifier Disease Stage Design Drugs Administration
of ET

Epigenetic
Target Brief Status

NCT03903458 Metastatic
melanoma

Refractory, locally
advanced or
metastatic

Open label,
non-randomized,
phase IB, single

group assignment

Tinostamustine,
nivolumab N/A HDAC

To assess the safety, tolerability and
recommended dose of tinostamustine in

combination with nivolumab and
characterize potential predictive

biomarkers of the combination treatment.

R

NCT00404508 Ovarian cancer and
other solid tumors

Persistent or
progression to

first-line
platinum-based
chemotherapy

Randomized,
double-blind phase II

trial. Parallel
assignment

Topotecan,
hydralazine, valproate

Orally DNMT and
HDAC

Inhibitors of DNA methylation and
HDAC inhibition may synergize the

cytotoxicity of chemotherapy to improve
response, progression-free survival and
overall survival. A clinical benefit was
observed in 80% patients and the main

toxicity was hematologic.

C

NCT02159820 Ovarian cancer Previously
untreated

Open label,
randomized, phase II
to III, intergroup trial.
Parallel assignment

Decitabine, paclitaxel,
carboplatin Intravenously DNMT

Decitabine may trigger epigenetic
reprogramming of tumor cells and

possible immune cells could induce
pronounced long-term clinical effect by

chemosensitization and
immunopotentiation.

R

NCT02900560 Ovarian cancer Platinum-
resistant/refractory

Open-label,
non-randomized,

four-cohort phase II.
Parallel assignment

Pembrolizumab and
oral azacitidine

(CC-486)
Orally DNMT

Four cohorts of combined oral azacitidine
(CC-486) and intravenous pembrolizumab

to evaluate the safety and efficacy.
Mandatory tumor biopsies for DNA

methylation analysis.

A

Drugs in bold are the epigenetic-based therapies. N/A: not available. ET: epigenetic therapy. DNMT: DNA methyltransferases. HDAC: histone deacetylases. BET: bromodomain and extra-terminal motif
proteins. ORR: overall response rate. CR: complete response. PR: partial response. SD: stable disease. A: active, not recruiting. C: completed. R: recruiting. T: terminated.
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A high percentage of TNBC patients carry germline/somatic mutations or epigenetic
silencing in BRCA1, which implies a deficient DNA repair machinery. Genome-wide DNA
methylation analysis in TNBC supports that hypermethylation causes the downregulation
of PRSS8, VAMP8 and CLDN4 factors, which confer mesenchymal features [96]. One study
revealed a high incidence of BRCA1 methylation in a TNBC basal-like subtype. This finding
could imply resistance to PARP inhibitors for the treatment of BRCA-mutant basal-like
TNBC [97]. As most of the cases carry mutations in TP53, one study has demonstrated that
the use of zinc metallochaperones (ZMCs) is efficient to reactivate zinc-deficient mutant
TP53, by restoring its zinc binding. The use of ZMC1 with a mutation in TP53R175H restores
TP53 reactivation [98]. Another mechanism altered by epigenetic modifications in TNBC is
the epithelial-to-mesenchymal transition (EMT). The combination of the methyltransferase
inhibitor, SGI-110, with the histone deacetylase inhibitor, MS275, has shown a high anti-
tumor ability against TNBC, by epigenetically targeting EMT. Here, TNBC cells showed
a marked upregulation of the epithelial protein E-cadherin, and WNT inhibition, and
reduced nuclear translocation of EpCAM, which reversed the mesenchymal phenotype
after treatment [99]. CD24 overexpression is associated with histone acetylation and is an
independent poor prognostic factor in TNBC; importantly, CD24 may be a potential thera-
peutic target for this type of breast cancer [100]. Mutation analysis revealed that a novel
carbazole, SH-I-14, disrupted the STAT3 –DNMT1 interaction and led to the re-expression
of tumor-suppressive genes such PDLIM4 or VHL, through demethylation, and showed a
high anti-proliferative effect in TNBC models [100].

Concerning histone acetylation, one study showed high levels of H3K9 acetylation
in the TGFβR2 promoter in the TNBC cell line, MDA-MB-231. Moreover, the inhibition of
TGFβR2 decreased migration of the cell line [101]. Another factor, the enhancer of zeste
homolog 2 (EZH2), is a type of histone methyltransferase that is highly expressed in TNBCs,
and its expression implies shorter disease-free survival in TNBC patients [102]. EZH2
works together with HDACs to mediate transcription repression, by increasing histone
H3 Lys27 trimethylation (H3K27me3). One study reported that the inhibition of EZH2
increases H3 Lys27 acetylation, which promotes open chromatin transcription activation,
and induces apoptosis in TNBC, through the upregulation of B-cell lymphoma-2-like 11
(BIM) [103].

In respect to ncRNA, the presence of hypermethylation at miR-31 loci in TNBC has
been described. Moreover, miR-31 maps to the sequence of a novel long non-coding RNA,
LAOT554202 [104]. Both are downregulated in TNBC; however, epigenetic treatment was
shown to increase both miR-31 and LAOT554202 expression [104].

Also, the deregulation of some lncRNAs has been associated with the progression of
different breast tumors [105]. It has been described that high levels of MALAT1 have corre-
lated with tumor aggressiveness and poor survival of TNBC patients [106,107]. Another
lncRNA, HOTAIR, is commonly upregulated in TNBC and associated with the invasive
phenotype [108] and lymph node metastasis [109]. In contrast, GAS5 has a protective effect
against TNBC, and its overexpression suppressed tumor progression [110], and increased
sensitivity to paclitaxel and the subsequent apoptosis ratio [111]. A meta-analysis from
21 studies reported that patients with upregulation of HOTAIR and MALAT1, among
others, and downregulation of GAS5 and another three lncRNAs, presented poor survival
rates [112]. Another meta-analysis supported that the expression of some lncRNAs, such
as MALAT1 and HOTAIR, are associated with positive lymph nodes, while the expression
of GAS5 exhibited the opposite effect [113]. Although the FDA has approved epigenetic
agents to overcome chemoresistance, to reverse DNA methylation (e.g., 5-azacytidine), and
to reverse histone deacetylation (e.g., Trischostatin A and vorinostat (SAHA)), the efficacy
of 5-azacytidine has not been consistent in breast cancers. Currently, a new BET inhibitor,
ZEN-3694, is being tested in clinical trials because of its ability to prevent the interaction
between the BET proteins and acetylated histones (Figure 2). ZEN-3694 is being evaluated
in TNBC patients without germline mutations of BRCA1 or BRCA2 (NCT03901469; Table 1).
Another phase I/II clinical trial is based on the reactivation of ER by decitabine and the
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histone deacetylase inhibitor, LBH589, in order to enhance the subsequent tamoxifen
treatment (NCT01194908; Table 1).

Modification of the epigenetic machinery is a new tool for the treatment of TNBC,
especially BET inhibitors. These drugs have already shown positive effects in preclinical
models, and they have yet to be evaluated in clinical trials. These new drugs against epige-
netic targets have the potential to decrease tumor aggressiveness and increase sensitivity
to standard treatments. Maybe in the foreseeable future, these treatments will improve
patient prognosis.

2.3. Epigenetic Modulation in Pancreatic Ductal Adenocarcinoma

Pancreatic ductal adenocarcinoma (PDAC) shows the lowest five-year survival rate,
around 3%, and it is the fourth leading cause of cancer-related deaths in men and women [114].
It is often misdiagnosed and the symptoms are commonly treated by ambulatory care,
leading to a late diagnosis; thus, patients present metastatic disease in ~80% of cases at
diagnosis. Furthermore, it exhibits chemoresistance due to a complex link between the
tumor cells and their microenvironment [115]. In PDAC, most of the studies are centered
on mutations in SMAD4, TP53, KRAS or CDKN2A, which happen in more than 50%
of patients [116]. Furthermore, the mutation in MBD4 has been found in PDAC, with
microsatellite instability [117]. A recent study discovered mutations and genetic variants
in several epigenetic regulators, such as ARID1B, PBRM1, SMARCA2, KDM6A, ARID1A,
SMARCA4, and MLL2 [118]. In addition, PDAC has a broad epigenetic signature, which
activates oncogenes and inactivates tumor-suppressive genes [119]. Both high- and low-
grade PDAC exhibit specific epigenetic features associated with gene expression patterns.
In low-grade PDAC, a highly enhanced H3K4me3 domain has been found, while in high-
grade PDAC, a higher H3K4me1 signal was found [120]. Increased expression of DNMT1,
DNMT3A and DNMT3B has been detected in PDAC, which suggests direct involvement
in the epigenetic regulation of tumor progression [121]. In fact, hypermethylation has been
found in APC (47.9% of cases), BRCA1 (45.8%), P16/INK4a (35.4%), P15/INK4b (35.4%),
RARβ (35.4%), and P73 promoters (33.3%) in PDAC patients. Moreover, other genes
are methylated to impair several signaling pathways, such as TGF-β, WNT, integrin or
ROBO [122].

Concerning histone-modifying enzymes, aberrant HATs and HDACs have been found
in PDAC. One study, performed in PDAC-derived cell lines, showed an inhibition of the
expression of HAT, P300, and a secondary upregulation of several miRNAs [123]. The
supplementary missense mutation in P300 supports its role as a tumor-suppressive gene
in PDAC [124]. The aberrant expression of HDACs is frequently observed in PDACs. For
example, HDAC2 and HDAC7 expressions are increased in PDACs, especially in poorly
differentiated cases [125,126]. Also, the overexpression of HDAC7 clearly differentiates
PDAC from other benign pancreatic neoplasms. A study found that HDAC1 was overex-
pressed in 56% of PDAC and PanIN lesions [127]. Other studies suggest that RNF2 allows
ubiquitination of H2A and downregulation of RNF2, which inhibits tumor proliferation
in PDAC in vitro [128]. Histone acetyltransferase (HAT) inhibitors impact genome-wide
H3K27ac patterns of PDAC cells [120]. The HAT inhibitors ICG-001 and C646 also impair
gene expression and inhibit tumor growth in PDAC [129].

Concerning miRNA, one study with PDAC patients revealed a poor prognosis signa-
ture based on the deregulation of 64 miRNAs, and the upregulation of miR-21, miR-196a-2,
miR-203, miR-155, miR-210, and miR-222 [130]. Further studies confirmed a decreased ex-
pression of miR-132 in PDAC by promoter methylation [131]. Also, lncRNAs have appeared
as important regulators for PDAC tumorigenesis [132]. HOTAIR, HOTTIP, MALAT1, and
PVT1 are the most studied oncogenic lncRNA in PDAC [133], while LINC00673 and H19
are potential tumor suppressors [134,135]. PIWI-interacting RNAs (piRNAs) and their
association with the PIWI subfamily of Argonaute proteins are crucial in pancreatic cancer
progression. Indeed, PIWIL1 and PIWIL2 proteins are downregulated in PDAC, probably
due to CpG island methylation [136].
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The impact of bromodomain inhibitors has also been evaluated in PDAC. BRD4770 is
an inhibitor of G9a that induces PDAC autophagy [137]. Moreover, histone methylation
regulatory genes, such as KDM6A, are expressed and considered a new candidate in
PDAC tumorigenesis [118]. KDM6A is an H3K27me3 demethylase, which is necessary
for endoderm differentiation [138]. Another study reported that regions with loss of
KDM6A sensitize PDAC cells to bromodomain inhibitors [139]. Other factors have been
involved in the progression of PDAC. For example, EZH2 is an H3K27 methyltransferase
that has been shown to be overexpressed in PDAC cell lines and patients [140]. The high
expression of EZH2 is associated with an aggressive, poorly differentiated subgroup,
which shows a shorter survival of patients [141]. Treatments based on the EZH2 inhibitor,
DZNep, enhanced the effect of gemcitabine in tumor-derived cell lines and primary cultures
from PDAC [142]. Small-molecule inhibitors against EZH2, which are currently being
investigated as target therapies against PDAC, are as follows: EPZ-6438, GSK126, CPI-169
and UNC-1999 [143]. High expression of KDM2B is found in PDAC, and it associates with
KRASG12D to promote tumor initiation in in vivo models [144]. It has been reported that
histone H3 modification of the MUC2 promoter region regulates MUC2 gene expression,
and this expression could be positively modulated by treatment with trichostatin A (TSA)
and 5-aza [145]. Another significant treatment is based on the inhibition of telomerase,
through the following epigenetic mechanism: methyl-2-cyano-3,12-dioxooleana-1,9(11)-
dien-28-oate (CDDO-Me). This drug is able to decrease cell proliferation and induce
apoptosis in PDAC, through the inhibition of the DNA methyl transferases DNMT1 and
DNMT3a [146]. Another strategy with 5-aza-dC in combination with a MEK inhibitor
is able to induce cell cycle arrest [147]. Interleukin-13 receptor α2 (IL-13Rα2) is a tumor-
associated antigen and a potential target for cancer therapy. Indeed, histones at the IL-
13Rα2 promoter region are highly- acetylated; thus, treatment with HDAC inhibitors
enhanced the expression of IL-13Rα2 and allowed sensitization for a second treatment [148].

In clinical trials, a pilot study with relapsed patients (NCT02847000; Table 1) tested
decitabine in combination with tetrahydrouridine, a cytidine deaminase inhibitor, to avoid
catabolism of decitabine. In this study, investigators found scarce effect, due to the local and
systemic overexpression of cytidine deaminase in metastatic patients; the resectable patients
did not overexpress this protein. This suggested a need for even higher tetrahydrouridine
doses in advanced stages [149]. Another phase II trial with resectable PDAC is ongoing, to
improve survival with oral azacitidine (CC-486); it includes high-risk patients that have
positive lymph nodes, positive margins and/or elevated CA19-9 levels (NCT01845805;
Table 1; Figure 1). In another study, with advanced or metastatic PDAC patients, only
the patients treated with the combination of azacitidine plus nab-paclitaxel completed
the treatment [150]. Previously, other studies have set the bases for the use of romidepsin
with small-molecule inhibitors, to target both the MAPK and PI3K signaling pathways
to increase apoptosis in RAS-mutated tumors, such as PDAC [151]. Currently, a new
clinical trial against PDAC is active, to determine the safety and tolerability of azacitidine
and/or romidepsin, combined with nab-paclitaxel/gemcitabine, followed by anti-PD-
L1 and lenalidomide (NCT04257448; Table 1). Despite the vast epigenetic landscape of
PDAC, clinical and translational research is opening broad treatment perspectives with
hopeful results, which involve modulation of the immune response, or administration
of epigenetic therapies alone or in combination with standard chemotherapy, to improve
patients survival.

2.4. Epigenetic Modulation in Glioblastoma

Glioblastoma (GBM) is the most commonly diagnosed tumor in elderly Caucasian
men [152]. Unfortunately, there is no effective treatment for GBM and the standard treat-
ment for such brain tumors comprises surgical resection with concomitant chemoradiother-
apy with temozolomide, followed by adjuvant chemotherapy [153]. However, the main
handicaps achieving a successful recovery are tumor heterogeneity, chemoresistance of can-
cer stem cells, and diffusion of drugs through the blood–brain barrier. Based on molecular
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profiling, GBMs are classified into the following three major groups: (1) the 1p/19q co-
deletion status group, consisting of the IDH-mutant-1p/19q co-deletion status low-grade
group; (2) the G-CIMP-low group, including IDH-mutant non-co-deletion status with
low DNA methylation status; and (3) the G-CIMP-high group, including the IDH-mutant
non-co-deletion group with higher global levels of DNA methylation. IDH mutants lead to
major epigenetic changes, because they produce the onco-metabolite 2-hydroxyglutarate
that hampers iron-dependent hydroxylases, which includes the 5′-methylcytosine hydrox-
ylases belonging to the TET family [154]. Among these, the second group, G-CIMP-low,
has the worst prognosis [155].

MGMT (O-6-methylguanine DNA methyltransferase) hypermethylation predicts
BCNU (carmustine) and temozolomide response in gliomas [156,157]. Moreover, patients
with hypermethylation of MGMT showed longer overall survival than patients with-
out methylation (43 vs. 16 months, respectively), and a longer time to progress (36 vs.
11 months, respectively) [158]. Treatment with temozolomide combined with the HDAC
inhibitor suberoylanilide hydroxamic acid (SAHA) delayed temozolomide resistance when
compared with treatment with temozolomide alone, by MGMT overexpression [159]. Some
HDAC inhibitory prodrugs of butyric acid and valproic acid increased the antitumor
efficacy of doxorubicin, without cardiotoxicity, in mouse models of GBM (Figure 2) [160].

Recently, it has been described that a specific GBM subtype, with high levels of MGMT,
expresses methyl-CpG binding domain 3 (MBD3) protein, which targets CK1A. Therefore,
this subtype of patients may obtain benefit from CK1A activator pyrvinium pamoate (Pyr-
Pam), leading to MBD3 degradation [161]. The new histone deacetylase inhibitor CKD5 is a
derivative of 7-ureido-N-hydroxyheptanamide, and it revealed strong antitumor effects in
GBM, both in in vitro and in vivo models. The use of the demethylases KDM1 and KDM5A
was also evaluated as a potential therapeutic target [161]. A study demonstrated that the
inhibition of KDM1 and KDM5A showed a significant antitumor effect in wild-type and
temozolomide-resistant GBM cells [162]. Another study tested the multi-KDM inhibitor
JIB-04, which has strong anti-clonogenic activity in wild-type and temozolomide-resistant
GBM cell lines [163]. Another potent HDAC6 inhibitor, CAY-10603, is able to induce apop-
tosis in several GBM primary and stem cell-like cell lines [164]. Another study, with small
molecules such as EZH2 and HDACi, achieved proliferation arrest of GBM [165]. Treat-
ment with vorinostat (HDAC inhibitor) and tranylcypromine (histone lysine demethylase
KDM1A inhibitor) (Figure 2) decreased GBM stem cell proliferation and led to significant
tumor regression in mouse models [166]. Also, the use of bromodomain inhibitors have
risen in popularity, due to enhanced tumor lethality [167]. In fact, the BET inhibitor caused
downregulation of the lncRNA HOTAIR, which induced cell cycle arrest in GBM cells [168].
Several signaling pathways, such as WNT/β-catenin, mTOR, or P53-HIF, are found to be
activated in gliomas, due to the downregulation of several lncRNAs [63]. The inhibition of
HOTAIR leads to the increased expression of miR-326, which induces the expression of
FGF-1 [169]. Another lncRNA, MALAT1, which is upregulated in temozolomide-resistant
GBM, has been seen to promote miR-101, miR-203 and thymidylate synthase expression
when downregulated [170,171].

Concerning clinical trials, the use of temsirolimus has obtained interesting improve-
ment in 36% of treated patients; furthermore, the treatment achieved a significantly longer
time to progress [172]. In contrast, panobinostat administration with bevacizumab did not
show any significant improvement in progression-free survival compared to bevacizumab
alone [173]. A phase I/II trial with a histone deacetylase inhibitor, romidepsin, found this
drug to be inefficient for patients with recurrent GBM [174]. Currently, a phase I clinical
trial is ongoing, to test whether folic acid is able to lead to MGMT methylation and improve
temozolomide plus radiation treatment in grade IV tumors (NCT01700569; Table 1). This
trial was based on the fact that folate could induce DNA methylation and increase the
sensitivity to temozolomide in in vivo models [175].

In conclusion, although molecular diagnosis has brought new options to identify and
treat patients, therapeutic options remain without any significant changes. Currently, the
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best standard treatment is the maximum safe resection, followed by chemoradiation and
adjuvant chemotherapy. We hope that new clinical trials with epigenetic target therapies
could improve the responses to conventional treatments.

2.5. Epigenetic Modulation in Metastatic Melanoma

The main issue with metastatic melanoma lies in its chemoresistance. Currently, the
new immunecheckpoint inhibitors against CTLA-4, PD-1 or PD-L1 have improved pa-
tient outcome. However, secondary genomic aberrations make tumor cells acquire rapid
resistance to these therapies [176]. One of the risk factors associated with melanoma is
UV radiation; this is due to changes in DNA methyltransferase and in histone acetylation,
which leads to silencing of tumor-suppressive genes. In contrast, some dietary consumption
of green tea and proanthocyanidins from grape seeds has the ability to block UV-induced
epigenetic modification in the skin of CIP1/P21 or P16/INK4a [177]. The epigenetic modifi-
cations of melanoma are well defined; in fact, malignant transformation of peritumoral skin
is due to epigenetic changes [178]. CC chemokine receptor 7 (CCR7) and CXC chemokine
receptor 4 (CXCR4) are epigenetically upregulated in melanoma cells, and have the ability
to induce metastasis of melanoma [179]. The following four tumor-suppressive genes
are frequently hypermethylated in advanced melanoma: death-associated protein kinase
(DAPK), O6-methylguanine DNA methyl-transferase (MGMT), RAS association domain
family protein 1A (RASSF1A), and retinoic acid receptor-β2 (RAR-β2). The hypermethyla-
tion of DAPK, MGMT and RASSF1A is significantly lower in the early stages than in the
advanced stages, whereas the incidence of hypermethylation of RAR-β2 is highly similar
in the early and advanced stages [180]. The HDAC inhibitor dacinostat (LAQ824) is able
to restore retinoid sensitivity by reverting RAR-β2 methylation in melanoma cells, and it
achieved the highest benefits in combination with retinoids [181]. Also, TET proteins have
been reported to play a crucial role in melanoma, since their ectopic expression of TET2
eradicates tumor proliferation and increases survival in vivo [37]. It has been described that
the loss of histone acetylation and H3K4 (histone H3 Lysine 4) methylation in BRAFV600E
and PTEN promote malignant transformation of melanocytes [182]. EZH2 is another factor
expressed in metastatic melanoma; its depletion has been shown to restore P21/CDKN1A
expression and arrest cell proliferation [183].

Concerning ncRNA, several studies have reported the importance of miRNA regu-
lation in melanoma. For example, miRNA-125b is involved in the regulation of vitamin
D receptor (VDR), and in the resistance of 1,25-dihydroxyvitamin D3, a potential therapy
for metastatic melanoma [184]. Moreover, the expression of other miRNAs, from a large
cluster of parentally imprinted regions located on chromosome 14q32, is significantly
downregulated in melanoma, by epigenetic modulation. Interestingly, this miRNA cluster
can be re-expressed with a combination of demethylating agents and histone deacetylase
inhibitors. In this region, re-expression of mir-376a and mir-376c delayed cell growth and
migration; moreover, one of the targets of both miRNAs is IGF1R, which is a tumor-prone
factor in melanoma [185].

Since the largest clinical issue in the treatment of advanced melanoma patients is
chemoresistance, the effort of researchers is centered around the discovery of a new treat-
ment method to improve drug sensitivity. Interleukin-2 has exhibited potent antitumor
activity in the fight against melanoma; nevertheless, its high toxicity has limited its use [186].
Treatment with SAHA is able to induce H3 and H4 hyperacetylation of P14/ARF promoter,
and upregulate its expression [187]. Treatment with 5-aza-dC prevents the induction of
DNMT1 and DNMT3b at the P16/INK4A promoter, leading to its subsequent activa-
tion [187]. Another treatment evaluated is allyl isothiocyanate (AITC), which has been
reported to reduce cell proliferation and decrease the activation of HDACs, HATs, and
other histone methyl transferases (HMTs). This approach is a very promising epigenetic
therapy for advanced melanoma [188]. Some isothiocyanates, such as sulforaphane and
iberin, could act over the epigenetic modulation of melanomas, and are currently under
investigation [189]. Immune checkpoint-based therapy has improved patient lifespan from

20



Cancers 2021, 13, 3209

nine months to 2 years [190]. Perhaps, in the near future, the combination of anti-CTLA4
or anti-PD1 immune checkpoint inhibitors and epigenetic therapy could suppress the
chemoresistance of metastatic melanoma [191].

Clinical trials with epigenetic therapy in metastatic melanoma have been mostly
based on decitabine and other epigenetic modulating drugs, such as histone deacetylase
inhibitors. A phase I clinical trial has explored the safety and tolerability of two epige-
netic drugs, decitabine and panobinostat (a histone deacetylase inhibitor), in combination
with temozolomide, to overcome chemoresistance in advanced melanoma (NCT00925132;
Table 1). However, in this study, most of the patients exhibited disease progression [192].
Another clinical trial is testing the efficacy of oral azacitidine (CC-486) combined with pem-
brolizumab (NCT02816021; Table 1; Figure 1). Here, PD-1-naïve patients achieved a partial
response (55% ORR), and accrual to this arm A continues; however, none of the patients
with progression on prior PD-1 therapy, in arm B, have responded [193]. Other investiga-
tors have tested whether the action of vemurafenib (BRAF inhibitor) is more effective in
combination with decitabine in low doses (NCT01876641; Table 1). Although the trial was
terminated, due to a loss of funding, 3/14 patients achieved a complete response, 3/14
had a partial response, and 5/14 had stable disease. Moreover, its preclinical assessment
demonstrated effectiveness of the combination, and a high potential in delaying chemore-
sistance [194]. Another clinical trial, performed in non-inflamed stage III/IV melanoma,
is recruiting patients (NCT03765229; Table 1), and its clinical rationale is based on the
induction of PD-L1 expression by the action of entinostat (HDAC inhibitor; Figure 2) [195].
The addition of anti-PD-1/anti-PD-L1 checkpoint inhibitors to HDAC inhibitors has been
demonstrated to enhance the antitumor effect when compared to monotherapy, both in in
vitro and in vivo models [196,197]. Another phase I clinical trial has evaluated the safety
and efficacy of decitabine in combination with temozolomide (NCT00715793; Table 1).
Here, there were 2/35 complete responses (CR), 4/35 partial responses (PR), 14/35 sta-
ble diseases (SD), 13/35 progressive diseases (PD), and the median overall survival was
12.4 months [198]. Another drug combination under investigation is tinostamustine with
the anti-PD-L1 antibody nivolumab (NCT03903458; Table 1). Tinostamustine is an alkylat-
ing histone deacetylase inhibitor (HDACi), which resulted from the fusion of the alkylating
agent bendamustine to the pan-HDACi vorinostat (Figure 2). This combination is expected
to enhance the antineoplastic effect in refractory, locally advanced, or metastatic melanoma
patients [199]. Also, the alkylating agent dacarbazine is the only drug approved by the
Food and Drug Administration (FDA) as a therapy for advanced melanoma, with response
rates between 7 and 13% [200].

Epigenetic therapies allow the reversibility of epigenetic modifications and are draw-
ing attention to metastatic melanoma research, to prevent or delay the emergence of resis-
tance to current standard treatments. Therefore, new discoveries in epigenetic therapies
are expected to be evaluated in further clinical trials.

2.6. Epigenetic Modulation in Ovarian Cancer

Aggressive ovarian tumors (AOT) are the gynecological cancers with the highest
mortality rate, probably because most AOT patients present advanced stages at diagnosis
(stage III or IV), due to the lack of symptoms or unavailable specific screening biomark-
ers [201]. While response in the early stages is frequently acceptable, advanced tumors
present a short progression driven by chemoresistance. Some translational research has
shown that epigenetic aberrations are quite important in tumor initiation and develop-
ment [202]. For example, the expression of HDAC2 hampers the DNA damage responses
induced by platinum compounds, and contributes to the pathogenesis and chemoresis-
tance of AOT [203]. In addition, the inhibition of H4K16 acetylation has been observed
in AOT [204]. Further, hMOF, a member of the HATs family that acetylates H4K16, could
also serve as an epigenetic biomarker for the diagnosis of malignant AOT, since patients
with high expression levels of hMOF present improved survival when compared to those
with low hMOF levels [205]. The presence of class I HDACs are able to induce the pro-
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gression of AOT, and high expression of class I HDACs has also been detected in AOT
patient samples. Furthermore, the expression of class I HDAC proteins has been consid-
ered a poor prognostic biomarker in AOT [206]. Cacan et al. have demonstrated that the
downregulation of RGS2, an inhibitor of G-protein-coupled receptor proteins (GPCRs),
confers chemoresistance of AOT cells, which is in part due to the repression of the promoter
region of RGS2 by class I HDACs [207]. Also, chemoresistance to platinum-based drugs
has been associated with SIRT1 upregulation through the BRCA1–SIRT1–EGFR axis [208].
SIRT1 upregulation correlates to TP53 inactivation by deacetylation [209]. SIRT3, in con-
trast, inhibits AOT cell migration via TWIST downregulation [210]. Other factors, such
as EZH2, are overexpressed and have a direct positive correlation with AOT histological
grade and tumor stage [211]. Further, 3-deazaneplanocin A (DZNEP) is a target for EZH2,
with a promising anticancer efficacy against AOT [211]. Another EZH2 inhibitor, GSK126
(Figure 2), has demonstrated a better response in ARID1A-mutated patients [212]. Another
study has associated LSD1 overexpression with AOT [213], and the combination of LSD1
with sodium butyrate increases most of the hallmarks of AOT [214,215]. Other factors, such
as KDM3A, are crucial for AOT progression, undifferentiation, and platinum resistance,
and have been identified as a potential target for AOT [216].

It is known that cancer modifies the microenvironment to inhibit the immune system.
In this context, the overexpression of HLA-class I and II has been associated to AOT [217].
Epigenetically silenced hMLH1, together with cisplatin, could be an effective treatment,
alongside decitabine and other HDAC inhibitors, such as belinostat (Figure 2), against
AOT [218]. Chemoresistant tumor cells have inhibited the expression of OX-40L and 4-
1BBL, two stimulator receptors of the immune system, with the concomitant overexpression
of the immunosuppressive factor PD-L1 [219]. Indeed, HDAC1 and HDAC3 showed a
strong association with OX-40L and 4-1BBL promoters, which contributes to OX-40L and
4-1BBL repression [219].

The inhibition of histone acetyltransferase is a new approach for the treatment of
malignant AOT and its chemoresistance. The following three HDAC inhibitors have been
approved by the FDA: romidepsin, panobinostat, and vorinostat (Figure 2). Trichostatin A
(TSA), which exhibits a significant inhibition of class I and II HDACs, is able to activate
P73 and trigger apoptosis in AOT cells [220]. Another study evaluated belinostat with
carboplatin in platinum refractory AOT patients. However, the lack of drug activity
concluded in the termination of the study [221]. Other authors initiated a phase Ib/II
trial with recurrent AOT patients, to evaluate the clinical benefit of paclitaxel, carboplatin
and belinostat [222]. Here, 3/35 patients presented a complete response, while 12/35
exhibited a partial response, with an ORR of 43%. It is remarkable that the median overall
survival was not reached; thus, the results showed that paclitaxel + carboplatin + belinostat
regimen demonstrated a clinical benefit. In a phase II study, vorinostat was evaluated for
the treatment of recurrent AOT; however, vorinostat exhibited minimal activity as a single
agent [223]. Another phase II trial evaluated the effect of hydralazine and magnesium
valproate (NCT00404508; Table 1; Figures 1 and 2). The clinical benefit with these epigenetic
agents was observed in 80% of patients, which supported their use as epigenetic therapy
to overcome chemoresistance in recurrent patients [224]. Another study tested decitabine
as an epigenetic chemosensitizer to carboplatin plus a paclitaxel regimen (NCT02159820;
Table 1). The study is supported by the fact that 5-aza-dC treatment is able to restore
P27 expression and increases the sensitivity of tumor cells to cisplatin [225]. Another
study aims to determine the optimal dose of oral azacitidine (CC-486) in combination with
pembrolizumab, for the treatment of platinum-resistant or refractory AOT (NCT02900560;
Table 1; Figure 1).

AOC is strongly influenced by epigenetic changes that affected DNA methylation
and histone modifications. The first attempts to modify the epigenetic of AOC with drugs
have achieved low response rates as single agents; thus, their combination with targeted
therapies, based on the mutational burden of tumors, must be evaluated.
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3. Conclusions

In the clinic, patients with highly aggressive tumors are presented with different
prognoses, despite having a similar stage and grade of cancer. These observations could be
explained by the tumor heterogeneity that is characterized by several epigenetic modifica-
tion profiles [226]. Firstly, we must highlight several oncogenic point mutations associated
with epigenetic regulators, such as IDH1/2, EZH2 or DNMT3A. Moreover, not all mutations
are tumor-prone, and we must consider tumor-suppressive factors such as KDM6A and
CREBBP/P300 [227]. Finally, another important element is when DNA epigenetic modifi-
cations emerge with histone modifications, to inactivate the action of tumor-suppressive
factors [228]. All these actions are crucial in the regulation of tumor initiation and develop-
ment. Overall, these alterations could serve as molecular biomarkers to stratify high-risk
patients into different groups and provide the best treatment strategy in each case. We are
confident that all the positive results, obtained in hematopoietic malignancies in preclinical
studies, provide a strong rationale for further trials in highly aggressive solid tumors, to
improve patient survival and prevent chemoresistance. Most of the clinical trials with epi-
genetic drugs are in combination with standard chemotherapies; however, further research
is needed with the combination of epigenetic drugs and targeted therapies.
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Simple Summary: The indispensible role of mitochondria has been described over a century ago
by Otto Warburg which has been serving the fields of cell biology and cancer biology immensely.
Mitochondria are the principal site for vital mechanisms which vastly dictate the physiology. The
intricacy of mitochondria’s role cancer have been noticed and well addressed in recent times. The
underlying mechanisms are surfacing to unveil the nature of mitochondria and its participation in
tumor cell motility and metastasis. This addressing may unravel novel therapeutic options. This
review summarizes and reweighs the key aspects like underlying and emerging mechanisms which
might be useful in designing novel chemotherapy.

Abstract: The Warburg effect has immensely succored the study of cancer biology, especially in
highlighting the role of mitochondria in cancer stemness and their benefaction to the malignancy of
oxidative and glycolytic cancer cells. Mitochondrial genetics have represented a focal point in cancer
therapeutics due to the involvement of mitochondria in programmed cell death. The mitochondrion
has been well established as a switch in cell death decisions. The mitochondrion’s instrumental role
in central bioenergetics, calcium homeostasis, and translational regulation has earned it its fame in
metastatic dissemination in cancer cells. Here, we revisit and review mechanisms through which
mitochondria influence oncogenesis and metastasis by underscoring the oncogenic mitochondrion
that is capable of transferring malignant capacities to recipient cells.

Keywords: mitochondria; metastasis; OXPHOS; cancer; Warburg effect; cancer therapeutics

1. Good and Bad Mitochondria

Tumor cell metabolic reprogramming dictates the difference between normal and tu-
mor cells. Mitochondria play a major role in metabolic reprogramming:It has been shown
that tumor mitochondria not only change their structure but also decrease the potential
of oxidative phosphorylation (OXPHOS) and apoptosis [1]. Considering the countless
functions of mitochondria, including in the tricarboxylic acid (TCA) cycle, OXPHOS, etc., it
is no surprise that mitochondria are directly involved in cancer progression (Figure 1) [2].
Metastasis is a hallmark of cancer and includes several steps: detachment of local tumors,
intra-invasion, circulation in the blood, extra-invasion, and colonization in the secondary
sites for survival. In all the above stages, mitochondrial metabolism is tuned for tumor cell
adaptation to facilitate metastasis [3]. In addition, several postulations have been proposed
on the vital role of mitochondria in metastasis, where mitochondria help overcome pertur-
bations in metastasis environments. mtDNA single nucleotide polymorphisms (SNPs) and
a few mutations might lead to distinctions in metastatic susceptibilities in cancer histotypes
or patient groups. Many studies have revealed that mitochondria are involved in a chain of
events including modulation of the the microenvironment, motility and invasion, plasticity,
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and consolidation [4]. Therefore, in the current review, we consolidated the essential con-
tributing factors of mitochondria in cancer progression and, specifically, metastasis. We also
discuss several questions that address the underlying mechanisms of context-dependent
contributions of mitochondria in metastasis.
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Figure 1. Epithelial–mesenchymal transition (EMT) by mitochondria.TCA: tricarboxylic acid; OXPHOS: oxidative phospho-
rylation. Mitochondrial metabolites are accumulated upon mutation of the indicated TCA cycle enzymes which activates
the EMT. In cancer cells, the TCA cycle not only serve to produce reducing equivalents to fuel the electron transport chain,
but also to generate biosynthetic intermediates that are necessary for cell proliferation and migration.

2. Can Mitochondrial Dynamics Dictate Cancer Spread?

The balance of mitochondrial fusion and fission is necessary for the regulation of
various processes, including the quality of mitochondria, cell metabolism, cell death,
proliferation, and cell migration, and is maintained by numerous mitochondrial-shaping
proteins. Negative modulations or malfunctions in these processes resulting in changes
in mitochondrial dynamics lead to diseases like cancer [5]. Mitochondrial dynamics
are correlated with various diverse disease pathologies. For instance, a high nutrient-
deprived state triggers mitochondrial fission and hence results in programmed cell death.
A significant number of proteins such as the GTPases (Mfn1, Mfn2, Opa1, and Drp1) have
strong regulatory effects in balancing mitochondrial fusion and fission. Any perturbations
or failure in managing the correct dynamic state leads to cancer [6]. It is noteworthy
that mitochondrial dynamics have a deep role in cancer cell migration (Figure 2). The
discovery of susceptibility to cancer associated with altered or modulated mitochondrial
dynamics could result in new targeted therapies. Some of these altered dynamics, such as
mitochondrial fission, are discussed in this review.

Mitochondrial dynamics also massively impact apoptosis. Studies have correlated
them to dynamic homeostasis and tumor growth. Strikingly, signaling downstream of
mutant KRAS in pancreatic cancers leads to mitochondrial fragmentation and increased
activation of Drp1, processes that are required for KRAS-driven tumor growth in vivo.
In addition, recent studies also suggest that mitochondrial dynamics are important for
regulating metastatic phenotypes such as invasion and migration in breast and thyroid
cancers [7].

Examples of high-to-low expressions of Drp1 and Mfn1 have been implicated in
metastatic breast cancer [8]. Moreover, Drp1 is regarded as crucial for apoptosis due to its
informed role in releasing cytochrome-c. The Drp1/Mfn1 expression ratio correlates to
aggressive cancers and cell proliferation. The Drp1/Mfn1 expression ratio was found to be
increased in hepatocellular carcinoma (HCC) tissues and associated with poor prognosis.
Escalated mitochondrial fission mediated by imbalanced reactive oxygen species (ROS)
production was found to be the primary reason for the pro-survival ability of the HCC cells
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under both in vitro and in vivo conditions [9]. High Drp1 expression was also observed in
ovarian cancers where Drp1 was found coexisting with cell cycle-related genes, thereby
facilitating cancer cell proliferation [10]. Mitochondrial fission also aided in cisplatin resis-
tance in ovarian cancers [11]. Drp1 inhibitors like Driptor1 were employed against breast
cancer cells, which show not only that the mitochondrial dynamics-mediated pathway is
useful in designing anti-cancer therapy [12] but also that mitochondrial fission facilitates
the survival, apoptosis, and drug resistance of breast cancer cells [13].
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Figure 2. The differential role of mitochondrial dynamics in normal and cancer cells.OXPHOS: oxidative phosphorylation;
ATP: adenosine tri phosphate; mROS: mitochondrial reactive oxygen species. The morphology and physiology of the
mitochondria and its healthy functioning is governed by fission proteins. Mitochondria fission promotes glycolysis,
mitophagy, and apoptosis and is also necessary for cell division. In contrast, mitochondria fusion promotes ATP and
ROS production via OXPHOS. In normal cells (left area of the figure), mitochondria fusion and fission are well-balanced,
which results in healthy homeostasis. Whereas in cancer cells, an imbalance of the fusion and fission is favored to drive
proliferation, metastasis, and the maintenance of cancer stem cell phenotypes.

Mammalian target of rapamycin complex 1 (mTORC1), which is a trigger factor in can-
cers, stimulates translation of mitochondrial fission process 1 (MTFP1), which is coupled to
pro-fission phosphorylation and mitochondrial recruitment of DRP1 in melanoma cells [14].
This shows that DRP1 couples with pro-cancer pathways. Other very recent evidence of
mitochondrial dynamics and their role in cancer promotion was recorded in a study where
Drp1 increased prostate cancer cell survival under metabolic stress conditions [15]. Further,
knock down of Nestin, which is one of the classic markers in gastrointestinal cancers,
downregulated recruitment of Drp1 to mitochondria in gastrointestinal stromal tumor
cells [16]. To support this, another novel study consisting of Paris Saponin II (PSII), a major
steroidal saponin extracted from Rhizoma Paris polyphylla, was employed against Drp1,
which aided the modulation of Drp1-mediated mitochondrial fission [17]. The PSII in [17]
surprisingly downsized the xenograft tumor size and impeded the phosphorylation of
ERK1/2 and Drp1 at Ser616. Mitochondrial dynamics also enormously influence survival
and stemness maintenance of cancer stem cells (CSCs), which are responsible for tumor
recurrence and other malignant traits. Blockade of fission debilitated the self-renewal
capacity of CSCs and led to CSC exhaustion. In addition, the reliability and functionality
of T cells in the cancer microenvironment depend vastly on the mitochondrial dynamics
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balance, which hints at the essentiality and usefulness of targeting mitochondrial dynamics
in anti-cancer treatment [18].

3. Mitochondria’s Vital Role in Numerous Cancers

Mitochondria have been well-known as crucial factors in various characteristics of
cancer biology, including cancer development, metastasis, and drug resistance [19,20]. The
alteration of mitochondria dynamics can affect the regulation of cancer cells. Mitochon-
dria duties in dynamic networks include changes in size and distribution of sub-cellular
components, and these dynamics are maintained by two main opposing processes: fission
and fusion [21], regulated by dynamin-related protein 1 (Drp1) and mitofusins (Mfns) [22],
respectively. Unbalanced mitochondrial fission or fusion dysregulates the cellular pro-
cesses that contribute to tumorigenesis [23,24]. In breast cancer, increased mitochondrial
fragmentation intensifies the capabilities of breast cancer cells to metastasize by activating
Drp1 or silencing Mfns [8].The imbalance of Drp1/Mfn expression has also been found to
cause additional mitochondrial fission and impaired mitochondrial fusion inhuman lung
cancer cell lines, which is a key process for cell cycle progression [25].In addition, cancer
cells are involved in the mitochondrial respiration chain to gain an obvious increase in ATP
production [26]. Cancer cells generate invasion or metastasis by utilizing energy, powered
through the transcription co-activator, PGC-1α, to promote OXPHOS, mitochondrial bio-
genesis, and oxygen consumption rate [27]. The association between PGC-1α expression
in the invasion and metastasis of human invasive breast cancer was found in previous
study [27]. Furthermore, the dysregulation of mitochondrial respiratory chains prompts
ROS-induced integrin β5 expression and results in an increase in tumor cell invasion and
metastasis in gastric cancer cells [28]. In addition, mitochondrial respiratory chain com-
plexes are involved in cell apoptosis processes, in particular, complexes I and III are key
regulators of cell apoptosis and major sources of ROS generation [29]. In most aggressive
breast cancer, the most remarkable activity of complexes is observed. ROS-associated sig-
naling pathways can be a potential suppressor for the tumor treatment target. On the other
hand, mitochondrial dysfunction is identified as being associated with cancer progression.
mtDNA mutations have been frequently encountered in cancer cells. Mitochondrial fusion
activity is essential for mtDNA maintenance, a loss of mtDNA has been correlated with
the drug resistance of anti-estrogen therapy in breast cancer [30]. Moreover, the mutation
of mtDNA is one of the key factors that stimulate mitochondrial-mediated metastasis.
For instance, mutated ROS-generating mtDNA promotes invasion and metastasis in lung
cancer cells and breast cancer cells [31,32]. In addition, declined OXPHOS gene expression
was found to result in metastasis in cancer cell lines and in metastatic melanoma in renal
cancer specimens [33].

Other aspects to be considered are cross-links with mitochondrial dysfunction and
promotion of tumor cells metastasis. Epithelial–mesenchymal transition (EMT) enables can-
cer cells to obtain the migration abilities to move out of the primary tumor and translocate
to new target organs [34,35]. EMT transfers the epithelial cell to mesenchymal phenotypes
in many epithelial tumor cells that are affected by mitochondrial dysfunction [33]. Mi-
tochondrial dysfunction initiates EMT via EMT signaling pathways. TGF-β is known
as a key growth factor controlling EMT progression through TGF-β/SMAD/SNAIL,
phosphatidylinositol-3-kinase (PI3K)/AKT signaling pathways [36]. TGF-β phospho-
rylates TGF-β receptor-regulated Smad2 and Smad3, then upregulates the expression of
their downstream gene, Snail-1, which is a positive regulator of EMT and metastasis [36].
Activated PI3K/AKT signaling can also upregulate the intracellular expression of Snail,
thereby inducing the EMT [37]. The depleted mtDNA induces mitochondrial dysfunction
and further triggers EMT induction, the prostate and breast adenocarcinoma cells show
mesenchymal phenotypes with TGF-β overexpression [38].Moreover, in hepatocellular
carcinoma cells, mtDNA depletion induces EMT via TGF-β/SMAD/SNAIL signaling [39].
In the tumor microenvironment, the hypoxia-induced accumulation of HIF-1 alpha ac-
tivates the expression of TWIST which ultimately induces EMT [40]. The co-expression
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of HIF-1 alpha, TWIST, and Snail in primary tumors of head and neck cancer patients
correlates with the poorest prognosis [41]. mtDNA depletion also can induce mitochondrial
dysfunction and promotes EMT induction via mitochondrial reversed signaling. Mito-
chondrial reversed signaling triggers transcriptional activation of EMT signaling pathways,
such as SNAIL, TWIST, and mesenchymal markers, such as vimentin, N-cadherin, with a
corresponding loss of epithelial marker E-cadherin [42]. mtDNA-depletioncan also cause
a loss of mesenchymal phenotypes of ESPR, such as ESPR1 in breast cells and expressed
stem-cell phenotypes, suggesting a generation of cancer stem cells [42]. On the other
hand, mutated mitochondrial metabolic enzymes are closely correlated with EMT-induced
metastasis, which contributes to the initiation of oncogenic signaling cascades in can-
cers [43,44]. Another link with mitochondria in cancer cell metastasis is epidermal growth
factor receptor (EGFR). EGFR was found intensively expressed in the mitochondria of
highly invasive non-small cell lung cancer (NSCLC) cells [45]. EGF is a growth factor
that initiates the EMT by activating the RAS/RAF/MEK/ERK MAPK signaling cascade.
The activated ERK1/2-MAPK induces EMT, promoting the regulation of cell motility and
invasion [46]. EGF initiates cancer cell invasion by regulating mitochondrial functions.
EGF activates the mitochondrial translocation of EGFR, mitochondrial fission, and redistri-
bution, upregulates cellular ATP production, and enhances cancer cell motility in vitro and
in vivo. Furthermore, EGFR can regulate mitochondrial dynamics by interchanging with
Mfn1 and disturbing Mfn1 polymerization, therefore, overexpression of Mfn1 reverses
the phenotypes resulting from EGFR mitochondrial translocation to induce mitochondrial
fragmentation [45].

4. Multiple Mechanisms of Metastasis by Mitochondria

Deciphering the mechanisms of metastasis involving mitochondria is extremely im-
portant in establishing therapeutics. The tumor microenvironment plays a prominent
role in the progression of cancer, and it has a similar role in cancer chemoresistance via
a mechanism called mitochondrial transfer, which broadly favors further invasion and
metastasis. Mitochondrial transfer occurs in cells that fail to perform aerobic respiration
due to mtDNA malfunction [47]. On the other hand, a horizontal mitochondrial transfer is
also associated with chemoresistance. In the tumor microenvironment, horizontal transfer
is regarded as lethal, since the transfer of mtDNA from the host cell to the cancer cell leads
to escalated tumor-initiation ability because the cancer cells possess reduced respiratory
function, and horizontal transfer in such instances improves the aggressiveness of cancer
cells. Studies have exhibited that mtDNA transfer protects the cells from chemotherapeutic
drugs. In a study involving acute myelogenous leukemia (AML), cells took up functional
mitochondria from the bone marrow-derived stromal cells, which lead to protection of
the cells from the drug effect and evasion of cell death [48]. Mitochondrial transfer un-
der an in vivo setting not only leads to chemoresistance but also disease relapse. This
entire concept of mitochondrial transfer endorses the notion of tumor plasticity and high-
lights the ability of the tumor cells to overcome unfavorable conditions by altering energy
metabolism [19]. Further, mitochondrial transfer has been implicated in murine tumor
models with essential functional consequences for tumor growth and metastasis. This has
also been supported by studies where the mitochondrial transfer rescued cancer cells that
were suffering deficiencies in OXPHOS and were prone to therapeutic apoptosis [49]. It is
a proven phenomenon that dysregulated mitochondrial trafficking leads to metastasis of
cancer cells.

Ubiquitination of syntaphylin (SNPH) (Figure 3) is regarded as a vital regulator of
mitochondrial trafficking. Studies show that SNPH aids in binding the mitochondria
to the microtubule. Mechanistic studies hint that SNPH is modified by the ubiquitin
ligase CHIP/STUB1 and deubiquitinated in a USP7-dependant manner, which suggest-
sthat ubiquitination of SNPH isa pivotal regulator of mitochondrial trafficking and tumor
cell invasion [50]. Apart from the SNPH mechanics, hypoxia also governs mitochondria
localization in cancer cells. Tumor cells under the influence of hypoxia downregulate
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SNPH protein and mRNA levels, which inturn leads to increased invasiveness in glioblas-
toma cells. Surprisingly, tumors with stabilized HIFα or with deletions resulted in lower
expression of SNPH, denoting SNPH’s principal role in metastasis [50].

Mitochondria can enormously influence malignant transformation and dictate the tu-
mor plasticity of cancer cells and govern several mechanisms to address tough environmen-
tal conditions. Mitochondria are the major source of ROS utilized in OXPHOS. Mitochon-
drial enzymes, such as pyruvate dehydrogenase (PDH), a-ketoglutarate-dehydrogenase
(a-KGDH), acyl-CoA dehydrogenase, and glycerol-3-phosphate dehydrogenase, are in-
volved in ROS generation [51]. The huge difference between normal cells and cancer cells
is the controlled levels of mitochondrial ROS (mROS). The levels of mROS are properly
regulated in cancer cells in order to play a role in essential cellular processes. On the
other hand, cancer cells have functions like oncogene activation, tumor suppressor loss,
and hypoxia, which lead to uncontrollable mROS levels that aid in sustaining cancer cell.
mROS levels participate in multiple steps of oncogenesis and induce mtDNA mutations.
They also influence apoptosis evasion, metabolic reprogramming, and cellular prolifera-
tion [52]. mROS is responsible for the activation of several important oncogenic signaling
pathways such as the epidermal growth factor receptor (EGFR) signaling pathway [53].
Mitochondria help the epithelial cells in gaining migration speed by providing energy, as
it was demonstrated that insufficient energy with deficiencies of mitochondria inhibited
cell motility. Similarly, mitEGFR enhances mitochondria fission and cancer cell motility,
independent of its phosphorylation status [45]. In order to drive towards a proliferative
state and escape mitochondrial permeability transition-mediated cell death, cancer cells
intelligently maintain high levels of anti-oxidant proteins to prevent ROS accumulation.
On the other hand, the interrelationship between mROS and hypoxia inducible factor-1
(HIF-1) is complex. Hypoxia-mediated mROS leads to HIF-1 activation, which facilitates
metastasis because of the metabolic shift from OXPHOS to glycolysis by increasing the
expression of glycolyticenzymes. In contrast, HIF-1 decreases mROS production, promotes
tumor growth, and facilitates the survival of metastatic cells, denoting the vibrant and
functional role of mROS in various cancers [51].

Similar to the above, Sirtuin 3 (SIRT3) is involved in several key processes such as the
response to oxidative stress and mitochondrial metabolism regulation. SIRT3, a NAD+-
dependent mitochondrial deacetylase that promotes efficient oxidative metabolism, is a key
regulator of mitochondrial ROS production and detoxification [54]. Literature suggests that
SIRT3 has a role in regulating mitochondrial quality control and affects genes involved in
homeostasis such as PGC-1α and TFAM. SIRT3 silencing results in making breast and colon
cancer cell lines prone to cytotoxic treatment-mediated sensitivity via escalated oxidative
stress and altered biogenesis [55]. SIRT3’s role in malignancy was also assessed in a study
where silencing of SIRT3 resulted in a reduction of visible clones by 64%, when assessed
by a clonogenicity assay. This enumerates the fact that SIRT3 downregulation leads to
compromised mitochondrial metabolism and increased sensitivity to oxidative stress [56].
Promotion of metastasis by ROS is tricky. High levels of ROS lead to inhibition of metastasis
in melanoma, whereas in other cancers, ROS promotes metastasis [54]. Considering the
role of SIRT3 in regulating ROS homeostasis, studies have shown that SIRT3 is essential in
extinguishing Src oxidation and Src/Fak signaling to inhibit cell migration and metastasis
in breast cancer cells via ROS adjustment [54].

Mitochondrial fission is a process commonly implicated in tumor progression, where
dynamin-related protein-1 (Drp1) is bonded to one of its receptors, mitochondrial fission
factor (MFF), on the mitochondrial outer membrane. Mitochondrial fission has been
widely correlated with cell death and mitochondrial integrity [57]. MFF is overexpressed
in numerous cancers. MFF is linked to VDAC1 in the mitochondrial outer membrane,
which partially explains its association with cancer progression. However, mechanistically,
MFF silencing leads to an upsurge of mitochondrial outer membrane permeability and
oxidative stress, which inturn leads to the triggering of mitochondrial-mediated cell death,
thereby impeding tumor proliferation and metastasis in mice [57]. A very recent study has
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determined the role of mitochondrial fission in cancer [58]. This study utilized phosphatidyl
serine decarboxylase (PISD), an enzyme that orchestrates mitochondrial fission. It was
evidenced that mitochondrial fission inhibits metastasis in triple-negative breast cancer
cells. The study also enumerated that the alterations in mitochondrial fission not only
inhibited cancer metastasis, cell migration, and cell invasion, but also repressed cancer cell
signaling via ERK and Akt [58].
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Figure 3. Regulation of EMT by mitochondria.ROS: reactive oxygen species; PI3K: Phosphoinositide
3-kinases; SNPH: syntaphilin; HIF: hypoxia inducible factor. Tumorigenesis calls for hypoxic-
mediated reprogramming for metastasis. Bcl-2 family members regulate the PI3K pathway involved
in metastasis progression. ROS generated during the metabolic process play a critical role in metasta-
sis. Syntaphilin (SNPH), which generally arrests the mitochondrial trafficking in neurons, inhibits
metastasis. In tumors with high expression of SNPH, mitochondria are anchored perinuclearly, re-
sulting in lessened cell invasion and inhibited metastatic dissemination. In tumors with loss of SNPH
expression, mitochondria are free to move to the cortical cytoskeleton via Kinesin/MIRO1 complexes.
These cortical mitochondria fuel enhanced tumor cell invasion and correlate with poorer prognoses.
Hypoxia can increase eNOS phosphorylation by activating the PI3K/AKT pathway. HIF-1α can also
directly influence the expression of eNOS, which can be activated by phosphorylation of the serine
1177 residue, thereby, triggering migration and angiogenesis.
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5. Mitochondrial Stress Response in Cancer Spread

Mitochondria are responsible for more than just energy production. Recently discov-
ered mechanisms like mitochondrial unfolded protein response (mtUPR) and mitochon-
drial precursor over accumulation stress (mPOS) are paving new avenues for therapeutics
and for understanding diseases better via mitochondria [59]. A genetic study in yeast
denoted a novel protective mechanism named mPOS against mitochondrial protein im-
port deficiency. mPOS is a newly-discovered pathway of proteostatic stress-mediated cell
death due to mitochondrial dysfunction. mPOS is triggered by mitochondrial damage
and the aberrant accumulation of mitochondrial precursors in the cytosol [60]. In parallel
to this, mitoCPR was spotted in budding yeast. mitoCPR is a novel cellular response to
defective mitochondrial protein import that protects mitochondrial functions [61]. The
mitochondrion has an inherently stressful internal environment and it is speculated that
dysregulation of stress signaling or an inability to switch on these adaptations during
times of mitochondrial stress may underpin mitochondrial dysfunction and amount to
pathological states overtime.

The role of mitochondrial chaperones in the cell stress response is quite intrigu-
ing. Gamitrinib, for instance, is a mitochondrial targeted HSP90 inhibitor with potential
anti-cancer activity. Glioblastoma cells induced with low doses of gamitranib revealed
accumulation of unfolded proteins in the mitochondria and a stress response gene charac-
terized by upregulation of chaperones, especially Hsp70. Utilizing this target (mitoUPR)
in mitochondria, TRAP-1 or CypD were ablated by genetic or chemical inhibitors. This
resulted in the downregulation of NF-kB and related genes. Furthermore, there was an
upregulation of pro-apoptotic genes, which aided in mitochondrial-mediated cell death.
NF-kB has a wide role in tumor promotion and endorsement in the metastatic environment.
Additionally, NF-kB plays a major role in treatment resistance and poor outcomes in cancer.
Hence, targeting mitoUPR aids in concomitant loss of NF-kB, which inturn results in
exposing the tumors to apoptosis-based therapies [62]. This clearly shows that mitoUPR
can be a potential target for cancer therapy. Supplemental to this, new study evidence
shows that mitoUPR under the absence of stress, as a part of an adaptive mechanism by
cancer cells, results in reduced oxidative stress and is called mitohormesis. mitUPR has
an axis with SIRT3, which supports invasion and metastasis. In addition, changes in the
mtUPR gene resulted in poor clinical outcomes in patients with breast cancer [63].

6. Mitochondrial Ion Channels as a Target in Combating Cancer

The mitochondrial channels, characterized as either outer or inner membrane channels,
are widely targeted in cancer therapies. The outer membrane channels include VDAC
and the inner membrane channels include mtKATP, mtBKCa, mtIKCa, mtKv1.3, mtTASK-
3, and the nonselective permeability transition pore (MPTP) [64]. Mitochondrial outer
membrane channels participate in mitochondrial outer membrane permeabilization, while
inner membrane channels modulate changes in membrane potential and thereby influence
reactive oxygen (ROS) production and efficiency of the respiratory chain. ROS in turn
may activate MPTP or the caspase-independent ROS-triggered parthanatos (poly (ADP-
ribose) polymerase-1 dependent cell death). In addition, MPTP can also be triggered by
Ca2+overload in the mitochondrial matrix or by IMM depolarization and by several other
factors (for example oxidative stress) [65].

The basis for mitochondrial ion channels being targeted is due to their role in cancer
metastasis. A brief description of the role of potassium channels and their role in cancer
progression is that channels like IKCa control OXPHOS. Inhibition of the channel has no or
only minor effects on cell proliferation in the presence of glucose, but forcing the cells to
generate ATP exclusively via oxidative phosphorylation by culturing them in galactose,
allowed researchers to understand that inhibition of the channel decreased proliferation.
Kv1.3 is another channel that modulates the cell cycle. Mitochondrial calcium fluxes have
also been shown to regulate cancer proliferation. Additionally, calcium channels also drive
proliferation. The constitutively active Ca2+transfer from the endoplasmic reticulum (ER)
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to mitochondria plays a crucial role inensuring viability of tumorigenic cells, and defects in
this uptake into mitochondria lead to cancer cell death. The crosstalk between potassium
and calcium channels isnot completely clear, but a putative K+/H+transporter, LETM1,
has been shown on calcium influx/efflux into/from mitochondria, and silencing ofLETM1
promoted AMPK activation, cell cycle arrest, and autophagy [66].

MPTP can be activated indirectly by different drugs eliciting changes in inner mem-
brane potential, causing ROS production, or leading to calcium overload in the matrix.
MPTP opening leads to rupture of the mitochondrial outer membrane (MOM), which
contributes to cytochrome-c release, a process required for apoptosome formation and
subsequent activation of effector caspases.

7. Mitochondria as a Therapeutic Target in Cancers

The energy required for cancer cell migration, invasion, and metastasis is supplied by
mitochondria. Suppression of the mitochondrial energy function can reduce the frequency
of tumor cell metastasis and invasion (Table 1). Targeting dysregulated Drp1-dependent
mitochondrial fission could supply a novel scenario for defeating breast cancer metasta-
sis [8]. On the other hand, another novel therapeutic strategy to limit or prevent cancer
metastasis is by potentially blocking EMT through targeting specific EMT biomarker genes
that are correlated with mitochondria health, signal proteins of the mitochondrial reverse
signaling pathway, specific metabolic enzymes, or metabolism-dependent epigenetic re-
programming [33]. As proof, the PI3K/AKT signaling pathway plays a key role in EMT
progress and is considered to be a principal signaling pathway in cancer that prompts
extensive transcriptional and metabolic reprogramming, specifically in mitochondria. PI3K
has been considered a potential target for the prevention and treatment of metastatic tu-
mors. Inhibitors of PI3K have been utilized in tumor treatment to inhibit mitochondrial
ATP production and diminish glycolysis [67–69]. A recent study highlighted a compound
called NSC130362, which belongs to the class of 1,4-naphthoquinones (NQs) and has vi-
brant pharmacological properties [70]; it has been shown to possess anti-cancer effects,
including anti-proliferative and anti-angiogenesis activity [71,72], suppress glycolysis and
mitochondrial function [73], and inhibit NF-κB signaling [74]. Natural products on the
other hand have also received attention in cancer chemotherapy. Honokiol (HNK) is a
potent anti-tumor agent that affects EGFR and mitochondrial function to inhibit the cancer
cells’ genesis and metastasis. A study has shown that HNK inhibits mitochondrial respira-
tion, which leads to the induction of apoptosis in lung cancer cells [75]. There are other
natural products that have been identified with direct or indirect effects on mitochondrial
function in cancers (Table 2 [76]).

Table 1. Treatment targets of mitochondria to suppress tumor cells metastasis.

Target Treatment Mechanism Cancers References

Phosphatidylinositol-3 kinase
(PI3K)

Inhibits mitochondrial transcription and
metabolic reprogramming

Lung cancer cell lines [68]

Adenomatous Polyposis Coli
(APC) protein

Reverses mitochondrial trafficking by
regulating Wnt signaling

Colorectal cancer [77]

Drp1, Mnf1 Extends mitochondrial fission Breast cancer [8]

pSer9-GSK-3β;
Suppresses mitochondrial respiratory

chain complexes
Breast cancer [78]

Mito-TAM (derivative
of Tamoxifen)

Disrupts mitochondrial respiratory chain
complexes and OXPHOS

Breast cancer [79]

PGC-1α
Impairs mitochondrial biogenesis

and OXPHOS
shPGC-1α cells [27]
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Table 2. Natural compounds affecting mitochondrial function and acting as cancer therapeutics [76].

Compound Source Mode of Action Cancers

Honokiol Magnolia grandifloris Induces mitochondrial apoptosis
Lung cancer,
Breast cancer,

Leukemia

Curcumin Turmeric
Inducesapoptosis via multiple

mechanisms

Skin cancer,
Cervical cancer,

NSCLC

Pancratistatin
Spider lily

Pancratiumlittorale

Induces ROS stress, loss of
mitochondrial potential,

apoptosis

Breast cancer,
Colon cancer,
Lymphoma

OSW-1 Ornithogalumsaudersiae
Damages mitochondrial

membranes, Ca2+ dependent
apoptosis

Leukemia,
Malignant brain tumor,

Pancreatic cancer

Epigallocatechin-3-gallate
(EGCG)

Green tea
Accumulates in mitochondria,

inducing apoptosis

Breast cancer, Colon cancer,
Pancreatic cancer,

Melanoma

Vitamin K3
Synthetic vitamin K

precursor
Inhibits mitochondrial pol γ,

causing ROS stress
Leukemia and various solid

tumors

8. Conclusions

Recent advances in the field of cancer biology have delineated mitochondrial dys-
functions in cancer. Tumors take advantage of the modulated mitochondrial function to
escalate invasiveness. Key mechanisms like respiration are not only essential for tumor
growth but also for navigating tumor cells into the circulatory system, facilitating metas-
tasis. Mechanisms connecting mitochondrial dynamics to the development of metastasis
remain a puzzle. Moreover, the capability of the mitochondria in allowing cancer cells
to adapt to stress should be considered. Consequently, mitochondrial biogenesis might
answer these questions and unravel the mechanisms useful for therapeutic strategies for
cancer treatment.
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Abbreviations

OXPHOS Oxidative phosphorylation
SNP Single nucleotide polymorphisms
EMT Epithelial mesenchymal transition
Drp1 Dynamin-related protein
Mfn Mitofusion
ROS Reactive oxygen species
EGFR Epidermal growth factor receptor
NSCLC Non-small cell lung cancer
AML Acute myelogenous leukemia
STUB1 STIP1 homology and U-Box containing protein 1
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USP7 Ubiquitin-specific-processing protease 7
PDH Pyruvate dehydrogenase
a-KGDH a-ketoglutarate-dehydrogenase
Drp1 Dynamin-related protein-1
VDAC Voltage dependent anion channels
MFF Mitochondrial fission factor
PISD Phosphatidyl serine decarboxylase
SIRT Sirtuin
PI3K Phosphatidylinositol-3 kinase
HNK Honokiol
MOM Mitochondrial outer membrane
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Simple Summary: People living with human immunodeficiency virus type 1 (HIV-1) (PLWH) are at
increased risk of developing cancer despite successful antiretroviral therapy (ART). Here, authors
suggest novel mechanism behind this phenomenon. HIV proteins, namely envelope protein gp120,
accessory protein negative factor Nef, matrix protein p17, transactivator of transcription Tat and
reverse transcriptase RT, are known to be oncogenic per se, to induce oxidative stress and to be
released from the infected or expressing cells. These properties are proposed to underlie their capacity
to affect bystander epithelial cells causing their malignant transformation, and to enhance tumorigenic
potential of already transformed/cancer cells. HIV proteins can act alone or in collaboration with
other known oncoproteins, specifically originating from the oncogenic human viruses such as human
hepatitis B and C viruses, and human papilloma viruses of high carcinogenic risk, which cause the
bulk of malignancies in people living with HIV-1 on ART.

Abstract: People living with human immunodeficiency virus (HIV-1) are at increased risk of develop-
ing cancer, such as Kaposi sarcoma (KS), non-Hodgkin lymphoma (NHL), cervical cancer, and other
cancers associated with chronic viral infections. Traditionally, this is linked to HIV-1-induced immune
suppression with depletion of CD4+ T-helper cells, exhaustion of lymphopoiesis and lymphocyte
dysfunction. However, the long-term successful implementation of antiretroviral therapy (ART) with
an early start did not preclude the oncological complications, implying that HIV-1 and its antigens
are directly involved in carcinogenesis and may exert their effects on the background of restored
immune system even when present at extremely low levels. Experimental data indicate that HIV-1
virions and single viral antigens can enter a wide variety of cells, including epithelial. This review is
focused on the effects of five viral proteins: envelope protein gp120, accessory protein negative factor
Nef, matrix protein p17, transactivator of transcription Tat and reverse transcriptase RT. Gp120, Nef,
p17, Tat, and RT cause oxidative stress, can be released from HIV-1-infected cells and are oncogenic.
All five are in a position to affect “innocent” bystander cells, specifically, to cause the propagation of
(pre)existing malignant and malignant transformation of normal epithelial cells, giving grounds to
the direct carcinogenic effects of HIV-1.

Keywords: human immunodeficiency virus type 1; epithelial cells; carcinogenicity; oxidative stress;
reactive oxygen species; gp120; Tat; Nef; matrix protein p17; reverse transcriptase

1. Introduction

Immune suppression and related dysfunctions result in a high prevalence in people
living with human immunodeficiency virus (PLWH) of HIV-1/AIDS-associated disorders,
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including so called AIDS-defining cancers (ADC)—Kaposi sarcoma (KS), non-Hodgkin
lymphoma (NHL) and cervical cancer. In the era of antiretroviral therapy (ART), their rates
have sharply declined: KS by 60–70% and NHL, by 30–50% compared to the pre-ART era.
Still, the incidence of KS in PLWH remains elevated 800-fold, of NHL 10-fold and of ADC
4-fold, compared to their rates in the general population. There is also a significant increase
in the number of yearly diagnosed cases of non-AIDS-defining cancers [1].

The incidence of these malignancies among PLWH remains elevated compared to
that in uninfected population despite successful ART. Traditionally, this is linked to HIV-
induced immune suppression with depletion of CD4+ T-helper cells, and exhaustion of
lymphopoiesis, however, the immune suppression is much more complex than HIV-1
induced loss of CD4+ T cells. HIV-1 causes dysregulation of the innate immune system,
persistent immune activation, dysfunction of the inflammatory response and immune
system aging (senescence) early in HIV-1 infection. Successful ART ameliorates, but does
not completely correct the major immune dysfunctions [2–6], substantial immunological
impairment pertains even on the background of the successful ART [7,8] (for the latest
review, see [9]). Hyper-immunoactivation and inflammation persisting in PLWH is recog-
nized as a major cause of HIV-1 associated malignances. This abnormal immunoactivation
emerges as the cumulative effect of thymic dysfunction, ART toxicity, persistent antigen
stimulation caused by co-infections, microbial translocation, residual viremia and dysbio-
sis [10], aggravated by incomplete recovery of CD4+ T cell functions and intrinsic B and T
cell defects on the background of persistent aberrant activation of monocytes, natural killer
cells (NK) and innate lymphoid cells [7,11,12].The immune deficiency and dysfunction of
the immune system may not be the only cause [13]. Under successful ART, HIV-1 should
become latent, however, a study of HIV-1 integration sites in latently infected cell lines
evidenced an ongoing viral replication [14], demonstrating that ART cannot fully suppress
the process. Massive data have accumulated on the crucial role in high incidence of ma-
lignancies among PLWH of the residual virus production and circulating viral proteins.
This review concentrates on their role in the high prevalence of cancers among individuals
living with HIV-1.

2. Prevalence of Non-AIDS Defining Cancers Increases Despite Successful
Antiretroviral Therapy

The category of non-AIDS-defining cancers (NADC) includes liver cancer related
to infections with hepatitis B and C viruses (HBV and HCV), brain cancer, and cancers
associated with infection with human papillomaviruses of high oncogenic risk (HR HPVs),
specifically, the anal cancer.

2.1. Liver Cancer

Hepatocellular carcinoma (HCC) is the third-largest cause of cancer-related mortality
on a global scale. It constitutes nearly the majority of liver cancer cases, followed by
intrahepatic cholangiocellular carcinomas [15]. HCC is a recognized complication of liver
cirrhosis, developing stepwise from regenerative to low-grade, then high-grade dysplastic
nodules, although in some cases it may also develop de novo [15]. The burden of HCC is
expected to increase worldwide in the next few decades, due to the population growth and
aging expected in coming years [16]. Treated HIV-1 infection is associated with decreased
survival in HCC, independent of stage, anticancer treatment, and geographical origins of
the patients [16]. HIV-1 is not sufficient to cause liver cancer on its own, but may promote
development of liver cancer by multiple mechanisms not yet fully understood [17]. Al-
though the role of immune suppression in HCV-related HCC is not clear [17], mechanistic
evidence suggests an accelerated progression of chronic liver disease to fibrosis and ulti-
mately malignancy mediated by HIV-1-mediated impairment of antiviral CD4+ and CD8+
T-cell responses [18–20].

HIV-1 infection is characterized by increased microbial translocation resulting in
elevated levels of circulating lipopolysaccharides (LPS) in the portal and systemic circula-
tions [21]. LPS are well-known inducers of the innate immune activation. Increased levels
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of LPS and/or soluble CD14 (sCD14; reflects LPS-induced monocyte activation) in PLWH
on ART correlate with impaired recovery of CD4+ T cells. They also tightly correlated
with multiple markers of immune activation, specifically, high levels of type I interferons
and activated CD8+ T cells. In HIV-1 infection, these two parameters strongly predict
disease progression [21]. In the liver, LPS activate hepatic stellate (HSC) and Kupffer
cells (KFC), resulting in the generation of superoxide and release of proinflammatory and
profibrogenic cytokines such as TNF-α, IL-1, IL-6, and IL-12 that induce liver damage and
accelerated liver fibrosis [22]. Activation of Kupffer cells by LPS involves signaling through
TLR-4, shown to govern the transition from chronic hepatic inflammation to hepatocellular
carcinoma [23]. Another product released from bacterial cell walls, (1→3)-β-D-Glucan
(βDG), emerges as an additional significant source of monocyte and NK cell activation,
further contributing to immune dysfunction and inflammation [24].

Growing evidence accumulates of HIV-1 grossly affecting the liver. HIV-1-monoinfected
patients demonstrate markers of liver fibrinogenesis/liver injury (by transient liver elas-
tography) correlated with high plasma levels of HIV-1 RNA [25]. HIV-1 RNA has been
detected in primary human hepatocytes both ex vivo and in vitro [26,27]. Also many
hepatocyte cell lines are permissive to a low level HIV-1 infection although the nature of
receptor(s) for HIV-1 on liver cells is unclear [28]. HIV-1 can also directly infect Kupffer
cells; infectious replication-competent HIV-1 has been isolated from KFC obtained from
liver at autopsy from three HIV-1-infected individuals who died while on ART [29]. An-
other target of HIV-1 are hepatic stellate cells (HSC), the primary cells involved in liver
fibrogenesis, affected through both direct HIV-1 infection and HIV-1 exposure [30]. Inter-
actions of HIV-1, specifically its envelope protein gp120, with chemokine receptors CCR5
and CXCR4 induce cell signaling in HSCs and immune cells within the liver promoting
inflammatory responses [31,32]. Direct HIV-1 infection of KFC results in the amplification
of proinflammatory responses to LPS [33], enhanced fibrosis and cirrhosis, and exhaustion
of virus-specific T-cells. HIV-1-infected HSCs produce collagen I and release monocyte
chemoattractant protein-1 (MCP-1) [34]. Exposure of HSCs to HIV-1 results in the produc-
tion of reactive oxygen species (ROS), and expression of collagen and tissue inhibitor of
matrix metalloproteinases-1 (TIMP1) [35]. These events, together with abnormalities in
the gut microbial communities, significantly contribute to the high rates of liver cancer in
PLWH [36] (Figure 1).

Even more important driving force of hepatocellular carcinogenesis in PLWH is co-
infection with HBV and HCV [37]. In HIV-1/HBV and HIV-1/HCV co-infected patients,
HIV-1 infection decreases the rate of spontaneous viral clearance from the liver, accelerates
fibrogenesis and increases the rates of liver-related morbidity and mortality, including
the development of HCC [30,38]. In HIV-1/HCV co-infected individuals HCC occurs
at a younger age and after a shorter period of HCV infection than in HIV-1 negative
individuals [39], with the risk to develop HCC increasing each year by 11% [19]. Important
risk factors for the progression to liver cancer are high HBV and HCV viral loads [18,19,40].
They are associated with (over)expression of viral oncoproteins known to induce oxidative
stress and chromosomal instability/genomic damage, promote chronic inflammation with
liver damage resulting in the malignant transformation of liver cells [41,42] (Figure 1).

2.2. Brain Cancer

PLWH are highly predisposed to developing brain cancer, including primary cen-
tral nervous system lymphomas (PCNSL) and glioblastomas (GBM) [43,44]. In pre-ART
era, brain tumors were registered in 10% of PLWH [43]. Prevalence of PCNSL in AIDS
patients was 3600-fold greater than in the general population, reaching 12% in AIDS pa-
tients [44]. ART has dramatically reduced these rates, possibly due to the effect of protease
inhibitors [45]. Still, the prevalence of brain tumors in PLWH appears to be higher than in
general population: in USA; recorded prevalence of PCNSL in HIV-1 infected is 8.4% com-
pared to <3.3% in the general US population [45,46] Also GBM occurs in PLWH (in various
stages of HIV-1 infection) at a younger age and at a frequency 5.4- to 45-fold higher than in
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the general population [47]. Furthermore, the median survival rate in patients with GBM
for PLWH is shorter than for HIV-1-negative patients receiving same treatment (an average
of 8 compared to 14 months, respectively) [48].

 

 

Figure 1. The effect of HIV-1 on cells of the liver. Infection with HIV-1 and even exposition of hepatocytes (HP), hepatic
stellate cells (HSC), Kupffer cells (KFC) to HIV-1 leads to production of reactive oxygen species (ROS) and induction of
proinflammatory microenvironment, which in turn, promote/enhance replication of HBV, HCV, as well as HIV-1 itself,
resulting in enhanced fibrosis, cirrhosis and development of hepatocellular carcinoma (HCC). Infections are depicted in red,
secondary effects in dashed black, and events leading to tissue damage in ochre-colored lines.

The nature of the brain tumor-HIV-1 relationship is not fully understood. The majority
of these tumors are central nervous system lymphomas but gliomas may develop as well.
GBM tumors appear approximately three years after HIV-1 infection [43]. The stimulatory
effect of HIV-1 infection on the development of GBM has been associated with reduced im-
mune surveillance. However, survival of PLWH after GBM diagnosis is not associated with
CD4+ cell counts [47]. The absence of a correlation between GBM development & progres-
sion with immune incompetence [47,49–51] indicates that aggressive tumor behavior is not
a direct consequence of the immune deficiency and suggests direct involvement of HIV-1 in
the initiation and progression of brain cancers. Importantly, HIV-1 infection in the brain is
not limited to microglia/macrophages, but also affects astrocytes, which can then serve as
a potential reservoir for further productive infection, viral persistence, and latency [52,53].

2.3. Squamous Cell Carcinomas

PLWH suffer from squamous carcinomas at numerous sites including the lung, anogen-
ital region, oral cavity, epiglottis and cervix. Many of these malignancies are associated
with infection by human papillomaviruses of high carcinogenic risk (HR HPVs). Similar
to the rates of liver and brain cancer, the rates of HR HPV-associated cancers in PLWH
are steadily growing despite successful ART [54–56]. CD4+ levels and resulting immune
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suppression play a prominent role in controlling HPV replication and development of early
disease, particularly, the development of pre-cancerous intraepithelial neoplasia: in PLWH,
the probabilities of HPV acquisition and development of intraepithelial neoplasia increase
in proportion to the loss of CD4 T cells [57]. However, progression to high-grade lesions
and further to cancer is not predetermined by CD4+ depletion, i.e., is not a straightforward
outcome of HIV-1-induced immune suppression [58,59], but rather an outcome of the
accumulated changes in the host cell genome and transcriptome involving tumor suppres-
sor genes, apoptosis-related genes, DNA damage-repair genes, and cell cycle regulatory
genes [58,60,61].

Question arises how could this rely to the epithelial cells which are considered to be
non-susceptible to HIV-1 infection and non-permissive to HIV-1 replication? HIV-1 infects
a variety of immune cells, such as CD4+ T lymphocytes and monocytes/macrophages.
However, several studies show that it may also infect or rather “trespass” other cell types,
in which HIV-1 virions and individual HIV-1 proteins were repeatedly detected. In pri-
mate models, application of HIV-1 to the surfaces of oropharyngeal [62], anal/rectal [63],
cervicovaginal and foreskin/penile [62,64–66] epithelia was shown to lead to subsequent
systemic infection of HIV-1-susceptible immune cells, indicating that HIV-1 travels through
these tissues to reach its targets. Indeed, application of HIV-1 to human foreskin, vagi-
nal and cervical tissue explants ex vivo leads to the transmission of HIV-1 across these
epithelia [64,66–71].

These findings are not restricted to the epithelial cells of the reproductive tract. HIV-
1 antigens and RNA were detected in gastric epithelial cells in the biopsy and autopsy
samples of HIV-1-infected patients; furthermore, TEM analysis visualized HIV-1 particles
in the cytoplasm of gastric epithelial cells [72]. Interestingly, HIV-1 load in blood positively
correlated with the number of HIV-1-infected gastric epithelial cells. The latter increased
with progression of chronic infection, being significantly higher at the AIDS compared
to the asymptomatic stage. HIV-1 infection of gastric epithelial cells associated with a
severe inflammatory response in the gastric mucosa manifested by infiltration and aberrant
activation of the immune cells [72].

Another example is presented by human mammary epithelial cells (MEC). MEC ex-
press HIV-1 receptors CD4, CCR5, CXCR4, and galactosyl ceramide (GalCer). Although the
evidence for direct MEC infection by HIV-1 was missing, HIV-1 virions were found in the
endosomal compartments of these cells. Furthermore, activated CD4+ T cells co-cultured
with HIV-1-exposed MEC were productively infected with HIV-1 [73]. This confirmed
that mammary epithelial cells can endocytose HIV-1 and facilitate its transfer to CD4+ T
lymphocytes [73]. At the other end, a contact-dependent HIV-1 transfer was shown from
HIV-1-infected macrophages to both primary and immortalized renal tubule epithelial
cells (RTE). Live imaging of HIV-1 infected RTE cells revealed four different fates: latency,
hypertrophy, cell death, and proliferation [74]. HIV-1 can also enter airway epithelial
cells and alter their function by increasing the expression of inflammatory mediators [75].
This data unequivocally demonstrate that HIV-1 could be internalized and/or sequestered
by human epithelial cells of different origins.

3. Mechanisms Underlying HIV-1 Pathogenicity in Epithelial Cells

In CD4+ cells HIV-1 was reported to preferably integrate into cancer-associated genes
or cell cycle regulation genes dysregulation of which can lead to cancer formation as was
described for other retroviruses [76–78]. Replication of HIV-1 in epithelial cells has not
been shown except for the early findings of human uterine epithelial cells productively
infected by HIV-1 with reverse transcription of viral RNA, transcription of viral DNA,
and secretion of infectious virus [79]. Of note, co-cultivation of human CD4+ T cell lines
with HIV-1-infected uterine epithelial cells (and also by virions released by these cells)
led to HIV-1 infection of the CD4+ T cells [79]. Bulk of data accumulated so far evidence
sequestration of HIV-1 by human epithelial cells of different origins without evidence of
productive replication or integration. However, a “real” infection can take place as well.
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HIV-1 was shown to hijack other viral Envs to directly enter CD4-negative cells through
pseudotyping [80–82]. Lately, Tang Y. et al. have shown that HIV-1 infected T cells can
fuse to and transfer the virus to placental trophoblasts, if the later express on their sur-
faces the envelope glycoprotein of human endogenous retrovirus family W1, syncytin [83].
This leads to the formation of an HIV-1 reservoir in the epithelial cells [83]. Syncytin-1
derives from a family of endogenous retroviruses and originates from HERVW1 infection
of human germ cells [84]. Expression of syncytin could be a common feature of an epithelial
cell which make them susceptible to HIV-1 via a “non-canonical” route of HIV-1 infection.
These are not necessarily the epithelial cells of placenta. According to the recent prelimi-
nary report published in bioRxiv, HIV-1 can infect human bronchial epithelial cells; after
exposition to HIV-1 they were shown to express p24 and contain latent HIV-1 provirus [85].
These findings along with the data by Asin SN et al. [79] indicate that in certain cases
epithelial cells can be infected with HIV-1, possibly as a one-round abortive infection with
reverse transcription of RNA and integration of the proviral DNA governed by respective
enzymes constituting HIV-1 virion. Such integrated proviral HIV-1 DNA would not only
serve as an HIV-1 reservoir, but would also give progeny to the genetically modified cells
(with proviral DNA inserts) susceptible to malignant transformation. The observation by
Hughes K et al. of a proliferation of HIV-1 infected epithelial cells consistent with clonal
expansion of individual cells ideally fits this scenario [74].

HIV-1 antigens may also affect epithelial cells without infecting them. Epithelial cells
may respond to the defective virions incapable of productive infection or freely circulat-
ing HIV-1 antigens shed by the infectious or defective virions. Addition of HIV-1/HIV-1
antigens to the epithelial cells generates an inflammatory microenvironment or rather
microenvironmental immune abnormalities [86–88] (as those associated with HR HPV
infection). Microenvironment of B-cell lymphomas in PLWH is characterized by expression
of CD3, CD4, CD8, CD56, CD68, CD163, FOXP3, TIA1, granzyme B, perforin, CD57, CD34
and PD-1 [89], and enrichment with soluble factors, including cytokines IL-1, IL-2, IL6,
IL10, and chemokines of the CCL and CXCL families [89,90]. Such microenvironment was
also found in the intraepithelial cancerous lesions of PLWH [91]. Studies on the mucosa-
associated lymphoid tissue system (MALT) in PLWH have shown abnormal immune
responses in the mucosal milieu, including upregulation of expression of multiple regula-
tory cytokines such as IL-8, IL-23, TNF-α, IL-17A, and IFN-γ (TNF-α/IL-17A/IFN-γ triad),
the depletion of Langerhans cells and CD3+ lymphocytes, increases in Foxp3+ T-regulatory
cells, and in local lymphocyte infiltrates composed by CD8+ T cells, associated with the
development of high-grade squamous intraepithelial lesions (HSILs) [91–94].

Furthermore, presence in the epithelial cells of HIV-1/HIV-1 proteins modulates
their capacity to express E-cadherin, a marker of epithelial to mesenchymal transition
(EMT) [69,75,95]. HIV-1 interaction with the surface of mucosal epithelial cells was also
shown to activate the transforming growth factor-beta (TGF-β) and mitogen-activated
protein kinase signaling pathways [96]. When activated, these pathways may lead to
the disruption of epithelial junctions and EMT [97]. Indeed, EMT was induced by ex-
posure of oral keratinocytes from HIV-1-negative individuals to HIV-1 virions as well
as Tat and gp120 proteins [98]. Within premalignant cells or in the environment of the
malignant cells, HIV-1 driven EMT would promote motile/migratory cells and accelerate
the neoplastic process.

Altogether these observations imply direct carcinogenic effect(s) of HIV-1 virions
and/or antigens. This concept, proposed in 2002 by B Clarke & R Chetty [58] and four years
later by Palefsky JM [59], is now supported by considerable experimental proof. It brings
up several issues of importance for epithelial cells: (i) could malignant transformation be
promoted by cooperation of HIV-1 with other oncogenic viruses; (ii) which HIV-1 antigens
are implicated; and finally (iii) what are the underlying molecular mechanisms?
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4. Potentiation of Carcinogenesis by Interactions of HIV-1 with Other Oncogenic Viruses

Oncogenic transformation associated with virus infection was for a long time consid-
ered to result from a mono-infection (infection with a single virus). However, it is now
established that in many cases induction of cancer depends on the simultaneous presence
and interactions of multiple viral agents in diverse combinations. Viruses co-infecting
human tissues may have synergistic or regulatory effects on carcinogenesis, targeting
existing neoplastic cells as well as their microenvironment including reactive T-cells, B cells
and macrophages, and non-immune cells such as endothelial cells. HIV-1, in particular,
potentiates the effects of EBV, KSHV, HCV, and HPV oncogenes, promoting carcinogenesis
in individuals co-infected with HIV-1 and EBV, KSHV, HCV, HBV, and HPV. Here, we will
focus on molecular interactions of HIV-1 with HBV, HCV, and HPVs.

Progression to liver cancer/HCC in HIV-1/HBV and HIV-1/HCV co-infected patients
is promoted by direct and indirect interactions between these viruses and their antigens
within the cells harboring HIV-1 due to infection or sequestration of the virion (viral pro-
teins). HIV-1 infection of hepatic cell lines increases the expression of HBV antigens [27].
HIV-1 gp120 causes intracellular accumulation of HBV DNA as well as HBsAg causing hep-
atotoxicity [99]. Direct interaction of HIV-1 and HBV in liver cells has been demonstrated,
with the HBV X protein interacting with HIV-1 Tat to facilitate HIV-1 replication [99].
Upon co-cultivation of HIV-1 infected Jurkat cells with hepatocytes, up-to 16% of the latter
acquire Nef. Sequestered Nef alters the size and numbers of lipid droplets (LD), inducing
1.5 to 2.5 fold up-regulation of replication of HCV subgenomic replicon, a remarkable find-
ing in relation to the initially indolent viral replication. Nef also dramatically enhances the
ethanol-mediated up-regulation of HCV replication accelerating progression to HCC [100].
HIV-1 gp 120 also causes TGF-β mediated up-regulation of HCV replication [86]. Taken
together, these data indicate that HIV-1 and single HIV-1 proteins are critical elements in
accelerating progression of liver pathogenesis by enhancing HBV and HCV replication and
coordinating production of key intra- and extra-cellular molecules that orchestrate liver
decay [100].

One of the mechanisms of HIV-1 potentiation of liver cancer is the induction of ox-
idative stress. HCV, HIV-1 (and antiretroviral therapy) act together to activate production
of ROS in HSCs and hepatocytes. ROS promote phosphorylation of the major mitogen-
activated protein kinases active in human cells, p38 kinase, c-JUN N-terminal kinase (JNK)
and extracellular signal-regulated kinase (ERK) that control cell growth, differentiation and
apoptosis. In their turn, the phosphorylated p38 MAPK, JNK, and p42/44 ERK phosphory-
late nuclear factor kappa-light-chain-enhancer of activated B cells (NF-κB) protein complex,
mastering transcriptional regulation of inflammation and cell death [31]. Following these
events, phosphorylated NF-κB translocates to the nucleus, and where it normally modu-
lates the production of both pro- and antifibrogenic/antiapoptotic genes, ensuring that
liver cells are protected from apoptosis, but are capable to build the required inflammatory
and immune responses [101]. In the presence of LPS, NF-κB can upregulate the expression
of profibrogenic genes, such as procollagen α1, transforming growth factor β1 (TGF-β1)
and tissue inhibitor of MMPs (TIMP-1) [31,101]. This process is accelerated by HIV-1/HIV-1
proteins: exposure of hepatocytes to HIV-1/HIV-1 proteins results in the elevated produc-
tion of ROS and increased expression of collagen and TIMP1, further amplified by HCV
infection, and even exposure to infectious HCV [35]. Taken together, these data indicate
that HIV-1-mediated potentiation of hepatocellular carcinogenesis reflects a concerted ac-
tion of HIV-1, HBV and HCV as viruses and/or individual viral proteins (Figure 1). Based
on compelling data, McGivern & Lemon even suggested that the path to hepatocellular
carcinoma in chronic hepatitis C shares important features with the carcinogenesis induced
by HPV [102].
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The increased risk of PLWH developing HPV-associated cancer can also, at least in
part, be due to the interactions between HIV-1 and HPV. In general, epithelial cells of
PLWH show loss of E-cadherin, and upregulation of vimentin and TGF-b1 expression
with spindle-like morphology indicating induction of TGF-b1-dependent EMT, critical
for malignant transformation. As noted above, EMT is induced not only due to HIV-1
infection, but also through exposition of epithelial cells to HIV-1 proteins [69,75,95,97]. EMT-
induced keratinocytes can then be infected with pseudoviral HPV16 particles (HPV-16 PsVs)
and whole HPV16 virus, with infected cells expressing viral oncogenes E6/E7, whereas
unexposed keratinocytes could not be infected with either PsVs, or infectious HPV16.
Furthermore, “HIV-1-induced” EMT keratinocytes could be transformed with HPV16
DNA, transformed cells showing active proliferation and migration [103]. This confirms
that prolonged exposure to and interaction of HIV-1 with oral and anal epithelial cells
induces EMT. EMT-induced loss of cell adhesion and increased proliferation and mobility
of epithelial cells play a critical role in HPV infection and HPV-associated transformation.
HIV-1-induced EMT in the orogenital mucosa may promote progression of pre-cancerous
HPV-associated neoplasia to cancer in HIV-1-infected individuals [103].

“Molecular” cooperation between HIV-1 and HPV has not been sufficiently well
characterized, but there are relevant examples in this field. Tat protein was shown to
transactivate the HPV long control region and increase expression of oncoprotein E7 of
HPV18 in HeLa cells [104,105]. Tat can upregulate the expression of E6 and E7 oncoproteins
of HPV type 16 in HPV 16-infected human oral keratinocytes, notably enhancing the
in vitro proliferative capacity of these cells [106,107], and increase the transcription of E2
modulating HPV replication [108]. The direct angiogenic effects of Tat [109] or its capacity
to up-regulate the expression of E6 and E7 of HR-HPVs [110] allows Tat to favor the
angiogenic switch in high-grade CIN. We have shown that gp120 and reverse transcriptases
(RT) derived from various HIV-1 strains, can increase the expression of HPV 16 E6 in a
cervical cancer cell line containing full-length HPV 16 genome Ca Ski (Figure 2), while
HIV-1 p24 exerts no effect. In similar conditions, gp120 increases the expression of HPV16
E6 also in HPV16 immortalized anal epithelial AKC2 cells [104,106,111,112]. Furthermore,
Tugizov et al. have shown that in the HPV-immortalized anal and cervical epithelial cells
Tat and gp120 proteins induce the EMT phenotype, leading to increased migration of cells
via collagen membranes [103]. The data on the interaction(s) between HPV and other HIV-1
proteins is missing.

Overall, these findings indicate that the increased incidence of AIDS-defining and non-
AIDS defining forms of cancer in PLWH may reflect the direct or indirect, often concerted,
carcinogenic effect(s) of HIV-1 and/or individual HIV-1 proteins on diverse infected as
well as uninfected bystander cells. Furthermore, some HIV-1 proteins appear to be directly
involved in cell transformation and propagation of malignant cells.
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Figure 2. Transcription of oncoproteins E6 and E7 of HPV 16 in Ca Ski cells treated with HIV-1 proteins. Ca Ski cells
harboring 600 full genomic copies of HPV 16 (ATCC CRL-1550) were cultured in RPMI-1640 medium (PanEco, Moscow,
Russia) supplemented with 10% FBS and 100 mg/mL penicillin/streptomycin mix at 37 ◦C in an 5% CO2 and split every
4 days. A panel of recombinant HIV-1 proteins: gp120 [113]; p24 (NIBSC ARP 694.1); RT of HIV-1-1 clade B HXB2 strain [114],
drug resistant (dr) RT of HIV-1-1 clade B isolated from patient with multiple drug resistance mutation (RT1.14; [114]) and
RT of Moloney murine leukemia virus (MMTV) (CRIE, Moscow, Russia) were added to the culture medium, typically in
concentration of 1 ng/mL, and incubated for 48 h, according to the methodology described previously by Lein K. et al. [115]
Total RNA was extracted and reverse transcribed as described by Jansons et al. 2020 [116]. Gene-specific PCRs were
performed on Rotor-Gene 6000 (Qiagen, Darmstadt, Germany) with SYBR Green kit (Evrogen, Moscow, Russia) with
primers specific to HPV 16 E6 and E7 [117]. Expression of mRNA, assessed by the standard ddCt method, was normalized
to expression of 18S RNA (18Srna_rt_f: GTAACCCGTTGAACCCCATT; 18Srna_rt_r: CCATCCAATCGGTAGTAGCG),
and presented as fold change compared to cells treated with p24, as was recommended earlier [118]. Values represent
mean ± SD from two independent assays run in duplicates. *** p < 0.001, ** p < 0.01, * p < 0.05 by the ordinary two-way
ANOVA with Sidak’s multiple comparisons test.

5. HIV-1 Antigens Involved in Cell Transformation and Tumor Propagation

5.1. Transactivator of Transcription (Tat)

Tat has long since been known to influence cell cycle progression. In HeLa cells, Tat in-
duces a significant increase in the levels of proliferation markers together with the reduction
in the expression of cell cycle inhibitors of transcription [119]; it inhibits epithelial differ-
entiation, blocks apoptosis in vitro and accelerates tumor formation in vivo [119]. In addi-
tion, Tat significantly increases in vitro migration in the absence of fetal calf serum [119].
These results suggest that HIV-1 may enhance carcinogenesis by promoting cell cycle
progression [111]. Furthermore, it has been shown that binding of Tat to Tat-interacting
promoter 30 (TIP30) enhanced EMT and metastasis of non-small cells lung cancer cells
by regulating the nuclear translocation of Snail [120]. One of the possible mechanisms of
Tat induced carcinogenesis is blocking at the mRNA level of the expression of a Rb family
member pRb2/130 and cyclin-dependent kinase inhibitors p21 and p17 [111]. The transduc-
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tion domain of Tat specifically attenuates growth of polyamine-deprived tumor cells [121].
Tat is also known to modulate VEGF and targets VEGFRs which increases angiogenesis and
supports tumor growth [122]. Furthermore, Tat alters DNA repair in host cells, potentially
leading to genomic instability [123,124]. Specifically, Tat induces expression of the DNA
polymerase beta gene, which codes for a central mediator in the DNA base-excision repair
pathway [125]. It also interferes with double-strand break DNA repair, as cellular extracts
containing Tat possess a reduced capacity to re-join linearized DNA [126], indicating that
Tat, as well as cellular co-factors of Tat, interfere with repair of double-stranded DNA
breaks [123].

5.2. Envelope Glycoprotein gp120

Glioma cells were shown to interact with the HIV-1 envelope protein gp120. This in-
teraction promotes proliferation, migration, survival and stimulates glycolysis in glioma
cell lines and tumor growth in animal models [127]. Increased glycolysis, also known
as the Warburg effect characteristic of malignancy [128], results in increased protein and
lipid synthesis, and promotes uncontrolled propagation (both proliferation and invasion)
of tumor cells, as it provides them with glycolytic intermediary precursors required for
the synthesis of DNA, proteins and lipids [127,129]. As Tat, gp120 induces EMT and cell
migration through the TGF-B1 and MAPK signaling pathways [115,130].

5.3. Accessory Protein Negative Factor (Nef)

Nef is one of the earliest and most abundantly expressed HIV-1 proteins. Nef has
the ability to modulate multiple cellular signaling pathways in both CD4+ lymphocytes
and macrophages. Nef inhibits the apoptotic function of p53 due to its ability to decrease
p53 protein half-life and, consequently, p53 DNA binding activity and transcriptional
activation [131]. Both internalized and ectopic expression of Nef in endothelial cells
synergizes with Kaposi’s sarcoma (KS) KSHV oncoprotein K1 to facilitate vascular tube
formation and cell proliferation, and enhance angiogenesis in the chicken chorioallantoic
membrane (CAM) model. In vivo experiments further indicate that Nef can accelerate
K1-induced angiogenesis and tumorigenesis in athymic nu/nu mice [132]. On non-small
lung cancer A549 cells, Nef promotes cell proliferation, migration, anchor independent
growth and reduces the levels of expression of p53, increasing the aggressiveness of cancer
cells [133].

5.4. Reverse Transcriptase (RT)

We have shown that constitutive expression of HIV-1 RT in murine mammary gland
adenocarcinoma 4T1 cells leads to upregulation, in a concentration-dependent manner,
of the expression of the transcription factors Twist and Snail tightly involved in EMT [134].
In vivo, expression of RT by 4T1 cells results in enhanced tumor growth and potentiates
formation of metastasis in distal organs of immunocompetent syngenic mice [134]. Interest-
ingly, this is not a common property of the reverse transcriptases, as constitutive expression
of enzymatically active reverse transcriptase domain of telomerase reverse transcriptase,
on contrary, suppressed both tumor growth and metastatic activity of 4T1 cells [116].

5.5. Matrix Protein p17

Matrix/p17 protein induces expression of chemokines [135], exerts pro-angiogenic [136]
and lymphangiogenic [137] activities, and deregulates the biological activity of diverse cells
of the immune system [138]. Overall, p17 generates a prolymphangiogenic microenviron-
ment, predisposes the lymph node to lymphoma growth and metastasis [137] and promotes
the aggressiveness (propagation) of human triple-negative breast cancer cells [139]. In a
HIV-1 transgenic mouse model of lymphoma, only expression of HIV-1 p17, but not of other
HIV-1 proteins, induced spontaneous B-cell lymphomas in HIV-1 transgenic mice, with p17
expressed at high levels in the early stages of the disease [140]. Murine lymphoma tissues
exhibited enrichment in expression of the recombination-activating genes (Rag1/2) [140].
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The latter suggests that intracellular signaling induced by p17 leads to genomic instability
and promotes the transformation [140].

Thus, several HIV-1 proteins are directly or indirectly oncogenic, stimulating transfor-
mation of healthy cells and propagation and aggressiveness of already existing cancer cells.
These oncogenic properties are linked to two essential characteristics of these proteins:
their capacity to induce oxidative stress with production of reactive oxygen species and
their ability to exit HIV-1-infected cells (active or passive transport).

6. Oncogenic HIV-1 Proteins Induce Oxidative Stress

Virally-induced cancer evolves over long periods of time in the context of a strongly
oxidative microenvironment, on the background of chronic inflammation. Oxidative stress
induced by chronic viral infection is one of the factors driving neoplastic transformation,
ultimately leading to oncogenic mutations in many cellular signaling cascades that drive
cell growth and proliferation [42,141]. Oxidative damage of chromosomal DNA and
chronic immune-mediated inflammation are key features of HBV, HCV, HPV, and HIV-1
infections [42,141]. As we have earlier reviewed, numerous lines of evidence show that HIV-
1 infection triggers pronounced oxidative stress in both laboratory models and the context
of in vivo infection by deregulation of oxidative stress pathways with escalation of ROS
production and by inducing mitochondrial dysfunction [141]. As a result, PLWH exhibit
multiple markers of oxidative stress including DNA damage [134,142]. The enhancement of
ROS production is mediated by the envelope protein Gp120, Tat, Nef, RT, and p17 [141–146].

6.1. Transactivator of Transcription

Tat induces oxidative stress both directly and indirectly via several independent
mechanisms. The first involves the NADPH oxidases [147], and in the second, an enzyme
involved in the catabolism of biogenic polyamines, spermine oxidase (SMO) [148], and the
third, a mitochondrial dysfunction [149]. A detailed analysis of the levels of ROS in
different subcellular compartments of the HIV-1 infected cells revealed a strong increase
in the levels of H2O2 in the endoplasmic reticulum (ER), demonstrating with the help of
genetically encoded ratiometric sensor HyPER [150,151]. This indicated the involvement
in H2O2 production of NOX4 which primarily resides in ER [152]. The levels of H2O2 in
the cytoplasm and mitochondria were not elevated [151]. The above activities of Tat are
thought to underlie the onset of HIV-1-associated dementia [109,150].

6.2. Envelope Protein Gp120

Early findings indicated that gp120 increases free radical production from monocyte-
derived macrophages (MDM) detected by spin-trapping methods, and that the spin trap
adduct results from a reaction involving nitrogen oxide NO or its closely related oxidized
derivatives [153]. We have earlier summarized a profound role of gp120 in the induction
of oxidative stress [141], namely gp120 induces ROS production in cell lines of lymphoid
origin, in the endothelial brain cells, astrocytes, neurons and microglia. In astrocytes,
it enhances ROS production by several parallel mechanisms: via Fenton–Weiss–Haber
reaction, NOX2 and NOX4, and cytochrome P450 2E1 (CYP2E1) [154,155]. The latter is
mediated through the upregulation of CYP2E1 expression. In cancer (neuroblastoma) cells,
gp120 induces proline oxidase that synthesized pyroline-5-carboxylate with concomitant
generation of ROS (reviewed in [141]).

The effect of HIV-1/HIV-1 proteins on the cellular antioxidant defense system is
controversial. They can both suppress and enhance antioxidant defense pathways [141].
Gp120 was shown to induce oxidative stress response. It up-regulates functional expression
in cultured astrocytes of multidrug resistance protein 1 (Mrp1) which effluxes endogenous
substrates glutathione and glutathione disulphide involved in cellular defense against
oxidative stress [156]. It also upregulates the expression of nuclear factor erythroid derived
2-related factor 2 (Nrf2), a basic leucine zipper transcription factor which is known to
regulate antioxidant defensive mechanisms) in human astrocytes, stimulating expression of
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key antioxidant defensive enzymes hemoxygenase (HO-1) and NAD(P)H dehydrogenase
quinone1 (Nqo1) [157]. Pre-treatment of astrocytes with antioxidants or a specific calcium
chelator BAPTA-AM, significantly blocks the upregulation of Nrf2, HO-1 and Nqo1 [157].

6.3. Accessory Protein Negative Factor

Nef protein has pro-oxidant activity in microglial cells and in neutrophils. It first
induces phosphorylation and then translocation of the cytosolic subunit of NADPH ox-
idase complex p47(phox) into the plasma membrane which in turn induces superoxide
anion release from macrophages [158,159]. As a multifunctional HIV-1 protein, Nef also
activates the Vav/Rac/p21-activated kinase (PAK) signaling pathway involved in activa-
tion of phagocyte NADPH oxidase (thus, Nef indirectly activates NADPH oxidase) [160].
This leads to the dramatic augmentation of the production of ROS [100], and enhancement
of cell responses to a variety of stimuli (Ca(2+) ionophore, formyl peptide, endotoxin) [160].
It also leads to decreased tolerance of the cells to hydrogen peroxide, specifically in as-
trocytes which normally support neuronal function and protects them against cytotoxic
substances including ROS [161]. Rac1-dependent NOX2-mediated reactive oxygen species
production was shown to contribute to ongoing HIV-1-related vascular dysfunction [162].

6.4. Reverse Transcriptase

We have previously demonstrated that expression of RT by human cells induces
production of ROS [163]. Later studies demonstrated that this is a property of different RT
variants, including drug resistant variants, and variants retargeted for lysosomal processing
and secretion [114,163]. Expression of all RT variants led to an increase in the levels of
expression of Phase II detoxifying enzymes HO-1 and Nqo-1. Artificial secretion of RT
resulted in a decrease of RT capacity to induce oxidative stress with a decrease in the
production of ROS compared to the parental enzyme [114].

6.5. Matrix Protein p17

There is no direct evidence of p17-induced oxidative stress. However, p17 possesses
specific structural motifs defined as “coiled coil” sequences, and has a high propensity
to form multimers, mis-fold and aggregate, forming amyloidogenic assemblies [164,165].
This is typical to amyloidogenic proteins actively involved in the pathogenesis of many
human diseases, such as Alzheimer’s disease and Parkinson’ disease. Amyloidogenic
assemblies are toxic, specifically to neural cells. Experiments in the invertebrate nematode
Caenorhabditis elegans as a “biosensor” demonstrated that p17 significantly inhibits its
pharyngeal contractions as do the amyloidogenic proteins [166]. Intrahippocampally
injected into mice, p17 induced neurocognitive disorders, comparable in strenght to the
effects of other known amyloidogenic proteins [166]. Interestingly, amyloidogenic proteins
(typically amyloid-beta peptide Aβ) bound to redox active metal ions, such as copper,
catalyse the production of ROS, in particular the most reactive one, hydroxyl radical.
This effect may underlie the observed oxidative damage exerted by Aβ peptide on itself
and on the surrounding molecules (proteins, lipids, DNA) [167]. One can hypothesize that
matrix protein p17 with its amyloidogenic assemblies may trigger the production of ROS
through a similar mechanism.

Thus, HIV-1 proteins with known oncogenic/mitogenic potential, Tat, gp120, Nef,
RT, and potentially p17, have a potential to directly or indirectly induce oxidative stress,
which could be one of the mechanisms by which they induce and potentiate carcinogenesis
(Figure 3). Interestingly, HIV-1 proteins with an oncogenic potential involved in the
induction of oxidative stress, such as Tat, gp120, Nef, RT, and possibly p17, can be found
outside of the cells in which they are expressed.
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Figure 3. Suggestive mechanism of direct carcinogenic effects of HIV-1 proteins. HIV-1 infected cells express and release
gp120, Tat, Nef, p17, RT, each capable of the induction of oxidative stress. (1) p17 may trigger the production of ROS
through binding of redox active metal ions by its amyloidogenic assemblies [167]. (2) Nef may indirectly activate NADPH
oxidase by activating the Vav/Rac/p21-activated kinase (PAK) signaling pathway involved in phagocytic NADPH oxidase
activation and produce peroxynitrite [160]. (3) Tat induces oxidative action through several independent mechanisms via
NADPH oxidase, spermine oxidase (SMO) induction and mitochondrial dysfunction [148]. (4) RT induces ROS through
unknown mechanisms. There is ROS –dependent activation of the Twist [134], which regulates the expression of Nrf2,
which stimulating the expression of antioxidant enzymes (HO1, Nqol1). In addition, the Twist regulates the expression of the
Snail. Both transcription factors, Twist and Snail, are involved in epithelial to mesenchymal transduction (EMT). (5) Gp120
increases free radical production from monocyte-derived macrophages (MDM) inducing nitrogen oxide (NO). In astrocytes
(AS), it enhances ROS production by several parallel mechanisms: via cytochrome P450 2E1 (CYP2E1), NOX2 and NOX4,
and the Fenton-Weiss-Haber reaction. Multidrug resistance proteins (Mrps) involved in cellular defense against oxidative
stress. Mrp4 (isoform of Mrp) involved in the regulation of ROS and it acts against ROS [156]. In neuroblastoma cells
(NB) gp120 was shown to induce proline oxidase that produces pyroline-5-carboxylate with a concomitant generation
of ROS [141]. Production of ROS, which damage of bystander cells inducing oxidative damage of DNA, proteins and
lipids, apoptosis and inflammation. DNA damage drives genomic instability and promotes transformation of healthy
cells, and propagation and dissemination of malignant cells [168]. Arrows indicate: purple arrows—secretion/entering the
intercellular space; black arrows—relationships and interactions; red arrows—production of ROS; blue arrows—oxidative
stress response. Text above arrows designates the processes leading to the production of ROS, and text below the arrows,
forms of ROS.

7. Oncogenic HIV-1 Proteins Inducing Oxidative Stress Are Found in the Extracellular Space

7.1. Transactivator of Transcription

Tat protein can be produced and released into the extracellular space by cells harboring
actively replicating HIV-1 as well as by latently infected cells, with further uptake by the
neighboring uninfected cells. Uptake of Tat would result in upregulation of inflamma-
tory genes and cytotoxicity; this scenario was observed in a number of HIV-1 associated
comorbidities, specifically, in neurocognitive disorders, cardiovascular impairment and
accelerated aging [169]. Dangerously, the process may occur on the background of suc-
cessful ART, in the absence of active HIV-1 replication and viral production. Considering
that approximately 2/3 of all Tat expressed by infected T cells is secreted [170], the ac-
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tivities of Tat described above make a considerable contribution into HIV-1 associated
pathologies [171,172].

Soluble Tat, in the absence of the virus, has been shown to cause induction of apoptosis,
release of neurotransmitters, oxidative stress and inflammation [169]. Uptake of Tat has
been shown to lead to activation of several transcription factors [173,174] including Sp1,
NF-κB, and others, resulting in the modulation of expression of both HIV-1 and host genes,
including pro-inflammatory cytokines (like TNF-α, CCL2, IL-2, IL-6, and IL-8), adhesion
molecules and sometimes, and pro- and anti-apoptotic factors [175–179], p53 and HPV
oncoprotein E6 [107].

7.2. Envelope Protein gp120

Envelope protein gp120 is known to be secreted by chronically infected cells [180,181],
particularly from the intraepithelial immune cells even in presence of ART [98]. A subset
of PLWH demonstrate persistent circulation in plasma of gp120 [182] and in saliva [98].
Moreover, gp120 was found in tissues of PLWH [183]. Brain cells can be directly exposed to
gp120 secreted by infiltrated and infected microglia and astrocytes [127]. Gp120 is internal-
ized by bystander cells through receptor-independent mechanisms [184]. Internalization of
gp120 leads to the release of several proinflammatory, angiogenic, and lymphangiogenic
factors from affected cells [185].

7.3. Accessory Protein Negative Factor

Accessory protein negative factor Nef is found in the serum of PLWH [186,187].
Nef can stimulate its own export via the release of extracellular vesicles (exosomes) from
HIV-1 infected cells [188]. Of note, exosomes serve as a marker and confirmation of the
systemic oxidative stress [189]. Secreted in exosomes, Nef triggers apoptosis in bystander
cells. Extracellular Nef has deleterious effects on CD4+ T cells [188,190]; on bystander
B cells by suppressing immunoglobulin class switching [191]; and on astrocytes [192] and
endothelial cells [162].

7.4. Reverse Transcriptase (RT)

In our lab, we have shown secretion of RT into cell culture fluids of cells transiently
expressing RT [114]. Recently, RT was also detected in the exosomes detected in the uterine
of PLWH [193].

7.5. Matrix Protein p17

Matrix protein p17 is continuously released into the extracellular space from HIV-1-
infected cells, and can be detected in the plasma of PLWH and in different organs and
tissue specimens [138]. Cellular aspartyl proteases promote the unconventional secretion
of biologically active p17 [194]. HIV-1 secretion of biologically active p17 takes place
at the plasma membrane and occurs following its interaction with phosphatidylinositol-
(4,5)-bisphosphate and its subsequent cleavage from precursor Gag (Pr55Gag) by cellular
aspartyl proteases [194]. Extracellularly, p17 deregulates the function of different cells in-
volved in AIDS pathogenesis. Importantly, p17 accumulates and persists in different organs
and tissues of PLWH on ART, even in the absence of any replicative activity [136,195,196].
These findings strongly suggest that p17 may be chronically present in HIV-1-I infected
cells and tissues, even under ART-associated suppression of HIV-1 replication.

Thus, gp120 and Tat are actively secreted into the endothelial cell micro-environment,
Nef can be neighboring uninfected cells including cells which cannot be infected with HIV-
1, modulating their metabolism, cell cycle progression, ability to differentiate, motility, and,
importantly, the genomic stability, through induction of ROS. Some HIV-1 proteins such as
matrix p17 and gp120 can accumulate and persist in lymphoid tissues for at least 1 year after
the on-start of ART on the background of successful suppression of viral replication [196].
These proteins are involved in different processes associated with malignant transformation
and tumor growth with significant direct and indirect adverse effects on the epithelial cells.
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These include a range of responses that contribute to endothelial dysfunction, including
enhanced adhesiveness, permeability, cell proliferation, apoptosis, as well as activation of
cytokine secretion [86], eventually leading to malignant transformation (Figure 3). In this
respect, their effect would resemble oncogenesis mediated by known viral oncoproteins
originating from EBV, HTLV-1, KSHV, HCV, HBV, HPV, and identified as causative agents
of both AIDS-defining and non-AIDS defining forms of cancer.

8. Conclusions

People living with human immunodeficiency virus receiving antiretroviral therapy
are characterized by high prevalence of different forms of cancer affecting epithelial cells.
HIV-1 does not infect epithelial cells, however both HIV virions and proteins were shown
to be sequestered into epithelial cells and affect their functions. These proteins have three
specific properties:

• First, HIV proteins Tat, Nef, gp120, matrix protein p17, reverse transcriptase/RT
induce oxidative stress with serious consequences in the form of DNA, protein and
lipid damage, as well as changes in the intracellular signaling.

• Second, Tat, Nef, gp120, matrix protein p17, RT have a direct carcinogenic poten-
tial as demonstrated in the series of in vitro experiments and experiments in the
laboratory animals.

• Third, Tat, Nef, gp120, matrix protein p17, reverse transcriptase/RT were shown to exit
HIV expressing cells by different mechanisms, and, once present in the extracellular
space, can be up-taken by innocent neighbor cells.

Sequestered/internalized by innocent bystander cells, these proteins modulate their
metabolism, cell cycle progression, ability to differentiate, motility, redox balance (induce
ROS) and genomic stability. Through this, they can trigger malignant transformation of
normal cells. Another outcome is propagation (proliferation and dissemination) of already
existing precancerous and cancer cells, and enhanced growth and metastatic activity of
tumors expressing or exposed to HIV-1 proteins.

Altogether, we present a new mechanism of HIV-associated malignant transformation
of epithelial cells driven by individual HIV proteins through the induction of reactive
oxygen species. In this scenario, HIV-1 proteins act in a manner similar to the known viral
oncogenes, and can cooperate with them promoting KSHV, EBV, HBV, HCV, and HPV-
associated carcinogenesis. Such pathway of HIV associated carcinogenesis can co-occur
together with carcinogenesis driven by persistent immune inflammation, and dysfunction
of B cells, T cells and cellular components of the innate immune system.
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Simple Summary: Ovarian cancer is one of the leading causes of death among women and the
most lethal cause of death from gynecological malignancy in developed countries. The immune
system plays an essential role in ovarian cancer progression, and its modulation may be used as
an effective therapeutic tool. In this review, we examine the relevance of the cellular and humoral
components of the adaptive and innate immune responses in ovarian cancer, focusing on the role of
an essential component of innate immunity, the complement system. Elements of this system show
tumor-promoting activities that impede the efficacy of developing treatment strategies. We discuss
evidence that suggests a role of complement components in the progression of ovarian cancer and
provide a rationale for evaluating the inhibition of complement components in combination with
immunotherapies aimed to reactivate antitumor T-cell responses.

Abstract: Ovarian cancer is one of the most lethal gynecological cancers. Current therapeutic
strategies allow temporary control of the disease, but most patients develop resistance to treatment.
Moreover, although successful in a range of solid tumors, immunotherapy has yielded only modest
results in ovarian cancer. Emerging evidence underscores the relevance of the components of innate
and adaptive immunity in ovarian cancer progression and response to treatment. Particularly, over
the last decade, the complement system, a pillar of innate immunity, has emerged as a major regulator
of the tumor microenvironment in cancer immunity. Tumor-associated complement activation
may support chronic inflammation, promote an immunosuppressive microenvironment, induce
angiogenesis, and activate cancer-related signaling pathways. Recent insights suggest an important
role of complement effectors, such as C1q or anaphylatoxins C3a and C5a, and their receptors
C3aR and C5aR1 in ovarian cancer progression. Nevertheless, the implication of these factors in
different clinical contexts is still poorly understood. Detailed knowledge of the interplay between
ovarian cancer cells and complement is required to develop new immunotherapy combinations and
biomarkers. In this context, we discuss the possibility of targeting complement to overcome some of
the hurdles encountered in the treatment of ovarian cancer.

Keywords: ovarian cancer; adaptive immunity; innate immunity; complement system; immunother-
apy; cancer immunology; tumor microenvironment
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1. Current Status of Ovarian Cancer: Clinical Perspective and Needs

Ovarian cancer is the most lethal gynecological cancer in developed countries [1].
According to data from the US National Cancer Institute (NIH), the five-year survival rate
for ovarian cancer is 49.1% [2]. This can be attributed to a delay in the diagnosis due to
the lack of specific symptoms; 70% of cases are diagnosed in stage III or IV, making it
difficult to treat with curative intent [3]. Ovarian cancer is a complex disease that com-
prises different tumor types, of which epithelial ovarian cancer represents 90–95% of all
cases [4]. The current standard treatment includes surgery and platinum-based chemother-
apy followed by a maintenance period with the anti-angiogenic therapy bevacizumab [5].
Initial responses to chemotherapy are frequently high, but unfortunately, up to 70% of
patients experience recurrence within the first three years, especially patients who are
late-diagnosed [5]. Survival rates have recently improved with the introduction of a new
generation of poly (ADP-ribose) polymerase inhibitors (PARP inhibitors (PARPi)). These
drugs, administered after chemotherapy, prolong the time during which the disease does
not progress, mainly in patients carrying BRCA mutations [6]. Despite this great advance,
the overall survival of patients with ovarian cancer is still low. There are a variety of fac-
tors associated with chemoresistance and relapse, including interactions between ovarian
cancer cells and their surrounding immune microenvironment [7]. Ovarian cancers are
considered “immunogenic tumors” in which spontaneous antitumor immune responses
have been demonstrated [8,9]. The presence of tumors infiltrating CD8+ lymphocytes in
the tumor microenvironment (TME) is associated with longer recurrence-free and overall
survival [10,11], whereas the recruitment of regulatory T (Treg) cells is correlated with a
poor outcome [12]. These associations indicate that ovarian cancers could respond to im-
munotherapy. However, immune checkpoint inhibitors (anti-CTLA-4 or anti-PD-1/PD-L1)
have yielded modest clinical results in ovarian cancer patients [13,14]. A better understand-
ing of the interplay between ovarian tumor cells and the immunological players in innate
and adaptive immunity is critical for developing strategies to overcome the resistance of
ovarian cancers to immunotherapy [15,16].

A major effector of innate immunity is the complement system, which represents one
of the first lines of defense that distinguish “self” from “non-self” [17]. This system is
composed of more than 50 soluble or membrane-bound effectors, regulators, and receptors,
and it plays a relevant role in numerous physiological and pathological processes, including
cancer [18]. Some evidence suggests that the modulation of complement activation may
be exploited for the development of successful treatments against cancer [19,20]. In this
review, we discuss the role played by components of adaptive and innate immunity on
the development and progression of ovarian cancer. We mainly focus on the complement
system, its role in the TME, and the rationale behind the use of complement modulators
for the treatment of ovarian cancer.

2. Cellular and Humoral Immune Components of the Ovarian
Tumor Microenvironment

The continuous feedback between tumor cells and the immune system is now recog-
nized as a distinguished cancer hallmark [21]. Neoplastic transformation is characterized by
the acquisition of tumor-associated molecular patterns that can be detected by the immune
system. It is believed that upon recognition, innate and adaptive immunity can eliminate
the vast majority of incipient cancer cells, avoiding tumor formation. However, the immune
system is unable to eliminate all emerging malignant cells. When transforming cells escape
from immune-mediated elimination, a dynamic interplay is established between tumor
cells and the immune system, resulting in tumor-associated immune responses that may
facilitate the development and progression of cancer [22]. In the case of ovarian tumors, a
plethora of immune and non-immune cell types and non-cellular elements are found in the
TME, not only in primary tumors but also in ascites and metastases [23]. The co-existence of
multiple distinct tumor immune microenvironments within a single individual highlights
the high plasticity and adaptability of ovarian cancers [24]. Herein, we summarize the
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main roles of the cellular and humoral elements of the immune system in ovarian tumor
progression.

2.1. Cellular Immune Components

Tumor cells co-exist with non-immune and immune cells, and this relationship de-
termines the natural history of the tumor and its resistance or response to therapy. The
cellular immune components of the ovarian TME include T and B lymphocytes, natural
killer (NK) cells, dendritic cells (DCs), polymorphonuclear cells, and macrophages.

T cells are a prominent component of the ovarian TME. Infiltration by CD8+ T cells is
indicative of an ongoing immune response and is associated with a favorable prognosis [25].
Upon activation, tumor-specific CD8+ T cells secrete IFN-γ, tumor necrosis factor (TNF)-
α, and cytotoxic mediators. However, in the ovarian TME, CD8+ T-cell responses are
often dysfunctional. The autologous recognition of ovarian tumor antigens is limited to
approximately 10% of the intratumoral CD8+ T receptor (TCR) repertoire [26]. This state
can be attributed to the upregulation of T-cell exhaustion molecules by persistent antigen
exposure and the existence of a hostile TME characterized by nutrient deprivation, hypoxia,
oxidative stress, high concentrations of pro-inflammatory molecules, and the presence of
immunosuppressive cell subsets [27]. In fact, ovarian cancers are highly enriched in Treg
cells [28], a subset of lymphocytes that hamper tumor immunosurveillance by fostering
peripheral tolerance to tumor antigens. Treg cells release and metabolize ATP to adenosine
by the action of CD39 and CD73, a process that mediates immunosuppression via the
adenosine and A2A pathways [29]. Consequently, depletion of Treg cells in ovarian cancer-
bearing mice effectively restores antitumor antigen-specific T-cell responses [30]. Other
lymphoid subsets are important elements of the ovarian cancer immune infiltrate. In an
orthotopic syngeneic mouse model, antitumor immunity was driven by CD4+ T cells [15].
A study identified a novel tumor-infiltrating NK subset characterized by a high expression
of PD-1, reduced proliferative capability in response to cytokines, low degranulation, and
impaired cytokine production upon interaction with tumor targets [31]. The presence of
CD20+ B cells was associated with increased survival in ovarian cancer patients [32]. In
human metastases of high-grade serous ovarian cancer, B cells develop memory responses
in the TME and promote antitumor immune responses [33].

DCs are a diverse group of innate immune cells that infiltrate tumors and present
tumor-derived antigens to naïve T cells. High densities of tumor-infiltrating DC-LAMP+

mature DCs suggest the establishment of an antitumor immune response, which is asso-
ciated with a favorable prognosis in ovarian cancer patients [34]. However, this immune
response is often rendered dysfunctional because of a variety of mechanisms, such as the
upregulation of B7-H1 [35], the activation of the endoplasmic reticulum stress response
factor X-box binding protein 1 (XBP1) [36], the attenuation of the toll-like receptor-mediated
DC activation [37], and the activation of the cyclooxygenase 2 (COX2)/prostaglandin E2
(PGE2) axis to redirect the development of DCs toward the formation of myeloid-derived
suppressor cells (MDSCs) [38].

MDSCs represent a heterogeneous population of immature myeloid cells that fail
to differentiate into granulocytes, macrophages, or DCs. Two main subsets of MDSCs
have been identified: polymorphonuclear MDSC (PMN-MDSC; CD11b+Ly6G+Ly6Clo in
mice and CD11b+CD14−CD15+CD66b+LOX-1+ in humans) and monocytic MDSC (M-
MDSC; CD11b+Ly6G−Ly6Chi in mice and CD14+CD15−HLA−DR−/lo in humans). PMN-
MDSCs and M-MDSCs are morphologically and phenotypically similar to neutrophils and
monocytes, respectively [39]. These cells potently inhibit the anti-tumor immune response
and reshape the TME to promote tumor growth and metastatic spread. The differentiation
of myeloid precursors toward an MDSC phenotype is mediated by the inflammatory
factor PGE2 via DNA methyltransferase 3A (DNMT3A)-dependent hypermethylation
and the downregulation of a subset of myeloid genes [40]. The infiltration of MDSCs
into ovarian tumors is associated with the Snail-mediated upregulation of CXCL1 and
CXCL2 chemokines that attract MDSCs to the tumor via CXCR2 [41]. In the tumor niche,
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granulocyte–monocyte colony-stimulating factor (GM-CSF), through the signal transducer
and activator of transcription 5 (STAT-5) pathway, upregulates AMP-activated protein
kinase alpha 1 (AMPKα-1) in MDSCs to suppress antitumor CD8+ T-cell responses [42].
Both the presence of TNF-α and the production of NO by MDSCs sustain Th17 responses
in the TME and myeloid cell recruitment in an IL-17-dependent manner [43,44].

Tumor-associated neutrophils, a cell population difficult to distinguish from PMN-
MDSCs, are also involved in ovarian cancer-associated immune responses. In a KRAS-
driven ovarian cancer mouse model, neutrophils reduced the amount of tumor-associated
Treg cells and M-MDSCs while increasing the antitumor immune response via the upregula-
tion of CD8+ T-cell function [45]. By contrast, the activation of neutrophils by mitochondrial
DNA from ascites obstructs anti-tumor immunity and is associated with worse outcomes
in patients with advanced ovarian cancer [46]. This study also reported the formation
of neutrophil extracellular traps (NETs), networks of neutrophil decondensed chromatin
fibers that are capable of binding tumor cells to support metastatic progression [47]. These
contrasting roles of neutrophils in ovarian cancer have been attributed to different polar-
ization states induced by the presence of transforming growth factor (TGF)-β and type-1
interferons in the TME [48].

Tumor-associated macrophages (TAMs) play a major role in the pathogenesis of
ovarian cancer [49]. Macrophages constitute over 50% of the cells in peritoneal ovarian
tumor nodules and malignant ascites and are involved in ovarian cancer initiation, pro-
gression, and metastasis [50]. TAMs are highly plastic cells that can exhibit two main
phenotypes: anti-tumorigenic M1-like (F4/80hi and CD86+ or CD80+ or iNOS+ in mice;
CD68+HLA-DR+CD11c− and CD86+ or CD80+ or iNOS+ in humans) and pro-tumorigenic
M2-like (F4/80hi and CD163+ or CD206+ or arginase+ in mice; CD68+HLA-DR+CD11c−

and CD163+ or CD206+ in humans). Analyses of TAM polarization in ovarian cancer show
that M2 TAMs are associated with a poor prognosis [51,52]. Malignant cells direct TAM
differentiation to facilitate tumor progression. The activation of the ovarian TAM pro-
tumor phenotype requires the expression of zinc finger E-box binding homeobox 1 (ZEB1),
a driver of the epithelial-mesenchymal transition (EMT), and involves direct crosstalk
with tumor cells [53]. Tumor-expressed CD24 interacts with the inhibitory receptor sialic-
acid-binding Ig-like lectin 10 (Siglec-10) expressed by ovarian cancer-inhibiting TAMs to
avoid their antitumor effects [54]. Ovarian cancer cells skew co-cultured macrophages
to a phenotype similar to that found in ovarian tumors [55]. Ovarian cancer cells pro-
mote membrane-cholesterol efflux and depletion of lipid rafts to polarize TAMs toward a
tumor-promoting phenotype characterized by the upregulation of IL-4 signaling [56]. In
return, TAMs enhance the malignant potential of ovarian cancer cells. Endothelial growth
factor (EGF) secreted from TAMs promoted tumor growth at early stages of transcoelomic
metastasis in a mouse model of ovarian cancer [57]. Moreover, TAMs enhance ovarian
cancer invasiveness through activation of the nuclear factor kappa B (NF-kB) and Jun
N-terminal kinase (JNK) pathways in tumor cells [58].

2.2. Humoral Immune Components

The crosstalk between the different cellular components of the TME is essential to
reprogram tumor-associated immune responses. This process is orchestrated by complex
networks interconnected by sets of soluble factors and extracellular structures, such as
cytokines, chemokines, small metabolites, and microvesicles, among others [59]. In partic-
ular, cytokines mediate key interactions between immune and non-immune cells in the
TME [60], and cytokine-based immunotherapy is a promising strategy to modulate the
host’s immune response toward the induction of apoptosis in tumor cells [61]. To date,
there are two FDA-approved treatments for melanoma and metastatic renal cell cancer
based on the administration of TNF-α and interleukin (IL)-2 [62]. In the case of ovarian
cancer, the proinflammatory cytokine IL-6 has been established as a key immunoregula-
tor [63]. IL-6, along with other cytokines, activates pathways such as STAT and NF-kB,
whose modulation could be used as a potential therapeutic tool [63].
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Many years ago, Bjørge et al. found elevated levels of complement C1q, C3, C3a, and
soluble C5b-9 in ascites from ovarian cancer patients, suggesting that local complement
activation may constitute an important soluble component of the ovarian TME [64]. More
recently, ovarian cancer has been classified as a cancer type with “upregulated comple-
ment” [65]. Interestingly, over the last decade, the complement system has emerged as a
major non-cellular regulator of the TME in cancer immunity. Tumor-associated complement
activation may support chronic inflammation, promote an immunosuppressive microen-
vironment, induce angiogenesis, and activate cancer-related signaling pathways [66]. In
the case of ovarian cancer, complement dysregulation may even participate in the onset of
tumors since complement molecules are already overexpressed in precursor lesions [67].
In the following section, we summarize the evidence supporting the involvement of the
complement system in ovarian cancer progression.

3. The Complement System and Its Dual Role in Ovarian Cancer

In 1896, the complement system was first described as a heat-labile component in the
serum able to “complement” heat-stable factors (antibodies). Now, the complement system
is broadly known as a central part of the innate immune response composed of soluble
and membrane-bound proteins that can coordinate a nonspecific inflammatory response
against microbes and unwanted host elements [18]. Complement-circulating effectors
are predominantly synthesized in the liver and are distributed throughout the body in
an inactivated state. Complement can be activated by three main distinctive pathways:
the classical pathway (CP), the lectin pathway (LP), and the alternative pathway (AP)
(Figure 1). The three pathways converge in the cleavage of the complement component
C3 into C3a and C3b. The CP is initiated in foreign, damaged, or dying cells when the
C1 complex, which includes C1q, C1r, and C1s, recognizes antibody clusters, pathogen-
associated molecular patterns (PAMPs), or danger-associated molecular patterns (DAMPs),
among other molecules [68]. The LP is initiated by the recognition of carbohydrate patterns
by mannose-binding lectin (MBL) or ficolins, along with the mannan-binding lectin serine
proteases MASP1 and MASP2 [68]. The initiation of both the CP and the LP leads to the
cleavage of C4 into C4a and C4b and, subsequently, C2 into C2a and C2b. The complex
formed by C4b and C2b (C4bC2b, formerly C4b2a) constitutes the classical C3 convertase,
which is responsible for the cleavage of C3 into C3a and C3b [68]. The AP is initiated by
the spontaneous hydrolysis of C3 into C3(H2O), followed by its binding to factor B. This
complex is recognized by factor D, which catalyzes the cleavage of factor B to form the fluid-
phase alternative C3 convertase C3(H2O)Bb. This convertase can mediate the cleavage of
C3 into C3a and C3b to form the membrane-bound alternative C3 convertase C3bBb [69].
Subsequently, C3b is able to bind to C4bC2b (in the CP and LP) or C3bBb (in the AP), leading
to the formation of C5 convertase. This complex catalyzes the cleavage of C5 into C5a and
C5b. The later fragment sequentially binds to C6, C7, C8, and C9 to form the cytolytic
membrane attack complex (MAC) [18,68]. Many complement functions are mediated by
the anaphylatoxins C3a and C5a, which act as potent inflammatory modulators [70]. These
peptides signal through their respective G-protein-coupled receptors C3aR and C5aR1 [71].
A second, lesser-known C5a receptor, C5aR2, also participates in C5a responses, though its
role remains unclear. Finally, an array of membrane and soluble complement regulatory
proteins (CRPs) protects normal cells from the overactivation of complement [68] (Figure 1).
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Figure 1. Schematic representation of the effectors and regulators of the complement cascade. Complement is initiated
by three distinctive pathways: the classical (blue arrows), the lectin (green arrows), and the alternative (brown arrows)
pathways. All three pathways converge in the formation of C3 and C5 convertases, which in turn generate the inflammation
modulators C3a and C5a. The terminal steps, which culminate in the assembly of the membrane attack complex (MAC), are
common to the three pathways. Inhibitory proteins of the three pathways are shown in red boxes.

Complement plays an essential role in the control of cellular immunity [18], participat-
ing in the regulation, differentiation, and trafficking of several immune cell types [17,72].
C3 and C4 depletion impair humoral immune responses in vivo [73–75]. It has been pos-
tulated that antigen–antibody clusters interact with complement and are recognized by
DCs, B lymphocytes, and macrophages [76]. Further evidence of the interplay between
adaptive and innate immunity is the CD21(CR2)-CD19-CD81 complex on B cells, which
enhances B-cell receptor function [77,78], partially by recognizing C3d-tagged surfaces [79].
Anaphylatoxins also play an important role in immune regulation. Most immune cell types
express C3aR and/or C5aR1 on their surfaces [65]. On B cells, C3a impairs polyclonal im-
mune responses and TNF-α and IL-6 production [80,81]. C5a has been extensively reported
to induce the migration of several cell types [82–86]. Interestingly, C5a fosters antigen
cross-presentation and the maturation of DCs [87–89]. Moreover, C3a-C3aR and C5a-C5aR1
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signaling promote the activation [90] and expansion [91] of T cells and divert their differen-
tiation from Treg cells [92,93]. Complement inhibitory proteins, such as CD46, have been
shown to modulate T-cell fate depending on the isoform expressed and the presence of
IL-2 [94,95]. Moreover, negative modulation of the inhibitor CD59 was demonstrated to
ameliorate antigen-specific T-cell responses [96]. Overall, the information gathered during
the past few decades illustrates the interconnections between the complement system and
adaptive and innate immunity and endorses the hypothesis that complement’s role extends
beyond its traditional non-specific, first-defense function.

Dysregulation of complement can lead to the development of several pathologies.
Kidney diseases, such as atypical hemolytic uremic syndrome (aHUS) and C3 glomeru-
lopathies, are closely related to complement anomalies. C3 glomerulopathies are character-
ized by the production of C3 fragments in the fluid phase via the alternative pathway and
abnormal complement consumption that leads to the damage of the glomerular basement
membrane [97]. Activation of the complement system is also involved in the pathogenesis
of systemic autoimmune diseases [98]. Alterations in regulatory proteins can trigger seri-
ous conditions as well. Paroxysmal nocturnal hemoglobinuria (PNH) is a hematological
disorder caused by a deficiency in glycosylphosphatidylinositol anchor synthesis that
negatively affects the expression of the CRPs CD55 and CD59 [99]. More recently, cancer
progression has been associated with complement activation [66].

In the next sections, we review studies that have reported the participation of compo-
nents of the complement system in the biology of ovarian cancer or its potential clinical
use. The findings of these studies are summarized in Tables 1 and 2.

Table 1. Summary of the studies in ovarian cancer cell lines and mouse models reporting tumor-promoting or tumor-
suppressing activities mediated by complement components.

Component
Type

Complement
Component (s)

Role in
Cancer

Experimental
Setting

Cell Line(s) In Vivo Model Mechanism Ref

C
om

p
le

m
en

te
ff

ec
to

rs
an

d
re

ce
p

to
rs

C1q Anti-tumor In vitro SKOV3 - Induction of apoptosis [100]

gC1qR Anti-tumor In vitro C33a, SiHa - Induction of apoptosis [101]

gC1qR Anti-tumor In vitro SKOV3,
CAOV-3 -

Induction of apoptosis
after paclitaxel

treatment
[102]

C3 and C5aR1 Pro-tumor In vivo -

Spontaneous
model in
C57BL/6

TgMISIIR-Tag
mice

Inhibition of
angiogenesis [103]

C3aR and C5aR1 Pro-tumor In vivo ID-8 VEGF Syngenic model
in C57BL/6 mice

Autocrine stimulation
of tumor growth [104]

C3 Pro-tumor In vivo ID-8 VEGF Syngenic model
in C57BL/6 mice

Autocrine promotion of
EMT [105]

C3 and C5aR1 Anti-tumor In vivo TC-1

Syngenic model
in B6.SJL-

PtprcaPep3b/BoyJ
mice

Promotion of T-cell
homing [106]

C5a Anti-tumor
Pro-tumor In vivo SKOV-3 Xenograft model

in SCID mice
Dose-dependent effect

on tumor growth [107]
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Table 1. Cont.

Component
Type

Complement
Component (s)

Role in
Cancer

Experimental
Setting

Cell Line(s) In Vivo Model Mechanism Ref

C
om

p
le

m
en

tr
eg

u
la

to
rs

CD59, CD46, FH,
and FHL-1 Pro-tumor In vitro

Caov-3,
SK-OV-3,
SW626,
PA-1,

HUV-EC-C

-

Functional complement
activation and

regulation occurs
locally in ascites

[64]

CD55 Pro-tumor In vivo SK-OV-3 Xenograft model
in SCID* mice

Blockade of CD55 leads
to improved efficacy of

mAb therapy
[108]

CD55 Pro-tumor In vivo

A2780,
TOV112,

CP70,
HEC1a

Xenograft model
in SCID mice

Silencing of CD55
restores sensitivity to

chemotherapy
[109]

CD59 Pro-tumor In vivo A2780 Xenograft model
in SCID mice

Silencing of CD59
reduces tumor growth [110]

CD59 Pro-tumor In vitro SK-OV-3 -

Neutralization
improves CDC

mediated by mAb
therapy

[111]

CD46 and CD59 Pro-tumor In vitro

IGROV1,
OVCAR3,
SKOV3,
OAW42,
INTOV1,
INTOV2

-

Neutralization
improves CDC

mediated by mAb
therapy

[112]

CD46, CD55, and
CD59 Pro-tumor In vitro SK-OV-3 -

Silencing of CRPs leads
to improved efficacy of

mAbs
[113]

FH, FHL-1, and
sCD46 Pro-tumor In vitro

SK-OV-3,
Caov-3,

PA-1,
SW626

- Resistance to CDC [114]

EMT: epithelial-mesenchymal transition, SCID: severe combined immunodeficient, mAb: monoclonal antibody, CDC: complement-
dependent cytotoxicity.

Table 2. Summary of the studies performed with clinical samples reporting the potential clinical use of the determination of
complement components.

Component
Type

Complement
Component(s)

Role in Cancer
Type of
Sample

Methodology Stage(s) Mechanism Ref

C
om

p
le

m
en

te
ff

ec
to

rs
an

d
re

ce
p

to
rs

C1q Diagnosis Serum Mass
spectrometry III–IV Overexpression [115]

gC1qR Prognosis Tissue IHC III–IV
Overexpression

associated with shorter
overall survival

[116]

MBL and
MASP-2 Diagnosis Serum ELISA I–IV Overexpression [117]

Ficolin-2 and
ficolin-3 Diagnosis Serum ELISA I–IV Overexpression [118]

C3 and C4 Prediction of
response Plasma Mass

spectrometry III–IV

Downregulation (C3)
or upregulation (C4) in

platinum-resistant
patients

[119]

C3 Diagnosis Serum Mass
spectrometry I–IV Downregulation [120]

C3 and C5aR1 Prognosis Tissue Real-time PCR I–II

mRNA levels
associated with

decreased overall
survival

[104]
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Table 2. Cont.

Component
Type

Complement
Component(s)

Role in Cancer
Type of
Sample

Methodology Stage(s) Mechanism Ref

C
om

p
le

m
en

tr
eg

u
la

to
rs

CD59, CD46, FH,
and FHL-1 Pro-tumor Ascitic fluid Immunoblotting,

ELISA, IHC I, III, IV
Complement activation
and regulation occurs

locally in ascites
[64]

CD46 Prognosis Tissue IHC I–III Expression associated
with shorter survival [121]

CD46 and CD59 Therapy Tissue
cDNA

microarray,
IHC

Advanced
stage

Neutralization
improves CDC

mediated by mAb
therapy

[112]

CD46, CD55, and
CD59 Pro-tumor Tissue IHC Not specified Overexpression in

malignant tissue [122]

FH, FHL-1, and
sCD46 Pro-tumor Ascitic fluid,

tissue
ELISA,

IHC III–IV Overexpression in
malignant tissue [114]

IHC: immunohistochemistry, mAb: monoclonal antibody, CDC: complement-dependent cytotoxicity.

3.1. Complement Initiation Components in Ovarian Cancer

C1q, the first component of the classical complement activation pathway, links innate
and adaptive immunity [123]. Both promoting and inhibitory roles have been reported for
C1q in cancer progression, but most studies associate C1q expression with poor clinical
outcomes in cancer, as is the case for gliomas and osteosarcomas [124,125]. C1q may
act as a tumor-promoting factor through both complement-dependent and complement-
independent mechanisms [126,127]. In ovarian cancer, the role of C1q appears to be
context-dependent. In vitro, C1q displays an anti-tumor effect in SKOV3 cells by promoting
apoptosis through the upregulation of the TNF-α pathway and the downregulation of the
mammalian target of rapamycin (mTOR) survival pathway [100]. Conversely, expression
levels of C1q in circulating extracellular vesicles isolated from ovarian cancer patients
in stages III–IV are significantly elevated compared with those isolated from healthy
individuals [115]. Discrepancies have also been observed in the case of the globular C1q
receptor (gC1qR), a cell surface receptor for C1q. This molecule is upregulated in tumor
cells [128], and its overexpression induces mitochondrial dysfunction and p53-dependent
apoptosis in human cervical squamous carcinoma cells in vitro [101]. Consistently, the
induction of gC1qR expression by paclitaxel in ovarian cancer cell lines SKOV3 and CAOV3
results in mitochondrial dysfunction and cell apoptosis [102]. However, this consistency
observed in vitro disappears when clinical samples from ovarian cancer patients at different
stages of the disease are analyzed. gC1qR downregulation was observed in ovarian cancer
patients in the early stages of the disease (stages I–II) [102]. By contrast, gC1qR seems to
be overexpressed in tumor tissue from ovarian cancer patients in stages III and IV, and
this is associated with a poor prognosis and cisplatin resistance [116]. These data suggest
an increase in complement activation during ovarian cancer progression. Consistent with
this assumption, C4 was detected in ascitic fluid from late-stage patients, while it was
undetectable in ascitic fluid from healthy donors [64]. Moreover, C4 levels were found to
be upregulated in plasma samples from chemoresistant compared with chemosensitive
ovarian cancer patients [119]. In the same study, complement factor I and C3 were found
to be downregulated [119]. Finally, MBL and MASP2 serum levels are altered in ovarian
cancer patients, and MBL levels are associated with advanced disease stages [117]. The
ovarian tumor antigen cancer antigen 125 (CA-125), a highly glycosylated protein, may
be a target for pattern recognition molecules, such as collectins and ficolins, which may
mediate the interaction with MBL and the activation of the lectin pathway [129]. Serum
ficolins have been reported to be elevated in ovarian cancer patients despite their lower
tumor expression [118]. In conclusion, several studies have reported the presence of
complement initiation factors in ovarian cancer. However, the contribution of these factors
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to ovarian cancer progression and response to treatment is still unclear and requires further
investigation.

3.2. C3 and C5 in Ovarian Cancer

The C3- and C5-derived fragments C3a and C5a participate in the establishment of
a chronic inflammatory state that may favor tumorigenesis and cancer progression [70].
In ovarian cancer, the implication of C3a and C5a seems to depend on multiple factors,
although most of the evidence suggests a tumor-promoting effect. Nuñez-Cruz et al. as-
sessed the role of complement in ovarian tumor progression using C3 and C5aR1-deficient
mice. Complement inhibition impaired both tumor vascularization and growth [103]. Some
molecular mechanisms have been associated with the tumor-promoting function of C3
and C5 in ovarian cancer tumor cells. These mechanisms include the activation of the
phosphatidylinositol-3-kinase (PI3K) pathway and the induction of EMT [104,105]. C3 and
C5 and their effector fragments also influence tumor progression by acting on immune
cells. Circulating polymorphonuclear cells from ovarian cancer patients can acquire an
immunosuppressive phenotype capable of restraining T-cell proliferation after exposure to
ascites in a process dependent on C3 [130]. This T-cell non-responsiveness is associated
with the production of C5a and is mediated by mTOR signaling and nuclear factor of
activated T-cells (NFAT) translocation [131]. Interestingly, C5a may function in a dose-
dependent manner. Thus, in a SKOV-3 tumor model, low local doses of C5a reduced tumor
growth in association with the recruitment of M1 TAMs and NK cells, while high doses
promoted tumor progression [107]. Ovarian cancer cells overexpress ribosomal protein S19
(RPS19), which leads to tumor growth through its interaction with C5aR1 in MDSCs [132].
By contrast, the local production of C3 and the release of C5a disrupt the tumor endothelial
barrier, facilitating the homing of T cells and their tumor recruitment [106]. This study
further stresses the contrasting effects associated with complement effectors in different
models of ovarian cancer. Unfortunately, the results reported in patients do not clarify
the matter. High levels of C3 or C5aR1 have been associated with decreased overall sur-
vival [104,133]. By contrast, reduced expression of C3 was observed in the blood of ovarian
cancer patients [134], and this factor was downregulated in the serum of platinum-resistant
patients [119].

3.3. Complement Regulatory Proteins in Ovarian Cancer

CRPs protect host cells from autologous complement attack, but they can render
complement ineffective at eliminating cancer cells. Membrane-bound CRPs (mCRPs),
such as CD46, CD55, and CD59, are expressed by ovarian cancer tumors [121,135] and
cell lines [108,122,135]. These regulators are linked to worse clinical outcomes and may
constitute an obstacle for cancer immunotherapy [121,136–138]. Their presence has also
been associated with the development of multi-drug resistance in ovarian cancer cells [139].
Neutralization of mCRPs increases the sensitivity to complement-dependent cytotoxic-
ity [111,113,139], reduces ovarian tumor growth [110], and enhances the anti-tumor efficacy
of therapeutic antibodies [108,112]. In line with these findings, CD55 silencing restores
cisplatin sensitivity to chemotherapy in resistant ovarian cancer cells [109]. Regarding
soluble complement regulators, a range of studies has demonstrated their importance in
several tumor types [140–143]. In ovarian cancer, some soluble complement inhibitors,
such as factor H and factor H-like 1 (FHL-1), have been found in ascitic fluid and primary
tumors [64,114]. However, the role of these regulators in ovarian cancer progression has
not been defined yet.

In conclusion, the evidence suggests that complement dysregulation drives ovarian
cancer progression. Complement effectors, receptors, and regulators have been implicated
in different aspects of ovarian cancer biology (Figure 2). Although there are inconsistencies
in the description of the role of complement components in some clinical or experimental
contexts, the majority of studies point toward a tumor-promoting activity of complement in
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well-established tumors. These findings have paved the way for studies aimed to potentiate
cancer therapies through the modulation of the complement system.

Figure 2. Complement-related mechanisms associated with ovarian cancer progression. Complement components have
been implicated in different biological processes associated with ovarian cancer progression. They include modulation
of immunosuppression in the tumor microenvironment; regulation of angiogenesis and endothelial permeabilization;
autocrine and paracrine effects in tumor cells mediated by C1q, C3a, or C5a; and inhibition of complement-dependent
cytotoxicity (CDC) by membrane-bound complement regulators.

4. Therapeutic Potential of Targeting Complement in Ovarian Cancer

Complement inhibition may be a useful therapeutic strategy against cancer [19].
Agonists of C5aR1 and C3aR increase ovarian tumor cell proliferation, migration, and
invasion, suggesting that receptor antagonists could be used to block cancer growth [104].
Complement targeting may also impair angiogenesis, a highly relevant biological process
in ovarian cancer. Elevated levels of serum VEGF after chemotherapy treatment have
been associated with lower overall survival in ovarian cancer patients [144], and the
anti-VEGF antibody bevacizumab has shown therapeutic activity in both patients and
animal models [145–147]. Genetic or pharmacological inhibition of C3 or C5aR1 results in
smaller and poorly vascularized ovarian tumors in vivo [103], and C5a is able to promote
endothelial cell tube formation and migration [103,148]. Therefore, it can be speculated
that inhibition of complement may potentiate the efficacy of anti-angiogenic agents.

Another scenario in which complement modulation may be of special relevance is
immunotherapy. We previously described the implication of effectors and regulators of the
complement system in the ability of T cells to infiltrate tumors and the response against
tumor-associated antigens [149]. Using various models of lung cancer, we proposed that the
modulation of complement activation can improve the antitumor efficacy of monoclonal
antibodies targeting the PD-1/PD-L1 pathway [150]. This synergistic effect has also been
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reported in other tumor models targeting C5a/C5aR1 [151,152] or C3a/C3aR [151,153]. To
our knowledge, these combinations have not been tested yet in models of ovarian cancer,
and we can only hypothesize about the outcome of these studies. The inhibition of C3
or C5aR1 abrogates the suppressor phenotype of MDSCs in the ovarian TME [130,131],
suggesting that complement inhibition may have a positive effect on the efficacy of anti-
PD-1/PD-L1 therapies. Conversely, antitumor T cells require the production of C3 and the
release of C5a in the endothelium in order to infiltrate ovarian tumors [106]. The targeting
of mCRPs should also be considered in light of their relevance in the TME [136]. The
inhibition of mCRPs may be used to sensitize tumors to other drugs. In ovarian cancer, the
neutralization of CD46, CD55, and CD59 in combination with the anti-HER2 monoclonal
antibodies trastuzumab and pertuzumab induces tumor cell killing in vitro [113]. Nev-
ertheless, considering the dual role of complement molecules in ovarian tumors, in vivo
studies are needed to determine whether complement inhibition has any impact on the
response to checkpoint-based or antibody-based immunotherapies, and in which direction.

5. The Need for Preclinical Models to Better Delineate the Role of Complement in
Ovarian Cancer

In this review, we discussed the functions that complement components exert in
the biology of ovarian tumors. Many questions remain regarding the conflicting results
observed in different experimental settings. To address these questions, in vivo models that
faithfully recapitulate the complexity of the disease are needed. Currently, there are a few
animal models established for the study of ovarian cancer. These include genetically engi-
neered mouse models, xenograft cell transplants of human cell lines, and patient-derived
xenografts [154]. These models have facilitated the study of many mechanisms associated
with ovarian cancer progression and have allowed the evaluation of many therapeutic
molecules [155]. For the study of complement-related mechanisms or treatments, mouse
models that capture the complexity of the TME are required. Models based on syngeneic tu-
mor cells injected intraperitoneally in immunocompetent mice represent a practical option.
Some studies have used the syngeneic intraperitoneal injection of ID-8-MOSEC, a mouse
epithelial ovarian cancer cell line originating in C57BL/6 mice, to evaluate the roles of C3,
C5, and C5aR1 in ovarian cancer development and progression (Table 1) [104,106]. This
cell line was developed by Dr. Katherine F. Roby in the Department of Anatomy and Cell
Biology of the University of Kansas in the early 2000s, and it is one of the most frequently
used ovarian cancer cell lines since it has the capacity to induce tumor peritoneal implants
observed in stages III and IV [156]. Because of its slow growth rate, some strategies have
been developed to increase the aggressiveness of this cell line, including the overexpression
of dendritic cell chemoattractant beta-defensin 29 (Defb29) or VEGF [157], two factors
associated with increased invasiveness. Nevertheless, this model does not completely
recapitulate the human pathophysiology of the disease and does not exactly reproduce
the TME [154]. The development of better ovarian cancer models is needed to unravel the
mechanisms by which complement components modulate ovarian cancer progression and
to evaluate complement-based therapeutic combinations.

6. Conclusions

A growing body of literature suggests that the complement system is involved in
ovarian cancer progression. Nevertheless, the specific role of the different complement
components in different clinical scenarios has just started to be unraveled, and many an-
swers remain elusive. The molecular heterogeneity of ovarian cancers and the complexity
of the biological interactions in the ovarian TME pose a challenge to our understanding of
the mechanisms underlying the complement-associated immune responses and the identifi-
cation of adequate therapeutic targets. The situation is aggravated by the lack of preclinical
models that reliably recreate ovarian cancer traits. Therefore, further studies are needed
to better delineate the complement-related mechanisms associated with ovarian cancer
progression as well as to determine how complement activation should be modulated to
treat ovarian cancer patients.
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of ficolin-3 with ovarian cancer cells. Immunobiology 2019, 224, 316–324. [CrossRef]

130. Singel, K.L.; Emmons, T.R.; Khan, A.N.H.; Mayor, P.C.; Shen, S.; Wong, J.T.; Morrell, K.; Eng, K.H.; Mark, J.; Bankert, R.B.; et al.
Mature neutrophils suppress T cell immunity in ovarian cancer microenvironment. JCI Insight 2019, 4, 122311. [CrossRef]

131. Emmons, T.R.; Giridharan, T.; Singel, K.L.; Khan, A.N.H.; Ricciuti, J.; Howard, K.; Silva-Del Toro, S.L.; Debreceni, I.L.; Aarts,
C.E.M.; Brouwer, M.C.; et al. Mechanisms driving neutrophil-induced T-cell immunoparalysis in ovarian cancer. Cancer Immunol.

Res. 2021, 9, 790–810. [CrossRef] [PubMed]
132. Markiewski, M.M.; Vadrevu, S.K.; Sharma, S.K.; Chintala, N.K.; Ghouse, S.; Cho, J.-H.; Fairlie, D.P.; Paterson, Y.; Astrinidis, A.;

Karbowniczek, M. The ribosomal protein S19 suppresses antitumor immune responses via the complement C5a receptor 1. J.

Immunol. 2017, 198, 2989–2999. [CrossRef]
133. Reese, B.; Silwal, A.; Daugherity, E.; Daugherity, M.; Arabi, M.; Daly, P.; Paterson, Y.; Woolford, L.; Christie, A.; Elias, R.; et al.

Complement as prognostic biomarker and potential therapeutic target in renal cell carcinoma. J. Immunol. 2020, 205, 3218–3229.
[CrossRef] [PubMed]

134. Lopez, M.F.; Mikulskis, A.; Kuzdzal, S.; Golenko, E.; Petricoin, E.F.; Liotta, L.A.; Patton, W.F.; Whiteley, G.R.; Rosenblatt, K.;
Gurnani, P.; et al. A novel, high-throughput workflow for discovery and identification of serum carrier protein-bound peptide
biomarker candidates in ovarian cancer samples. Clin. Chem. 2007, 53, 1067–1074. [CrossRef]

135. Bjørge, L.; Hakulinen, J.; Wahlström, T.; Matre, R.; Meri, S. Complement-regulatory proteins in ovarian malignancies. Int. J.

Cancer 1997, 70, 14–25. [CrossRef]
136. Geller, A.; Yan, J. The role of membrane bound complement regulatory proteins in tumor development and cancer immunotherapy.

Front. Immunol. 2019, 10, 1074. [CrossRef] [PubMed]
137. Durrant, L.G.; Chapman, M.A.; Buckley, D.J.; Spendlove, I.; Robins, R.A.; Armitage, N.C. Enhanced expression of the complement

regulatory protein CD55 predicts a poor prognosis in colorectal cancer patients. Cancer Immunol. Immunother. 2003, 52, 638–642.
[CrossRef]

138. Madjd, Z.; Pinder, S.E.; Paish, C.; Ellis, I.O.; Carmichael, J.; Durrant, L.G. Loss of CD59 expression in breast tumours correlates
with poor survival. J. Pathol. 2003, 200, 633–639. [CrossRef]

139. Odening, K.E.; Li, W.; Rutz, R.; Laufs, S.; Fruehauf, S.; Fishelson, Z.; Kirschfink, M. Enhanced complement resistance in
drug-selected P-glycoprotein expressing multi-drug-resistant ovarian carcinoma cells. Clin. Exp. Immunol. 2009, 155, 239–248.
[CrossRef]

88



Cancers 2021, 13, 3806

140. Okroj, M.; Hsu, Y.F.; Ajona, D.; Pio, R.; Blom, A.M. Non-small cell lung cancer cells produce a functional set of complement factor
I and its soluble cofactors. Mol. Immunol. 2008, 45, 169–179. [CrossRef]

141. Pio, R.; Garcia, J.; Corrales, L.; Ajona, D.; Fleischhacker, M.; Pajares, M.J.; Cardenal, F.; Seijo, L.; Zulueta, J.J.; Nadal, E.; et al.
Complement factor H is elevated in bronchoalveolar lavage fluid and sputum from patients with lung cancer. Cancer Epidemiol.

Biomarkers Prev. 2010, 19, 2665–2672. [CrossRef]
142. Ajona, D.; Hsu, Y.-F.; Corrales, L.; Montuenga, L.M.; Pio, R. Down-regulation of human complement factor H sensitizes non-small

cell lung cancer cells to complement attack and reduces in vivo tumor growth. J. Immunol. 2007, 178, 5991–5998. [CrossRef]
[PubMed]

143. Ajona, D.; Castaño, Z.; Garayoa, M.; Zudaire, E.; Pajares, M.J.; Martinez, A.; Cuttitta, F.; Montuenga, L.M.; Pio, R. Expression of
complement factor H by lung cancer cells: Effects on the activation of the alternative pathway of complement. Cancer Res. 2004,
64, 6310–6318. [CrossRef] [PubMed]

144. Mahner, S.; Woelber, L.; Eulenburg, C.; Schwarz, J.; Carney, W.; Jaenicke, F.; Milde-Langosch, K.; Mueller, V. TIMP-1 and VEGF-165
serum concentration during first-line therapy of ovarian cancer patients. BMC Cancer 2010, 10, 139. [CrossRef] [PubMed]

145. Perren, T.J.; Swart, A.M.; Pfisterer, J.; Ledermann, J.A.; Pujade-Lauraine, E.; Kristensen, G.; Carey, M.S.; Beale, P.; Cervantes, A.;
Kurzeder, C.; et al. A phase 3 trial of Bevacizumab in ovarian cancer. N. Engl. J. Med. 2011, 365, 2484–2496. [CrossRef] [PubMed]

146. Gerber, H.P.; Ferrara, N. Pharmacology and pharmacodynamics of bevacizumab as monotherapy or in combination with cytotoxic
therapy in preclinical studies. Cancer Res. 2005, 65, 671–680.

147. Mabuchi, S.; Terai, Y.; Morishige, K.; Tanabe-Kimura, A.; Sasaki, H.; Kanemura, M.; Tsunetoh, S.; Tanaka, Y.; Sakata, M.; Burger,
R.A.; et al. Maintenance treatment with bevacizumab prolongs survival in an in vivo ovarian cancer model. Clin. Cancer Res.

2008, 14, 7781–7789. [CrossRef] [PubMed]
148. Corrales, L.; Ajona, D.; Rafail, S.; Lasarte, J.J.; Riezu-Boj, J.I.; Lambris, J.D.; Rouzaut, A.; Pajares, M.J.; Montuenga, L.M.; Pio,

R. Anaphylatoxin C5a creates a favorable microenvironment for lung cancer progression. J. Immunol. 2012, 189, 4674–4683.
[CrossRef]

149. Pio, R.; Ajona, D.; Ortiz-Espinosa, S.; Mantovani, A.; Lambris, J.D. Complementing the cancer-immunity cycle. Front. Immunol.

2019, 10, 774. [CrossRef]
150. Ajona, D.; Ortiz-Espinosa, S.; Moreno, H.; Lozano, T.; Pajares, M.J.; Agorreta, J.; Bértolo, C.; Lasarte, J.J.; Vicent, S.; Hoehlig, K.;

et al. A combined PD-1/C5a blockade synergistically protects against lung cancer growth and metastasis. Cancer Discov. 2017, 7,
694–703. [CrossRef] [PubMed]

151. Wang, Y.; Sun, S.N.; Liu, Q.; Yu, Y.Y.; Guo, J.; Wang, K.; Xing, B.C.; Zheng, Q.F.; Campa, M.J.; Patz, E.F.; et al. Autocrine
complement inhibits IL10-dependent T-cell-mediated antitumor immunity to promote tumor progression. Cancer Discov. 2016, 6,
1022–1035. [CrossRef]

152. Zha, H.; Han, X.; Zhu, Y.; Yang, F.; Li, Y.; Li, Q.; Guo, B.; Zhu, B. Blocking C5aR signaling promotes the anti-tumor efficacy of
PD-1/PD-L1 blockade. Oncoimmunology 2017, 6, e1349587. [CrossRef] [PubMed]

153. Magrini, E.; Di Marco, S.; Mapelli, S.N.; Perucchini, C.; Pasqualini, F.; Donato, A.; Lopez, M.D.L.L.G.; Carriero, R.; Ponzetta, A.;
Colombo, P.; et al. Complement activation promoted by the lectin pathway mediates C3aR-dependent sarcoma progression and
immunosuppression. Nat. Cancer 2021, 2, 218–232. [CrossRef]

154. Bella, Á.; Di Trani, C.A.; Fernández-Sendin, M.; Arrizabalaga, L.; Cirella, A.; Teijeira, Á.; Medina-Echeverz, J.; Melero, I.;
Berraondo, P.; Aranda, F. Mouse models of peritoneal carcinomatosis to develop clinical applications. Cancers 2021, 13, 963.
[CrossRef] [PubMed]

155. Hasan, N.; Ohman, A.W.; Dinulescu, D.M. The promise and challenge of ovarian cancer models. Transl. Cancer Res. 2015, 4, 14–28.
[CrossRef] [PubMed]

156. Roby, K.F.; Taylor, C.C.; Sweetwood, J.P.; Cheng, Y.; Pace, J.L.; Tawfik, O.; Persons, D.L.; Smith, P.G.; Terranova, P.F. Development
of a syngeneic mouse model for events related to ovarian cancer. Carcinogenesis 2000, 21, 585–591. [CrossRef] [PubMed]

157. Conejo-Garcia, J.R.; Benencia, F.; Courreges, M.C.; Kang, E.; Mohamed-Hadley, A.; Buckanovich, R.J.; Holtz, D.O.; Jenkins, A.; Na,
H.; Zhang, L.; et al. Tumor-infiltrating dendritic cell precursors recruited by a β-defensin contribute to vasculogenesis under the
influence of Vegf-A. Nat. Med. 2004, 10, 950–958. [CrossRef]

89





cancers

Review

Role of Oncogenic Pathways on the Cancer Immunosuppressive
Microenvironment and Its Clinical Implications in
Hepatocellular Carcinoma

Naoshi Nishida

Citation: Nishida, N. Role of

Oncogenic Pathways on the Cancer

Immunosuppressive

Microenvironment and Its Clinical

Implications in Hepatocellular

Carcinoma. Cancers 2021, 13, 3666.

https://doi.org/10.3390/

cancers13153666

Academic Editors: Ion Cristóbal and

Marta Rodríguez

Received: 8 June 2021

Accepted: 19 July 2021

Published: 21 July 2021

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2021 by the author.

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/).

Department of Gastroenterology and Hepatology, Kindai University Faculty of Medicine, 377-2 Ohno-Higashi,
Osaka-Sayama 589-8511, Japan; naoshi@med.kindai.ac.jp; Tel.: +81-72-366-0221

Simple Summary: Hepatocellular carcinoma is known to become resistant to treatments easily by
mutations in genes involved in the key cellular pathways targeted by current molecular targeted
agents (MTAs). However, the immune checkpoint inhibitor (ICI) is a promising modality for cancer
treatment, in which the cancer cells are made recognizable by the immune system. Blockade of
the PD1/PDL1 proteins, which help cancers evade the immune system, is currently being tested in
clinical trials in combination with MTAs. In this review, several cellular signaling pathways that can
alter the immune processes within the tumor and can subsequently affect the patient’s response to
ICIs are detailed. This review may help scientists and clinicians to better understand the molecular
factors that can influence ICI-based therapy and will help in identifying suitable cases for this type
of treatment.

Abstract: The tumor immune microenvironment, including hepatocellular carcinoma (HCC), is
complex, consisting of crosstalk among tumor components such as the cancer cells, stromal cells and
immune cells. It is conceivable that phenotypic changes in cancer cells by genetic and epigenetic
alterations affect the cancer–stroma interaction and anti-cancer immunity through the expression
of immune checkpoint molecules, growth factors, cytokines, chemokines and metabolites that may
act on the immune system in tumors. Therefore, predicting the outcome of ICI therapy requires a
thorough understanding of the oncogenic signaling pathways in cancer and how they affect tumor
immune evasion. In this review, we have detailed how oncogenic signaling pathways can play a
role in altering the condition of the cellular components of the tumor immune microenvironment
such as tumor-associated macrophages, regulatory T cells and myeloid-derived suppressor cells.
The RAS/MAPK, PI3K/Akt, Wnt/β-catenin and JAK/STAT pathways have all been implicated
in anti-tumor immunity. We also found that factors that reflect the immune microenvironment of
the tumor, including the status of oncogenic pathways such as the volume of tumor-infiltrating T
cells, expression of the immune checkpoint protein PD-1 and its ligand PD-L1, and activation of the
Wnt/β-catenin signaling pathway, predict a response to ICI therapy in HCC cases.

Keywords: cancer; hepatocellular carcinoma; immune evasion; immunotherapy; immune checkpoint
inhibitors; oncogenic signaling pathway; molecular targeted agents; genome; epigenome; tumor
immune microenvironment

1. Introduction

Hepatocellular carcinoma (HCC) is highly refractory and is the third leading cause of
cancer-related deaths worldwide [1]. Recent advancements in molecular targeted agents
(MTAs) for HCC have dramatically improved the prognosis for patients with this disease.
Following the approval of sorafenib as the first MTA for advanced HCC, lenvatinib has
also been applied as a first-line systemic chemotherapeutic for HCC, while regorafenib,
cabozantinib and ramucirumab have been approved as second-line agents [2]. Because
MTAs primarily target molecules involved in oncogenic signaling pathways that play an
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important role in the development of cancer cells, the development of clones resistant to
MTAs can happen easily by genetic mutations and modifications in the specific molecular
pathways [3,4]. Hence, additional chemotherapeutic agents would be required.

In contrast, immune checkpoint inhibitors (ICIs) play a role in tumor regression
by a different mechanism from that of MTAs [5]. They are known to interfere with the
immunosuppressive mechanism to enhance the anti-tumor immune response [6]. Because
the target molecules of ICIs are primarily expressed in the stromal cells as well as the cancer
cells, ICIs can be effective even for patients who fail to respond well to MTAs or acquire
resistance to them, potentially enabling ICIs to complement treatment with MTAs [5,7–9].
Although the clinical trial of anti-programmed cell death-1 (PD-1) monotherapy failed to
show a significant difference in the survival of patients with advanced HCC compared with
conventional MTAs, synergic effects of the combination of different kinds of agents can
be expected in several ongoing clinical trials of ICI-based therapy. Based on a successful
Phase III clinical trial, the combination of the ICI atezolizumab (an anti-PD-1 antibody)
with MTA bevacizumab (an anti-VEGF-A antibody) was approved as a first-line therapy
for unresectable HCC [10,11].

Because of the complexity of cancer immunity, where immune cells, tumor cells and
other types of stromal cells affect each other, understanding the immune microenvironment
of the tumor is difficult [5]. While it has been considered that oncogenic mutations in tumor
cells do not directly affect the outcome of ICI therapy, recent reports have suggested that
mutation-induced changes in the tumor phenotype can affect the tumor–stroma interac-
tions through alterations in the expression of immunosuppressive cytokines, chemokines,
receptors and metabolites, thereby potentially affecting the tumor immune microenvi-
ronment [5]. Thus, the anti-tumor effect of MTAs in combination therapy with ICIs can
be attributed to the direct action of MTAs on the HCC cells, as well as the reduction in
the immunosuppressive nature of the tumor microenvironment through the inhibition of
specific oncogenic signals [12].

To understand the significance of oncogenic signaling in the establishment of an
immunosuppressive tumor microenvironment, and for the application of this knowledge
to the treatment of HCC, this review focused on the role of specific genetic mutations
involved in the oncogenic pathways responsible for anti-tumor immunity, and the current
status of and perspectives on the combination of ICIs and MTAs for the treatment of HCC.

2. Cellular Components and Molecules Associated with an Inhibitory Tumor
Immune Microenvironment

Oncogenic signals affect the expression of several immune-related molecules, includ-
ing immune regulatory receptors, ligands, growth factors and other humoral factors, which
affect diverse stromal cells as well as cancer cells. The cellular components of tumors and
their states are major players in the regulation of the tumor immune microenvironment.
Therefore, to better understand the impact of oncogenic signals on anti-cancer immunity,
the functions of the stromal cells involved in the immune microenvironment of tumors are
briefly discussed here.

2.1. Regulatory T-Cells

Regulatory T-cells (Tregs) are CD4+ T-cells characterized by the expression of the
transcription factor Foxp3. They can be induced in tumor tissues through growth factors
and cytokines, such as transforming growth factor β (TGF-β), interleukin 10 (IL-10) and
vascular endothelial growth factor (VEGF), and inhibit immune responses through various
mechanisms [13]. In particular, Tregs express the inhibitory immune checkpoint molecule
cytotoxic T-lymphocyte (associated) antigen 4 (CTLA-4), which plays a critical role in the
regulation of T cell-mediated anti-tumor immunity. Generally, T cell activation occurs
through binding of the co-stimulatory factor B7 (CD80/CD86) on antigen-presenting cells
and CD28 on T-cells, in addition to T-cell receptor (TCR) recognition of major histocom-
patibility complex (MHC)-presented antigens. Binding of CD80/CD86 on dendritic cells
(DCs) with CTLA-4 on Tregs results in the inhibition of DC maturation. In addition, the
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membrane molecule CD25 (IL-2 receptor subunit) on Tregs induces the depletion of IL-2
and suppression of cytotoxic T-cells (CTLs) by immunosuppressive cytokines such as
TGF-β and IL-10, and cytotoxic secretions such as granzyme B and perforin released by
Tregs [13]. A subtype of HCC that showed predominant expression of an mRNA related
to Treg response has been reported [14]. Tregs also secrete the epidermal growth factor
receptor (EGFR) ligand amphiregulin, which can promote the growth of HCC cells carrying
EGFR in an autocrine manner [15]. Tregs also express VEGF receptor 2 on their surface,
and the VEGF signal induces the expansion of this type of T cell [16].

2.2. Myeloid-Derived Suppresor Cells

Myeloid-derived suppressor cells (MDSCs) are a heterogeneous population of imma-
ture myeloid cells that suppress tumor immunity and can be induced by VEGF [16]. Via
their increased arginase activity, degradation of arginine, and uptake of tryptophan, cys-
teine and other amino acids required for T-cell activation, MDSCs reduce the concentrations
of these amino acids in the tissue microenvironment, thereby inhibiting the propagation
and activation of T cells [17]. In addition, MDSCs produce TGF-β and IL-10, inducing
Tregs and inhibiting natural killer (NK) cell function [18]. Furthermore, MDSCs induce the
immunosuppressive M2 macrophages by secreting IL-10, which, in turn, downregulates
IL-12 production by tumor-associated macrophages (TAMs) [19,20].

2.3. Tumor-Associated Macrophages

Generally, two types of macrophages exist in tumor tissues: M1 macrophages and M2
macrophages. Interferon-γ (IFN-γ) and Type 1 helper cell (Th1) cytokines induce the dif-
ferentiation of inflammatory monocytes into M1 macrophages. Meanwhile, Type 2 helper
cell (Th2) cytokines such as IL-4 and IL-13 promote the differentiation of tissue-resident
monocytes into M2 macrophages [20]. In tumor immunity, M1 macrophages produce in-
flammatory cytokines such as tumor necrosis factor α (TNF-α), IL-6 and IL-12, and exert an
anti-tumor effect, whereas M2 macrophages produce immunosuppressive cytokines such
as IL-10 and TGF-β, and inhibit anti-tumor immune reactions [20]. The microenvironment
in cancer is prone to inducing M2 polarization, which is a characteristic phenotype called
tumor-associated macrophages (TAMs). The crosstalk between MDSCs and TAMs induces
high IL-10 and low IL-12 levels. In addition, naïve CD4+ T cells differentiate into Th2 cells
that can produce IL-4 [21]. These processes result in the development of M2 macrophages,
which is a disadvantageous state for tumor immunity. A high level of IL-10 induces the
downregulation of human leukocyte antigen (HLA) Class II antigens and reduces the
antigen presentation capacity of DCs [21]. It also expands the Treg population and inac-
tivates natural killer (NK) cells. Additionally, the TGF-β secreted by MDSCs induces the
expression of the inhibitory receptor T-cell immunoglobulin and mucin domain 3 (TIM-3)
on TAMs [20].

2.4. Cancer-Associated Fibroblasts and Vascular Endothelial Cells

Cancer-associated fibroblasts (CAFs) have proangiogenic activity through the pro-
duction of extracellular matrix and matrix metalloproteinases; they play a role in tissue
remodeling [22]. They also inhibit NK cell function through the production of prostaglandin
E2 (PGE2) and indoleamine-2,3-dioxygenase (IDO) [23]. Indoleamine-2,3-dioxygenase is an
enzyme involved in tryptophan metabolism, and a reduced level of tryptophan in tumors
inhibits local T-cell activation. Hence, crosstalk between CAFs and TAMs also plays a role
in immunosuppression. CAFs produce IL-8 and cyclooxygenase-2 (COX2), which lead
to the release of TNF and platelet-derived growth factor (PDGF) from TAMs, and further
activation of CAFs.

2.5. Other Stromal Cells

The vascular endothelium is stimulated by angiogenic growth factors such as VEGF
and PDGF. It stimulates Tregs and MDSCs in tumor tissues via the production of TGF-β,
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VEGF and the chemokine C-X-C motif chemokine 12 (CXCL12) [20]. Hepatic satellite cells
(HSCs), which generally play a critical role in liver fibrogenesis, also participate in the
induction of Tregs and MDSCs by releasing hepatocyte growth factors [24,25]. HSCs also
produce amphiregulin and CXCL12, which induce Tregs and MDSCs, respectively [26].
A subset of DCs with high expression of CTLA-4 was also observed in HCC tissues, which
may carry immune tolerogenic effects through the production of IL-10 and IDO.

2.6. Immunosuppressive Metabolites

As shown above, the concentrations of metabolites from cancer cells and stromal
cells strongly affect the immune state of the tumor. Cyclic adenosine monophosphate
(cAMP), which accumulates in tumor tissues, inhibits CD4+ and CD8+ T-cell responses
and macrophage activation, and enhances the Treg response by binding to adenosine
A2A receptors [27]. In addition, due to the hypoxic environment in tumor tissues, cAMP
upregulates the enzyme COX-2, which synthesizes PGE2 from arachidonic acid. Subse-
quently, PGE2 binds to prostaglandin E receptor 4 on T-cells and affects T-cell activation
and cytokine production [20].

MDSC- and TAM-derived arginase hydrolyzes arginine in the urea cycle and inhibits
the function of CTLs via this deficiency in L-arginine. In tumor tissues, a hypoxic environ-
ment results in the expression of hypoxia-inducible factor 1α (HIF-1α), which is known to
activate arginase [17]. Additionally, IDO is reported to be produced by DCs, macrophages,
CAFs, vascular endothelial cells and HCC cells via inflammatory cytokines [28]. As previ-
ously stated, IDO inhibits T-cell activation and amplification via depletion of tryptophan
and stimulates the differentiation of naïve CD4+ T-cells into Tregs [20,29].

2.7. Immune Checkpoint Molecules

Immune checkpoint molecules regulate excessive T-cell activation and help to maintain
immune homeostasis. In cancer cells, however, these immune checkpoint molecules help
tumors evade the immune response. Many immune checkpoint molecules and their ligands
have been identified, as summarized in Figure 1. Of these, CTLA-4, programmed cell
death-1 (PD-1) and its ligand, programmed cell death-ligand 1 (PD-L1), are believed to
play central roles in tumors’ immune evasion [5,20]. The induction of immune checkpoint
molecules is regulated by environmental factors as well as cell signaling. For example,
extracellular stimulation of IFN-γ and hypoxia-induced HIF-1 can enhance the expression
of PD-L1 in cancer cells, MDSCs and TAMs [30]. The binding of PD-L1 to PD-1 on TAMs
induces the release of the immunosuppressive cytokine IL-10. Additionally, activation
of the phosphatidylinositol-3 kinase (PI3K)–Akt pathway also reportedly induces PD-
L1, and the loss-of-function mutation of phosphatase and tensin homolog deleted from
chromosome 10 (PTEN), a regulator of the PI3K–Akt pathway, is associated with the
expression of PD-L1 in cancer [31,32]. We have also shown that activating mutations in
PI3KCA are associated with PD-L1 expression in HCC cells [33]. TIM-3, lymphocyte-
activation gene 3 (LAG-3) and the B- and T-lymphocyte attenuator (BTLA, CD272) are
also known as co-inhibitory molecules on activated T-cells, based on their association with
galectin-9, MHC Class II and herpesvirus entry mediator (HVME), respectively (Figure 1).
These suppressive receptors are observed in tumor-infiltrating lymphocytes (TILs) in HCC
tissues and are considered to be markers of exhausted T-cells [33–35].
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Figure 1. Immune checkpoint molecules and their ligands.

3. Unique Aspects of Immunological Characteristics in the Liver
and Hepatocarcinogenesis

Although ICIs are becoming one of the key agents for the treatment of HCC, the
response to this type of agent is still unsatisfactory in the majority of HCC cases compared
with other types of malignancies [36]. The relatively low response rate to the ICIs can
probably be attributed to the low antigenicity of HCC, as tumor mutation is not high
in this type of tumor [36,37]. In addition, as the liver needs to be immunotolerant to
nonpathological and persistent inflammation, it carries tolerance mechanisms to immune
reactions, including cancer immunity.

The liver is continually exposed to the pathogen and microbe components from the
gut via the blood supply of the portal vein. In this situation, the liver limits hypersensitivity
to food-derived antigens and components of the intestinal flora to prevent excessive tissue
damage and maintain systemic tolerance [38]. Chronic infection with hepatitis virus and
persistent stimulation by metabolites further induce immune suppression in the liver, which
is one of the unique characteristics of the underlying condition of hepatocarcinogenesis [39].
Resident macrophages (Kupffer cells) play a key role in hepatic tolerance through the
production of anti-inflammatory cytokines, leading to downregulation of co-stimulatory
molecules. This immunological environment of the liver results in the development of fully
exhausted T-cells, where suppressive anti-tumor immunity is not susceptible to rescue by
ICIs [36,39]. It has also been reported that CD8+ PD-1+ T-cells in NASH livers show a lack
of immune surveillance and tissue-damaging function, which contribute to the increase in
HCC emergence upon anti-PD-1 treatment in a NASH mouse model [40]. Augmentation
of CD8+ PD-1+ T-cells was also observed in human NASH; a worse outcome in HCC
patients treated with anti-PD-1 antibodies was observed [40]. Although the details of
the difference in the response to ICIs between virally induced and NASH-induced HCCs
are still unknown, it is possible that different amounts and quality of antigens and the
difference in the liver microenvironment, such as the balance between partially exhausted
and fully exhausted T-cells, may be involved in the outcome on ICIs [39,41,42].

In addition, ICI may not be effective or may even exacerbate the disease in some
HCC patients. It is reported that blockade of the PD-1 and PD-L1 interaction may induce
an expansion of PD-1+ Tregs isolated from the liver of patients with chronic hepatitis C,
because PD-1 on Tregs generally plays a role in the regulation of the CD4+CD25+FoxP3+

T-cells [43]. Therefore, a blockade of the binding of the ligand with PD-1 on Tregs may
result in further suppression of anti-tumor immunity [44]. More importantly, PD-1+ Tregs
may be involved in the hyperprogression of tumors in gastric cancer patients treated with
anti-PD-1 antibodies [44]. As hyperprogression on anti-PD-1 antibodies has also been
reported in HCC cases, ICI can be even detrimental in such cases [45].
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4. Signaling Pathways and the Immune Microenvironment of Tumors

Alterations in oncogenic signaling in cancer not only trigger abnormal differentiation and
cell proliferation, but also play a crucial role in the immune evasion of tumors [12]. Cancer-
related signaling affects the state of the tumors’ immune components via cytokine, chemokine
and growth factor production. To date, genetic alterations in several signaling pathways
observed in cancers have been reported to affect the tumor immune microenvironment.

4.1. RAS/MAPK Signaling Pathway

In malignant melanomas, activating mutations in BRAF (BRAFV600E) induce constitu-
tive activation of the mitogen-activated protein kinase (MAPK) pathway, which stimulates
immune-tolerant DCs and inhibits CD8+ T-cells via the expression of the immunosuppres-
sive cytokines IL-6 and IL-10, as well as via VEGF [46]. This effect has been reported to be
inhibited by BRAF inhibitors and VEGF inhibitors. Furthermore, RAS/MAPK signaling
inhibits antigen presentation on tumor cells, and inhibition of this pathway is associated
with the recovery of MHC expression by IFN-γ in malignant melanomas and breast can-
cer [47,48]. Meanwhile, in a murine model of pancreatic cancer, activating mutations in
KRAS (KRASG12D) induced MDSCs via the production of granulocyte macrophage colony-
stimulating factor (GM-CSF) and inhibition of CD8+ T-cell infiltration into tumor tissues,
which contributed to the establishment of an immunosuppressive tumor microenviron-
ment [49]. In fact, GM-CSF is known to be upregulated in human pancreatic intraepithelial
neoplasia and pancreatic cancer cells [49]. An association between activating mutations in
KRAS and resistance to ICIs has also been reported in colorectal cancer. KRAS-mediated
repression of interferon regulatory factor 2 (IRF) results in the high expression of the
chemokine C-X-C motif ligand 3 (CXCL3), which induces MDSCs that express C-X-C motif
chemokine receptor 2 (CXCR2) as the receptor of CXCL3 in tumor tissues [50]. In this
manner, activation of KRAS induces MDSC-mediated resistance to antitumor immunity in
patients with colorectal cancer (Figure 2).

Figure 2. Effects of oncogenic signal activation on the tumor immune environment.

4.2. PI3K/Akt Signaling Pathway

Activation of the P13K/AKT signaling pathway is involved in critical cellular func-
tions, including survival, inhibition of apoptosis and proliferation. Activation of P13K/AKT
is one of the common features of cancer. PTEN, which regulates this pathway, demon-
strates loss-of-function mutations in various cancers. In melanomas, mutations in PTEN
are related to resistance to anti-PD-1 antibody treatment and are correlated with a reduced
volume of CD8+ TILs [51]. In a murine model, PI3K-β inhibitors improved sensitivity
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to treatment with anti-PD-1 antibodies and anti-CTLA4 antibodies when the resistance
was induced by loss-of-function mutations in PTEN [51]. While loss of PTEN function is
associated with the induction of various immunosuppressive cytokines, it also induces
VEGF, which is presumed to be the mechanism by which immunosuppression is induced.
In bladder cancer, activating mutations in PI3KCA are associated with a reduction in TIL
volume, while PI3K inhibitors lead to an increase in TILs [52]. PI3K inhibitors have also
been reported to inhibit Tregs and induce the differentiation of M2 macrophages into the
M1 phenotype [53]. In addition, by inducing PD-L1 expression, both the RAS/MAPK
and the PI3K/AKT signaling pathways can be involved in the suppression of anti-tumor
immunity. We have previously reported that while activating mutations of the PI3K/AKT
signaling pathway are associated with increased expression of PD-L1 in HCC, and the
volume of TILs is generally high in PD-L1-positive HCC, TILs are deficient in HCCs with
activating mutations of the PI3K/AKT signaling pathway [33]. Therefore, aside from
external stimulation such as by IFN-γ, induction of PD-L1 is likely to be attributable to
genetic mutations in the PI3K/AKT pathway in this setting (Figure 2).

BRAFV600E induces immune-tolerant dendritic cells (DCs) via the induction of IL-6,
IL-10 and VEGF, ultimately inhibiting the action of CD8+ T-cells. In addition, KRASG12D

induces MDSCs via GM-CSF production, thereby inhibiting CD8+ T-cells from infiltrating
tumor tissues. In colorectal cancer, KRAS activation is known to induce CXCL3 expression
and the induction of MDSCs with CXCR2, the receptor of CXCL3. In contrast, PI3K/AKT
signaling activation is associated with VEGF expression and a decrease in tumor-infiltrating
lymphocyte (TIL) volume, and has been reported to induce Tregs and inhibit the shift of
M2 macrophages into M1 macrophages. In addition, PI3K/AKT signaling induces PD-L1
expression. Under the activation of WNT/β-catenin signaling, activating transcription
factor 3 (ATF3)-mediated CCL4 downregulation is considered to reduce the migration of
CD103+ dendritic cells into the tumor and reduce CD8+ TILs in melanoma. CCL5 was
suggested to be involved in HCC. The activation of the WNT/β-catenin signaling pathway
has also been reported to be involved in the formation of an immune suppressive tumor
microenvironment through the upregulation of IL-10. Activation of the transcription factors
YAP/TAZ, which are regulated by Hippo signaling, upregulate PD-L1 and are involved in
CXCL5-mediated induction of MDSCs. In addition, YAP is involved in the induction of M2
macrophages by enhancing the transcription of CCL2.

4.3. Wnt/β-Catenin Signaling Pathway

ICIs are presumed to be insufficiently effective in cases where infiltration of CD8+

T-cells in tumors is lacking, and an analysis of human melanomas has revealed that
activation of the Wnt/β-catenin signaling pathway is associated with reduced TILs in
tumors. In melanomas with activating mutations in the Wnt/β-catenin signaling pathway,
C-C chemokine ligand 4 (CCL4) is downregulated, which reduces the migration of CD103+

DCs and leads to a deficiency in CD8+ TILs. Furthermore, the transcriptional repression
of CCL4 was attributed to the activation of activating transcription factor 3 (ATF3) as a
result of the activation of the β-catenin signaling pathway [54]. Activating mutations of the
Wnt/β-catenin pathway occur frequently in HCC, and immunosuppression in the tumor
microenvironment based on activation of this signal in liver cancer is presumed to occur
via downregulation of CCL5 [55]. In a murine HCC model, induction of CCL5 increased
the number of DCs and CD8+ T-cells in tumors (Figure 2). In melanomas, activation of
Wnt/β-catenin signaling also reportedly led to the upregulation of IL-10 through the
binding of β-catenin/T-cell factor (TCF) on the IL-10 promoter, thereby contributing to the
formation of an immunosuppressive environment [56].

Aside from the altered Wnt/β-catenin signaling in tumor cells, activation of this
signaling pathway reportedly disturbs the effector function of CD8+ T-cells and induces
the exhausted T-cell phenotype in HCC and colorectal cancers, which contributes to the
establishment of immune suppressive tumor microenvironment [41]. Interestingly, neutral-
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ization of a canonical Wnt ligand, Wnt 3a, enhances the T-cell response through the rescue
of DC activation, resulting in tumor regression in a mouse model [42].

4.4. MYC Gene

The transcription factor c-myc regulates the expression of genes necessary for cell
proliferation and survival. In many cancers, amplification and overexpression of c-myc
has been observed; these are involved in inducing the expression of immune checkpoint
molecules such as PD-L1 and CD47 [57]. CD47 is a cell surface glycoprotein that regulates
phagocytosis by binding to signal regulatory protein alpha (SIRP-α), which is specific to
macrophages and DCs. Thus, overexpression of c-myc is involved in the immune evasion
of cancer cells through CD47 and PD-L1.

4.5. Chromatin Remodeling Pathway

Genomic DNA is stored in the nucleus as chromatin. During transcription, replication
or repair, alterations of the chromatin structure by chromatin remodeling regulate the access
of transcription factors to the DNA. The SWItch/sucrose non-fermentable (SWI/SNF)
complex is a chromatin remodeling factor that induces the alteration of nucleosomes
via ATP hydrolysis. Genetic abnormalities in SWI/SNF complex subunits are frequently
observed in HCC and other human tumors [33], and loss-of-function mutations in the
polybromo 1 (PBRM1) gene involved in the SWI/SNF complex are common in renal cancer.
Intriguingly, this PBRM1 mutation is associated with the therapeutic effect of ICIs in
renal cancer. PBRM1-deficient renal cancers show altered transcriptional expression in the
JAK/STAT (Janus kinase/signal transducers and activators of transcription) and immune
signaling pathways [58].

4.6. JAK/STAT Signaling Pathway

The JAK/STAT pathway, which transmits signals that are crucial for growth, differen-
tiation, survival and immunity, is altered in many types of malignancy. The downstream
transcription factor, STAT3, acts on the PD-L1 promoter, thereby inducing upregulation of
PD-L1 in cancer cells. In melanomas, JAK1 and JAK2 mutations inhibit signals from inter-
feron receptors and reduce antigen presentation on tumor cells, which results in resistance
to ICI therapy [59]. Meanwhile, β2-microglobulin gene mutations have been reported to
induce resistance to ICI treatment via the loss of MHC Class I antigen expression on the
cell surface [60].

4.7. Hippo Signaling Pathway

Hippo signaling, which is involved in the regulation of growth and differentiation as
well as in controlling organ size, is dysfunctional in many malignancies. Reduced Hippo
signaling is also associated with cancer’s immune evasion. Hippo signaling regulates
yes-associated protein (YAP) and “transcriptional coactivator with PDZ-binding motif”
(TAZ), the activation of which leads to the expression of PD-L1 and stimulates MDSCs
carrying CXCR2, by upregulation of its ligand, CXCL5 [61]. In a murine model of HCC,
YAP was reported to be associated with tumor immunosuppression via the induction of
M2 macrophages resulting from enhanced transcription of CCL2 (Figure 2) [62].

4.8. DNA Repair Pathway

It is well known that cancers carrying mutations in DNA mismatch genes induce a
large number of neoantigens that are attributed to the emergence of a variety of passen-
ger mutations that occur in the microsatellite sequences of the DNA, where anti-tumor
immunity is enhanced. Therefore, microsatellite instability is a biomarker for efficacy
in the treatment of ICIs [63]. Similarly, cancers with a high mutation burden (TMB) are
also markers of tumors with an active immune microenvironment because of their high
antigenicity [64]. Recently, it was reported that loss-of-function mutations in the breast
cancer susceptibility (BRCA) 1 and BRCA 2 genes, which are involved in the homologous
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recombination pathway of DNA repair, are also markers of a high TMB and could be
predictors of the outcome of ICI-based treatment [65]. From this perspective, alterations in
DNA repair pathways are critical for the establishment of high antigenicity and “immune
hot” status in cancer.

4.9. VEGF Signaling

In tumors, external stimulation can lead to the production of growth factors. In HCC,
tissue hypoxia leads to the production of VEGF via the activation of hypoxia-inducible
factor 1 (HIF-1), resulting in tumor angiogenesis. The cellular components of tumors
that suppress tumor immune responses, such as MDSCs, Tregs and TAMs, express VEGF
receptors; therefore, inhibition of VEGF/VEGFR can alter anti-tumor immunity [11]. Anti-
PD-1 antibodies and anti-VEGFR-2 antibodies have been reported to have a synergistic
effect in murine models of HCC. Anti-VEGFR-2 antibodies induce an increase in CTLs and
a decrease in TAMs and Tregs [66]. Atezolizumab + bevacizumab is expected to combine
the effects of ICIs with inhibition of VEGF signaling to alter immunity. Pembrolizumab
+ lenvatinib, a multikinase inhibitor (MKI) with a powerful antiangiogenic effect, and
atezolizumab + cabozantinib, which is capable of blocking angiogenesis through the
inhibition of VEGFR and AXL, and camrelizumab (an anti-PD-1 antibody) + apatinib (a
selective VEGFR2-tyrosine kinase inhibitor) are in Phase III clinical trials, while avelumab
(an anti-PD-L1 antibody) + axitinib (which strongly inhibits VEGFR) are undergoing Phase
I/II trials (Table 1). ICIs and agents with an anti-VEGF/VEGFR effect are currently the
most promising combination therapies for HCC because of their synergistic effect on cancer
immunity [6,11].

Table 1. Clinical trials for combinations of molecular targeted agents and immune checkpoint inhibitors in hepatocellu-
lar carcinoma.

NCT Number 1 (Trial Name) MTAs/ICIs 2 Targets of MTAs Setting

Phase I/II

NCT03299946 (CaboNivo)
Cabozantinib/

Nivolumab
TKI for VEGFR2, MET, AXL,

etc.
neoadjuvant

NCT03170960 (COSMIC-021)
Cabozantinib/
Atezolizumab

Same as above First-line

NCT04442581
Cabozantinib/

Pembrolizumab
Same as above First-line

NCT01658878 (CheckMate 040)
Cabozantinib/

Nivolumab±Ipilimumab
Same as above First -and second-line

NCT03289533 (VEGF Liver 100)
Axitinib/

Avelumab
TKI for VEGFR1-3, PDGFR,

c-kit, etc.
First-line and

AFP ≥ 400 ng/mL

NCT03841201, NCT03418922
Lenvatinib/
Nivolumab

TKI for VEGFR1-3, FGFR1-4,
etc.

First-line

NCT03347292 (Bayer 19497) Regorafenib/Pembrolizumab
TKI for VEGFR1-3, TIE2,
PDGFR, c-kit, RET, etc.

First-line

NCT04310709 (RENOBATE) Regorafenib/Nivolumab Same as above First-line
NCT04183088 Regorafenib/Tislelizumab Same as above First-line

NCT03941873 Sitravatinib/Tislelizumab
TKI for VEGFR2, c-kit, AXL,

etc.
First-line and later

NCT03475953 (REGOMUNE) Regorafenib/Avelumab
TKI for VEGFR1-3, TIE2,
PDGFR, c-kit, RET, etc.

Second-line

NCT04170556 (GOING)
Regorafenib/Followed by

Nivolumab
Same as above Second-line

NCT03539822 (CAMILLA) Cabozantinib/Durvalumab
TKI for VEGFR2, MET, AXL,

etc.
Second-line

NCT02572687 Ramucirumab/Durvalumab Ab for VEGFR2
Second-line and
AFP ≥ 1.5x ULN

NCT02423343 Galunisertib/Nivolumab TKI for TGβR1
Second-line and

AFP ≥ 200 ng/mL
Phase III
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Table 1. Cont.

NCT Number 1 (Trial Name) MTAs/ICIs 2 Targets of MTAs Setting

NCT04102098 (IMbrave050) Bevacizumab/Atezolizumab Ab for VEGFA Adjuvant

NCT03847428 (EMERALD-2)
Bevacizumab/±Durvalumab

(vs. placebo)
Same as above Adjuvant

NCT03713593 (LEAP-002)
Lenvatinib/Pembrolizumab

(vs. Lenvatinib)
TKI for VEGFR1-3, FGFR1-4,

etc.
First-line

NCT03755791 (COSMIC-312)
Cabozantinib/Atezolizumab
(vs.orafenib or. Cabozantinib)

TKI for VEGFR2,MET, AXL,
etc.

First-line

NCT03764293
Apatinib/Camrelizumab

(vs. sorafenib)
TKI for VEGFR2 First-line

1 National Clinical Trial number (ClinicalTrials.gov registry number). 2 MTA: molecular targeted agent; ICI: immune checkpoint inhibitor;
TKI: tyrosine kinase inhibitor; Ab: antibody.

5. Signaling Pathway Abnormalities and the Immune Microenvironment in HCC

In a mouse model of HCC, it has been shown that activation of Wnt/β-catenin
signaling induces reduced migration of CD103+ DCs and CD8+ TIL deficiency via down-
regulation of CCL5. Previous reports have also shown that Wnt/β-catenin activation is
associated with the reduced expression of T cell-derived genes in HCC tissues. Therefore,
HCC with activated Wnt/β-catenin signaling is unlikely to respond to ICIs because of
the “immune cold” phenotype [67]. In fact, post-ICI therapy outcomes are reported to
be poor in cases of HCC with Wnt/β-catenin activation [68]. Using a cohort of HCC
cases from The Cancer Genome Atlas (TCGA), we determined that the expression of T
cell-related genes was low in cases of HCC with activating mutations in Wnt/β-catenin
(Figure 3). In addition, in an analysis of HCC tissues, we determined that HCCs with
activating mutations in Wnt/β-catenin pathway genes are significantly deficient in CD8+

TILs [33]. However, we did not find CD8+ TILs to be associated with mutations in any
other oncogenic signaling pathways (Table 2).

Figure 3. Tumor-infiltrating lymphocyte status and abnormal WNT/β-catenin activation. Hierarchical cluster analysis
was used to classify HCCs based on the expression of eight T cell-related cytokine mRNAs obtained from the TCGA
transcriptome dataset (RNA-seq V2 RSEM) (a) “Immune hot” and “immune cold” refer to HCCs with high and low levels of
T cell-related gene expression, respectively. Thus, “immune hot” indicates a large volume of tumor-infiltrating lymphocytes
(TILs), while “immune cold” suggests that TILs are deficient. (b) The presence or absence of activating mutations in
WNT/β-catenin pathway genes are determined based on the presence or absence of CTNNB1, AXIN1 and APC mutations in
the TCGA provisional dataset obtained. Activating mutations in the WNT/β-catenin pathway are more frequently detected
in “immune cold” HCCs than in “immune hot” tumors (p = 0.0001). The TCGA dataset used in the present study was
downloaded in September 2019.
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Table 2. Association between alterations in oncogenic signaling pathways and the degree of CD8+

tumor infiltrating lymphocytes.

Oncogenic
Pathway

Mutation
CD8+ TILs

p Value 2

Median1 25–75th
Percentile

Wnt/β-catenin
path.

with 6.18 1.30–26.9
0.0082

without 17.6 5.77–38.0
p53/cell cycle

path.
with 18.7 5.70–32.7

0.7505
without 12.9 3.60–38.3

PI3K/Akt path. with 1.14 0.17–2.03
0.5836without 1.16 0.36–2.88

Chromatin
remodeling

with 17.3 2.16–31.1
0.8056

without 14.1 4.44–36.0
Epigenetic
regulator

with 0.75 0.15–1.81
0.1488

without 1.29 0.42–2.88
Oxidative/ER

stress
with 1.63 0.53–5.74

0.1871
without 1.11 0.28–2.72

DNA repair with 1.24 0.45–2.97
0.7392without 1.14 0.28–2.73

TERT promoter with 1.40 0.38–2.81
0.5093without 1.03 0.28–2.70

Degree of tumor infiltrating lymphocytes (TILs) are compared between HCCs with mutations in each oncogenic
pathway and those without mutations. In total, 154 HCCs were examined for mutations using the Ion AmpliSeq
Comprehensive Cancer Panel, and the degree of CD8+ cells was examined using immunohistochemistry. 1

Median: median number of CD8+ TILs/high power field. 2 p value by Wilcoxon’s rank-sum test.

In a transcriptome analysis, we reported that Wnt/β-catenin signaling activation was
associated with the decreased expression of gene sets related to T-cell priming/activation,
IFN-γ response, immunosuppression and Tregs; it was most significantly associated with
the downregulation of genes related to the IFN-γ response in multivariate analysis [69].
These data are consistent with the deficiency in CD8+ T-cells in HCC tissues. In addition,
we also reported that activating mutations in the Wnt/β-catenin pathway is negatively
associated with PD-L1 expression in HCC [33]. As the expression of PD-L1 can be induced
by the stimulation of IFN-γ, the lack of PD-L1 expression in HCC with Wnt/β-catenin
activation can probably be attributed to the low degree of CD8+ TILs that should secrete
IFN-γ [69]. On the other hand, a previous study found that mutations in genes involved in
chromatin remodeling, such as AT-Rich Interaction Domain 2 (ARID2), were also associated
with an immunosuppressive tumor microenvironment through the expression of genes
involved in the induction of M2 macrophages [14], although there were no associations
between mutations of the genes involved in chromatin remodeling and the degree of CD8+

TILs as well as PD-L1 expression [33]. As mutations of ARID2 are reportedly associated
with the TAM subclass of HCC, the immune suppressive mechanism in HCCs with an
ARID2 mutation should be different from that of CTNNB1 [14]. In contrast, PD-L1-positive
HCCs often have high levels of CD8+ TILs [33]. This may be due to the fact that PD-L1
expression in HCC cells can be mainly attributed to stimulation by the IFN-γ from TILs.
It is possible that, under continuous immune response to cancer cells, many CD8+ TILs
are prone to expressing multiple inhibitory receptors (PD1, TIM-3, LAG-3) that result in
the exhausted phenotype of T-cells [33]. In many cases, PD-L1 expression is considered
to be a favorable prognostic factor of ICI therapy, suggesting that blockade of the PD-
1/PD-L1 response could, at least partially, activate the T-cell immune response, even if the
immune cells express additional inhibitory receptors. Indeed, we found that the absence
of activating mutations in Wnt/β-catenin pathway genes, a high CD8+ TIL volume and
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PD-L1 expression were associated with long progression-free survival of HCC patients on
anti-PD-1 antibody therapy, regardless of the expression of other inhibitory receptors, such
as TIM-3 and LAG-3 [69]. In this way, assessments of gene alterations in cellular signaling
pathways are not only useful for finding suitable MTAs that act on the altered cellular
signal, but may also, theoretically, serve to predict the response to ICI therapy, based on
the tumor immune microenvironment.

6. Conclusions

Alterations of cell signaling pathways play a critical role not only in the development
of a malignant phenotype in cancer cells but also in the determination of anti-cancer
immunity. In a Phase III clinical trial with HCC patients, ICI monotherapy failed to
yield a significant anti-cancer response, suggesting that ICIs will be used primarily in
combination therapy [6]. It has been speculated that the “immune cold” phenotype of
the tumor microenvironment is critical for poor prognosis with ICIs, where activation of
the Wnt/β-catenin signaling pathway plays an important role. From this point of view,
understanding the response of HCCs carrying Wnt/β-catenin mutations to combination
therapy with ICI and MTA is clinically important but has not been clarified yet. Currently,
a combination of atezolizumab + bevacizumab is applicable for unresectable HCC; the
efficacy of this combination on HCCs showing the “immune cold” phenotype is now
under investigation [36]. In addition, aside from atezolizumab + bevacizumab, many
ongoing clinical trials have examined combinations of ICIs and MTAs for HCCs that are
refractory upon ICI monotherapy, mainly with MTA showing an anti-angiogenic effect
(Table 1). However, future trials are likely to examine combinations of ICIs with agents
that inhibit other oncogenic pathways that are critical for hepatocarcinogenesis, such as the
Wnt/β-catenin pathway, the RAS/MAPK pathway and the PI3K/AKT pathway.
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Simple Summary: There is growing evidence that Ph-negative myeloproliferative neoplasms are
disorders in which multiple signaling pathways are significantly disturbed. The heterogeneous
phenotypes observed among patients have highlighted the importance of having a comprehensive
knowledge of the molecular mechanisms behind these diseases. This review aims to show a broad
overview of the signaling involved in myeloproliferative neoplasms (MPNs) and other processes
that can modify them, which could be helpful to better understand these diseases and develop more
effective targeted treatments.

Abstract: Ph-negative myeloproliferative neoplasms (polycythemia vera (PV), essential thrombo-
cythemia (ET) and primary myelofibrosis (PMF)) are infrequent blood cancers characterized by
signaling aberrations. Shortly after the discovery of the somatic mutations in JAK2, MPL, and CALR
that cause these diseases, researchers extensively studied the aberrant functions of their mutant
products. In all three cases, the main pathogenic mechanism appears to be the constitutive activation
of JAK2/STAT signaling and JAK2-related pathways (MAPK/ERK, PI3K/AKT). However, some
other non-canonical aberrant mechanisms derived from mutant JAK2 and CALR have also been
described. Moreover, additional somatic mutations have been identified in other genes that affect
epigenetic regulation, tumor suppression, transcription regulation, splicing and other signaling
pathways, leading to the modification of some disease features and adding a layer of complexity
to their molecular pathogenesis. All of these factors have highlighted the wide variety of cellular
processes and pathways involved in the pathogenesis of MPNs. This review presents an overview of
the complex signaling behind these diseases which could explain, at least in part, their phenotypic
heterogeneity.

Keywords: myeloproliferative neoplasms; signaling pathways; JAK2; CALR; MPL; TPOR

1. Introduction

Myeloproliferative neoplasms (MPNs) are rare hematological malignancies charac-
terized by the clonal expansion of mature myeloid cells. MPNs arise from certain somatic
mutations in hematopoietic stem cells (HSCs) which provide a selective advantage and
lead to the expansion of aberrant clones.

Classic MPNs consist of chronic myeloid leukemia (CML), polycythemia vera (PV),
essential thrombocythemia (ET) and primary myelofibrosis (PMF). In the last few years, the
advances in molecular biology have provided key insights into the molecular mechanisms
behind these diseases. CML is genetically defined by the Philadelphia (Ph) chromosome,
the result of t(9;22)(q34;q11). This translocation leads to the production of a chimeric
BCR-ABL1 protein with constitutive tyrosine kinase activity. The description of the Ph chro-
mosome as a disease-initiating event in CML revolutionized the diagnosis and treatment of
this disease [1]. The targeted therapy imatinib showed a specific inhibitory capacity against
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the tyrosine kinase activity of BCR-ABL1 [2–4] that, despite not being curative [5], increased
the 10-year survival of CML patients in chronic phase to more than 83%–84% [6,7].

This review is focused on PV, ET and PMF, all of them Ph-negative MPNs that share
similar and mostly mutually exclusive driver mutations affecting JAK2, MPL and CALR.
The aberrant functions of the mutant products encoded by these genes have been exten-
sively studied and the main mechanisms that lead to the myeloproliferation described.
Currently, it is considered that the major hallmark of Ph-negative MPNs is the constitutive
activation of JAK2-related signaling pathways. In fact, at this time, the only targeted ther-
apy approved in MPNs is the JAK1/2 inhibitor ruxolitinib, which can reduce splenomegaly
and other common symptoms in patients with PMF, post-PV/ET MF [8,9] and PV resistant
or intolerant to hydroxyurea [9,10]. Although a reduction in the mutant allele burden is
rare [9], it could be achieved in long-term treatment [11]. However, the improvement in
the overall survival of ruxolitinib-treated patients has been questioned [12–14]. Actually,
malignant cells can still survive in these patients and the clinical response could be mainly
due to the downmodulation of proinflammatory cytokines derived from the JAK2 inhibi-
tion [15]. These arguments have led researchers to question whether JAK2 is really the best
drug target in these diseases or not [16].

In the meantime, some non-canonical mechanisms of mutant JAK2 [17–24] and
CALR [25–33] have been described. Chronic inflammation [34–62] and the bone mar-
row microenvironment [63–72] also seem to contribute to the heterogeneous phenotypes
found among MPN patients.

Additionally, mutations in disease-modifying genes that seem to increase the risk of
leukemic transformation or progression from ET to myelofibrosis have also been identi-
fied [73–75]. The products encoded by these genes are involved in epigenetic modification,
tumor suppression, transcription regulation, splicing, and some other signaling path-
ways [76,77]. Other factors, such as genetic predisposition, age or environment have also
been shown to influence the heterogeneity of MPN phenotypes [78].

This review presents an overview of the signaling behind Ph-negative MPNs attending
not only to the activation of JAK2-related canonical signaling pathways, but also to other
non-canonical pathways, disease-modifying signaling, and additional factors that have
been found to be involved in the pathogenesis of these diseases.

2. JAK2-Related Canonical Signaling Pathways

JAK2 signaling is activated through a variety of receptors such as those for erythropoi-
etin (EPOR), thrombopoietin (TPOR), and granulocyte/macrophage colony-stimulating
factor (GM-CSFR). They regulate the production of the erythroid, megakaryocytic, and gran-
ulocytic lineages, respectively. When stimulated by ligands, receptors dimerize and bring
JAK2 kinases into proximity. JAK2 is phosphorylated upon receptor binding and induces
the phosphorylation of the cytoplasmic portion of the receptor and downstream factors.

In 2005, several research groups simultaneously published the presence of the somatic
mutation p.V617F (JAK2V617F) in the exon 14 of JAK2 in patients with PV (96%), PMF (65%)
and ET (55%) [79–84]. This mutation impairs the physiological inhibitory function of the
JH2 pseudokinase domain upon the JH1 kinase domain, which acquires a constitutive acti-
vation that promotes JAK2 phosphorylation in the absence of ligand stimulation (Figure 1).
In 2007, four additional gain-of-function somatic mutations in the exon 12 of JAK2 were
detected in 3% of patients with PV [84,85]: p.N542-E543del (30%), p.K539L (14%), p.E543-
D544del (12%), and p.F537-K539delinsL (10%). All of them are located upstream of the
JH2 pseudokinase domain and promote an increased phosphorylation of JAK2 compared
to p.V617F [86].
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Figure 1. JAK2-related canonical signaling pathways active in Ph-negative myeloproliferative neo-
plasms (MPNs). Mutations in CALR (CALRMUT), JAK2 (JAK2V617F), and MPL (TPORW515) lead to
the constitutive activation of JAK2/STAT, PI3K/AKT, and MAPK/ERK signaling that promotes
the transport to the nucleus of several transcription factors such as STATs and FOXO. There, they
regulate transcription of their target genes, causing increased proliferation and survival of mutant
cells. Mutant proteins are depicted in red.

In 2006, the gain-of-function mutation p.W515L in the exon 10 of MPL was identified
in a minor proportion of MPN patients [87]. p.W515L and p.W515K are the most com-
monly reported mutations, identified in approximately 5% of PMF patients and 1% of ET
patients [88]. MPL encodes the thrombopoietin receptor (TPOR), which depends on JAKs
to mediate signal transduction. MPL mutations (TPORW515) promote the dimerization
and activation of TPOR, leading to transphosphorylation and activation of the previously
bound JAK2 proteins (Figure 1) [89].

The molecular alteration that causes the 60–90% of PMF and ET cases in patients
not harboring JAK2/MPL mutations was described in 2013 [90]. During that year, two
research groups identified mutations in CALR [91,92], a gene that encodes calreticulin, a
ubiquitous protein found in the endoplasmic reticulum (ER) of all nucleated cells with
multiple functions inside and outside this organelle. CALR is a Ca2+-binding chaperone
mainly involved in the regulation of intracellular Ca2+ homeostasis and a regulator of
protein folding in the cellular response to ER stress (unfolding protein response (UPR)) [93].
However, this protein has been also found associated with other cytoplasmic, nuclear and
extracellular proteins, so it could be involved in a wide variety of signaling pathways [94].
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In fact, CALR has been associated with cellular stress responses, adipocyte differentiation,
cardiogenesis, proliferation, wound healing, apoptosis and immunogenic cell death [90,94].

The structure of wild-type CALR consists of a signal peptide and three domains: an
amino-terminal N-domain, a proline-rich P-domain and a carboxy-terminal C-domain,
which contains an ER retention signal (KDEL). The CALR mutations described to date
are insertions or deletions in exon 9 that shift the reading frame by one base pair (+1),
mainly a 52-bp deletion (c.1902_1143del) or type 1 mutation (CALRdel52), and a 5-bp inser-
tion (c.1154_1155insTTGTC) or type 2 mutation (CALRins5). As a result, mutant CALRs
(CALRMut) show a novel C-terminal end that lacks the ER retention motif (KDEL) [91,92]
and some Ca2+-binding sites [95]. In 2016, it was published that CALRMut is trans-
ported to the cellular membrane where it activates TPOR in a ligand-independent manner
(Figure 1) [96–99]. The characterization of the TPOR binding capacity has revealed that the
C-terminal end of CALRMut blocks the P-domain of the protein, which constitutively exerts
an inhibitory effect on the N-domain. Consequently, the N-domain can bind to immature
N-glycans on TPOR [96]. This mechanism is consistent with the observation that the N-
glycan binding motif located in N-domain of CALRMut is required for TPOR activation [97].
In fact, blocking N-glycosylation on asparagine 117 of TPOR diminishes CALR-dependent
TPOR activation [97,100]. Both wild-type and mutant CALR recognize immature forms of
N-glycans and fold the protein correctly, but CALRMut fails to dissociate from the targeted
protein [101]. Thus, the CALRMut-TPOR complex moves from the ER to the plasma mem-
brane through the Golgi apparatus and is secreted out of cells [102]. However, secreted
CALRMut is only capable to activate TPOR on the cell surface of cells expressing CALRMut

since only these cells have the immature N-glycans on TPOR [96,102,103]. Stimulation of
TPOR leads to the activation of JAK2-dependent signaling in a similar way to the rest of
the Ph-negative MPNs.

In conclusion, the mutations described to date in JAK2, MPL and CALR lead to a
constitutive activation of JAK2, which ultimately causes the aberrant proliferation and
survival of malignant myeloid clones. The three major downstream signaling pathways
that are activated by JAK2 are JAK2/STATs, MAPK/ERK, and PI3K/AKT (Figure 1). The
evidence suggests that each of these pathways plays an important role in MPNs, although
the JAK2/STAT pathway appears to be the main one. In fact, dysregulation of JAK2/STAT
signaling has been identified in all MPNs regardless of mutational status [104].

2.1. JAK2/STAT Pathway

In MPNs, JAK2 phosphorylates and activates STATs (mainly STAT1, STAT3 and
STAT5). It seems that STATs are differentially activated depending on the type of MPN. For
example, MPL mutations increase STAT3 and STAT5 signaling. In PV patients, JAK2V617F

binds to EPOR promoting STAT5 activation. In ET patients, both JAK2V617F and CALRMut

bind to TPOR; JAK2V617F enhances the phosphorylation of STAT1 and STAT3 but CALRMut

promotes STAT3 and STAT5 activation. However, in PMF, phosphorylation of STAT3 is
decreased in both JAK2V617F and mutant CALRs. To date, the precise mechanisms that
explain differential activation of the STATs remain unclear [78].

Once the STATs are phosphorylated, they form a dimer that enters the nucleus to
activate the transcription of target genes (Figure 1). In this way, JAK2/STAT signaling
stimulates cell proliferation, differentiation and survival.

2.2. MAPK/ERK Pathway

The activated JAK2 can also lead to the phosphorylation of ERK, a serine threonine
kinase that activates multiple proteins in both the cytoplasm and the nucleus. ERK is a
key regulator of a wide variety of signaling pathways, so its deregulation could disrupt
multiple processes. In the cytoplasm, ERK contributes to ion transport, apoptosis, and
regulation of metabolism, among others. In the nucleus, it targets regulators of cell cycle
and multiple transcription factors (Figure 1) [105].
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2.3. PI3K/AKT Pathway

JAK2 activation also stimulates the PI3K/AKT pathway. AKT is a cell survival kinase
which inhibits apoptosis by phosphorylating the proapoptotic protein BAD and the tran-
scription factor FOXO3A. In addition, AKT can activate a wide range of mechanisms such
as protein translation through mTOR or the cell cycle machinery (Figure 1) [105].

3. Non-Canonical Signaling Pathways

3.1. JAK2-Related Non-Canonical Signaling

In 2009, activated JAK2 was described to be in the nucleus of hematopoietic cells
and to phosphorylate Y41 on histone 3 (H3Y41). This event prevents the binding of
heterochromatin protein 1 alpha (HP1α) to H3Y41 [17]. HP1α shows a proliferation-
dependent regulation and is involved in gene silencing, genome stability, and chromosome
segregation (Figure 2). It has been found overexpressed in some tumors, and it has been
proposed as a potential hallmark of cell proliferation that could be relevant in clinical
oncology [18].

Figure 2. Main non-canonical signaling pathways activated by JAK2V617F in Ph-negative MPNs.
In PV patients, JAK2V617F (depicted in red) activates the adhesion receptor Lu/BCAM through
the RAP1-AKT signaling pathway, making their erythrocytes more adhesive. JAK2V617F has also
been described to promote aberrant signaling in the nucleus, where it prevents the binding of
heterochromatin protein 1 alpha (HP1α) and inhibits the methylation of histones via protein arginine
methyltransferase 5 (PRMT5) impairment. MPN patients with JAK2V617F also seem to be insensitive
to the anti-inflammatory cytokine IL-10, increasing TNF-α production through Toll-Like Receptor
(TLR) signaling.
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JAK2V617F also acquires the ability to phosphorylate the protein arginine methyltrans-
ferase 5 (PRMT5) leading to an impairment in its ability to methylate histones (Figure 2).
When PRMT5 is knocked down in CD34+ cells, an increased colony formation and ery-
throid differentiation can be observed [19].

A recent study also suggests that erythrocytes from PV patients are more adhesive
since JAK2V617F activates the erythrocyte adhesion receptor Lu/BCAM through an EPOR-
independent RAP1/AKT signaling pathway (Figure 2) [20].

Finally, monocytes from MPN patients with JAK2V617F have been found to have a
defective negative regulation of toll-like receptor (TLR) signaling leading to increased
production of the inflammatory cytokine TNF-α. These monocytes are insensitive to the
anti-inflammatory cytokine IL-10, which in turn negatively regulates TNF-α production
through TLR (Figure 2) [21]. Studies on TNF-α knockout mice have demonstrated that
this cytokine is required for the development of an MPN-like disease [22]. Unrestrained
production of TNF-α has been observed in an MPN patient but also in his identical twin,
suggesting that it may be a genetic feature rather than a consequence of the disease [21]. In
any case, the inflammatory environment can favor the maintenance and expansion of the
JAK2V617F mutant clone since these cells are resistant to inflammation whereas non-mutant
cells are not [22]. Thus, the JAK2V617F mutant clone seems to induce non-mutant cells
to produce inflammatory cytokines, reinforcing the self-perpetuating environment for its
continuous selection [23]. Finally, CD34+ progenitors of a PV patient with JAK2V617F have
been reported to use dual-specificity phosphatase 1 (DUSP1) to protect themselves against
inflammatory stress and DNA damage, promoting their proliferation and survival in this
microenvironment (Figure 2) [24].

3.2. CALR-Related Non-Canonical Signaling

Several studies have identified novel mechanisms that collaborate with the activa-
tion of TPOR in CALR-mediated cellular transformation (Figure 3). CALRMut seems to
cause reduced activation of the UPR pro-apoptotic pathway and to have an increased
sensitivity to oxidative stress by the down-modulation of oxidation resistance 1 (OXR1)
in K562 cells. These mechanisms lead to resistance to UPR-induced apoptosis and ge-
nomic instability, respectively [25]. Moreover, CALRdel52 causes increased recruitment
of the friend leukemia integration 1 (FLI1) transcription factor to the MPL promoter to
enhance transcription [26], which suggests a promotion of tumorigenesis by modulating
transcription through interactions with transcription factors in the nucleus.

Bioinformatic analyses of CALRMut revealed the appearance of potential phosphoryla-
tion sites for kinases that may have a role in the regulation of multiple cellular activities [27]
and recent studies have shown that CALRMut causes increased binding affinities for pro-
teins involved in the activation of the UPR (HSPA5, HSPA9, and HSPA8) and cytoskeletal
(MYL9 and APRC4) and ribosomal proteins (RP17, RSP23, and RPL11), as well as reduced
binding to MSI2, a transcriptional regulator that targets genes mainly involved in cell cycle
regulation [26].

On the other hand, CALR is an integral part of the peptide loading complex (PLC),
which mediates the loading of cellular antigens onto major histocompatibility complex
class I (MHC-I) molecules. In addition to CALR, the PLC is composed of PDIA3, TAP-
binding protein, TAP1, and TAP2. Specifically, CALR interacts with PDIA3 in a glycan-
dependent manner and preserves steady-state levels of TAP-binding protein and MHC-I
heavy chains. Besides, it rescues suboptimally assembled MHC-I molecules from post-
ER compartments [28]. HEK293T cells lacking CALR expression show a reduction of
properly loaded MHC-I on the cell surface, a defect that is not restored by expression of
CALRMut [29]. Consistent with this, cells with CALRMut show reduced antigen presentation
on MHC-I (Figure 3) [54] and decreased binding affinities for PDIA3 [26]. These results
suggest that CALR mutations have a loss-of-function effect on PLC and, therefore, may
contribute to the development of MPN by promoting immunoevasion after loss of tumor
antigenicity [28]. Additionally, CALR operates as a key damage-associated molecular
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pattern (DAMP) when it is translocated to the outer cell membrane of dying cancer cells.
CALR-exposing cancer cells deliver pro-phagocytic signals to antigen presenting cells
(APCs) and activate dendritic cell efferocytosis. Mutations in CALR increase the secretion
of the protein both in vitro and in vivo since the ER retention motif (KDEL) is compromised.
Soluble CALR binds to CALR receptors in the APCs and limit their ability to phagocytise,
leading to immunosuppressive effects (Figure 3) [30].

Figure 3. Major non-canonical mechanisms derived from CALRMut. CALRMut (depicted in red)
shows different binding affinities for proteins implicated in the unfolding protein response (UPR)
(HSPA5, HSPA9, and HSPA8), proteins of the cytoskeleton (MYL9 and APRC4), and ribosomal
proteins (RP17, RSP23, and RPL11), as well as reduced binding to MSI2, a transcriptional regulator
that target genes mainly involved in cell cycle regulation. Additionally, CALRMut seems to reduce the
activation of the pro-apoptotic pathway of the UPR and increases oxidative stress and DNA damage
through the downmodulation of oxidation resistance 1 (OXR1). CALRMut also shows decreased
binding affinities for PDIA3 and has a loss-of-function effect on the peptide loading complex (PLC),
which mediates the loading of cellular antigens onto major histocompatibility complex class I (MHC-
I) molecules, favoring immunoevasion. Mutations in CALR increase the secretion of the protein
and bind to CALR receptors in antigen presenting cells (APCs), limiting their ability to phagocytize
wild-type CALR-exposing cancer cells. The main differences between the phenotypes observed in
patients with type 1 (del52) and type 2 (ins5) mutations have been attributed to thrombopoietin
receptor (TPOR)-independent cytosolic calcium fluxes and the binding affinity for the transcription
factor FLI1.

The wild-type CALR protein also regulates the activation of the stored-operated
calcium entry (SOCE) machinery by interacting with PDIA3 and STIM1. Concretely,
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STIM1 is a protein of the SOCE machinery that leads to calcium mobilization. CALRMut

has been shown to trigger TPOR-independent cytosolic calcium fluxes in megakaryocytes
through defective interactions between CALRMut, PDIA3 and the SOCE machinery. This
results in uncontrolled proliferation of megakaryocytes that can be reversed with a SOCE
inhibitor [31].

The type of CALR mutation has been associated with different disease features. Thus,
type 1 mutations are more often associated with PMF (70%) or progression from ET to a
myelofibrotic state [32], while type 2 mutations are more often associated with ET [91]. The
mechanisms underlying this phenomenon have not been fully elucidated, but it has been
demonstrated that type 2 mutants retain longer stretches of the negatively charged amino
acids of wild-type CALR than type 2 mutants, which may neutralize the positive electronic
charge generated at the C-terminal end. Additionally, type 1 mutant C-terminus generates
greater changes in megakaryocyte cytosolic calcium flux than type 2 mutants [33].

3.3. Additional Non-Canonical Signaling

Non-canonical mechanisms affecting inflammatory signaling pathways and the bone
marrow microenvironment have been widely observed in all MPNs, regardless of subtype
and driver mutation.

3.3.1. Inflammatory Signaling Pathways

As previously noted, chronic inflammation is a characteristic feature of MPNs (Figure 4).
In fact, MPN patients typically exhibit increased levels of inflammatory cytokines [34,106].
The impaired JAK2/STAT signaling is not the only contributor to inflammation in these
diseases, as the inhibition of JAK2 is not sufficient to normalize the levels of inflammatory
cytokines [35]. On the contrary, a significant enrichment of the NF-κB signaling pathway
has been observed in both malignant and non-malignant cells in MPNs [36].

NFE2 overexpression has also been reported in most patients and seems to play a role
in chronic inflammation [37,38]. NFE2 participates in inflammatory cascades by increas-
ing IL-8 transcription and promotes proliferation by activating the expression of CDK4,
CDK6 and cyclin D3 [39,40]. In addition, it produces reactive oxygen species (ROS), a group
of highly reactive oxygen-containing molecules which participate in numerous biological
processes [41]. This results in lipid and protein oxidation, increased oxidative DNA dam-
age (8-oxo-G), and subsequent double-stranded DNA breaks that induce instability [38].
Excessive ROS production and subsequent oxidative stress confer a proliferative advantage
to JAK2V617F clones and activate proinflammatory pathways (NF-κB) that create more
ROS. In this way, MPNs have recently been described as “a human inflammation model
for cancer development”, as they are characterized by a self-perpetuating circle in which
inflammation creates ROS which in turn creates more inflammation [42].

Multiple inflammatory signaling pathways such as IFN-α and IL-1β have been also
found to be involved in the pathogenesis of MPN. Interferons are key regulators of HSCs.
Data from murine PV JAK2V617F models have shown that hematopoietic stem progenitor
cells (HSPCs) become more proliferative and lose quiescence when treated with IFN-α,
leading to their depletion [43,44]. The ability to deplete previously dormant malignant
stem cells together with the enhancement of the immune response have made IFN-α one of
the most efficient treatment options in MPNs [107]. On the other hand, IL-1β is a proinflam-
matory cytokine released by myeloid cells in response to TLR stimulation, that activates
multiple downstream pathways such as NF-kB and p38 MAPK [45]. The preleukemic
niche of MPNs secretes high levels of IL-1, which drives granulocyte/macrophage dif-
ferentiation [46]. IL-6 and IL-8 also seem to participate in MPN pathogenesis. IL-6 is a
proinflammatory cytokine produced by monocytes, macrophages and T-cells that signals
via JAK1/STAT3 [45]. Several mouse models for MPNs have shown a high expression
of IL-6 in both mutant and wild-type HSCs [23]. Additionally, elevated IL-6 levels have
been observed in JAK2V617F PV and PMF patients [47]. In fact, some studies point that
IL-6 may participate in the progression of MPN to AML [45]. IL-8 is also a proinflammatory
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chemokine released in response to IL-1 or TNF-α that binds to CXCR1 or CXCR2 and acti-
vate JAK/STAT, PI3K/AKT, MAPK, PLC/PKC and FAK [45]. Elevated levels of IL-8 have
been found in PV and ET patients [48].

Figure 4. Non-canonical inflammatory signaling pathways affected in Ph-negative MPNs, regardless
of subtype and driver mutation. The preleukemic niche of MPNs secretes high levels of IL-1, a
proinflammatory cytokine that activates multiple downstream pathways, such as p38 MAPK and NF-
κB. NF-κB, in turn, generates high levels of IL-8, a proinflammatory cytokine that binds to CXCR1 or
CXCR2 and activates STAT3, PI3K/AKT, p38 MAPK, FAK and PLC/PKC. NFE2 overexpression
has also been reported in most MPN patients and has been associated with high IL-8 levels and
increased ROS and DNA damage. On the other hand, IL-6 is a proinflammatory cytokine produced
by monocytes, macrophages and T-cells that signals via JAK1/STAT3, whose levels have been found
elevated in JAK2V617F PV and PMF patients. Finally, IFN-α is a key regulator of hematopoietic stem
cells (HSCs) that depletes previously dormant hematopoietic stem progenitor cells (HSPCs) and
enhances the immune response. A pathogenic role of oncostatin-M, TGF-β1, platelet-derived growth
factor (PDGF), basic fibroblast growth factor (BFGF), VEGF, bone morphogenic proteins, inhibitors of
matrix metalloproteinases (MMPs) and lipocalin-2 has been suggested in Ph-negative MPNs.

Numerous cytokines have been implicated in mediating fibrosis, osteosclerosis and
angiogenesis in PMF patients. Thus, several studies have suggested a pathogenic role
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for oncostatin-M [49], TGF-β1 [50,51], platelet-derived growth factor [51], basic fibroblast
growth factor [50], VEGF [52], bone morphogenetic proteins [53], and inhibitors of matrix
metalloproteinases [54,55].

Myeloid cells have been reported also to produce elevated levels of lipocalin-2 in PV,
ET, and PMF patients. This protein increases the growth of bone marrow cells in PMF
patients, but not in healthy donors. On the contrary, it increases reactive oxygen species,
DNA damage, and apoptosis in normal cells, but not in PMF patients. Lipocalin-2 also
induces the expression of factors that contribute to fibrosis, such as VEGF, TGF-β1, bone
morphogenetic protein-2, RUNX2, osteoprotegerin and collagen type I [56,108].

Heat shock proteins (HSPs) are key players during inflammation. HSP90 stabilizes
numerous proteins, such as JAK2. The HSP70 family is composed of some proteins
(HSPA5, HSPA8, and HSPA8) that have been found to be enriched in fractions bound to
CALRMut [26]. HSP70 also seems to contribute to cell proliferation through regulation of
JAK2/STAT signaling. In fact, the inhibition of HSP70 expression in an ex vivo model of
PV and ET increased apoptosis of the erythroid lineage and decreased JAK2 signaling [57].
HSP70 also activates TLR2 and TLR4, leading to NF-κB activation, rapid calcium flux, and
TNF-α, IL1-β and IL-6 production [58]. Moreover, HSP70 can be secreted as a “danger
signal” and bind peptides to form a complex that binds to cell surface receptors, such as
CD91 and Lox-1 [59].

Finally, there is also evidence for a link between inflammation and thrombosis. Throm-
bosis in MPN patients has been associated with an increased platelet-leukocyte interaction.
While MPN leukocytes overexpress the surface protein CD11b, its receptor (CD62p) is
upregulated on platelets. This results in increased formation of leukocyte-platelet com-
plexes [60–62].

3.3.2. Bone Marrow Microenvironment

The bone marrow microenvironment is a complex and dynamic structure composed of
multiple cell types. Clonal HSCs in MPNs interact with other cells in this microenvironment
and remodel it allowing further malignant expansion (Figure 5). There is a growing
evidence that endothelial cells, mesenchymal stem cells, stromal cells, osteoblasts, and
osteoclasts may contribute to the pathogenesis of these diseases in the bone marrow [63].

In a mouse model, endothelial cells expressing JAK2V617F have been shown to be
capable of causing the expansion of hematopoietic stem and progenitor cells, which could
be caused by increased expression of the cytokines CXCL12 (C-X-C motif chemokine ligand
12) and SCF (stem cell factor) by endothelial cells [64,65].

Mesenchymal stem cells (MSCs) also seem to be important in the pathogenesis of
MPNs. In contrast to endothelial cells expressing JAK2V617F, MSCs negative for JAK2V617F

have been reported to reduce the expression of CXCL12 and SCF [109,110]. They also
support HPSC proliferation [66] and overexpress galectin-1 in all MPN subtypes and
galectin-3 in PV patients [67]. Galectins mediate cell adhesion and stimulate cell migration,
proliferation and apoptosis through interactions with integrins, laminin and fibronectin.
In addition, MSCs promote the expansion of osteoblasts by cell contact and excessive
TGF-β1, Notch, IL-6, IL-1β, and TNF-β signaling. Abnormal osteoblasts overproduce
inflammatory cytokines, promote fibrogenesis and reduce CXCL12 expression [88]. By
contrast, monocytes with JAK2V617F seem to increase osteoclast forming ability in MPN
patients, favoring the survival of clonal HSCs [68].
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Figure 5. Role of the bone marrow microenvironment in the pathogenesis of Ph-negative MPNs. Endothelial cells expressing
JAK2V617F increase the expression of CXCL12 and stem cell factor (SCF) and cause the expansion of HSCs and progenitor
cells. On the other hand, mesenchymal stem cells (MSCs) negative for JAK2V617F show a reduced expression of CXCL12 and
SCF. MSCs also overexpress galectin-1 in all MPN subtypes and galectin-3 in PV patients, and promote the expansion
of osteoblasts by cell contact and excessive TGF-1β, Notch, IL-6, IL-1β, and TNF-β signaling. Osteoblasts overproduce
inflammatory cytokines and reduce CXCL12 expression. By contrast, monocytes with JAK2V617F seem to increase osteoclast
forming ability and favor the survival of clonal HSCs. Meanwhile, clonal HSCs produce high levels of IL-1β, which induces
nestin-positive MSCs death. Additionally, the sympathetic nerve fibers supporting Schwann cells are reduced in the bone
marrow of MPN patients. Regarding the extracellular matrix, MPN patients with JAK2V617F show increased levels of
MMP-2 and MMP-9 and patients with primary myelofibrosis (PMF) have increased levels of all LOX family members.

A recent study has recently found numerous differences between the bone marrow
niche of ET and PV patients. In ET, the HSPCs move faster and more frequently towards
the endosteal niche and the number of osteoblasts and osteoclasts increases. However, in
PV, only the non-endosteal sinusoids are dilated [69]. Other studies have demonstrated
that the sympathetic nervous system has a role in the bone marrow niche of MPN patients.
Specifically, sympathetic nerve fibers supporting Schwann cells and nestin-positive MSCs
are reduced in the bone marrow of MPN patients. In a murine MPN model harboring
JAK2V617F, stem cells secreted IL-1β, which induces nestin-positive MSCs death and enables
disease expansion [70].

Regarding the extracellular matrix, several studies have also pointed to a role of matrix
metalloproteinases (MMPs) and lysyl oxidase (LOX) in the pathogenesis of MPNs. MPN
patients with JAK2V617F show increased levels of MMP-2 and MMP-9 [71] and patients
with PMF have increased levels of all LOX family members. LOX is involved in collagen
cross-linking and promotes fibrogenesis [72].

4. Disease Modifiers

Several non-driver somatic mutations have been identified in MPN patients. Accord-
ing to recent studies, more than 80% of patients with PMF [73] and over 50% of PV/ET
patients have at least one additional somatic mutation of this type [74]. These mutations
occur in genes affecting a wide variety of processes like epigenetic regulation, tumor
suppression, transcription regulation or splicing, but also additional signaling pathways
(Figure 6). They often modify the course of the disease and the presence of more than one
such aberration has been associated with a worse survival [75].
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Figure 6. Overview of the disease-modifying genes mutated in Ph-negative MPNs and their molec-
ular consequences. These mutations occur in genes affecting epigenetic regulation (ASXL1, EZH2,
DNMT3A, TET2, IDH1, and IDH2), tumor suppression (TP53 and PPM1D), transcription regulation
(RUNX1 and NFE2), splicing (SRSF2, U2AF1, SF3B1, and ZRSR2), and other signaling pathways
(SH2B3, CBL, NRAS/KRAS, PTPN11). Mutant proteins are depicted in red.

4.1. Epigenetic Regulation

The most common non-driver somatic mutations affect epigenetic regulation and
have been identified in ASXL1 (ASXL transcriptional regulator 1), EZH2 (enhancer of zeste
polycomb repressive complex 2 subunit), DNMT3A (DNA methyltransferase 3 alpha), TET2
(TET methylcitosine dioxygenase 2), IDH1 and IDH2 (isocitrate dehydrogenase NADP+,
1 and 2).

The products of ASXL1 and EZH2 are involved in chromatin modification (Figure 6,
upper box). Normal ASXL1 interacts with the polycomb repressor complex 2 (PRC2)
and enhances its function as methylator of H3K27. H3K27 trimethylation results in the
silencing of the HOXA gene family which participates in chromatin remodeling. Addi-
tionally, ASXL1 interacts with BRCA1-associated protein 1 (BAP1), creating the polycomb
group repressive deubiquitinase complex, which globally removes monoubiquitin from
H2AK119 and locally at HOXA and IRF8 in HSCs [76,111,112]. ASXL1 mutations are almost
exclusively frameshift and nonsense mutations in exon 12, decrease H3K27 trimethyla-
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tion [111] and enhance the activity of the ASXL1-BAP deubiquitinase complex [113]. This
causes the deregulated expression of genes critical for HSC self-renewal and differenti-
ation, as well as more open chromatin in c-Kit+ cells. Mutant ASXL1 also binds to the
bromodomain-containing protein 4 (BDR4), resulting in the phosphorylation of RNA poly-
merase II and the acetylation of H3K27 and H3K122, which lead to the upregulation of
genes governing myeloid differentiation [76,114]. Another mechanism reported for mutant
ASXL1 consists of the repression of TGF-β pathway through H3K and H4K deacetyla-
tion [115]. Although normal ASXL1 activates the retinoic acid receptor [116] and interacts
with the peroxisome proliferator activated receptor gamma (PPARγ) to repress lipoge-
nesis [117], the effects of ASXL1 mutations on these mechanisms are still unknown. In
summary, the consequences of ASXL1 mutations are diverse and are not fully elucidated;
the mutant protein shows a loss of function in some mechanisms but a gain of function
in others.

EZH2 encodes a histone lysine N-methyltransferase that constitutes the catalytic
component of PRC2. The majority of EZH2 mutations are missense with loss of function
effects resulting in the silencing of HOXA9. This supports myeloid progenitor self-renewal
and leukemic transformation [118,119].

DNMT3A, TET2, IDH1 and IDH2 encode DNA methylation modifiers (Figure 6).
DNMT3A encodes a de novo DNA methyltransferase responsible for DNA methylation
at CpG dinucleotides. The mutation most frequently observed is p.R882H, that impairs
the CpG specificity, flanking sequence preference and DNMT3A enzymatic activity [120].
Mechanistic studies in mice indicate that mutant DNMT3A decreases PRC2 recruitment
at H3K27 favoring accessibility at enhancer chromatin marks and persistent HSC gene
expression. JAK2V617F patients also harboring DNMT3A mutations show aberrant self-
renewal and altered inflammatory signaling pathways [121].

TET2 encodes an enzyme that catalyzes the oxidation of 5-methylcytosine (5mC) to 5-
hydroxymethylcytosine (5-hmC). Mutations in TET2 are nonsense or missense changes that
lead to a loss of function [122] and DNA hypermethylation due to decreased production of
5-hmC. Mutant TET2 increases the expression of HSC self-renewal genes and sensitizes
hematopoietic cells to acquire other mutations and leads to significant myeloid lineage
skewing [123] and increased IL-6 production [124]. The order of mutation acquisition can
influence the MPN phenotype; mutations in TET2 arising prior to JAK2V617F favors the ET
phenotype, but the acquisition of JAK2V617F in a TET2 non-mutated background is more
likely to result in the PV phenotype [125].

IDH1 and IDH2 encode isocitrate dehydrogenases that catalyze decarboxylation of
isocitrate into alpha ketoglutarate (α-KG). While IDH1 acts in the cytosol, IDH2 works
in the mitochondria. The most common IDH1 (p.R132H and p.R132C) and IDH2 muta-
tions (p.R140Q) increase 2-hydroxyglutarate (2-HG) production. 2-HG prevents histone
demethylation and the expression of lineage-specific differentiation genes, leading to a
block to cell differentiation [126–128]. This compound can also bind ten-eleven translo-
cation (TET) and Jumonji proteins, inhibiting their functions [129]. IDH mutations have
also been associated to enhanced aberrant splicing of mutant SRSF2, leading to genomic
instability and risk of leukemic transformation [130].

4.2. Tumor Suppression

TP53 (tumor protein P53) and PPM1D (protein phosphatase, Mg2+/Mn2+ dependent
1D or P53-induced protein phosphatase 1) are involved in tumor suppression (Figure 6).
TP53 is a transcription factor that responds to DNA damage inducing transcriptional
programs that result in cell cycle arrest or apoptosis [131]. TP53 mutations are missense
changes with several non-mutually exclusive effects: loss of function, gain of function,
and dominant-negative effect on normal TP53 [77]. It has been also demonstrated that
mutant TP53 increases HSC self-renewal and resistance to cellular stress [132]. There are
several upstream regulators of TP53, which are overexpressed in MPNs, such as MDM2 and
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MDM4. Both of them inhibit TP53 function by facilitating nuclear export and by inducing
its degradation [133].

PPM1D is a serin-threonine phosphatase which negatively regulates TP53 and is
transcriptionally upregulated on TP53 induction [134]. Mutations in PPM1D are truncating
and frameshift changes in exon 6 that lead to a protein that lacks a carboxyterminal
degradation domain. This results in altered cell cycle progression, decreased apoptosis and
reduced mitochondrial priming [135].

4.3. Regulation of Transcription

RUNX1 (RUNX family transcription factor 1) and NFE2 (nuclear factor, erythroid
2) encode transcription factors and have been also found mutated in MPNs (Figure 6).
RUNX1 contains a runt homology domain (RHD) responsible for DNA binding and het-
erodimerization with core binding factor β (CBF-β). Through this interaction, RUNX1 con-
trols key hematopoietic transcriptional programs. Specifically, RUNX1 participates in
hematopoietic differentiation, cell cycle regulation, ribosome biogenesis, and p53 and
TGF-β pathways [136]. RUNX1 mutations are missense, frameshift, and non-sense changes
that inactivate the protein leading to a reduced myeloid differentiation and an increase in
HSC self-renewal [77].

Mutations described in NFE2 are a 4-amino acid in-frame deletion and frameshift
changes that lead to a carboxy-terminally truncated protein [40]. Mutant NFE2 promotes
myelopoiesis and causes elevated expression of wild-type NFE2 and histone demethylase
JMJD1C maybe by a decreased binding of the repressor HP1α [137].

4.4. Splicing

Pre-mRNA splicing is catalyzed by the spliceosome, a complex of five snRNPs and
multiple proteins. Mutually exclusive mutations in RNA splicing factors encoded by SRSF2
(serine and arginine rich splicing factor 2), U2AF1 (U2 small nuclear RNA auxiliary factor
1), SF3B1 (splicing factor 3b subunit 1) and ZRSR2 (zinc finger CCCH-type, RNA binding
motif and serine/arginine rich 2) have been reported in MPNs (Figure 6, lower box).

SRSF2 contains a ribonucleoprotein with an RNA binding motif and a carboxyl-
terminal serine/arginine rich domain [138], both involved in the recognition and binding
to the RNA sequences GGNG and CCNG in exon splicing enhancers (ESEs). The most
frequent mutation is p.P95H, that leads to a preferential recognition of CCNG motifs and
alters the balance of splicing of multiple pre-mRNAs, which cause downregulation of
EZH2 [139], as well as the mis-splicing of CASP8, which activates NF-κB signaling [140].
The expression of mutant SRSF2 has also been demonstrated to cause accumulation of
R loops, replication stress and activation of ATR-Chk1 signaling [141,142]. Additionally,
mutant SRSF2 seems to predominantly form RUNX1a over RUNX1b and regulate DNA
stability [143,144].

U2AF1 recognizes pyrimidine-rich tracts with a conserved terminal AG in 3′ splice
sites [145]. The most prevalent somatic mutations affect Q157 and its surroundings;
p.Q157 mutants generate mis-splicing of ARID2 and EZH2 [123] and are associated with a
worse outcome [146]. Patients can also harbor mutations in serine 34 (p.S34F/Y) that cause
different expression and splicing patterns than p.Q157 mutations and have been associated
with increased splicing, accumulation of R loops and exon skipping [142,147]. Both types
of mutations are located within the CCCH zinc fingers of U2AF1, that are critical for RNA
binding [148]. This protein has also been shown to bind to mRNA and repress translation;
p.S34F mutation seems to affect the translation of hundreds of mRNAs, but the effect of the
other mutations on translation is still unknown [149].

ZRSR2 heterodimerizes with U2AF2 and participates in the recognition of the 3′ splice
site. Mutations in this gene are mostly frameshift and nonsense loss-of-function changes
that affect splicing and lead to intron retention. Mutant ZRSR2 has been reported to cause
increased MAPK and ERBB signaling in myelodysplastic syndromes [150].
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SF3B1 forms part of the spliceosome complex. Mutations in SF3B1 are missense
changes (p.K700E and p.H662Q) that cause alternative 3′ splice site selection [151]. These
mutations block erythroid maturation [152] and modify the expression of genes involved
in RNA processing, cell cycle, heme metabolism and nonsense-mediated RNA decay [77].

4.5. Additional Signaling Pathways

Finally, other mutations have been found in SH2B3 (SH2B adaptor protein 3, previ-
ously known as LNK), CBL (CBL proto-oncogene), NRAS and KRAS (NRAS and KRAS
proto-oncogene, GTPase) and PTPN11 (protein tyrosine phosphatase non-receptor type
11), all of them encoding elements involved in signaling (Figure 6).

SH2B3 is an adaptor protein that interacts with and inhibits signaling through cytokine
receptors and kinases such JAK2 [153–155] decreasing the proliferation of hematopoietic
cells [156–158]. In addition, this protein can recruit the E3-ubiquitin ligase CBL for degra-
dation of receptors and other molecules [157]. Mutations in SH2B3 are mainly missense
changes that disrupt the negative-feedback loops on growth stimulation [155,157].

CBL recognizes and ubiquitinates activated tyrosine kinase receptors and JAK2 leading
to their proteasomal degradation. Mutations in CBL are mostly missense changes that
reduce the E3 ligase activity and the degradation of its substrates [159–161]. However,
they are not merely loss-of-function mutations since CBL knockout cells show increased
cytokine sensitivity [162].

Missense substitutions affecting NRAS/KRAS favor the GTP-bound state of RAS,
causing a constitutive activation of growth signaling [163].

Finally, PTPN11 encodes a protein tyrosine phosphatase which dephosphorylates
RAS [164]. PTPN11 mutations increase its phosphatase activity [165], leading to a high
dephosphorylation of RAS which increases the activation of RAS-RAF-MEK-ERK path-
way [166].

5. Additional Factors Involved in Disease

There are several factors that have been shown to influence heterogeneity in MPN
phenotypes, such as the HSC in which the mutation appears first, genetic background,
gender, age, and environmental factors.

HSCs are highly heterogeneous and carry a lineage-bias [167]. It has been demon-
strated that the acquisition of a driver mutation in a platelet-biased HSC may drive to an
ET phenotype, whereas the PV phenotype is more probable when mutation is acquired in
balanced/myeloid-biased HSCs [168].

It is well known that there is an association between the JAK2 haplotype 46/1 or GGCC
and MPNs. This haplotype is found in 24% of the population and in the 56% of MPN
patients [169] increasing the susceptibility of developing a JAK2 mutation, but also to CALR
mutations and weakly to MPL mutations [169,170]. Recent studies have identified several
SNPs in different loci which have been associated with an increased risk of developing
some MPN subtypes [171–173].

Regarding gender, the ET phenotype has been mostly reported in women, while
PV/PMF are more prevalent in men [174,175]. Women seem to have a greater symptom
burden than men [175], but the male gender has been associated with a higher likelihood
of myelofibrotic transformation in ET patients [176].

The incidence of MPNs also increases with age, and this factor is the strongest predictor
of death in PV and ET [177,178]. This phenomenon has been related to the influence of
aging in hematopoiesis, maybe due to a greater probability of acquiring somatic mutations
in HSCs [78] favored by a pro-inflammatory state due to the accumulation of inflammatory
cytokines associated with age [45]. This higher probability would also explain the increased
risk of disease progression in these patients [78].

Retrospective observational studies have reported that the occupational exposure to
benzene and/or petroleum, prior blood donation (specifically for PV) [179], and smok-
ing [180,181] are associated with a higher risk of MPNs.
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6. Conclusions

The understanding of the pathogenesis of MPNs has undergone a complete revolution
in the last 15 years, especially since the p.V617F mutation in JAK2 was characterized.
Since then, MPNs have basically been considered signaling disorders, especially affecting
the JAK2/STAT pathway, but also the MAPK/ERK and PI3K/AKT pathways. Further
characterization of mutations in MPL, and the mechanism by which CALR mutations
activate TPOR, reinforced this view. However, although the pathogenic mechanisms of
the JAK2, TPOR, and CALR mutants seem quite straightforward and simple, various
studies have shown that these alterations can cause more complex disturbances in the
cell through non-canonical mechanisms. This, together with the characterization of new
somatic genetic alterations that affect genes involved in other processes and signaling
pathways, have revealed the complexity of the pathogenesis of MPN, which could partly
explain the phenotypic heterogeneity observed among patients.
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CD99–PTPN12 Axis Suppresses Actin
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Simple Summary: The epidermal growth factor receptor (EGFR) is activated through growth
factor-dependent dimerization accompanied by functional reorganization of the actin cytoskeleton.
Lee et al. demonstrate that CD99 activation by agonist ligands inhibits epidermal growth
factor (EGF)-induced EGFR dimerization through impairment of cytoskeletal reorganization by
protein tyrosine phosphatase non-receptor type 12 (PTPN12)-dependent c-Src/focal adhesion kinase
(FAK) inactivation, thereby suppressing breast cancer growth.

Abstract: The epidermal growth factor receptor (EGFR), a member of ErbB receptor tyrosine kinase
(RTK) family, is activated through growth factor-induced reorganization of the actin cytoskeleton
and subsequent dimerization. We herein explored the molecular mechanism underlying the
suppression of ligand-induced EGFR dimerization by CD99 agonists and its relevance to tumor
growth in vivo. Epidermal growth factor (EGF) activated the formation of c-Src/focal adhesion
kinase (FAK)-mediated intracellular complex and subsequently induced RhoA-and Rac1-mediated
actin remodeling, resulting in EGFR dimerization and endocytosis. In contrast, CD99 agonist
facilitated FAK dephosphorylation through the HRAS/ERK/PTPN12 signaling pathway, leading
to inhibition of actin cytoskeletal reorganization via inactivation of the RhoA and Rac1 signaling
pathways. Moreover, CD99 agonist significantly suppressed tumor growth in a BALB/c mouse model
injected with MDA-MB-231 human breast cancer cells. Taken together, these results indicate that
CD99-derived agonist ligand inhibits epidermal growth factor (EGF)-induced EGFR dimerization
through impairment of cytoskeletal reorganization by PTPN12-dependent c-Src/FAK inactivation,
thereby suppressing breast cancer growth.
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1. Introduction

Many studies have focused on uncovering the molecular basis of epidermal growth factor
receptor (EGFR) activation and its implication in tumor development and progression. EGFR is
activated by ligand binding, which induces sequentially their conformational change, auto- and
trans-phosphorylation, dimerization, and internalization [1–3]. Structural study demonstrated that
EGFR can be multimerized through a specific region of subdomain IV of the extracellular domain [4].
On the other hand, an increasing number of studies have suggested different aspects of EGFR activation.
An inactive pre-formed dimer of EGFR without ligand was identified at the cell surface, which undergoes
conformational changes during the activation process by stimulated ligand binding [5–7]. In spite
of various aspects of the regulation of EGFR activation, dimerization of EGFR is a common feature
required for its activation and transmission of downstream signals in tumorigenesis.

Non-receptor type 12 protein tyrosine phosphatase (PTPN12) acts as a core regulator in actin
cytoskeleton-mediated modulation of growth factor receptor dynamics [8]. PTPN12 controls Rho
GTPase activity by suppressing the interaction of p120 catenin with guanine nucleotide exchange
factor VAV2 [9–12]. More recently, it was demonstrated that ephrin receptor (Eph) signaling depends
on cytoskeletal reorganization to form polymeric assembly of the receptors and that PTPN12 contrarily
downregulates EphA3 activity by inhibiting actin cytoskeletal remodeling. Interestingly, PTPN12
acts as a tumor suppressor which regulates the activities of multiple oncogenic tyrosine kinases,
including EGFR, human epidermal growth factor receptor 2 (HER2), and platelet-derived growth
factor receptor-β (PDGFRβ), and its deficiency is identified in several carcinomas [13,14]. Loss of
PTPN12 promotes in vivo tumor progression of the implanted breast cancer cells, which express a
constitutively active form of ErbB2 (CA-ErbB2), and correlates with the impaired feedback regulation
of RTKs, thereby resulting in their aberrant activation [15,16]. In this regard, the expression levels of
PTPN12 correlate inversely with poor prognosis of hepatocellular carcinoma [17]. Therefore, these
results suggest that PTPN12 may play a role in regulation of growth factor receptor dimerization
through actin cytoskeleton remodeling.

CD99 is a 32-kDa heavily O-glycosylated type I transmembrane protein [18]. CD99 is expressed
on the surface of nearly all normal cell types including thymocytes, peripheral T cells, hematopoietic
cells, and also several tumors including Ewing’s sarcoma [19,20]. It has been known that CD99 is
implicated in various cellular processes including differentiation, apoptosis, homotypic aggregation,
and proliferation of lymphocytes, extravasation of leukocytes, transport of several transmembrane
proteins, and apoptosis of tumor cells [21–23]. We previously reported that CD99CRIII3, a CD99
agonistic peptide ligand, activated PKA-SHP2-HRAS-ERK1/2 signal transduction pathway, which led
to upregulation of PTPN12 expression and interaction with its downstream targets, FAK and PIN1,
resulting in dephosphorylation of FAK at Y397 [24]. Consistent with our study, CD99 regulates
contact strength and motility of osteosarcoma cells through inhibition of the expression of coiled-coil
containing protein kinase 2 (ROCK2), which is a crucial mediator of actin cytoskeleton remodeling [25].
Inhibition of ROCK2 expression leads to a significant decrease in expression and phosphorylation of
Ezrin, thereby collapsing the crosslinks between the plasma membrane and cytoskeleton. These results
prompted us to hypothesize that CD99 activation can regulate actin cytoskeleton dynamics through
the PTPN12/FAK/Rho/Rac axis, thereby suppressing EGFR dimerization and activation.

In this study, we examined the molecular mechanism through which CD99 agonist ligand
suppresses ligand-induced dimerization and internalization of EGFR in breast carcinoma cells.
Our study suggests that CD99-derived agonist ligands inhibit EGF-induced EGFR dimerization
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through impairing RhoA-Rac1 signaling-mediated reorganization of the actin cytoskeleton, thereby
contributing to the suppression of breast cancer growth.

2. Results

2.1. Epidermal Growth Factor Stimulates Dimerization and Activation of the Epidermal Growth Factor
Receptor through c-Src/FAK-Mediated Actin Cytoskeleton Remodeling

Previous studies showed that lovastatin, a statin medication, inhibits EGF-induced EGFR
dimerization, activation, and downstream signaling through inhibition of RhoA-mediated actin
polymerization and that ligand-induced remodeling of the actin cytoskeleton is required for clustering
of transmembrane receptors, thereby resulting in endocytosis and signal transduction [26–28].
We determined whether impairing actin polymerization could disrupt ligand-induced dimerization
of receptor tyrosine kinases in two human breast cancer cell lines, low EGFR-expressing MCF-7
and high EGFR-expressing MDA-MB-231. Recombinant human EGF induced EGFR dimerization
in a time-dependent manner in MDA-MB-231 cells, but not in actin filament-disrupted cells treated
with cytochalasin D (Figure 1A). EGF treatment could induce actin polymerization and stimulate
EGFR dimerization and phosphorylation at tyrosine (Y) 1068 residue in a dose-dependent manner
(Figure 1B,F and Figure S1A,B,E). In contrast, disruption of actin filaments by cytochalasin D
significantly interfered with EGF-induced phosphorylation and dimerization of EGFR. Dose-dependent
inhibitory effect of cytochalasin D on EGFR dimerization was confirmed by in situ proximity
ligation assay (PLA) (Figure S1B). Furthermore, we confirmed that actin polymerization is critical
for not only EGFR/EGFR homo-dimerization but also EGFR/HER2 hetero-dimerization. EGFR/HER2
hetero-dimerization was observed from a very early time point after treatment of MCF-7 cells with
EGF and increased in a time-dependent manner, whereas cotreatment with cytochalasin D significantly
reduced hetero-dimerization (Figure S1C). These results indicate that actin polymerization is necessarily
required for ligand-induced receptor dimerization.

Figure 1. Cont.
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Figure 1. EGF induces EGFR dimerization and endocytosis through c-Src/FAK-mediated cytoskeleton
reorganization. (A,D) The dimerization level of EGFR was assessed by in situ proximity ligation
assay (PLA). (B,C) For dimerization assay, human breast carcinoma cells were treated with increasing
concentrations of EGF in the presence or absence of cytochalasin D for 1 h on ice, to allow for
EGF-induced EGFR dimerization but not endocytosis. Cells were subjected to BS3 chemical-mediated
crosslinking as described in Materials and Methods. To determine the phosphorylation level of EGFR
at Y1068, cells were incubated in serum-free medium (SFM) with EGF for 15 min at 37 ◦C. Cell extracts
were assessed by Western blot analysis with the indicated antibodies. β-actin was used as a loading
control. ** p < 0.01; *** p < 0.001; **** p < 0.0001. (E,F) EGFR endocytosis and actin cytoskeleton
organization were determined by immunofluorescent assay (IFA). (A,D,E,F) Original magnification of
representative images, 600×. Scale bars = 10 µm.
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Recruitment and activation of c-Src and FAK have been implicated in cell adhesion and motility
by regulating actin cytoskeleton rearrangement and focal adhesion dynamics via activation of RhoA
or Rac1/Cdc42 GTPases [29–31]. We determined whether inhibition of FAK function affects EGFR
dimerization in the breast carcinoma cells. It was observed that EGF dose-dependently induced FAK
phosphorylation at residue Y397 (Figure S1A). FAK knockdown revealed a markedly decreased rate of
EGFR dimerization upon EGF binding (Figure 1C). To further investigate the functional relationship
between c-Src/FAK-mediated actin rearrangement and EGFR dimerization and endocytosis, we carried
out in situ PLA and immunofluorescent assay (IFA) after treatment with FAK small interfering RNA
(siRNA), cytochalasin D, and dominant negative c-Src plasmid. Impairing actin polymerization with
cytochalasin D or inhibiting c-Src/FAK signaling using dominant negative c-Src (DN-c-Src) or siRNA
against FAK or c-Src inhibited EGF-induced EGFR receptor–receptor interaction, endocytosis, as well
as actin polymerization (Figure 1D–F and Figure S1D,E). These results suggest that c-Src/FAK-mediated
actin cytoskeleton rearrangement plays an important role in ligand-induced EGFR dimerization
and activation.

2.2. EGF Induces EGFR Dimerization and Endocytosis through FAK-Mediated RhoA and Rac1 Signaling

Actin cytoskeletal reorganization is regulated by the Rho family of GTPases, including Rho, Rac,
and CDC42 [32–35]. We found that although MCF-7 has low expression level of EGFR, EGF treatment
dose-dependently stimulates upregulation of the activity of GTPases, Rac1 and RhoA, which is
consistent with the results in Figure 1F and Figure S1E showing the pattern of increase in F-actin
polymerization (Figure 2A). To determine the role of FAK in activating small GTPase signaling,
we transiently transduced constitutively active FAK mutant (CA-FAK), dominant-negative FAK
mutant (FAK Y397F) or FAK siRNA. Interaction of FAK with both the GTP-binding proteins and their
GTPase activities were upregulated by overexpressing CA-FAK or treating with EGF (Figure 2B,C and
Figure S2A). Contrarily, the increased interaction of GTPases with FAK and their upregulated GTPase
activities were suppressed by overexpression of kinase-dead FAK Y397 mutant or by knockdown
of FAK using siRNA. In addition, knockdown of FAK resulted in inhibition of EGF-induced EGFR
endocytosis (Figure 2G). Furthermore, interactions among signaling molecules downstream of GTPases,
including Wiskott-Aldrich syndrome protein (WASp) family Verprolin-homologous protein-2 (WAVE2),
Actin-related protein-2 (ARP2), ROCK2, and Ezrin, showed patterns similar to those of FAK with RhoA
and Rac1 (Figure 2D and Figure S2B). These results show that FAK contributes as a key regulator of
RhoA and Rac1, leading to activation of GTPase signaling.

Next, we investigated the effects of activating and inhibiting RhoA and Rac1 GTPases on
dimerization and endocytosis of EGFR. Transiently transfected MCF-7 cells expressing CA-Rac1 or
CA-RhoA showed significantly enhanced GTPase activity upon EGF treatment (Figure 2E). However,
the CA-GTPases influenced neither the dimerization of EGFR nor its endocytosis, even though they
induced actin cytoskeleton polymerization (Figure 2F,G, Figure 3F and Figure S2C). On the other hand,
DN-Rac1 or DN-RhoA specifically inhibited EGF-stimulated activation of these GTPases (Figure 2E).
Contrary to the effect of CA-GTPases, DN-GTPases efficiently suppressed both EGFR dimerization and
endocytosis, which were induced by EGF (Figure 2F,G and Figure S2C). We further confirmed the effect
of GTPase signaling activity on EGFR dimerization and endocytosis. Consistent with the results in
Figure 2E, transfection with DN-Rac1 specifically inhibited the interaction between WAVE2 and ARP2,
while transfection with DN-RhoA inhibited only ROCK2–Ezrin interaction, but not WAVE2–ARP2
interaction (Figure 3A). However, EGF-induced dimerization and phosphorylation at Y1068 of EGFR
in MDA-MB-231 cells were significantly reduced, even by a single knockdown of ARP2 or Ezrin
(Figure 3B). In ARP2 knockdown cells, EGF-induced EGFR endocytosis as well as actin filament
branching was significantly inhibited (Figure 3C,D). Knockdown of Ezrin disrupted actin filament
polymerization and also suppressed endocytosis of EGFR. In addition, simultaneous knockdown
of ARP2 and Ezrin also inhibited actin polymerization. Consistent with the results of DN-GTPases,
transfection with CA-Rac1 stimulated the interaction between WAVE2 and ARP2, whereas transfection
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with CA-RhoA stimulated the interaction of ROCK2 with Ezrin (Figure 3E). Constitutively active
forms of Rac1, RhoA, or FAK induced actin filament polymerization in the presence or absence
of EGF (Figure 3H). However, although they induced actin filament polymerization as efficiently
as EGF, CA-Rac1, CA-RhoA, or CA-FAK failed to stimulate EGFR dimerization and endocytosis
without EGF treatment (Figure 3F,G). In addition, EGF binding to EGFR is necessary to initiate the
phosphorylation of EGFR, regardless of actin polymerization. These results suggest that GTPase-driven
actin polymerization is necessary, but not sufficient for EGFR dimerization and endocytosis.

Figure 2. FAK functions as a critical mediator in EGF-induced activation of Rac1 and RhoA GTPases
during EGFR signaling. (A,C) MCF-7 cells stimulated by binding of ligand to its receptor were analyzed
for activation of small GTPases. Activated GTP-bound Rac1 or RhoA in the cell lysates were determined
by immunoblotting with anti-Rac1 or anti-RhoA antibodies. β-actin was used as a loading control.
(B,D) MDA-MB-231 cells were transfected with CA-FAK or FAK Y397F plasmids and incubated in the
presence or absence of 25 ng/mL EGF at 37 ◦C, 5% CO2 for 15 min. The interactions between the pairs
of molecules indicated were assessed by in situ PLA. *** p < 0.001. (E) Activation of small GTPases in
MCF-7 cells was determined by immunoblotting. (F) EGFR dimerization in MDA-MB-231 cells was
assessed by in situ PLA and the experiments were duplicated. (G) EGFR endocytosis in MCF-7 cells
was determined by IFA as described above. Original magnification of representative images, 600×.
Scale bars = 10 µm.
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Figure 3. Cont.
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Figure 3. Modulation of actin polymerization by Rac1/RhoA GTPases is essential for EGF-induced
dimerization and endocytosis of EGFR. (A,E) The changes in the activation of Rac1/RhoA-mediated
signaling were observed in MCF-7 cells. The interactions between the pairs of molecules indicated
were assessed by in situ PLA. *** p < 0.001. (B,F) To determine EGFR dimerization, MDA-MB-231
cells were subjected to BS3 chemical-mediated crosslinking, as described above and in the Materials
and Methods. Cell extracts were assessed via Western blotting to determine the dimerization and
phosphorylation levels of EGFR and the expression levels of indicated proteins. β-actin was used as a
loading control. EGFR endocytosis (C,G) and actin cytoskeleton organization (D,H) in MCF-7 cells
transfected with siRNAs specific for ARP2 and Ezrin or plasmids encoding CA-GTPases or CA-FAK.
Original magnification of representative images, 600×. Scale bars = 10 µm.

2.3. CD99 Activation Attenuates EGF-Induced Dimerization and Activation of EGFR via the
PKA/SHP2/HRAS/PTPN12/FAK Signaling Pathway

To determine whether CD99 activation can disrupt EGF-induced dimerization and activation
of EGFR, two breast cancer cell lines, MDA-MB-231 and MCF-7, were treated with CD99 agonist
ligands, CD99CRIII3 or CD99-Fc. We previously demonstrated that CD99CRIII3, a CD99-derived
peptide, can function as a CD99 agonist as efficiently as CD99 protein derivatives or anti-CD99
agonist monoclonal antibody [24]. Western blotting and in situ PLA showed that those two CD99
agonists significantly inhibited EGFR dimerization and phosphorylation at Y1068, which were induced
by EGF (Figure 4A and Figure S4A). Moreover, neither CD99-Fc nor CD99CRIII3 had any effect
on the EGF-induced dimerization and phosphorylation of EGFR at Y1068 in CD99-knockdown
cells. EGFR dimerization and phosphorylation at Y1068 were significantly reduced by CD99CRIII3
in a dose-dependent manner (Figure 4B and Figure S4B). CD99CRIII3 inhibited EGF-induced
phosphorylation of FAK at Y397. Consistent with this, CD99-Fc and CD99CRIII3 coordinately inhibited
EGF-induced interactions of FAK with Rac1 and RhoA in MCF-cells, but not in CD99-knockdown
MCF-7 cells (Figure S4C,D). In addition, both molecules suppressed the EGF-induced actin organization
in a dose-dependent manner (Figure S4E). These results demonstrate that CD99 agonists inhibited
EGF-induced dimerization and activation of EGFR by disrupting FAK-mediated actin organization.
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Figure 4. CD99 agonistic ligands inhibit EGFR dimerization and endocytosis via the
PKA/SHP2/HRAS/ERK/PTPN12 signaling pathway. (A,B) For dimerization assay, wild type or
CD99 shRNA stable-expressing MDA-MB-231 cells were treated with CD99CRIII3 or CD99-Fc in the
presence of EGF (25 ng/mL) for 1 h on ice. Cells were subjected to BS3 chemical-mediated crosslinking.
Cell extracts were subjected to SDS-PAGE to assess EGFR dimerization and phosphorylation levels of
EGFR at Y1068 and FAK at Y397 and the expression levels of indicated proteins. β-actin was used as a
loading control. (C) In MCF-7 cells, dimerization of EGFR was assessed by in situ PLA. ** p < 0.01;
*** p < 0.001; **** p < 0.0001. (D) Whole cell lysates extracted from MDA-MB-231 cells treated with EGF
with or without CD99CRIII3 were subjected to SDS-PAGE to examine the phosphorylation levels of
EGFR and expression levels of each target protein. (E) EGFR endocytosis in MCF-7 cells treated with
EGF or CD99CRIII3 either alone or combined. (C,E) Original magnification of representative images,
600×. Scale bars = 10 µm.

Since our previous results showed that CD99CRIII3 dephosphorylated FAK at Y397 through the
PKA/SHP2/HRAS/PTPN12 signaling pathway [24], we next determined whether CD99CRIII3 regulates
EGF-induced dimerization and activation of EGFR via the PKA/SHP2/HRAS/PTPN12 signaling
pathway. Knockdown of PKA, SHP2, HRAS, or PTPN12 restored EGFR dimerization, which had
been inhibited by treatment with CD99CRIII3 (Figure 4C). CD99CRIII3-mediated dephosphorylation
of EGFR at Y1068 was also inhibited by knockdown of each of the intracellular signaling molecules
(Figure 4D). In particular, knockdown of PTPN12 abrogated the inhibitory effect of CD99CRIII3 on
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EGFR endocytosis induced by EGF (Figure 4E). Consistent with our previous results, CD99CRIII3
efficiently inhibited EGF-induced actin rearrangement and EGFR dimerization by dephosphorylating
FAK at Y397 via the PKA/SHP2/HRAS/PTPN12 signaling pathway.

To further validate the function of CD99CRIII3 in regulating FAK activity, the cells were treated
with a selective FAK inhibitor 14 or transfected with CA-FAK. Inhibition of FAK activity by FAK
inhibitor 14 attenuated EGF-induced EGFR dimerization, phosphorylation, and endocytosis by a
similar degree to that attenuated by CD99CRIII3 treatment (Figure 5A,B). In contrast, CA-FAK partially
recovered the functional activities of EGFR, which had been suppressed by CD99CRIII3, suggesting that
persistent activation of FAK partially resists the inhibitory effects of CD99CRIII3 on EGFR dimerization,
phosphorylation, and endocytosis. However, CA-FAK alone did not have any effect on dimerization
and endocytosis of EGFR. EGFR regulates various cellular signals related to cell growth, proliferation,
differentiation, and tumorigenesis [36–38]. As expected, EGF-induced activation of EGFR significantly
increased proliferation of MCF-7 cells, whereas CD99CRIII3- or FAK inhibitor 14-induced inhibition
of EGFR resulted in a reduced proliferation rate (Figure 5C). The cell proliferation rate, which was
suppressed by CD99CRIII3 treatment, was completely restored in both types of cells when transfected
with CA-FAK. These results demonstrate that CD99 agonist ligands suppress EGF-induced activation
of EGFR through the PKA/SHP2/HRAS/ERK/PTPN12/FAK signaling pathway.

Figure 5. FAK plays an important role in breast cancer cell proliferation induced by EGFR activation.
(A) MDA-MB-231 cells transfected with CA-FAK plasmid were subjected to BS3 chemical-mediated
crosslinking as described above. Cell extracts were assessed by Western blot analysis to determine the
dimerization and phosphorylation levels of EGFR or the expression and phosphorylation levels of FAK.
β-actin was used as a loading control. (B) EGFR endocytosis in MCF-7 cells was assessed by IFA as
described above. Original magnification of representative images, 600×. Scale bars = 10 µm. (C) MCF-7
cells were stained with crystal violet. Images were captured using a Nikon Eclipse TE2000-U and the
representative images are shown. Lines indicate statistical comparisons, and significant differences
between treatments are shown by asterisks as follows: *** p < 0.001.
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2.4. CD99CRIII3-Activated PTPN12 Regulates the Activation of EGFR Signaling through the PTPN12/FAK/
Rho/Rac Axis

As described above, PTPN12 acts as a negative regulator of multiple RTKs implicated in
tumor progression [8,13,15,39]. We hypothesized that PTPN12 may restrain the activation of several
cytoplasmic adaptor and kinase proteins that are recruited to EGFR following ligand binding, resulting
in attenuation of the activated intracellular signals. Here, using in situ PLA assay, we evaluated the
effect of CD99CRIII3-induced PTPN12 on EGFR signaling cascade. Consistent with our hypothesis,
EGF treatment facilitated the interactions of EGFR with c-Src, Shc1, Grb2, Gab1, and FAK (Figure 6A).
In particular, EGFR showed strongest interaction with c-Src and Shc1 after 5 min of treatment with
EGF, whereas the highest degree of interaction between Grb2, Gab1, FAK, and EGFR was observed
after 15 min of treatment. Surprisingly, CD99CRIII3 completely attenuated all interactions induced
by EGF binding, whereas knockdown of PTPN12 caused a restoration of EGF-induced interactions
between EGFR and other intracellular proteins. Consistent with these findings, co-immunoprecipitation
revealed that EGF-induced interactions of EGFR with the intracellular molecules were attenuated by
co-treating with CD99CRIII3. However, CD99CRIII3 lost its inhibitory effect on EGF-induced EGFR
activation by knockdown of PTPN12 (Figure 6B and Figure S5A). To further characterize the kinetics of
EGFR-PTPN12 interaction, we evaluated the time-dependent pattern of EGFR-PTPN12 interaction
following stimulation with EGF alone or combined stimulation with EGF and CD99CRIII3. PTPN12
was found to co-precipitate with EGFR after treatment with EGF. After 10 min of treatment it showed
the highest degree of interaction with EGFR (Figure 6C and Figure S5B). In contrast, the interaction
between both molecules in cells treated with EGF plus CD99CRIII3 occurred much earlier than
that in cells treated with EGF only and was continued until 10 min after treatment. These results
show that PTPN12 activated by CD99CRIII3 plays a critical role in the disruption of the intracellular
adapter/kinase complex involved in the EGFR signaling cascade.

It is certain that PTPN12 is involved in regulating cellular motility and morphology, since the
phosphatase acts as a central regulator of actin cytoskeleton reorganization [8,9,40]. We performed
co-immunoprecipitation to further verify the effects of CD99CRIII3-activated PTPN12 on Rac1/RhoA
GTPase signaling pathways. CD99CRIII3 strongly inhibited WAVE2–ARP2 and ROCK2–Ezrin
interactions, which were stimulated by EGF treatment in MDA-MB-231 cells (Figure 6D). Contrarily,
knockdown of PTPN12 was able to neutralize the effects of CD99CRIII3 and maintain EGF-induced
interactions between WAVE2 and ARP2 as well as ROCK2 and Ezrin. Consistent with these observations,
while CD99CRIII3 suppressed the EGF-induced activation of Rac1 and RhoA GTPases, its inhibitory
effect was neutralized by siRNA-mediated knockdown of PTPN12 in MCF-7 cells (Figure 6E). In addition,
transfection with plasmids encoding CA-Rac1, wt-WAVE2, or wt-ARP2 reinstated the Rac1-mediated
interaction of WAVE2 with ARP2, which had been inhibited by CD99CRIII3. Similar results were
obtained in RhoA-mediated signaling cascade by expression of CA-RhoA, wt-ROCK2, or Ezrin.
These results were demonstrated by in situ PLA and immunocytochemical assay for monitoring the
localization of each of the Rac1/RhoA GTPase signaling-related proteins and the interactions between
them (Figure S6A,B). CD99CRIII3 inhibited colocalization and physical proximity of WAVE2 and ARP2,
ROCK2 and Ezrin at the cell membrane region, which were induced by treatment with EGF. Consistent
with the above results, knockdown of PTPN12 abrogated the inhibitory effect of CD99CRIII3 on the
interactions of actin polymerization-regulating proteins. Moreover, transfection with CA-Rac1 or
overexpression of either of WAVE2 or ARP2 maintained the interaction between WAVE2 and ARP2.
We also identified similar patterns of results showing RhoA-dependent localization of ROCK2 and
Ezrin. Taken together, we found that CD99CRIII3 inhibits EGF-induced dimerization and endocytosis
of EGFR, as well as actin polymerization in a PTPN12-dependent manner at a level equivalent to that
exhibited by cytochalasin D treatment (Figure 6F–H and Figure S6C). These observations suggest that
PTPN12 functions as a key regulator in CD99CRIII3-induced inhibition of EGFR dimerization and
endocytosis via suppression of actin polymerization.
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Figure 6. CD99CRIII3 activates PTPN12 to facilitate inhibition of EGFR signaling. (A) In situ PLA
performed to assess the interactions between the pairs of molecules indicated in MCF-7 cells. * p < 0.05;
** p < 0.01; *** p < 0.001; **** p < 0.0001. (B) MDA-MB-231 cells were transfected with PTPN12
siRNA, followed by treatment with EGF (25 ng/mL) with or without CD99CRIII3 (40 µM) for 15 min.
(C) MDA-MB-231 cells were treated with EGF and/or CD99CRIII3 in a time-dependent manner.
(D) MDA-MB-231 cells were transiently transfected with PTPN12 siRNA or expression plasmids
encoding CA-GTPases or WAVE2, ARP2, ROCK2, and Ezrin. Cell lysates were immunoprecipitated with
the antibodies indicated. The immunoprecipitates were analyzed by Western blot with the antibodies
indicated. (E) The cells stimulated by binding of ligand to its receptor were assayed for activation of
small GTPases. β-actin was used as a loading control. (F) For dimerization assay, MDA-MB-231 cells
were subjected to BS3 chemical-mediated crosslinking as described above. Cell extracts were assessed
by Western blot analysis to determine the dimerization and phosphorylation levels of EGFR. β-actin
was used as a loading control. Actin cytoskeleton organization in MDA-MB-231 cells (G) and EGFR
endocytosis in MCF-7 cells (H) were determined by IFA as described above. Original magnification of
representative images, 600×. Scale bars = 10 µm.
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2.5. CD99CRIII3 Dose-Dependently Inhibited TNBC Progression In Vivo through PTPN12-Mediated
Suppression of Breast Cancer Cell Proliferation

To determine the anti-tumorigenic effect of CD99CRIII3 and the importance of PTPN12 in suppressing
tumor progression, we generated a stable MDA-MB-231 cell line (shPTPN12-MDA-MB-231) with 75%
reduction in PTPN12 protein using the shRNA system (Figure S7A). shPTPN12-MDA-MB-231 cells
exhibited no changes in the expression level of EGFR and CD99. In addition, the dimerization and
phosphorylation on Y1068 of EGFR and Y397 of FAK, which had been suppressed by CD99CRIII3 in
wt-MDA-MB-231 cells, were not affected in shPTPN12-MDA-MB-231 cells (Figure 7A and Figure S7B).
CD99CRIII3 inhibited the proliferation of wt-MDA-MB-231 cells, which was increased by treatment with
EGF. Contrarily, the cell proliferation rate, which was enhanced by EGF, was not suppressed by CD99CRIII3
in the PTPN12 knockdown cell line (Figure 7B and Figure S7C). We confirmed the physiological
characteristics of shPTPN12-MDA-MB-231 using in situ PLA (Figure S7D). EGF treatment induced the
interactions of EGFR with Grb2, c-Src, Shc1, FAK, Gab1, and itself. However, the shPTPN12-MDA-MB-231
cells did not inhibit these interactions by treatment with CD99CRIII3. These results suggest that
CD99CRIII3 inhibits EGF-induced EGFR activation via PTPN12-mediated signaling.

Figure 7. Cont.
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Figure 7. Evaluation of the in vivo efficacy of CD99CRIII3 in the xenograft model of human breast
cancer. (A) MDA-MB-231 cells were transiently transfected with PTPN12 shRNA plasmid. Cell extracts
were assessed by Western blot analysis to determine the phosphorylation levels of EGFR at Y1068 or
FAK at Y397. β-actin was used as a loading control. The uncropped Western blots have been shown in
Figure S8. (B) Comparison of cell growth rate between wt-MDA-MB-231 and shPTPN12-MDA-MB-231
cells. (C) Images of tumor xenografts. Scale bar represents 10 mm. (D,E) Graph shows the mean
difference in tumor volume and weight between wild-type and PTPN12 knockdown cells. Lines indicate
statistical comparisons, and significant differences between treatments are shown by asterisks as follows:
* p < 0.05; ** p < 0.01. (F) Hematoxylin and Eosin (H&E) staining of tumor xenografts. Scale bar
represents 10 µm for 400×magnification. The expression levels of EGFR, PTPN12, and Ki67 by IHC in
xenografts. (G) In situ PLA analysis was performed to determine the dimerization pattern of EGFR
within xenograft tumor tissues. Confocal images were taken from four tumors of each treatment group
and displayed in compressed z-stack form. Numerical values are the mean intensities (±SD) of red
spots in three randomly selected fields per tumor section. Significant differences between treatments
are shown by asterisks as follows: ** p < 0.01; *** p < 0.001. Scale bar, 10 µm (600×). wt, wild type; sh,
short hairpin. (H) Schematic model for the inhibitory effect of CD99 agonistic ligand on EGF-induced
activation of EGFR.

Finally, we carried out a tumor xenograft assay in the BALB/c nude mouse model with wt-
and shPTPN12-MDA-MB-231 human breast carcinoma cells. The daily injection of CD99CRIII3
led to significantly decreased tumor volume and weight in the wt-MDA-MB-231-inoculated mice,
compared with PBS-treated mice (Figure 7C–E). However, there were no differences in tumor size
and weight in the CD99CRIII3-treated mice injected with shPTPN12-MDA-MB-231 cells, indicating
that CD99CRIII3 exerts its anti-tumorigenic activity via the CD99–PTPN12 axis. After 15 days of
CD99CRIII3 administration, tumors were collected and sliced into small pieces. Serial sections of the
tumor specimens were stained with hematoxylin and eosin (H&E) and antibodies to measure the
expression of Ki67, EGFR, and PTPN12 (Figure 7F). Histological analysis of the specimens revealed
that CD99CRIII3 led to reduced Ki-67 expression in a group of wt-MDA-MB-231-inoculated mice,
but not in the shPTPN12-MDA-MB-231-inoculated mice group. The majority of tumor mass was
identified to be positive for EGFR and Ki-67. The number of Ki-67-positive cells was reduced in the
CD99CRIII3-treated mice, showing correlation with the reduced tumor size (Figure S7E). In addition,
CD99CRIII3 dose-dependently inhibited EGFR dimerization only in wt-MDA-MB-231-originated
tumor tissues (Figure 7G). These results indicate that CD99 agonist ligand could significantly suppress
the proliferation of MDA-MB-231 human breast cancer cells through PTPN12-mediated inactivation
of EGFR.

3. Discussion

In this study, we clearly showed that actin polymerization plays an important role in EGFR
receptor dimerization and activation, which was inhibited by the CD99/PTPN12/FAK/Rho/Rac axis.
Our novel findings provide an insight into the role of CD99 in the inactivation of several oncogenic
tyrosine kinases including EGFR [13,14].
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As the actin cytoskeleton plays an important role in controlling the movement of intracellular
organelles as well as cell surface receptors [41–43], we elucidated the importance of cytoskeleton
reorganization in ligand-induced dimerization and subsequent activation of EGFR. EGFR directly
associates with the actin filament via its C-terminal actin-binding domain [44,45]. We found that
impairment of actin cytoskeleton organization by cytochalasin D inhibits the phosphorylation,
dimerization, and internalization of EGFR, consistent with previous results showing that disruption
of actin polymerization inhibits ligand-induced EGFR dimerization, activation, and downstream
signaling [26,28]. Besides the role for EGFR dimerization, the blocking of F-actin polymerization
inhibits the CXCL12-mediated dimerization of CXCR4 [46]. The actin cytoskeleton intimately interacts
with plasma membrane integral proteins and regulates intricate membrane events, such as the formation
of focal adhesions as well as the internalization, recycling, compartmentalization, dynamics, clustering,
and diffusion of membrane receptor proteins [27,41,47]. The assembly and disassembly of cytoskeletal
actin filaments (F-actin) are regulated by c-Src and FAK [31,48,49]. Functional impairment of c-Src or
FAK inhibited actin polymerization, leading to the suppression of dimerization and internalization of
EGFR. In contrast, transduction with CA-FAK facilitated the FAK-mediated activation of Rac1/RhoA
signaling pathways and actin polymerization. Importantly, it looks like dimerization of EGFR is
not sufficient to activate its kinase activity. Although CA-FAK could induce the formation of actin
filaments without EGF ligand, it failed to proceed to the next step, EGFR dimerization and endocytosis.
CA-Rac1 and CA-RhoA also showed similar results. The binding of growth factor ligands to EGFR
may be critical for conformational changes of the receptor or its dynamics, leading to dimerization or
oligomerization of EGFR and subsequent activation of the downstream signaling pathway. In other
words, EGFR activation may require both ligand binding to EGFR and subsequent dimerization.
Therefore, disruption of ligand-induced EGFR dimerization as well as ligand binding would be a
promising therapeutic strategy for the treatment of breast cancer patients with aberrant expression or
activation of EGFR.

Breast cancer can be classified into several subtypes according to the expression level of various
surface marker proteins, including estrogen receptor (ER), progesterone (PR), and HER2. On the other
hand, EGFR is expressed in a wide range of breast cancer cell lines at different levels. EGFR has
long been in spotlight as a reasonable target molecule for developing antitumor strategies, since its
aberrant activation by increased expression of a constitutively activated truncated variant EGFRvIII
or itself is implicated in the development and progression of a broad range of solid cancer diseases
including breast cancer [50]. We adopted two breast cancer cell lines, MDA-MB-231 and MCF-7.
MDA-MB-231 cells lack the expression of ER, PR, and HER2, while they show high expression of
multiple RTKs. On the other hand, adenocarcinoma MCF-7 cells express ER, PR, and glucocorticoid
receptors. We found that MDA-MB-231 cells express EGFR at high levels, whereas MCF-7 cells express
very low levels of this receptor. The expression levels of CD99, in contrast, are similar in both cell
lines. Despite different levels of EGFR expression, these two breast carcinomas were similarly affected
by EGFR ligands and CD99 agonists. These results suggest that EGFR might play a dominant role
in cellular and physiological systems of breast cancer cells, so that it can be a valuable target for the
development of a broadly applicable anti-cancer drug.

PTPN12 is a tumor suppressor which regulates cellular transformation from normal to malignant
cells via the inhibition of multiple oncogenic tyrosine kinases [13,14]. Consistent with this, our data
showed that stable knockdown of PTPN12 increased tumor progression in vivo. Although several
studies imply the functional significance of PTPN12 in controlling tumor progression, the activator of
PTPN12 has not been identified yet. One novel finding of this study is that the CD99–PTPN12 axis
participates in the regulation of ligand-induced activation of EGFR by suppressing the reorganization
of the actin cytoskeleton. This observation is consistent with a previous study, which demonstrated
that PTPN12 controls EphA3 activation by regulating actin cytoskeletal organization during Eph
clustering [8]. Furthermore, we previously reported the molecular mechanism by which CD99
induces β1 integrin inactivation via PTPN12 activation [24]. Likewise, CD99CRIII3 showed significant
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inhibitory effects on EGF-induced EGFR dimerization and internalization via activation of PTPN12.
When EGFR is activated with its ligand, PTPN12 is recruited to the activated EGFR to return to an
inactive state within 15 min [39]. On the other hand, CD99CRIII3 induced very early recruitment of
PTPN12 to the EGF-induced EGFR signaling complex, which led to the inhibition of EGFR dimerization
and activation. The remarkable inhibitory effect of CD99CRIII3 on EGFR activation was suppressed
when CD99 or PTPN12 expression was downregulated, indicating that CD99 activation by CD99CRIII3
stimulated PTPN12 to inhibit the early stage of the EGFR signaling pathway.

PTPN12 exhibited relatively low expression levels in triple-negative breast cancer (TNBC) cells [13].
However, ectopic restoration of PTPN12 in TNBC resulted in the suppression of anchorage-independent
proliferation and metastatic ability. Consistent with this finding, we observed that CD99CRIII3
significantly suppressed the EGF-induced proliferation of MDA-MB-231 and MCF-7 breast cancer cells,
which was not observed in PTPN12-knockdown cells. Furthermore, shPTPN12-MDA-MB-231 cells
allowed us to examine whether CD99CRIII3 affects in vivo tumorigenesis via the PTPN12-dependent
negative feedback loop. CD99CRIII3 dose-dependently suppressed the growth of MDA-MB-231
human breast cancer cells implanted in nude mice, while it failed to suppress the growth of
shPTPN12-MDA-MB-231 cells implanted in nude mice, suggesting that PTPN12 serves as a key
executor of the CD99 signaling pathway. Consistently, CD99CRIII3 inhibited EGFR dimerization in
wt-MDA-MB-231-originated tumor tissues, but not in shPTPN12-MDA-MB-231-originated tumor
tissues. Here we pay attention to recent reports showing that CD99 activates p53 tumor suppressor
by inducing degradation of Mdm2, an E3 ubiquitin ligase, resulting in the death of Ewing sarcoma
(EWS) [20,51]. Collectively, these results suggest that CD99 might play a key role in modulating
the activities of intracellular tumor suppressors, PTPN12 and p53, whose interrelationship still
remains elusive.

The growth of various tumors is promoted by tumorigenic growth factor receptors, such as FGFR,
TGF-βR, IGF-1R, InsR, and PDGF [52–56]. Given that their kinase activity is induced via dimerization
and activation according to ligand binding, and actin cytoskeleton is implicated in controlling receptor
compartmentalization [27,57,58], it is important to determine whether CD99CRIII3 can regulate the
activity of those RTKs. Additionally, protein tyrosine phosphatases (PTPs) act as inhibitors, regulating
tumor-inducing activity [53]. Thus, our results suggest that PTPN12 activated by CD99CRIII3 may
suppress the activity of other abnormal RTKs as well as EGFR and that their dimerization and
activation processes are regulated by actin cytoskeleton-controlled clustering. However, the underlying
mechanism by which CD99CRIII3 inhibits the dimerization and activation of other tumorigenic RTKs
needs further investigation in a broad range of tumors.

4. Materials and Methods

4.1. Reagents and Antibodies

All cultureware and reagents were purchased from Invitrogen (Carlsbad, CA, USA). Immun-Blot
polyvinylidene fluoride (PVDF) membranes for protein blotting were purchased from Bio-Rad
Laboratories (Hercules, CA, USA). The WEST-ZOL plus Western blot detection kit was obtained
from iNtRON Biotechnology, Inc. (Seongnam, Korea). Lipofectamine LTX/PLUS and RNAiMAX
reagents were purchased from Invitrogen (Life Technologies, Grand Island, NY, USA). Protein
A/G agarose beads were purchased from Santa Cruz Biotechnology, Inc. (Santa Cruz, CA, USA).
Cytochalasin D, FAK inhibitor 14, recombinant human epidermal growth factor (EGF), FITC (Fluorescein
isothiocyanate)-conjugated Phalloidin (1:200 for IFA), and purified mouse IgG (1:200 for IFA) were
purchased from Sigma-Aldrich Co. (St. Louis, MO, USA). Rhodamine-conjugated anti-mouse
IgG antibody, rhodamine-conjugated anti-rabbit IgG antibody, FITC-conjugated anti-mouse IgG
antibody, FITC-conjugated anti-rabbit IgG antibody (1:200 for IFA), and Horseradish peroxidase
(HRP)-conjugated anti-mouse IgG antibody (1:10,000 for Western blot) were purchased from DiNonA
(Seoul, Korea). HRP-conjugated goat anti-rabbit IgG antibody (1:10,000 for Western blot) was
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purchased from Chemicon (Temecula, CA, USA). Mouse monoclonal anti-human epidermal growth
factor receptor (EGFR) antibody (1:150 for IFA), rabbit polyclonal anti-human EGFR antibody (1:150 for
IFA), and rabbit polyclonal or mouse monoclonal anti-EEA1 antibody (1:150 for IFA) were purchased
from Abcam (Cambridge, UK). Antibodies against HRAS, SHP2, PKA, Ezrin, WAVE2, Arp2, ROCK2,
Grb2, Shc1, Rac1, RhoA, EGFR, β-actin, and HRP-conjugated donkey anti-goat IgG antibody (1:10,000
for Western blot) were obtained from Santa Cruz Biotechnology, Inc. (Santa Cruz, CA, USA). Antibodies
against phospho-FAK (Tyr397), FAK, phospho-EGFR (Tyr1068), PTPN12, c-Src, HER2, and Gab1 were
purchased from Cell Signaling Technology (Danvers, MA, USA).

4.2. Cell Culture

Human breast adenocarcinoma cell line MCF-7 was obtained from American Type Culture
Collection (ATCC). Triple-negative breast carcinoma cell line MDA-MB-231 was kindly provided by
Dr. Hyung Geun Song (DiNonA Inc., Seoul, Korea). MCF-7 cells were cultured in Dulbecco’s modified
Eagle’s medium (DMEM) containing 10% (v/v) fetal bovine serum (FBS), 100 unit/mL penicillin,
and 100 µg/mL streptomycin (Gibco-BRL, Grand Island, NY, USA). MDA-MB-231 cells were cultured in
Roswell Park memorial Institute (RPMI) 1640 (10% FBS, 100 unit/mL penicillin, 100 µg/mL streptomycin,
and 25 mM HEPES). All cells were maintained at 37 ◦C in a humidified 5% CO2 incubator.

4.3. Synthesis of Polypeptides

CD99 agonist polypeptide CD99CRIII3 was synthesized using an automatic peptide
synthesizer (PeptrEx-R48, Peptron, Daejeon, Korea) according to the 9-fluorenylmethoxycarbonyl
(Fmoc) solid-phase method. The synthesized polypeptides were purified and analyzed
using reverse-phase high-performance liquid chromatography (Prominence LC-20AB, Shimadzu,
Japan) equipped with a C18 analytical RP column (Capcell Pak column, Shiseido Co., Ltd., Japan).
The mass was analyzed using a mass spectrometer (HP1100 Series LC/MSD, Hewlett-Packard, Roseville,
CA, USA). The analytical results are described in Figure S3.

4.4. Plasmids and RNA Interference

The coding sequences of human WAVE2 and Arp2 were obtained by PCR with respective
pairs of primers. Sense primer 5′-GGGGTACCGCCACCATGCCGTTAGTAACGAGGAAC-3′ and
antisense primer 5′-GCTCTAGAGAGTTAATCGGACCAGTCGTC-3′ for the cDNA of WAVE2,
sense primer 5′-GGGGTACCGCCACCATGGACAGCCAGGGCAGG-3′ and antisense primer
5′-GCTCTAGATTATCGAACAGTCACACCAAG-3′ for the cDNA of Arp2. Full length human WAVE2
and Arp2 cDNAs were subcloned into KpnI and XbaI sites of the pcDNA3 vector. The sequences of
the constructs were confirmed by DNA sequencing. The expression vectors pEXV/constitutively active
Rac1, pEXV/dominant negative Rac1, pEXV/constitutively active RhoA, pEXV/dominant negative RhoA,
and pcDNA3.1/dominant negative c-Src were kindly donated by Dr. Hansoo Lee. The expression vector
kinase-dead, non-phosphorylatable dominant negative FAK Y397F (pcDNA3/FAK Y397F) was kindly
provided by Dr. Soo-Chul Park (Sookmyung Women’s University, Seoul, S. Korea). Constitutively active
FAK plasmid (pCDM8/CD2-FAK) was kindly provided by Dr. Andrey V. Cybulsky (McGill University,
Montreal, QC, Canada). The pCS2/ROCK2 vector was kindly provided by Dr. Anming Meng (Tsinghua
University, Beijing, China). The pCB6/rsr-G-Tag/Ezrin vector was kindly provided by Dr. Janet
Allopenna (Stony Brook Medicine, NY, USA). For gene knockdown experiments, the small interfering
RNAs (siRNAs) against FAK, Shc1, c-Src, Arp2, Ezrin, PKA-α, SHP2, HRAS, PTPN12, and shRNA
targeting PTPN12 were purchased from Santa Cruz Biotechnology, Inc. (Santa Cruz, CA, USA).
Plasmids or siRNA duplexes were transfected into cells using Lipofectamine LTX/PLUS or RNAiMAX
(Invitrogen Life Technologies, Grand Island, NY, USA). The PTPN12 knockdown MDA-MB-231
resistant clone was established by selecting with 0.4 mg/mL puromycin. After transfection, knockdown
of each of the target molecules or expression of dominant negative or constitutively active DNA was
confirmed by Western blotting.
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4.5. In Situ Proximity Ligation Assay (PLA)

The in situ PLA analysis was performed using Duolink® in situ reagents (O-LINK® Bioscience,
Uppsala, Sweden) according to the manufacturer’s instructions. Cells were transfected with plasmids
or siRNAs and then seeded on glass coverslips in 24-well cell culture plates (1 × 105 cells/well).
After 24 h growth under standard conditions, cells were treated with EGF (25 ng/mL) in the presence
or absence of peptides and each reagent for 15 min in a CO2 incubator at 37 ◦C, and then washed twice
with 1X PBS. Cells were fixed with 2% formaldehyde in PBS for 10 min at room temperature (RT),
and subsequently washed twice with 1X PBS, permeabilized with 0.1% Triton X-100 in PBS, and then
washed twice with wash buffer A. Cells were incubated with blocking solution at 37 ◦C for 30 min,
and then washed twice with wash buffer A. Cells were stained with specific antibodies (1:100 for in
situ PLA) as indicated. Protein–protein interactions were analyzed using a confocal laser scanning
microscope Olympus FluoView FV1000 (Olympus, Tokyo, Japan). PLA signals in cell populations
(n = 4) were quantified by NIS-Elements analysis, and four or two independent experiments were
performed. The average number of rolling-circle products (RCPs) per cell ± standard error is shown.

4.6. Dimerization Assay

BS3 [bis(sulfosuccinimidyl) suberate] was obtained from Thermo Scientific (Waltham, MA, USA)
and used according to the manufacturer’s instruction and reference [59]. Cells were serum-starved in
DMEM or RPMI containing 0.1% bovine serum albumin (BSA) and incubated in serum-free medium
supplemented with human EGF in the presence or absence of CD99CRIII3 for 1 h at 4 ◦C (incubation on
ice during ligand stimulation allows for ligand-induced receptor dimerization but inhibits receptor
endocytosis). Cells were washed three times with ice-cold 1X Ca2+-, Mg2+-free PBS, then incubated
with BS3 (2 mM) at 4 ◦C for 30 min and an additional 20 min at RT, followed by quenching with
1M of Tris (pH 7.5). Cells were lysed with 1% NP40 buffer containing 10 mM of β-mercaptoethanol.
Cell lysates were subjected to SDS-PAGE and analyzed by Western blotting.

4.7. Active GTPase Detection

Active GTPase assay was performed using an active Rac1 or RhoA detection kit (Cell Signaling
Technology, Danvers, MA, USA) according to the manufacturer’s instructions. Cells were rinsed
with 1× ice-cold PBS, then lysed with 1× lysis/binding/wash buffer plus 1 mM PMSF. Whole cell
lysate was harvested and incubated on ice for 5 min, and then centrifuged at 16,000× g at 4 ◦C for
15 min. The clear supernatant was transferred to a new tube and subjected to active GTPase assay.
Glutathione resin slurry (50%, 100 µL) was added to a spin cup with a collection tube and the tube
was centrifuged at 6000× g for 1 min. After washing the resin with 400 µL of 1× lysis/binding/wash
buffer, 20 µg of GST-PAK1-p21 binding domain (PBD) (for GTP-bound Rac1) or GST-Rhotekin-Rho
binding domain (RBD) (for GTP-bound RhoA) was added to the spin cup containing glutathione resin.
The cell lysate was immediately transferred to the spin cup and vortexed. The reaction mixture was
incubated at 4 ◦C for 1 h with gentle rocking. The active GTPase-bound GST resin was washed with 1X
lysis/binding/wash buffer containing 1 mM PMSF. GTP-bound Rac1 or RhoA was eluted with 2X SDS
reducing buffer containing 200 mM 1,4-dithiothreitol (DTT), followed by Western blotting with mouse
anti-Rac1 mAb or rabbit anti-RhoA pAb.

4.8. Western Blot Analysis and Immunoprecipitation

Western blotting and immunoprecipitation were carried out as described previously [24].
Serum-starved breast carcinoma cells were treated with the appropriate reagents for 15 min at 37 ◦C,
5% CO2. Cells were harvested and lysed with 1% NP40 lysis buffer (1% Nonidet P40, 150 mM NaCl,
50 mM Tris-HCl (pH 8.0), 5 mM EDTA) containing 10 mM phenylmethylsulfonyl fluoride, 1 µg/mL
pepstatin A, 10 µg/mL leupeptin, 1 µg/mL aprotinin, and 1 mM sodium orthovanadate. Cell extracts
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were subjected to SDS-PAGE and subsequently transferred to PVDF membranes. Immunoblotting was
carried out with the indicated antibodies (1:1000 for Western blot) to detect the target proteins.

For immunoprecipitation, cells were treated for the indicated time with each set of reagents
at 37 ◦C, 5% CO2. Cells were harvested and lysed with PRO-PREPTM protein extraction solution
(iNtRON Biotechnology, Inc., Seongnam, Korea). After centrifugation at 13,000 rpm and 4 ◦C for
15 min, supernatants were collected, and then incubated overnight with the appropriate antibodies
at 4 ◦C on a nutator. The immunoprecipitates were incubated with Protein A/G PLUS-Agarose
(Santa Cruz Biotechnology, Inc., Santa Cruz, CA, USA) beads for 3 h at 4 ◦C on a rotator and washed
with PRO-PREPTM solution. The precipitates were eluted with 1× sample buffer (50 mM Tris-HCl
(pH 6.8), 100 mM DTT, 2% SDS, 0.1% bromophenol blue, and 10% glycerol). Western blot analysis was
carried out with the indicated antibodies to detect the target proteins.

4.9. Immunofluorescence Assay (IFA)

The EGFR distribution, cytoskeletal organization, and localization of the related proteins were
detected by immunofluorescence assay. To determine the changes in RTK distribution, cytoskeletal
organization, and localization of the related proteins, cells were seeded on round-shaped glass
coverslips as described above. The following day, cells were treated with the appropriate reagents,
then washed with ice-cold PBS and fixed with 4% paraformaldehyde (PFA) in 1× PBS for 10 min at
RT. Subsequently, cells were washed twice with PBS, permeabilized for 5 min with 0.1% Triton X-100
in PBS. After washing with PBS, the cells were incubated with appropriate primary and secondary
antibodies to detect the target proteins. Alternatively, cells were stained with 0.2 µM of FITC-conjugated
phalloidin to detect the fibrous actin filaments. The stained cells were mounted onto slides with an
aqueous mounting medium. Fluorescence images were acquired using a confocal microscope Olympus
FluoView FV1000 (Olympus, Tokyo, Japan).

4.10. Proliferation Assay

Cell proliferation was assessed by the Cell Counting Kit-8 (CCK-8) assay or crystal violet staining
method. Wild-type or CA-FAK-transfected cells were seeded at a density of 5 × 103 cells per well in
96-well culture plates. After 24 h incubation, cells were treated with EGF (25 ng/mL) in the presence or
absence of CD99CRIII3 (40 µM) or FAK inhibitor (25 µM) in 100 µL of serum-free medium (SFM) for
24 h, 48 h, and 72 h. At the indicated time points, cell proliferation was assessed using Cell Counting
Kit-8 (CCK8, Dojindo Molecular Technologies, Inc., Rockville, MD, USA)-based assay or crystal violet
staining method. CCK-8 colorimetric reactions were assessed by measuring the absorbance at 450 nm
using a microplate reader (Versa Max, NY, USA). The images of crystal violet-stained cells were
captured with a Nikon Eclipse TE2000-U (Nikon Instruments Inc., Melville, NY, USA).

4.11. Tumor Xenograft and Immunohistochemistry (IHC)

All animal experiments were performed in accordance with the Institutional Guidelines of the
Animal Care and Use Committees (IACUC) of Kangwon National University. This research has
been approved by IACUC of Kangwon National University on 26 October 2016 (KW-161020-1).
MDA-MB-231 cells were cultured in complete Roswell Park Memorial Institute (RPMI) 1640 (10% FBS,
25 mM HEPES, 100 units/mL penicillin, and 100 µg/mL streptomycin) medium. Wild-type or PTPN12
shRNA-transfected MDA-MB-231 cells (5 × 106 cells in 50 µL SFM/mouse) were mixed 1:1 (v/v) with
Matrigel and subcutaneously injected into the right flanks of 6-week-old female BALB/c nude mice.
One week after tumor cell inoculation, mice were divided into three groups of five mice each when
the tumor size exceeded 5 mm in diameter (10 mg/kg or 20 mg/kg of body weight of CD99CRIII3
and PBS control). CD99CRIII3 was intraperitoneally administered to mice every day for 14 days.
The tumor size was measured using a caliper every other day for 15 days. After 21 days of tumor cell
inoculation, mice were sacrificed and the tumor masses were removed and weighed. After measuring
the volume and weight, four tumor masses from each treatment group were paraffinized, sectioned
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with a microtome and stained with hematoxylin and eosin (H&E) following internal procedures.
The effect of CD99CRIII3 on EGFR dimerization in tumor xenograft was assessed by in situ PLA assay
according to the manufacturer’s instructions. Tumor sections were stained with anti-human EGFR and
anti-phospho-EGFR (Tyr1068) antibodies. The z-stacks were generated from images taken at 0.2–0.4 µm
intervals. Z-stack images were collected from three randomly selected fields per tumor. EGFR–EGFR
interaction was quantified and analyzed by mean red intensity of automated measurements. Six tumors,
one of each treatment, were frozen using liquid nitrogen, subjected to cryosectioning and stained
with primary antibodies specific for EGFR, PTPN12, and ki67, followed by incubation with respective
fluorescent secondary antibodies. Fluorescence images were analyzed using a confocal laser scanning
microscope Olympus FluoView FV1000 and H&E staining images were captured using an Olympus
BX50 microscope (Olympus, Tokyo, Japan).

4.12. Statistical Analysis

Values are given as mean ± standard deviation (SD). Statistical significance was determined by the
Student’s t-test using the statistical analysis software GraphPad Prism (version 8.0; San Diego, CA, USA)
and p < 0.05 was considered statistically significant. All experiments were conducted twice or more
to minimize experimental error. The representative data are shown in the figures.

5. Conclusions

We demonstrated that CD99 activation regulates actin cytoskeleton dynamics through
PTPN12/FAK/Rho/Rac axis, thereby suppressing EGFR activation and relevant tumor growth.
We propose a schematic model illustrating the possible mechanism for the CD99 agonist
ligand-induced suppression of EGFR activation (Figure 7H). CD99 acts as an upstream regulator
of the PTPN12-mediated negative feedback loop for regulating ligand-induced dimerization or
oligomerization of plasma membrane protein kinases, which are involved in tumor development and
progression. Taken together, we propose that CD99 agonist ligands have potential as novel therapeutic
drug candidates to suppress human breast carcinoma via inhibition of EGF-mediated EGFR signaling.
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Simple Summary: The alternative splicing (AS) process is highly relevant, affecting most of the hall-
marks of cancer, such as proliferation, angiogenesis, and metastasis. Our study evaluated alterations
in 304 splicing-related genes and their prognosis value in breast cancer patients. Amplifications in
CLNS1A, LSM1, and ILF2 genes in luminal patients were significantly associated with poor outcome.
Downregulation of these genes in luminal cell lines showed an antiproliferative effect. Pharma-
cological modulation of transcription and RNA regulation is key for the optimal development of
therapeutic strategies against key proteins. Administration of a BET inhibitor and BET-PROTAC
reduced the expression of these identified genes and displayed a significant antiproliferative effect on
these cell models. In conclusion, we describe novel splicing genes amplified in luminal breast tumors
that are associated with detrimental prognosis and can be modulated pharmacologically. It opens the
door for further studies confirming the effect of these genes in patients treated with BET inhibitors.

Abstract: Alternative splicing is an essential biological process, which increases the diversity and
complexity of the human transcriptome. In our study, 304 splicing pathway-related genes were
evaluated in tumors from breast cancer patients (TCGA dataset). A high number of alterations
were detected, including mutations and copy number alterations (CNAs), although mutations were
less frequently present compared with CNAs. In the four molecular subtypes, 14 common splice
genes showed high level amplification in >5% of patients. Certain genes were only amplified in
specific breast cancer subtypes. Most altered genes in each molecular subtype clustered to a few
chromosomal regions. In the Luminal subtype, amplifications of LSM1, CLNS1A, and ILF2 showed a
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strong significant association with prognosis. An even more robust association with OS and RFS was
observed when expression of these three genes was combined. Inhibition of LSM1, CLNS1A, and ILF2,
using siRNA in MCF7 and T47D cells, showed a decrease in cell proliferation. The mRNA expression
of these genes was reduced by treatment with BET inhibitors, a family of epigenetic modulators.
We map the presence of splicing-related genes in breast cancer, describing three novel genes, LSM1,
CLNS1A, and ILF2, that have an oncogenic role and can be modulated with BET inhibitors.

Keywords: splicing pathway; luminal breast cancer; BET inhibitors

1. Introduction

The RNA splicing process regulates gene expression in eukaryotic cells through a
complex process in which introns are removed from precursor RNAs (pre-mRNAs) and
consecutive exons are precisely joined together to produce mature mRNAs, with the final
goal of maintaining mature transcripts to guarantee a successful translation process [1].
The alternative splicing process (AS) is the way in which exons or portions of exons or
non-coding regions within a pre-mRNA transcript are differentially joined or skipped,
resulting in multiple protein isoforms being encoded by a single gene [1]. Alternative
splicing (AS) contributes to transcriptome (and proteome) diversity in development- and
tissue-regulated pathways, as well as in response to multiple physiological signals [2].
Remarkably, large-scale proteomic studies suggest that many predicted alternative tran-
scripts are not translated into proteins, so the exact contribution of AS to protein diversity
is currently under dispute [3,4]. On top of that, some authors have suggested a role for
AS in buffering mutational consequences [5], and mounting evidence indicates that AS
coupled to nonsense-mediated decay is a major post-transcriptional regulator of gene
expression [6,7]. Five major types of AS have been described: exon skipping, mutually
exclusive exons, intron retention, and alternative 5′or 3′ splice site [8]. The AS process is
carried out by the spliceosome and consists of four stages: assembly, activation, catalysis or
splicing, and disassembly. In each specific stage of a splicing cycle, different spliceosome
subcomplexes are involved (pre-B, B, Bact, B*, C, C*, P, and ILS complexes), which are com-
posed of small nuclear ribonucleoproteins (snRNPs) and non-snRNPs splicing factors [9].
AS is a highly regulated process, with five snRNPs and over 300 non-snRNP proteins
identified as recruited to the spliceosome at these specific stages [10].

Changes due to AS can affect the translation rate and the functional role of the mRNA.
AS can act on different cellular and biological processes or be involved in tissue speci-
ficity, developmental states, or disease conditions, such as cancer [11]. It has a relevant
role in cancer development and maintenance, affecting most of the hallmarks of can-
cer [12,13]. In addition, it can be involved in cancer relapse or resistance to different
treatment modalities [12]. Thus, specific isoforms have been identified promoting and
supporting neoplastic transformation and tumor development. In a variety of tumor types,
AS has been linked to up-regulation of oncogenes, participating in different processes of tu-
mor development, including angiogenesis, cell division, altered metabolism, proliferation,
or metastasis [10,14]. In addition, they can also contribute to the deregulation of several
non-oncogenic vulnerabilities that are also relevant in the initiation and maintenance of
the oncogenic transformation [12].

Alterations in the AS machinery have been identified in different human tumors,
and they can affect a network of downstream splicing targets. Using high throughput
methodologies, Seiler et al. have described somatic mutations in 119 splicing factors in
33 tumor types, bladder carcinoma and uveal melanoma being those with higher frequen-
cies [15]. Moreover, mutations in splicing factors appear to be mutually exclusive within a
tumor, which might indicate that co-occurrence of these mutations may be lethal [15].

Specifically in breast cancer, AS affects major breast cancer-related proteins, such as
the estrogen receptor (ER), BRCA1, and BRCA2, among others [16]. Thus, disequilibrium
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between ERα66 and ERα36 induce abnormal proliferation, and high levels of ERα36 can
cause resistance to Tamoxifen [16]. Alterations in components of the regulatory splicing
machinery have been described in breast cancer. For example, SF3B1 is involved in the
3′-SS recognition and is one of the most commonly mutated genes with a higher frequency
in the metastatic setting [17]. Mutant SF3B1 produces aberrant splicing, inducing metabolic
reprogramming [18]. In addition, AS has been described to have a role in drug resistance.
For instance, it has been described that, in carriers of BRCA1 exon 11 premature termination
codon variants, tumors upregulate exon 11 skipping to produce isoforms that retain
residual activity, contributing to PARPi resistance [19]. Overexpression of SF3B1 and SF3B3
are associated with tamoxifen and fulvestrant resistance, and inhibition of another splicing
factors, such as ZRANB2 and SYF2, reduces resistance to doxorubicin in breast cancer
cells [20,21]. On the other hand, SRSF4 induces apoptosis in cancer cells, in combination
with platinum agents [22].

In our study, alterations in 304 splicing factors were evaluated in breast cancer pa-
tients using several large datasets. We found high frequency of amplification in CLNS1A,
LSM1, and ILF2 in Luminal tumors, with a significant association with poor prognosis.
Despite the limited information about these genes, they have been associated with onco-
genic processes and resistance to treatments. IFL2 deregulation has been related to an
aberrant RNA splicing pattern, mainly deregulated skipped exons in genes involved in
DNA repair [23]. LSM1 is included in the heteroheptameric complex LSM1-7, which ini-
tiates mRNA decay [24]. CLNS1A acts as a Sm chaperone, recruiting Sm proteins to the
PRMT5 complex [25]. In our study, genomic regulation of these genes, with a reduction
of their expression, decreased proliferation of luminal tumor cells. In addition, treatment
with epigenetic modulators, such as the Bromodomain and extraterminal (BET) family of
inhibitors, reduced the expression level of these genes, leading to cell growth reduction.

2. Materials and Methods

2.1. Data Collection and Processing

Processed TCGA (The Cancer Genome Atlas) PanCancer dataset was downloaded
through cBioportal (www.cbioportal.org; accessed on 4 December 2019). This dataset
contains whole exome sequencing and RNA-Seq data from patients with breast invasive
carcinoma, consisting of 696 Luminal, 78 HER2 positive, and 171 Basal tumors and their
matched normal tissues. WES data was used to explore CNAs and mutations in 304 splic-
ing factor genes. Splicing related genes were collected from four sources: HUGO Gene
Nomenclature Committee and the studies of Hegele et al. [26], Wan et al. [9], and Koe-
doot et al. [20]. Only somatic non-silent mutations in splicing factor genes were considered
(missense, premature termination codon, and IVS+-1,2). Somatic non-silent mutations in
splicing factor genes were only considered. In the PanCancer dataset, identification of
somatic single nucleotide variations was performed using Mutect. CNAs were assessed as
deviations in the tumor sample from the paired normal tissue sample using GISTIC 2.0.
GISTIC 2.0 identifies regions significantly amplified or deleted and lists genes found in
each “wide peak” region [27]. Value +/− 2 indicates high-level thresholds for amplifica-
tions/deletions, respectively, and those with +/− 1 exceed the low-level thresholds but not
the high-level thresholds. In addition, the Metabric dataset (www.cbioportal.org; accessed
on 4 December 2019) was used to validate results of identified genes with a high level of
amplification in >5% of tumors.

2.2. Outcome Analysis

The relationship between gene expression levels and patient clinical prognosis in
terms of relapse-free survival (RFS) and overall survival (OS) was evaluated using the
Kaplan–Meier Plotter platform, as described previously [28,29] (accessed on 6 June 2020).
This tool used gene expression and survival data from 7830 breast tumors (sources include
GEO, EGA and TCGA). Samples were split into two groups using the best threshold as the
cutoff (auto select best cutoff). When testing multiple genes, the analysis was performed
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using the mean expression. Patients above the threshold were labelled as “high” expressing,
while patients below the threshold were labelled as “low” expressing. The two groups were
compared using Cox survival analysis. The prognostic value of the identified signature
(containing LSM1, CLSN1A, and ILF2) was validated using the TCGA project.

The correlation between CNAs and patient clinical outcome was analyzed using the
Genotype-2-Outcome platform (accessed on 8 January 2021) [30]. This tool links geno-
type to clinical outcome by utilizing next generation sequencing and gene chip data of
6697 breast cancer patients. It allows the association with prognosis of a specific transcrip-
tomic signature linked to an altered gene, by classifying patients according to the average
expression of significant genes designated as a surrogate metagene of its alteration status.
The median expression values for different transcripts are used as a cut-off to discriminate
“high” and “low” expression cohorts, which are compared using a Cox survival analysis.
To identify factors independently associated with OS and RFS, a multivariate analysis (Cox
proportional risk regression model) was performed.

2.3. Cell Culture and Compounds

MCF7 and T47D cells (American Type Culture Collection, Manassas, VA, USA) were
cultured in DMEM (Sigma-Aldrich, Saint Louis, MO, USA) containing 10% fetal bovine
serum with 100 U/mL penicillin, 100 µg/mL streptomycin, and 2 mM L-glutamine,
and cells were maintained at 37 ◦C in a 5% CO2 atmosphere. The BET inhibitor JQ1
was purchased from Tocris Bioscience, and BET-PROTAC MZ1 was purchased from Sell-
eckchem (Houston, TX, USA).

2.4. Small Interfering RNA

siRNA oligonucleotides (Sigma-Aldrich, Saint Louis, MO, USA) were transfected
into cells using Lipofectamine RNAiMax protocol (Thermo Fisher Scientific, Rockford,
IL, USA) at a final concentration of 20 nM. References: siLSM1(EHU121391), siCLNS1A
(EHU147241), and siILF2 (EHU084311). siGFP (EHUEGFP) was used as the negative
control of transfection. Briefly, cells were transfected (~80% of confluency), and after 24 h,
cells were reseeded for validation experiments.

2.5. Quantitative Reverse-Transcription PCR

Total RNA was collected from cells using the RNeasy Mini Kit (Qiagen, Hilden,
Germany) according to the manufacturer’s instructions. Determination of concentration
and purity were measured using a NanoDrop ND-1000 spectrophotometer (Thermo Fisher
Scientific, Rockford, IL, USA), and then 1 µg of total RNA was reverse transcribed using
the RevertAid H Minus first-strand cDNA synthesis kit (Thermo Fisher Scientific) in a
thermal cycler (Bio-Rad, Hercules, CA, USA) under the following reaction conditions:
65 ◦C for 5 min, 42 ◦C for 60 min, and 70 ◦C for 10 min. cDNAs were then subjected
to real-time PCR analysis using Fast SYBR Green master mix on the StepOnePlus Real-
Time PCR system (Applied Biosystems) according to the manufacturer’s instructions.
Primer sequences used were as follows: h-LSM1 F: TTCCTCGAGGGATTTTTGTG, h-
LSM1 R: TTCTCTGCTTCCAGCTTGGT, h-CLNS1A F: TCGGCACTGGTACCCTTTAC,
h-CLNS1A R: AATGGTGGGGTATTCCAGTG, h-ILF2 F: GCTCCAGGGACATTTGAAGT,
h-ILF2 R: CAGCCACATTGTGTCCTGTAG, h-18S F: GAGGATGAGGTGGAACGTGT, h-
18S R: TCTTCAGTCGCTCCAGGTCT. An initial step was performed at 95 ◦C for 5 min,
followed by 40 cycles of 95 ◦C for 15 s, and finished at 60 ◦C for 1 min. Each sample was
analyzed in triplicates, and cycle threshold (Ct) values of transcripts were determined using
StepOne Software v.2.1. Ct values were calculated using the 18Sas reference. Untreated
control cells were used as the control to calculate the Ct value and determine the X-fold
mRNA expression.

158



Cancers 2021, 13, 4118

2.6. Proliferation MTT Assays

Cell proliferation was measured using MTT reagent (3-(4, 5-dimethylthiazol-2-yl)-
2, 5 diphenyltetrazolium bromide) (Sigma-Aldrich). MTT reduction by mitochondria of
living cells generate formazan accumulates.

For evaluated siRNAs antiproliferative effect, MCF7 and T47D cells (5000/well, 48-
multiwell plates) were seeded after siRNAs transfection during 24, 48, and 120 h.

For antiproliferative drugs validation, MCF7 and T47D cells (5000/well, 48-multiwell
plates) were seeded. After, they were treated with increased doses of JQ1 and MZ1 for 72 h.
Later medium was replaced with red-phenol free DMEM containing MTT (0.5 mg/mL)
and incubated for 45 min at 37 ◦C. After, medium was removed and dimethylsulfoxide
(DMSO) (Thermo Fisher Scientific) was used for dissolved formazan accumulates. Ab-
sorbance (A555 nm–A690 nm) was recorded in a multiwell plate reader (BMG labtech,
Ortenberg, Germany).

2.7. Growth Studies

To compare the growth between siRNAs-transfected cells and siGFP-transfected cells
(control), proliferation rate was studied by cell count. Cell lines were cultured at a density
of 50,000 cells in 6-well. At the times of 24 and 48 h, cells were trypsinized and counted.
Images was performed at 48 h using inverted microscope (10×).

2.8. Cell Cycle Assay

siRNAs-transfected cells (MCF7 and T47D) were collected and fixed in ethanol (70%,
cold) for 30 min. Cell pellets were washed in PBS+2% BSA and incubated in the dark for
1 h at 4 ◦C with Propidium iodide/RNAse staining solution (Immunostep).

2.9. Statistical Analysis

We used the student’s t-test unpaired for independent samples. The level of signifi-
cance was considered 95%; therefore, p values lower than 0.05 were considered statistically
significant: * p < 0.05; ** p < 0.01, and *** p < 0.001. Statistics and representations were made
with statistical software GraphPad Prism 7.0. All results (unless indicated) are presented as
the mean ± SEM of three independent experiments, each of them performed in triplicate.

3. Results

3.1. Mutations in Splicing-Related Genes

Alterations in 304 splicing-related genes (Supplementary Table S1) were analyzed in
945 breast cancer patients (499 Luminal A, 197 Luminal B, 171 Basal, and 78 HER2+ samples)
using the Breast Invasive PanCancer Atlas Dataset, as described in the materials and
methods section. Non-synonymous mutations were detected in 278 genes, with 525 tumors
showing at least one altered splicing-related gene (Supplementary Table S2, Supplementary
Figure S1). When patients were classified based on molecular subtypes, several differences
were observed in the distribution of the identified genes. Regarding the 278 genes with
presence of mutations, the number of altered genes were 231 (83.1%) for Luminal A, 157
(56.5%) for Luminal B, 175 (62.9%) for Basal, and 150 (54%) for HER2+ subtype (Figure 1A).
Tumors with modifications in any of these genes were observed in a higher percentage in
HER2+ (70.5%) and Basal (66.1%) compared with the Luminal A and B subtypes (47.1%
and 61.9%, respectively) (Figure 1B). When the frequency of tumors with alterations in each
gene were evaluated, HER2+ and the basal subtype population showed splicing-related
genes with a higher percentage of alterations (Figure 1C; Supplementary Table S2). In the
four molecular subtypes, no gene was detected to be mutated in more than 6% of tumors.
Splicing genes with mutations in >3% of tumors are displayed in Figure 1C and mainly
belonged to the HER2+ and Basal subgroups (Figure 1D).
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Figure 1. Percentage of splicing-related genes showing mutations in each molecular subtype (A). Percentage of tumors with
at least one mutated splicing-related gene (B). Frequency of non-synonymous mutations in splicing-related genes in each
molecular subtype (C). List of splicing-related genes mutated in >3% of tumors (D). *: p < 0.05; ***: p < 0.001.

3.2. Copy Number Alterations (CNAs) in Splicing-Related Genes

The TCGA PanCancer series also includes putative copy-number data [31]. Thus, we
evaluated the following changes in splicing-related genes: homozygous or hemizygous
deletions, no change, gain, and high level of amplification. In this large series of breast
cancer patients, we found information about 301 genes from those identified. High level of
amplification (GISTIC thresholded CN value of +2) in any of these genes were detected
in a high percentage of tumors (HER2+: 87.2%; Basal: 81.3%; Luminal A: 51.1%; and
Luminal B: 67.5%). Considering only those genes in regions with homozygous deletion or
a high level of amplification in >5% of patients, we found 61 altered splicing-related genes
(58 amplified and 3 loss). Regarding the molecular subtypes, 33 (10.9%) splicing-related
genes were altered in the Basal subtype (30 amplified and 3 loss), 41 (13.6%) amplified in
HER2+, 30 (9.9%) amplified in Luminal A, and 28 (9.3%) altered in Luminal B (26 amplified
and 2 loss) (Figure 2A–D, respectively). Therefore, a large number of genes showed higher
frequencies of CNAs versus mutations (only 6 genes with mutations in >5% of patients,
Figure 1D). In the four molecular subtypes, 14 common splicing-related genes showed a
high level of amplification in >5% of tumors (Figure 2E). On the other hand, certain genes
were amplified only in specific subtypes (Figure 2F). A complete list of genes is displayed
in the Supplementary Table S3.
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Figure 2. Copy number alteration frequencies in splicing-related genes: list of genes with high amplification in >5% of
tumors for Basal (A), HER2+ (B), Luminal A (C), and Luminal B (D) molecular subtypes. In total, 14 common splicing-
related genes showed high level amplification in >5% of tumors, shown in bold font. Percentage of tumors with presence of
amplifications in >5% of tumors in splicing-related genes both common in all molecular subtypes (E) and specific in each
subtype (F).

With this information, we next aimed to explore the chromosome location of splicing-
related genes with a high level of amplification or homozygous deletion. Interestingly,
most altered splicing-related genes in each molecular subtype were distributed in a few
chromosome regions: 1q, 8q, and 17q, as shown in Figure 3A. In total, 12 out of 14 common
amplified genes were located in 1q and 8q. Different altered regions were specific for each
subtype: (a) 10p, 12p 13q, 15q, and 19q for Basal; (b) 6q, 17q, and 3q for HER2+; (c) all genes
in the 16p region for Luminal A; and (d) no one for Luminal B (Figure 3A; Supplementary
Table S3). Copy-number gain in these regions is represented in Figure 3B.
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Figure 3. Number of splicing-related genes with high amplification in >5% of patients by chromosome location (A) (Created
with BioRender.com (accessed on 4 December 2019)). Tumors with chromosomal gain (red) in each molecular subtype (B).

3.3. Associations of Splicing-Related Genes with Clinical Outcome in Patients

To identify which of the identified genes could have a role in cancer progression,
we intended to link the described data with patient clinical outcome. To do so, we used
published transcriptomic microarray data, as described elsewhere [32]. The prognostic
value of the high amplified genes (with a cutoff of >5% of tumors) were analyzed in a
dataset of 6234 breast cancer patients (Figure 4A). CNA frequencies in identified genes were
validated in an additional dataset (Supplementary Figure S2). Frequencies of high level
of amplified genes were correlated between both datasets. Alterations in splicing-related
genes were most frequently observed in the HER2+ and Basal-like subtypes. However,
as there were few patients in these subtypes, it was not possible to establish the prognostic
value for most amplified genes. Despite the low number of patients in this subgroup,
several genes showed association with RFS and OS (Figure 4B and Supplementary Table S4).
We focused on those genes, with a clear impact on survival by using an arbitrary selection
based on statistical outcome relevance and low false discovery rate (FDR) (p < 0.002, Hazard
Ratio (HR) > 1.5; FDR < 5). For Luminal A, high expression of ESRP1, LSM1, CLNS1A,
ILF2, and PPP1CA showed a clear association with detrimental OS and RFS (Figure 4B).
In the same way, high levels of these first four genes were associated with a poor prognostic
in the Luminal B subtype. In the Luminal series, CNAs were significant associated with
expression levels in these genes (Supplementary Figure S3).
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Figure 4. Prognosis value for splicing-related genes with CNAs. Splicing-related genes (only showed those genes with
high amplification in >5% of patients) with higher prognostic value based on hazard ratio and p values (A). List of genes
showing significant association between expression levels and detrimental prognosis in RFS (KM Plotter software was used)
(B). Prognostic value (OS) of selected genes (based on: p < 0.002, HR > 1.5; FDR < 5 from KM Plotter) was confirmed using
genotype-2-outcome web-server (C). Summary of outcome results obtained to LSM1, CLNS1A, and ILF2 in the Luminal A
subtype (D). Kaplan-Meier plots (OS and RFS) for the combination of these three genes using KM Plotter software (E) and
their validation in another Luminal A cohort (TCGA project) (F).

Next, to confirm the prognostic role of the alterations described before, we used a
transcriptomic fingerprint of the amplified splicing-related genes by using the genotype-
2-outcome (Figure 4C). With this approach, we can obtain the clinical outcome of a gene
signature associated with a specific genomic alteration, including gene amplification, as de-
scribed in the materials and methods section. Thus, the transcriptomic fingerprint associ-
ated with the amplification of LSM1, CLNS1A, and ILF2 showed a strong association with
survival (Supplementary Figure S4). The transcripts included in the signatures associated
with the CNA gain of LSM1, CLNS1A, and ILF2 are displayed in Supplementary Table S5.

In Figure 4D, we summarized the prognostic value (RFS and OS), percentage of am-
plification, subtype, and chromosome location of the identified genes. In addition, a more
robust association with OS and RFS was observed when expression of these three genes was
combined together (Figure 4E). Finally, the prognostic role of the identified signature in the
Luminal A subtype was confirmed in a validation cohort, confirming the reproducibility of
the findings described before (TCGA dataset; Figure 4F). Univariate and multivariate COX
regression analysis showed that the combination of LSM1, CLNS1A, and ILF2 was a clear,
independent prognostic factor, mainly with OS (Supplementary Table S6).

3.4. Genomic Down-Regulation of LSM1, CLNS1A, and ILF2 Reduces Cell Proliferation

To validate LSM1, CLNS1A, and ILF2 dependency in Luminal breast cancer cells lines,
mRNA expression of these genes was downregulated by using small interfering RNA
(siRNA). LSM1, CLNS1A, and ILF2 downregulation in MCF7 and T47D efficiently reduced
gene expression, as shown in Figure 5A. Cell growth (Figure 5B,C) and cell proliferation,
evaluated as MTT metabolization (Figure 5D), was reduced after siRNA knockdown of the
mentioned splicing genes. Growth reduction was observed clearer with gene interfering
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of LSM1 in MCF7 cells and CLNS1A in T47D. The antiproliferative effect produced after
gene inhibition evaluated as a metabolization of MTT was significantly observed after
120 h, with no differences at a shorter time. To explore how the mechanism for genomic
down-regulation of LSM1, CLNS1A, and ILF2 inhibits cell proliferation, we performed
cell cycle analysis using propidium iodure. No major changes were observed in cell cycle
phases, only CLNS1A down-regulation showed a G0/G1 arrest in T47D cells in accordance
with previous findings (Figure 5E).

μ

Figure 5. Splicing-related genes genomic inhibition by siRNA and pharmacological inhibition by BET inhibitor and
PROTAC. (A). LSM1, CLNS1A, and ILF2 mRNA expression in MCF7 and T47D luminal A breasts cancer cells after
transfection with siRNAs. Cells were transfected using lipofectamine reagent and 24 h later were reseeded. After 24 h,
(48 h post-transfection), cells were collected, RNA was extracted, and qPCR was performed. siGFP was used as the control
of transfection. (B). Transfected cells were seeded (50,000 cells 6-well plate and were counted after 24, 48 and 120 h).
(C). Images obtained by inverted microscope of transfected cells after 48 h. (D). Antiproliferative effect of siRNA evaluated
by MTT assays after 24, 48, and 120 h. (E). Changes in cell cycle phases after genomic inhibition (representative plot of two
independent experiments is shown). Scale bar = 100 µm. * p < 0.05; ** p < 0.01; *** p < 0.001.
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3.5. BET Inhibitors Reduce the Expression of LSM1, CLNS1A, and ILF2

Epigenetic agents can modulate the expression of genes that have a role in transcription
and maturation [33]. With this in mind, we explored the effect of Bromo and Extra terminal
domain (BET) inhibitors and BET derivatives, such as BET-Proteolysis targeting chimeras
(PROTAC), on the expression of the identified genes. Administration of the BET inhibitor
(JQ1) and BET-PROTAC (MZ1) produced a reduction of the gene expressions of LSM1,
CLNS1A, and ILF2. In MCF7 cells, ILF2 was downregulated with MZ1 treatment after 12
and 24 h of administration. Moreover, LSM1 was downregulated with MZ1 after 12 h
(Figure 6A). In T47D cells, after 12 h of treatment, these three genes were downregulated
by both JQ1 and MZ1. This effect was maintained at 24 h of treatment for MZ1, but not for
JQ1, suggesting that the PROTAC had a more prolonged effect (Figure 6B). Following these
findings, we explored their effect on cell growth. We observed that JQ1 and MZ1 displayed
an antiproliferative effect in Luminal cells lines (Figure 6C). EC50 values showed that MZ1
PROTAC was more potent than the inhibitor JQ1 (Figure 6D). In summary, these findings
confirm the modulation of the expression of these three genes by JQ1 and MZ1 and the
pharmacological effect of these agents on cell proliferation.

Figure 6. Pharmacological inhibition of splicing-related genes by BET inhibitor and PROTAC. LSM1, CLNS1A, and ILF2

mRNA expression in MCF7 (A) and T47D (B) luminal A breast cancer cell lines after 12 h and 24 h JQ1 and MZ1 exposure.
Cell viability evaluated by MTT assays for MCF7 (left) and T47D (right) cells treated with increasing doses of JQ1 and
MZ1 (C). JQ1, MZ1, and EC50 doses in luminal A cell lines (D). * p < 0.05; ** p < 0.01; *** p < 0.001.

4. Discussion

In the present article, we characterize the presence and role of genomic alterations in
splicing genes in breast cancer. Splicing is a biological process that permits transcriptional
diversity and redundancy of molecular functions, allowing the integrity of key cellular
activities [34]. Transcriptional regulation by splicing has been involved in the control of
different biological tasks from DNA damage, to cell survival, or stemness, among oth-
ers [13]. In this context, several genes implicated in splicing have been described in cancer,
leading to the promotion of different oncogenic properties. For instance, some known
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factors, such as SRSF1, have been described as overexpressed in cancer, leading to ma-
lignant transformation by an alternative splicing of genes involved in proliferation and
apoptosis [35]. Other examples include RBM39 in Acute Myeloid Leukemia or RBM11 in
glioblastoma cells, among others [36,37]. In breast cancer, mutations in SF3B1 are more
frequently observed in the metastatic setting, and its potential role in the regulation of
protein degradation or metabolism is known [17,18]. In addition, overexpression of SF3B1
and SF3B3 has been associated with resistance to hormone therapy, and others, such as
ZRANB2 and SYF2, to chemotherapy, particularly for doxorubicin [20,21]. Taking this
background into consideration, the identification of deregulated genes involved in splicing
and the understanding of their role in cancer is a main objective, with the final goal of
designing or implementing therapeutic strategies to reduce their presence.

In our study, we analyzed a set of genes involved in splicing in breast cancer. Genomic
modifications of splicing proteins were highly presented in breast cancer, the HER2 subtype
being the most common tumor (70.5%), with the less frequency presence observed in the
Luminal A subtype (47.1%). Although mutations in splicing genes have been widely
reported [15], in our study, no specific gene was mutated in more than 6% of the tumors.
On the other hand, when CNAs in our splicing-related gene lists were evaluated, 61 of
them were altered in >5% of patients. In a similar way to mutations, the HER2 subtype
showed a higher number of altered genes compared with the other groups. This really
demonstrates that mutations are less frequently observed than other structural alterations,
and the splicing pathway is mainly altered in the HER2 subtype compared with the
other breast subtypes. Nevertheless, 14 common splicing-related genes showed high-level
amplification in >5% of patients in the four molecular groups, most of them located in 1q
and 8q chromosome regions.

The next step in our study was to select those altered splicing-related genes with a role
in patient clinical outcome. The results were not conclusive for the HER2 subtype due to the
small number of patients. Regarding the Luminal subtype, we identified three genes with
clear association with poor prognosis: ILF2, LSM1, and CLNS1A. Although prognosis value
cannot be evaluated in HER2 and Basal subtypes, these three genes were also detected
as amplified in tumors of these molecular subtypes. Moreover, when the presence of
CNAs in our selected genes was analyzed in different tumor types (GDC Data Portal;
67 primary sites), breast cancer was one of most frequently amplified for LSM1, CLNS1A,
and ILF2 (Supplementary Figure S5). IFL2 has been described as implicated in the RNA
splicing regulation of crucial effectors involved in DNA damage response [23]. In addition,
overexpression of this gene mediated resistance to DNA damaging agents [23]. Of note,
IFL2 is located at the 8p chromosome, where other genes with a particular oncogenic role
in breast cancer, such as FGFR1, has been described as amplified [38]. LSM1 is involved
in pre-RNA splicing by acting on the removal of the 5′ cap structure [24,39,40]. LSM1 has
been studied in other tumor types, such as pancreatic cancer, observing a role in cancer
progression, metastasis, and resistance to chemotherapies [41]. CLNS1A is involved in
both the assembly of spliceosomal snRNPs and the methylation of Sm proteins [25,42].
CLNS1A cooperates with the protein PRMT5 and functions as an epigenetic activator of AR
transcription in castration resistance prostate cancer [43]. CLNS1A has also been described
in malignant gliomas [44], but data for breast cancer is very limited.

An interesting observation is the fact that the overexpression and amplification of these
three genes was associated with detrimental prognosis in two large datasets, particularly
in the luminal breast cancer subtype. Furthermore, the genomic knockdown of these
transcripts reduced cell proliferation, suggesting an effect on cell growth.

Pharmacological modulation of transcription and RNA regulation is key for the opti-
mal development of therapeutic strategies against key proteins. Spliceosome inhibitors
have been developed, particularly those that bind to the HEAT repeats domain of some
proteins, such as SF3B1 [45]. A comprehensive description has been recently reviewed
elsewhere and beyond the scope of this article [12]. However, another approach to target
this family of genes is the use of epigenetic modulators, such as BET inhibitors, to modulate
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transcriptional regulators or genes involved in RNA maturation. Examples have been
provided with BET inhibitors, such as MK-8628 or ZEN003694 [12]. In this context, we ob-
served that administration of the BET inhibitor JQ1 and the BET-PROTAC MZ1 reduced
the expression of the three identified genes at different levels in two characteristic estrogen
receptor breast cancer cell lines, MCF7 and T47D. In addition, these agents displayed a
significant antiproliferative effect on these cell models. Although we agree that the an-
tiproliferative effect of the compound could be multifactorial and the participation of these
genes is a part and not a whole, we demonstrate in breast cancer that BETi can modulate
the expression of splicing-related agents.

5. Conclusions

In conclusion, we describe novel splicing genes amplified in luminal breast tumors
that are associated with detrimental prognosis and can be modulated pharmacologically.
This data opens the door for further studies, confirming the effect of these genes in patients
treated with BET inhibitors.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/cancers13164118/s1, Figure S1: Percentage of tumors with non-silent mutations for each
splicing-related gene; Figure S2: Relation between expression level and CNAs for ILF2, CLNS1A,
LSM1, and ESRP1 genes; Figure S3: Associations of the transcriptomic fingerprint associated with
amplification of LSM1, CLNS1A, and ILF2 genes (genotype-2-outcome) and clinical outcome (OS and
RFS); Figure S4: Presence of CNAs in our selected genes (LSM1, CLNS1A, and ILF2) in different tumor
types (GDC Data Portal; 67 primary sites; Gain: red and Loss: blue); Table S1: List of splicing related
genes evaluated in our study; Table S2: Percentage of tumors with mutation for each gene; Table S3:
Common and specific splicing-related genes depending on molecular subtypes. Table shows the
percentage of tumors with a high level of amplification for each gene (only included those with high
amplification in >5%); Table S4: Prognostic value (RFS and OS) of the amplified genes (with a cutoff
of >5% of tumors) in the HER2+ and Basal-like subtypes; Table S5: List of the transcripts included
in the signatures associated with the CNA gain of LSM1, CLNS1A, and ILF2. Table S6: Univariate
and Multivariate COX regression analysis to assess the potential prognostic value of CLNS1A, ILF2,
and LSM1 expression in Luminal breast cancer patients.
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Simple Summary: The use of BRD4 inhibitors has emerged as a novel therapeutic approach in a wide
variety of tumors including the triple negative breast cancer. Moreover, PP2A has been proposed
as the phosphatase involved in regulating BRD4 phosphorylation and stabilization. Our aim was
to evaluate for the first time the clinical impact of BRD4 phosphorylation in triple negative breast
cancer patients and as well as its potential linking with the PP2A activation status in this disease.
Our findings are special relevant since they suggest the prognostic value of BRD4 phosphorylation
levels, and the potential clinical usefulness of PP2A inhibition markers to anticipate response to
BRD4 inhibitors.

Abstract: The bromodomain-containing protein 4 (BRD4), a member of the bromodomain and
extra-terminal domain (BET) protein family, has emerged in the last years as a promising molecular
target in many tumors including breast cancer. The triple negative breast cancer (TNBC) represents
the molecular subtype with the worst prognosis and a current therapeutic challenge, and TNBC
cells have been reported to show a preferential sensitivity to BET inhibitors. Interestingly, BRD4
phosphorylation (pBRD4) was found as an alteration that confers resistance to BET inhibition and
PP2A proposed as the phosphatase responsible to regulate pBRD4 levels. However, the potential
clinical significance of pBRD4, as well as its potential correlation with the PP2A pathway in TNBC,
remains to be investigated. Here, we evaluated the expression levels of pBRD4 in a series of 132
TNBC patients. We found high pBRD4 levels in 34.1% of cases (45/132), and this alteration was
found to be associated with the development of patient recurrences (p = 0.007). Interestingly, BRD4
hyperphosphorylation predicted significantly shorter overall (p < 0.001) and event-free survival
(p < 0.001). Moreover, multivariate analyses were performed to confirm its independent prognostic
impact in our cohort. In conclusion, our findings show that BRD4 hyperphosphorylation is an
alteration associated with PP2A inhibition that defines a subgroup of TNBC patients with unfavorable
prognosis, suggesting the potential clinical and therapeutic usefulness of the PP2A/BRD4 axis as a
novel molecular target to overcome resistance to treatments based on BRD4 inhibition.
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1. Introduction

Breast cancer has the highest prevalence in cancer diagnosis and represents the second
leading cause of female cancer-related deaths [1]. Breast cancer is a very heterogeneous dis-
ease, with different molecular subtypes including luminal A, luminal B, HER2+, basal and
normal-like tumors [2,3]. The triple negative breast cancer (TNBC) is molecularly char-
acterized by the lack of hormonal receptors expression (estrogen (ER) and progesterone
receptors (PR)), and by an absence of expression of the HER2 receptor [3]. TNBC represents
15–20% of all breast carcinomas [4] and shows more aggressive features such as emergence
at a younger age, higher tumor size and grade, and greater proportion of positive lymph
node metastases. TNBC has been largely described as the breast cancer subtype with
the worst overall and progression-free survival rates, and represents a major challenge
for current clinical management due to the lack of established and effective therapeutic
strategies [5,6]. TNBC cells have very aggressive behavior that leads to a shorter time of
disease progression. In fact, TNBCs show the highest recurrence rates, with brain and
visceral organs as the main metastatic niches [7]. Triple negative tumors are heterogeneous
at the molecular level, and TP53, PIK3CA, PTEN, RB1, EGFR and MYC have been reported
as the most commonly mutated genes [8,9]. However, it remains urgent to improve our
understanding about the molecular alterations that govern TNBC progression in order to
develop novel therapeutic strategies for this disease.

Bromodomain-containing protein 4 (BRD4) is a member of the bromodomain and
extra-terminal domain (BET) protein family, along with BRD2, BRD3, and BRDT. BRD4 is
structurally composed of two N-terminal bromodomain domains (BD1 and BD2), and a
C-terminal extra-terminal domain. BD1 and BD2 allow for the formation of a hydrophobic
pocket that binds to acetylated lysine residues of histones or transcription factors [10,11],
ultimately regulating a wide variety of cell functions. Specifically, BRD4 is involved in
chromatin decompaction, the recruitment of components of the transcriptional complex, as
well as in the stages of initiation, release pause and elongation of transcription due to its
interaction with PTEF-b that phosphorylates RNA Pol II [10]. Due to its role in important
cellular processes, BRD4 dysfunction can lead to the appearance of various human diseases,
including inflammation, cardiovascular diseases and cancer [10–12]. BRD4 has been found
to play oncogenic roles in many hematological and solid tumors, including melanoma,
prostate and breast cancer among others, and has been proposed as a druggable promising
target in human cancer [12–16]. BRD4 has been shown to regulate the expression of different
set of oncogenic drivers, such as c-MYC [13], NF-κB [16] or Jagged1 [17]. In breast cancer,
several BRD4 alterations involved in the different molecular subtypes have been reported to
date. Thus, BRD4 activity has been found to be required for proliferation and ERα function
in ER+ breast cancer cells [18], and promotes the migration and invasion of triple negative
tumors through controlling Jagged1 expression [17]. Regarding its post-translational
modifications, CK2-mediated BRD4 hyperphosphorylation has been associated with greater
stability and nuclear localization of the BRD4 protein [19], with important functional and
therapeutic implications in TNBC [20,21]. In fact, the therapeutic value of BRD4 inhibition
in TNBC has been previously reported by Shu and co-workers [21], analyzing a set of
BRD4 inhibitors across a panel of cell lines with different breast cancer subtypes, observing
that these drugs showed the strongest antitumor effects in the triple negative subtype.
These results were confirmed in vivo using primary human TNBC xenografts. After an
exhaustive analysis of potential mechanisms of drug resistance, BRD4 was identified as a
novel PP2A target and its hyperphosphorylation as an alteration that promotes resistance
to BRD4 inhibition in TNBC cells.

In the last years, several studies have evaluated distinct therapeutic approaches related
totargeting BRD4 in TNBC. It has been reported promising antitumor properties using
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cell-penetrating peptides including EGFR and BRD4 siRNAs in TNBC cells [22], or a
dual-target small-molecule inhibitor co-targeting PARP1 and BRD4 [23]. Moreover, it
has been described that BRD4 regulates PD-L1 expression in TNBC cells, which could
have interesting implication for immunotherapy-based treatments [24], or the therapeutic
usefulness of strategies based on BRD4 inhibition, due to its role as regulator of the
oncogenic c-MYC pathway in this disease [25,26].

Altogether, the different studies in the literature regarding BRD4 in TNBC highlight its
promising therapeutic value. However, little is known about its clinical impact as well as the
functional and therapeutic significance of pBRD4 in this disease. Moreover, the relevance
of the PP2A pathway as a potential regulator of pBRD4 remains to be investigated and
confirmed in TNBC patient cohorts.

2. Experimental Section

2.1. Patient Samples

A total number of 132 surgical resection specimens from patients diagnosed withpri-
mary breast cancer were included in this study. Formalin-fixed paraffin-embedded breast
tumor specimens from this patient cohort were retrospectively selected from Fundación
Jiménez Díaz Biobank (Madrid, Spain) following these criteria: infiltrating carcinomas,
operable, enough available tissue, molecular and/or clinical follow-up data and triple
negative subtype. Clinical data were collected from medical clinical records by oncologists.
Samples were taken anonymously. TNM (tumor–node–metastasis) staging classification
was performed using the American Joint Committee on Cancer (AJCC) staging system.
The Scarff–Bloom–Richardson modified by Elston criteria [27] was used to define the his-
tological grade. Two independent pathologists who were blinded to patient outcomes
evaluated tumor tissue staining.

2.2. Determination of the Molecular Subtype

We evaluated the expression of hormonal receptors as well as HER2 to define the
molecular subtype and confirm that all patients included in this study have triple negative
breast tumors. The expression of both estrogen receptor (ER) and progesterone receptor (PR)
were determined by immunohistochemistry (IHC) (SP1 and PgR636 clones, respectively;
Dako, Carpinteria, CA, USA), establishing positivity criteria in >1% of nuclear tumor
staining [28]. Determination of HER2 amplification was carried out by FISH (Pathvysion;
Abbott Laboratories, Green Oaks, IL, USA) [29].

2.3. Ethics Approval and Consent to Participate

This study was conducted in full accordance with the guidelines for Good Clinical
Practice and the Declaration of Helsinki. All participants gave written informed consent for
tissue storage and analysis at Fundación Jiménez Díaz biobank, Madrid (Spain). The ethical
committee institutional review board of Fundación Jiménez Díaz University Hospital
reviewed and approved the project (ref. PIC 13-2016).

2.4. Immunohistochemistry

Representative areas of each tumor were carefully selected, and three tissue cores
(1mm diameter) were obtained using a tissue microarray (TMA) workstation (T1000 Chemi-
con). Immunostainings were performed on tissue sections (3 µM) obtained from FFPE
tumors, as previously described [30]. Expression levels of Ki-67 were studied by IHC
using the MIB1 clone (Dako, Carpinteria, CA, USA) [31]. High proliferation in our breast
cancer patient cohort based on Ki-67 labelling by IHC has been defined following the
13th St Gallen International Breast Cancer Conference (2013) criteria based on a thresh-
old ≥ 20% of proliferation [32]. Other antibodies used were: pBRD4 (developed and kindly
provided by Prof. Chiang’s laboratory) [19,21], rabbit polyclonal anti-SET (ab1183) (Ab-
cam, Cambridge, UK) and rabbit monoclonal anti-PP2AY307 (1155-1) (Abcam, Cambridge,
UK). Antibody dilutions were as follows: pBRD4 (1:100), SET (1:5000), and phospho-
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PPP2CA (pPPP2CA) (1:2000). pBRD4, SET and pPPP2CAexpression blinded to clinical
data was evaluated by two pathologists (F.R. and S.Z.). The specific phosphorylation
sites recognized by the antibodies were Y307 for PPP2CA and S484/488 for BRD4. A
semiquantitative histoscore (Hscore) was calculated by estimation of the percentage of
tumor cells positively stained with low, medium, or high staining intensity. The final score
was determined after applying a weighting factor to each estimate. The formula used was
Hscore = (low%) × 1 + (medium%) × 2 + (high%) × 3, and the results ranged from 0 to 300.

2.5. Statistical Analysis

Statistical analyses were performed using SPSS20 for windows (SPSS Inc, Chicago IL, USA).
We applied the χ2 test (Fisher exact test) based on bimodal distribution of data to evaluate
the significance of potential associations between BRD4 phosphorylation and the molecular
and clinical characteristics of the tumor specimens included in this study.

Overall survival (OS) was defined as the time from diagnosis to the date of death from
any cause or last follow-up. Event-free survival(EFS)was defined as the time from the date
of diagnosis until relapse at any location, death or last follow-up. Kaplan–Meier plots and
survival comparisons were carried out using the log-rank test if the proportional hazard
assumption was fulfilled, and Breslow otherwise. The Cox proportional hazards model
was adjusted taking into consideration significant parameters in the univariate analysis.
A receiver operating characteristic (ROC) curve was used to determine the optimal cutoff
point based on progression end point for pBRD4 as previously described [33,34]. p-Value
less than 0.05 was considered statistically significant. This work was carried out in accor-
dance with Reporting Recommendations for Tumor Marker Prognostic Studies(REMARK)
guidelines [35].

3. Results

3.1. Prevalence of BRD4 Hyperphosphorylation in Triple Negative Breast Cancer Patients and Its
Association with Molecular and Clinical Parameters

To investigate the prevalence and potential clinical impact of pBRD4 in TNBC, we
analyzed the expression of pBRD4 by immunohistochemistry in a cohort of 132 patients
with early breast cancer and triple negative subtype, observing high pBRD4 levels in 45 of
132 of cases (34.1%). Patient characteristics are presented in Table S1. We next correlated
pBRD4 expression with molecular and clinical features of our patient cohort. Interestingly,
high pBRD4 levels were found to be strongly associated with the subgroup of patients
who relapsed (p = 0.007). Associations between pBRD4 status and clinical and molecular
characteristics are shown in Table 1.

3.2. Clinical Impact of pBRD4 in Triple Negative Breast Cancer

We analyzed the clinical significance of pBRD4 in the same cohort of 132 TNBC
patients. Clinical follow-up data were available in all cases. The median of age was
57 years (with an age range of 31 to 90 years). Interestingly, we found that the subgroup
of high pBRD4 expressing patients had a markedly shorter OS (p < 0.001) (Figure 1A).
Moreover, we observed that pBRD4 also had predictive value for EFS in our patient cohort
(p < 0.001) (Figure 1B).

Interestingly, multivariate Cox analysis showed that high pBRD4 expression is an
unfavorable independent factor associated with patient outcome in our cohort (Hazard
ratio (HR) = 5.342; 95% confidence interval (CI), 2.286–12.482; p < 0.001) (Table 2).
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Table 1. Association of bromodomain-containing protein 4 (BRD4) phosphorylation levels with molecular and clinical
parameters in a cohort of 132 triple negative breast cancer (TNBC) patients.

Parameters No. Cases No. Low pBRD4 (%) No. High pBRD4 (%) p

pBRD4 132 87 (65.9) 45 (34.1)

Hormonal status 132 87 45 0.261
Premenopausal 36 21 (24.1) 15 (33.3)
Postmenopausal 96 66 (75.9) 30 (66.7)

Morphological type 131 86 45 0.427
IDC 1 122 79 (91.9) 43 (95.6)
ILC 2 9 7 (8.1) 2 (4.4)

T 3 132 87 45 0.377
1 54 32 (36.8) 22 (48.9)
2 60 43 (49.4) 17 (37.8)
3–4 18 12 (13.8) 6 (13.3)

N 4 132 87 45 0.457
0 77 52 (59.8) 25 (55.6)
1 33 19 (21.8) 14 (31.1)
2–3 22 16 (18.4) 6 (13.3)

Stage 132 87 45 0.865
I 39 25 (28.7) 14 (31.1)
II 60 41 (47.1) 19 (42.2)
III 33 21 (24.2) 12 (27.7)

Grade 132 87 45 0.448
Low/Moderate 47 29 (33.3) 18 (40)
High 85 58 (66.7) 27 (60)

Relapse 132 87 45 0.007
No 98 8 (81.6) 6 (60)
Yes 34 4 (18.4) 0 (40)

Ki-67 66 37 29 0.307
Low 34 17 (45.9) 17 (58.6)
High 32 20 (54.1) 12 (41.4)

IDC 1 = invasive ductal carcinoma; ILC 2 = invasive lobular carcinoma; T 3 = tumor size; N 4 = lymph node metastases.
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tive staining. The line shows 25 μm. Original magnification ×400, (B) Kaplan–Meieranalysesof overall survival(OS) and 
event-free survival(EFS) in a cohort of 132 TNBC patients. 
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Figure 1. Clinical significance of pBRD4 in TNBC. (A) Immunohistochemical images showing pBRD4 positive and negative
staining. The line shows 25 µm. Original magnification ×400, (B) Kaplan–Meieranalysesof overall survival(OS) and
event-free survival(EFS) in a cohort of 132 TNBC patients.
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Table 2. Univariate and multivariate Cox analyses in the cohort of 132 TNBC patients.

Parameters

Univariate OS 1 Analysis Multivariate OS Cox Analysis

HR 3
95% CI 2

p HR
95% CI p

Lower Upper Lower Upper

T 4 0.063 -
0–1 1.000
2–3 2.280 0.957 to 5.433 - -

N 5 0.014 0.100
- 1.000 1.000
+ 2.286 1.180 to 4.429 1.983 0.877 to 4.484

Grade 0.470 -
L/M 6 1.000
High 1.366 0.586 to 3.182 - -

Stage 0.049 0.195
I–II 1.000 1.000
III 2.935 1.006 to 8.564 2.174 0.672 to 7.033

Ki-67 0.864
Low 1.000
High 1.091 0.402 to 2.962

pBRD4 <0.001 <0.001
Low 1.000 1.000
High 5.016 2.155 to 11.676 5.342 2.286 to 12.482

OS 1: overall survival; CI 2: confidence interval; HR 3: Hazard ratio; T 4 = tumor size; N 5 = lymph node metastases; L/M 6: low/moderate.

To further evaluate the prognostic value of pBRD4 in TNBC, we stratified our patient
cohort by stage. Of note, we observed that relevance of high pBRD4 expression levels
as a biomarker predictor of poor outcome was retained in all cases for both OS and EFS,
but the significance was particularly marked in the subgroup of TNBC patients with stage
III (p < 0.001 for OS, and p = 0.001 for EFS), compared to those with stages I-II (p = 0.005 for
OS, and p = 0.017 for EFS) (Supplementary Materials Figure S1).

3.3. BRD4 Phosphorylation Is Associated with the Activation Status of the PP2A Pathway

We next studied the molecular mechanisms that could be involved in BRD4 hyper-
phosphorylation. Due to BRD4 having been previously proposed as a direct target of the
tumor suppressor protein phosphatase 2A (PP2A) in TNBC, the activation status of this
phosphatase was evaluated in our patient series. The phosphorylation of the PP2A catalytic
subunit in its tyrosine 307, as well as the overexpression of endogenous inhibitors such as
SET, have been reported as major contributing alterations to inhibit PP2A in human cancer.
Thus, we analyzed both pPPP2CAand SET levels in 128 TNBC cases from our cohort with
enough material available. High pPPP2CAexpression was found in 31 out of 128 cases
(24.2%), whereas 17 out of 128 cases (13.3%) showed SET overexpression. Interestingly,
we found that high pBRD4 expression was strongly associated with both PP2A hyperphos-
phorylation (p < 0.001) and SET overexpression (p < 0.001) (Table 3), which highlights that
PP2A inhibition could be a key molecular mechanism to maintain BRD4 phosphorylation
in TNBC.

Since pPPP2CA and SET have been described to be associated alterations, we analyzed
how many patients had a concomitant PP2A hyperphosphorylation and SET overexpres-
sion. As expected, we observed a significant correlation between both alterations (p < 0.001),
which were found in 12 cases from our series (Table S2). Moreover, we also analyzed the
prognostic value of pPPP2CA in our patient cohort. As expected, those patients with high
pPPP2CA expression levels showed a significantly worse OS (p < 0.001) and EFS (p < 0.001)
(Figure S2).
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Table 3. Association between pBRD4 expression and PP2A activation status in TNBC patients.

pBRD4 No. Cases No. Low pBRD4(%) No. High pBRD4(%) p

pPPP2CA 128 87 41 <0.001
Low 97 85 (97.7) 12 (29.3)
High 31 2 (2.3) 29 (70.7)

SET 128 87 41 <0.001
Low 111 87 (100) 24 (58.5)
High 17 0 (0) 17 (41.5)

4. Discussion

The TNBC subtype has been previously reported to be particularly sensitive to the
treatment with bromodomain inhibitors. In addition, BRD4 hyperphosphorylation has
been defined as a molecular alteration that promotes resistance to BRD4 inhibitors, and the
tumor suppressor PP2A as the major regulator of BRD4 dephosphorylation. However, the
potential clinical impact of this pBRD4 together with the validation of its linking with the
PP2A activation status remain to be fully clarified in TNBC patients. It has been recently
reported that BRD4 expression is significantly higher in breast cancer tissues than in normal
controls, and defines poor prognosis in breast cancer patients [36]. These results would
further strengthen our findings in the present study, especially considering that BRD4
phosphorylation has been described as an alteration involved in BRD4 protein stabiliza-
tion [21]. Moreover, we observed that the prognostic impact of pBRD4 was particularly
evident in stage III TNBC patients (Figure S1). This observation, together with the fact
that this alteration is associated with recurrence (Table 1), would suggest that BRD4 hy-
perphosphorylation could be an event with functional relevance in TNBC progression.
Thus, its evaluation in a TNBC cohort with metastatic disease would be of high interest in
forthcoming studies.

The fact that decreased PP2A activity has been described to induce in vitro BRD4
hyperphosphorylation and resistance to BRD4 inhibition [21] prompted us to analyze the
PP2A activation status in our patient cohort. PP2A is a key tumor suppressor commonly
deregulated in human cancer [37]. PP2A hyperphosphorylation, as well as upregulation of
the endogenous PP2A inhibitors such as SET, has been reported as main molecular mecha-
nisms of PP2A inhibition in many tumors including breast cancer. These alterations have
progressively emerged as promising therapeutic targets in this disease [38–44]. Although
it has been recently reported that PP2A inhibition is a frequent alteration in breast cancer
related with poor outcome and therapy resistance, such studies have been carried out in
cohorts including cases with different molecular subtypes [40,45,46]. Therefore, the evalua-
tion of the precise PP2A status in a cohort of TNBC patients as well as its clinical impact in
this breast cancer subtype remains still to be performed. Previous works have shown that
the PP2A inhibitor CIP2A confers poor outcome in TNBC cells, which has been recently
confirmed in the work by Tawab Osman and co-workers [47–49]. These findings would
suggest that PP2A inhibition could be of relevance in this breast cancer subtype. In fact,
we found in this work that high pPPP2CA were predictor of poor outcome in our TNBC
patient cohort (Figure S2). We observed PP2A hyperphosphorylation in 24.2% of cases
(31/128) and SET overexpression in 13.3% of cases (17/128). Both alterations were present
in 12 patients from our cohort, indicating that 5 patients had SET overexpression without
high pPPP2CAexpression, and 19 cases only showed high pPPP2CAlevels. Thus, 82.9%
of cases (34/41) with BRD4 hyperphosphorylated had at least one of the PP2A inhibitory
markers altered. Therefore, our results suggest that both PP2A hyperphosphorylation
and SET overexpression could be molecular contributing alterations to enhance BRD4
phosphorylation levels in TNBC, but it remains to be experimentally confirmed. Only 2
out of 31 cases with high pPPP2CA had low pBRD4 expression. However, the observation
that 7 pBRD4 overexpressing patients without any PP2A inhibitory alteration detected
would also indicate the potential existence of alternative PP2A inhibitory alterations or
molecular mechanisms distinct that PP2A inhibition that deregulate pBRD4 in this disease.
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Altogether, these results are in concordance with the conclusions reported by Shu and
co-workers [21] identifying PP2A as the phosphatase responsible of dephosphorylating
BRD4. However, they did not observe prognostic value for pBRD4 and discrepancies in
clinical impact may be due to sample size and the fact that those authors stratified their
cohort by pBRD4 expression using a median split of pBRD4 intensity.

Furthermore, these findings are of therapeutic relevance, since the use of PP2A activa-
tors could serve to overcome a foreseeable development of resistance to BRD4 inhibitors
in TNBC patients with high pBRD4 levels. In fact, Shu and co-workers showed that the
combination of the PP2A activator perphenazine with JQ1 served to overcome resistance
to BRD4 inhibitors in TNBC cells [21]. In this line of thinking, FTY720 is an FDA-approved
immunosuppressant used to treat multiple sclerosis, which has shown potent antitumor
effects in many tumor types [50]. Moreover, FTY720 has been described as a PP2A activat-
ing drug through targeting pPPP2CA and SET, which are the PP2A inhibitory alterations
reported in this work. Another relevant issue is the fact that BRD4 is expressed in two
major isoforms, short and long, that have been reported to play opposite functions as
regulators of gene transcription and tumor progression [51]. The antibody used in our
work recognizes phosphorylation on S484/488, which is a region present in both BRD4
isoforms. Therefore, we analyzed here by IHC the total levels of pBRD4 expression, corre-
sponding to the contribution of the long and short BRD4 isoforms. However, it would be of
high interest to investigate the potential functional and clinical implications derived from
the phosphorylation of each BRD4 isoform separately. Altogether, our results show that
high pBRD4 levels define a subgroup of TNBC cases with very poor outcomes. Moreover,
our findings are consistent with PP2A inhibition as a key molecular mechanism to induce
BRD4 hyperphosphorylation in TNBC patients, which could benefit from a future inclusion
of PP2A activators and BRD4 inhibitors in clinical protocols. Moreover, it would be of high
interest to study the potential benefit derived from the clinical use of PP2A activators to
anticipate and overcome the development of resistance to BRD4 inhibition in TNBC.

5. Conclusions

In conclusion, BRD4 hyperphosphorylation is a frequent alteration that associates
with patient recurrence and independently predicts shorter OS and EFS in TNBC patients.
Moreover, we observe a molecular background based on PP2A inhibition as the potential
molecular mechanism that contributes to enhanced pBRD4 levels. Altogether, our findings
highlight the clinical impact of pBRD4, as well as the PP2A/pBRD4 signaling axis as a novel
therapeutic target in TNBC, which needs to be fully confirmed in forthcoming studies.
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patients in (A) OS and (B) EFS, Table S1: Clinical and molecular characteristics in a series of 132
TNBC patients, Table S2: Association between SET and pPPP2CA expression levels in TNBC.
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Simple Summary: Hyperactivation of the PI3K/AKT/mTOR cell signalling pathway is an important
and well-described mechanism of trastuzumab resistance in HER2-positive breast cancer. In cell-line
models of acquired trastuzumab resistance generated in our laboratory, we demonstrate this type of
activation, which is independent of HER2-mediated regulation. We investigate whether the use of
specific mTOR inhibitors, a PI3K/AKT/mTOR pathway effector, could lead to decreased activity
of the pathway, influencing trastuzumab resistance. We demonstrate that TAK-228, a mTORC1
and mTORC2 inhibitor, can reverse resistance and increasing response to trastuzumab in models of
primary and acquired resistance.

Abstract: The use of anti-HER2 therapies has significantly improved clinical outcome in patients
with HER2-positive breast cancer, yet a substantial proportion of patients acquire resistance after a
period of treatment. The PI3K/AKT/mTOR pathway is a good target for drug development, due
to its involvement in HER2-mediated signalling and in the emergence of resistance to anti-HER2
therapies, such as trastuzumab. This study evaluates the activity of three different PI3K/AKT/mTOR
inhibitors, i.e., BEZ235, everolimus and TAK-228 in vitro, in a panel of HER2-positive breast cancer
cell lines with primary and acquired resistance to trastuzumab. We assess the antiproliferative effect
and PI3K/AKT/mTOR inhibitory capability of BEZ235, everolimus and TAK-228 alone, and in
combination with trastuzumab. Dual blockade with trastuzumab and TAK-228 was superior in
reversing the acquired resistance in all the cell lines. Subsequently, we analyse the effects of TAK-228
in combination with trastuzumab on the cell cycle and found a significant increase in G0/G1 arrest in
most cell lines. Likewise, the combination of both drugs induced a significant increase in apoptosis.
Collectively, these experiments support the combination of trastuzumab with PI3K/AKT/mTOR
inhibitors as a potential strategy for inhibiting the proliferation of HER2-positive breast cancer cell
lines that show resistance to trastuzumab.

Keywords: breast cancer; resistance; anti-receptor therapy; trastuzumab; PI3K; mTOR; TAK-228
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1. Introduction

Despite ongoing advances in understanding diagnosis and treatment, breast cancer
continues to place an enormous burden on healthcare systems worldwide and poses a
risk to the lives of many patients. Breast cancer is the second leading cause of cancer
deaths among women worldwide, representing 30% of all new cancer diagnoses: More
than 2.25 million new cases and around 700,000 deaths were estimated in 2020 [1]. Breast
cancer is a heterogeneous disease comprising four major subtypes, each with distinct
pathological features and clinical implications [2]. Among those subgroups, HER2-positive
breast cancer accounts for 25% of all cases and is associated with high relapse rates and
poor prognosis [3,4]. This subtype is characterised by amplifying the ERBB2/neu oncogene
and/or overexpression of its associated HER2 tyrosine kinase receptor [5]. Despite the
absence of a ligand for this transmembrane receptor, HER2 forms homodimers or het-
erodimers with other HER family members, activating different downstream signalling
pathways, including MAPK and PI3K/AKT/mTOR, which ultimately regulate processes,
such as cell survival, proliferation, motility and metabolism [6,7]. In 1998, the advent of
trastuzumab, the first targeted anti-HER2 therapy and humanised monoclonal antibody
against HER2, brought about considerable improvement in the prognosis of metastatic and
early-stage HER2-positive breast cancer patients [8,9]. In spite of the efficacy demonstrated
by trastuzumab, both alone and in combination with chemotherapy as first-line treatment,
primary or acquired resistance emerges within a few months after the start of treatment,
and resistance remains one of the main problems in managing these patients [8,10]. Several
mechanisms of resistance to trastuzumab have been described in recent decades, such
as the expression of splicing variants like p95HER2 [11], heterodimerisation with other
RTKs [12–14], Src activation [15] and aberrant activation of the PI3K signalling pathway,
most commonly through mutations in PIK3CA and loss of PTEN [16,17]. The intertwining
of HER2-mediated signalling and the PI3K pathway takes the form, at the molecular level,
that signalling by the HER family is primarily mediated through the PI3K and MAPK cas-
cades [18,19]. As a result, the PI3K/AKT/mTOR signalling pathway has been implicated
in the anti-HER2 response [17,20,21], and targeting the PI3K/AKT/mTOR pathway has
proven to be a valuable strategy to overcome resistance to HER2-directed therapy [22].

Due to the involvement of the PI3K pathway in both HER2-mediated signalling and
in the emergence of resistance to trastuzumab, this network becomes a good target for drug
development. Because inhibition of the PI3K/AKT/mTOR axis results in enhanced HER2
signalling in HER2-overexpressing breast cancer, especially increased expression of HER2
and HER3 [23], targeting both pathways could prevent the development of resistance.
However, the clonal evolution of cancer itself causes genetic and molecular diversity in pa-
tients’ tumours that manifests as long-recognised functional and phenotypic heterogeneity.
It is, therefore, unclear whether, in a HER2-positive breast cancer subtype scheme, such
a therapeutic combination will be effective in different scenarios characterised by small
molecular variations, this despite previously published reports in the scientific literature.
As reported elsewhere [24], our laboratory generated and characterised several cellular
models of trastuzumab-resistant HER2-positive breast cancer lines, covering, albeit to a
limited extent, a range of genetic heterogeneity. Moreover, several drugs that are effective
against different nodes of the PI3K/AKT/mTOR signalling pathway are available, namely,
BEZ235, everolimus, and TAK-228. Different preclinical studies have demonstrated the
efficacy of combining trastuzumab with different PI3K/AKT/mTOR inhibitors. For in-
stance, BEZ235, a dual pan-class I PI3K and mTOR kinase inhibitor, has shown antitumor
activity in vitro and in vivo in breast cancer models that harbour PI3KCA mutations [25]
or are resistant to anti-HER2 therapies [26]. In murine models of HER2-positive mammary
tumours, combined therapy with trastuzumab and everolimus, an allosteric mTORC1
inhibitor, obtained better results than either agent alone [27]. Furthermore, in a resistance
model generated by the loss of PTEN, trastuzumab combined with everolimus restored sen-
sitivity to trastuzumab and showed greater efficacy than either agent independently [28].
TAK-228 is an ATP-competitive inhibitor that targets both mTORC1 and mTORC2. TAK-
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228 has shown efficacy in different preclinical models of breast cancer [29,30]. The aim
of our study was to evaluate the efficacy of three different mTOR inhibitors in in vitro
models of trastuzumab-resistant breast cancer cells to assess their potential use in both
primary resistance and the development of acquired resistance. We show that trastuzumab,
in combination with mTOR inhibitors, exerts an antiproliferative effect by inducing alter-
ations in the PI3K/AKT/mTOR and ERK pathways, as well as through the induction of
apoptosis and cell cycle arrest in different models of trastuzumab resistance. Our data
suggest a potential benefit of using mTOR inhibitors in combination with trastuzumab in
acquired resistance.

2. Materials and Methods

2.1. Cell Lines

The effects of trastuzumab on cell growth were studied in a panel of eleven HER2-
amplified breast cancer cell lines, including four trastuzumab-conditioned cell lines selected
for long-term outgrowth in trastuzumab-containing medium. BT-474 (HTB-20) ductal car-
cinoma, SK-BR-3 (HTB-30) and AU-565 (CRL-2351) adenocarcinoma, as well as HCC1419
(CRL-2326) and HCC1954 (CRL-2338) ductal carcinoma cell lines, were obtained from the
American Type Culture Collection. EFM-192A (ACC-258) and JIMT-1 (ACC-589) ductal
carcinoma cells were obtained from the German Tissue Repository DSMZ. Trastuzumab-
resistant BT-474.rT3, SK-BR-3.rT1, AU-565.rT2 and EFM-192A.rT1 cell lines were gener-
ated as previously described [24]. BT-474, SK-BR-3 and JIMT-1 cells were maintained in
DMEM-F12 supplemented with 10% heat-inactivated foetal bovine serum (FBS), 2 mmol/L
glutamine, and 1% penicillin G-streptomycin. AU-565, HCC1419 and HCC1954 cells were
cultured in RPMI 1640 supplemented with 10% heat-inactivated FBS, 2 mmol/L glutamine,
and 1% PSF. EFM-192A cells were grown in RPMI 1640 medium supplemented with 20%
heat-inactivated FBS, 2 mmol/L glutamine, and 1% PSF. Cells were maintained at 37 ◦C
with 5% CO2. All cell lines were checked for authentication every 6 months, either by
using the Cell Line Authentication service at LGC Standards (UK) (tracking no: 710259498;
710274855; 710281607; 710272355), or by running a home-made mutational profiling assay.

2.2. Reagents

The recombinant humanised monoclonal HER2 antibody trastuzumab (a concen-
tration of 15 µg/mL was selected as indicated elsewhere [24]) (Herceptin, Genentech,
San Francisco, CA, United States) was supplied by the pharmacy of our hospital; BEZ235
(S1009), everolimus (S1120) and TAK-228 (S2811) were obtained from Selleckchem (Sell-
eckchem Spain, Madrid, Spain).

2.3. Determination of the Resistance Rate

Establishment of drug resistance was confirmed by cell proliferation assay, as deter-
mined in P100 plates containing 5 × 105 cells for each condition (sensitive and resistant),
grown both in the absence and in the presence of trastuzumab for 7 days. The results were
processed using the algorithm described by O’Brien, which correlates the rate of growth
between the treated and nontreated cells, reflecting the doubling time of the cells [31]. Once
resistance was confirmed, cells were maintained in the absence of treatment for 30 days.
After this pause, resistance was reconfirmed using the same protocol. Resistant cell lines
populations were maintained with 15 µg/mL of trastuzumab in the medium for months.
Periodically, vials of both the sensitive (parental) and resistant cell populations (pools and
clones) were stored in liquid nitrogen to keep a stock of young cells.

2.4. Cell Proliferation Assays

Cells were seeded in triplicate in P100 plates at a density of 5 × 105 cells per plate
and allowed to adhere and enter the growth phase before being treated with or without
15 µg/mL trastuzumab for 7 days in the appropriate culture medium. Cells were then
harvested by trypsinisation and counted with trypan blue using the TC20 Automated Cell
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Counter (BioRad, Hercules, CA, USA). The appropriate culture media and trastuzumab
were replaced every 3 days. All experiments were repeated three times with readings at
least in triplicate for each concentration.

2.5. Determination of IC50

To determine the IC50 of the mTOR inhibitors, a panel of HER2-positive breast cancer
cell lines was treated with escalating concentrations of BEZ235, everolimus and TAK-228.
Proliferation was measured by counting after 7 days of treatment. Viable cells were counted
by trypan blue exclusion. IC50 (half the maximal inhibitory concentration) was calculated
using SigmaPlot software. Values are mean IC50 from three independent experiments.

2.6. Protein Extraction and Quantification

Cells were washed with 3 mL PBS at RT. Next, cells were scraped in the presence of
150 µL lysis buffer (RIPA, peptidase inhibitor, phosphatase inhibitor) at 4 ◦C and trans-
ferred to a 1.5-mL tube. Cells were incubated in lysis buffer for 20 min at 4 ◦C and
sonicated afterwards. Then the cell lysate was spun at 13,000× g for 10 min at 4 ◦C, and
the supernatant was retained and stored. Protein extracts were quantified using the Pierce
BCA protein assay kit (Thermo Fisher Scientific, Whaltman, MA, USA), following the
manufacturer’s instructions.

2.7. Western Blotting (WB)

Protein aliquots were prepared at 1 µg/µL in 4× Laemmli loading buffer and boiled
at 95 ◦C for 6 min. Twenty µL of protein extract was loaded in a 10% polyacrylamide
gel (SDS-PAGE). Next, proteins were transferred to a nitrocellulose membrane for 1 h
at 100 V and 4 ◦C. The membrane was blocked (5% milk in TBST 1×) for 1 h, washed
3 times for 10 min and then incubated with the primary antibody at RT overnight under
agitation. The concentrations used were as follows: HER3 (1:500; Thermo Scientific),
p-HER3 Tyr1197 (1:1000), HER2 (1:500), p-HER2 Tyr1221/1222 (1:1000), AKT (1:1000),
p-AKT Thr308 (1:300), p-AKT Ser473 (1:500), p44/42 MAPK (ERK1/2) (1:1000), p-p44/42
MAPK (ERK1/2) Thr202/Tyr204 (1:1000), 4E-BP1 (1:500); p-4E-BP1 Thr37/46 (1:500); p-
4E-BP1 Thr70 (1:500); S6 ribosomal protein (S6) (1:500); p-S6 ribosomal protein (p-S6)
Ser235/236 (1:1000) (Cell Signaling, Danvers, MA, USA) and GAPDH (1:5000; Sigma-
Aldrich, St. Louis, MO, USA). All primary antibodies were rabbit, except the anti-HER3,
which was mouse; all were monoclonal. Then the membranes were washed 3 × 10 min
in TBST and incubated with a secondary antibody (diluted in 2.5% BSA in TBS 1×) at RT
for 1 h. ECL-anti-mouse and ECL-anti-rabbit secondary antibodies attached to peroxidase
(HRP; GE Healthcare, Chicago, IL, USA) were used at a concentration of 1:5000. The
membranes were washed 3 × 10 min again, and immeserd in the detection reagent (ECL
or ECL Prime, if applicable; Amersham, GE Healthcare) for 1 min, prior to developing on
a photographic film. Densitometry and quantification of proteins were carried out using
ImageJ software.

2.8. Flow Cytometric Determination of Cell Cycle Arrest and Apoptosis

Before carrying out cell cycle detection and apoptosis, cell lines were synchronised
by serum starvation for 24 h. Cell cycle and apoptosis were analysed after treatment
with either vehicle (i.e., trastuzumab 15 µg/mL, TAK-228 0.5 µM or both) for 24 and 72 h,
respectively. For cell cycle arrest analysis, cells were collected after treatment, washed
with PBS and fixed with 70% cold ethanol at –20 ◦C for at least 2 h. Cells were incubated
with 0.5 mg/mL RNase (Sigma-Aldrich) at 37 ◦C for 30 min, and finally stained with
propidium iodide (BD Biosciences, Franklin Lakes, NJ, USA) for 10 min. Apoptosis was
assessed with the Annexin-V-FITC Apoptosis Detection Kit (BD Biosciences) according to
the manufacturer’s instructions. Flow cytometry was performed on a FACS Canto II (BD
Biosciences), and data were analysed with FACS Diva software (BD Biosciences).
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2.9. Statistical Analysis

All data are expressed as means ± standard deviations for at least three replicates
(unless otherwise indicated). Statistical significance was analysed by a two-tailed Student’s
t-test (*: p < 0.05, **: p < 0.01, ***: p < 0.001). This work was performed in accordance
with the Reporting Recommendations for Tumour Marker Prognostic Studies (REMARK)
guidelines [32].

3. Results

3.1. Development and Characterisation of a Panel of Breast Cancer Cell-Line Models of Acquired
Trastuzumab Resistance

To test the efficacy of a combination of HER2 blockade with mTOR inhibition as a
potential therapeutic strategy to overcome resistance to trastuzumab in HER2-positive
breast cancer cell line (BCCL) models, we first developed four different cellular models
with acquired resistance to trastuzumab [24]. Briefly, we used prolonged exposure to mod-
erate doses of the drug to generate novel BCCLs with acquired resistance to trastuzumab,
authenticated them based on their molecular profile and their resistance rate was deter-
mined. We selected clones for each of the BCCLs and screened them for trastuzumab
sensitivity after seven days of treatment (Figure 1). We observed that in all cases, resistant
cells showed a higher growth rate in the presence of the drug than the parental sensitive
cells. The biochemical analysis of the status of kinase receptors and effectors from different
cellular pathways actionable by HER2 signalling revealed differences in phosphorylation
levels for several targets between sensitive and resistant lines (Figure S1), as we reported
previously [24]. After treatment with trastuzumab, changes occurred in the phosphory-
lation levels of HER2, AKT (Thr308 and Ser473), ERK1/2, and S6, with more relevant
changes between sensitive and resistant populations in the BT474 and AU565 cell lines.
This finding was consistent with patterns of molecular alterations commonly described
in breast cancer [25]. De novo trastuzumab-resistant cell lines HCC1419, HCC1954 and
JIMT-1 were also examined for biochemical changes in the HER2 and PI3K/AKT/mTOR
pathways (Figure S2). The most notable signal was the abundant expression of 4E-BP1
in both cell lines, which does not appear to translate into strong activation in either case.
Phosphorylation levels of S6 were not elevated either. On the other hand, we observed a
slight decrease in AKT phosphorylation levels in the JIMT-1 cell line compared to HCC1954.
Overall, the two lines do not show phosphorylation activation signals for either of the two
pathways studied.

≥ ≤

Figure 1. Characterisation of a panel of cell-line models of acquired trastuzumab resistance. Effect of trastuzumab treatment
on sensitive and resistant cells. Proliferation was measured after seven days of treatment by trypan blue exclusion.
T: Trastuzumab 15 µg/mL. Data are expressed as mean ± SD from ≥ three independent experiments. *** denotes p ≤ 0.001.
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3.2. Effect of Anti-HER2 and MTORC1/2 Treatments on HER2-Positive Breast Cancer Cell Lines
(Determination of IC50)

To determine the effects of BEZ235, everolimus and TAK-228 on the inhibition of the
PI3K/AKT/mTOR proliferation axis in HER2-positive cells, the panel of eleven cell lines
with varying sensitivity to trastuzumab was treated with increasing inhibitor concentra-
tions. After seven days of treatment, cellular proliferation was measured to determine the
IC50 for each drug and cell line (Figure S3). In general, a similar sensitivity was observed
in all cell lines for every drug, so when treated with any of the three mTOR inhibitors, the
proliferation of the eleven cell lines was significantly inhibited at low nanomolar ranges.
The determination of sensitivity to BEZ235 showed that all cell lines behaved very similarly
when exposed to the treatment, and only the SK-BR-3.rT1 line was more sensitive to this
drug than its parental line. The everolimus sensitivity study showed that all the lines
were sensitive to treatment at high concentrations. In addition, JIMT-1 was very sensitive
to this drug, decreasing its cell proliferation by more than 50% at 1 nM everolimus, and
AU-565.rT2 was also found to be more sensitive to treatment than its sensitive parental
line. Finally, treatment with TAK-228 showed highly similar sensitivity to treatment in all
lines, both trastuzumab-sensitive and trastuzumab-resistant. Based on these results, the
IC50 was calculated for each of the lines and for each drug (Table 1). Notably, the IC50
value of everolimus was more heterogeneous between cell lines than the IC50 values of the
other two drugs. In addition, the IC50 values of BEZ235 and TAK-228 between the resistant
lines and their parents were very similar, though this was not the case for everolimus
in AU-565.rT2 and EFM-192A.rT1, which had a significantly lower IC50 value than their
respective parental cell lines. The exceptions were the effect of everolimus in HCC1419 and
particularly in JIMT-1, which showed at least a 10× increased sensitivity with respect to the
other cells. This is probably because different mutations in nodes of the PI3K/AKT/mTOR
pathway make some cell lines more sensitive to everolimus than others, which turn out to
be more resistant [33].

Table 1. Inhibitory concentrations of mTOR inhibitors as a measure of proliferation inhibition in a
panel of breast cancer cell lines.

Cell Line Proliferation IC50 (nM)

BEZ235 Everolimus TAK-228 Sensitivity to Trastuzumab

BT-474 3.4 3.7 9.4 S
BT-474.rT3 2.4 3.8 6.1 R

SK-BR-3 6.3 3.2 5.3 S
SK-BR-3.rT1 6.4 5.5 8.9 R

AU-565 18.0 7.5 13.1 S
AU-565.rT2 12.8 1.8 9.3 R
EFM-192A 3.6 5.9 5.9 S

EFM-192A.rT1 2.2 1.8 7.6 R
HCC1419 33.2 0.7 6.7 S/R
HCC1954 27.3 23.2 12.8 R

JIMT-1 17.9 0.1 21.0 R
Note: A panel of HER2-positive breast cancer cell lines was treated with escalating concentrations of BEZ235,
everolimus and TAK-228. Proliferation was measured by counting cells after seven days of treatment. Viable cells
were counted by trypan blue exclusion. IC50 (half-maximal effective concentration) was calculated using the
SigmaPlot software. Values are mean IC50 from three independent experiments. BT-474: BT-474 trastuzumab-
sensitive cells. BT-474.rT3: BT-474 trastuzumab-resistant cells. SKBR3: SKBR3 trastuzumab-sensitive cells.
SK-BR-3.rT1: SK-BR-3 trastuzumab-resistant cells. AU-565: AU-565 trastuzumab-sensitive cells. AU-565.rT2:
AU-565 trastuzumab-resistant cells. EFM-192A: EFM-192A trastuzumab-sensitive cells. EFM-192A.rT1: EFM192A
trastuzumab-resistant cells.

In view of these results, we considered that combining anti-HER2 therapy with each of
these mTOR inhibitors might show a greater antiproliferative effect. For therapeutic studies,
the concentration and time of treatments were based on previous reports, and administered
as follows: Trastuzumab (15 µg/mL) [15]; BEZ235 (1 nM, 5 nM and 20 nM) [34], everolimus
(0.5 nM and 1 nM) [35] and TAK-228 (1 nM and 5 nM) [30].
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3.3. Combined Treatment of Trastuzumab and MTORC1/C2 Inhibitor TAK-228 in HER2-Positive
Breast Cancer Cell Lines with Acquired Resistance to Trastuzumab

In order to assess the potential synergistic effects of trastuzumab in combination
with mTOR inhibitors, we performed viability assays in the four sensitive cell lines, as
well as their correspondent resistant models. Overall, the combination of trastuzumab
with BEZ235 or everolimus influenced the therapeutic response to a lesser degree than
the combination treatment of trastuzumab with TAK-228 because, although it causes a
reduction of mTOR activation in the cell lines, cell viability was not affected. In contrast, the
combination of trastuzumab with TAK-228 significantly increased the therapeutic response
in all cases, suggesting that the decreased mTOR activation status by TAK-228 affects
sensitivity to trastuzumab.

The treatment effect of the TAK-228 inhibitor was evaluated using two treatment
concentrations (1 nM and 5 nM), as monotherapy and in combination with trastuzumab
(Figure 2). A single treatment with TAK-228 showed no effect on cell proliferation in any
of the cell lines for either of the two concentrations used. Combination treatment with
trastuzumab and TAK-228 5 nM resulted in the reversal of acquired resistance in all lines.
BT-474.rT3 cells showed a highly significant decrease in proliferation in the trastuzumab
and TAK-228 condition (52%) compared to trastuzumab (84%, p-value < 0.01) and TAK-228
(67%, p-value < 0.01). In addition, a significant decrease in proliferation was also observed
in trastuzumab with TAK-228 1 nM combination therapy (77% vs. 84% for trastuzumab
and vs. 102% for TAK-228 1 nM, p-value < 0.05). In the SK-BR-3.rT1 line, the combination
of trastuzumab and TAK-228 5 nM decreased growth very significantly (44%) compared to
treatment with trastuzumab (96%) and TAK-228 (77%, p-value < 0.001). The same effect
was observed in the AU-565.rT2 line, with reduced proliferation in combination therapy
(64% vs. 100% for trastuzumab, and 84% for TAK-228, p-value < 0.001). Finally, in EFM-
192A.rT1, a significant decrease in proliferation was identified trastuzumab plus TAK-228
5 nM combined therapy compared to individual treatments (65%, p-value < 0.01).

≥ ≤ ≤ ≤

Figure 2. Decrease in mTOR activation status by TAK-228 affects trastuzumab sensitivity. Sensitive and trastuzumab-
resistant cells were treated for seven days with DMSO, 15 µg/mL trastuzumab (T), 1 or 5 nM TAK-228 (TAK), or a
combination of 15 µg/mL trastuzumab plus 1 or 5 nM TAK-228. Viable cells were then counted by trypan blue exclusion.
Viability is presented as a percentage of the DMSO-treated control vector group. Error bars represent standard deviation
between replicates (n ≥ 3). * denotes p ≤ 0.05, ** denotes p ≤ 0.01 and *** denotes p ≤ 0.001. (A) BT-474 sensitive (BT474)
and trastuzumab-resistant (BT-474.rT3) cells. (B) SK-BR-3 sensitive (SK-BR-3) and trastuzumab-resistant (SK-BR-3.rT1)
cells. (C) AU-565 sensitive (AU565) and trastuzumab-resistant (AU-565.rT2) cells. (D) EFM-192A sensitive (EFM-192A) and
trastuzumab-resistant (EFM-192A.rT1) cells.
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To test the effect of BEZ235 in combination with trastuzumab on cell proliferation,
three concentrations of the drug (1 nM, 5 nM and 20 nM) were selected, all below the IC50
value for all lines. The effect on cell proliferation was assessed in the four trastuzumab-
sensitive and trastuzumab-acquired resistance lines (Figure 3). Using a BEZ235 con-
centration of 20 nM, a significant decrease in proliferation was observed in BT-474.rT3
(19%, p-value < 0.001) and EFM-192A.rT1 (30%, p-value < 0.001) compared to control and
trastuzumab treatment conditions. Furthermore, in BT-474.rT3, the combined treatment of
BEZ235 plus trastuzumab significantly reversed trastuzumab resistance compared to the
trastuzumab treatment condition (45%, p-value < 0.001). In sensitive cell lines, trastuzumab
combined with BEZ235 20 nM potentiated the effect of trastuzumab individually, with no
significant effect.

≥ ≤
≤ ≤

Figure 3. Effect of blocking mTOR activation by BEZ235 on trastuzumab sensitivity in trastuzumab-sensitive and
trastuzumab-acquired resistance cell lines. Sensitive and trastuzumab-resistant cells were treated for seven days with
DMSO, 15 µg/mL trastuzumab (T), 1, 5 or 20 nM BEZ235 (B), or a combination of 15 µg/mL trastuzumab plus 1, 5 or 20 nM
BEZ235. Viable cells were then counted by trypan blue exclusion. Viability is presented as a percentage of the DMSO-treated
control vector group. Error bars represent standard deviation between replicates (n ≥ 2). * denotes p ≤ 0.05, ** denotes
p ≤ 0.01 and *** denotes p ≤ 0.001. (A) BT-474 sensitive (BT-474) and trastuzumab-resistant (BT-474.rT3) cells. (B) SK-BR-3
sensitive (SK-BR-3) and trastuzumab-resistant (SK-BR-3.rT1) cells. (C) AU-565 sensitive (AU-565) and trastuzumab-resistant
(AU-565.rT2) cells. (D) EFM-192A sensitive (EFM-192A) and trastuzumab-resistant (EFM-192A.rT1) cells.

Two concentrations of everolimus (0.5 nM and 1 nM) were selected below the IC50
value in all cell lines (Figure 4). Treatment with either concentration of the drug alone had
no effect on cell proliferation in any of the sensitive or acquired-resistant lines. Combination
therapy of trastuzumab with 0.5 nM everolimus showed only slightly stronger effects than
trastuzumab alone on proliferation in most cell lines, both sensitive and resistant. However,
in the combined condition consisting of trastuzumab and everolimus 1 nM, a reversal of
trastuzumab resistance was observed, very significantly decreasing proliferation in the BT-
474.rT3 (20%, p-value = 0.003) and EFM-192A.rT1 (42%, p-value = 0.005) lines, compared to
trastuzumab-alone treatment. Furthermore, this treatment combination enhanced the effect
of trastuzumab in the four sensitive lines (i.e., BT-474 (13%), SK-BR-3 (26%), AU-565 (35%)
and EFM-192 A (31%)), decreasing their proliferation compared to the single-treatment
conditions, without being statistically significant (Figure 4).
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Figure 4. Effect of blocking mTOR activation by everolimus on trastuzumab sensitivity in trastuzumab-sensitive and
trastuzumab-acquired resistance cell lines. Sensitive and trastuzumab-resistant cells were treated for seven days with
DMSO, 15 µg/mL trastuzumab (T), 0.5 or 1 nM everolimus (E), or a combination of 15 µg/mL trastuzumab plus 0.5 or 1 nM
everolimus. Viable cells were then counted by trypan blue exclusion. Viability is presented as a percentage of the DMSO-
treated control vector group. Error bars represent standard deviation between replicates (n ≥ 2). * denotes p ≤ 0.05, ** denotes
p ≤ 0.01 and *** denotes p ≤ 0.001. (A) BT-474 sensitive (BT474) and trastuzumab-resistant (BT-474.rT3) cells. (B) SK-BR-3
sensitive (SK-BR3) and trastuzumab-resistant (SK-BR-3.rT1) cells. (C) AU-565 sensitive (AU-565) and trastuzumab-resistant
(AU-565.rT2) cells. (D) EFM-192A sensitive (EFM192A) and trastuzumab-resistant (EFM-192A.rT1) cells.

3.4. Potentiation Effect between Trastuzumab and mTORC1/2 Inhibitor TAK-228 in Breast Cancer
Cell Lines with Primary Trastuzumab Resistance

The effects of drug combinations on BCCLs with primary resistance to trastuzumab
were markedly dependent on each particular cell line (but less so on the nature of the
inhibitor, Figure S4). In HCC1419, the combination of trastuzumab with any of the in-
hibitors had a greater effect than treatment with the inhibitor alone but was generally not
effective with respect to treatment with trastuzumab, possibly because at baseline these
cells are somewhat sensitive to trastuzumab. In the case of HCC1954, a significant effect
was observed in the combination of trastuzumab with any inhibitor, both with respect to
trastuzumab and the inhibitor alone. However, JIMT-1 cells showed minimal response to
the different treatments, except for a small decrease in cell proliferation, due to the effect of
the combination of trastuzumab with TAK-228.

Treatment with BEZ235 at any of the three concentrations tested in combination
with trastuzumab resulted in a significant decrease in proliferation in the HCC1954 line.
A 65% decrease in proliferation was observed in the BEZ235 1 nM plus trastuzumab
condition compared to the single-treatment conditions (p-value < 0.001). In the BEZ235
5 nM plus trastuzumab combination, 16% proliferation was identified compared to BEZ235
5 nM treatment (29%) and trastuzumab treatment (87%), with a significant reduction in
proliferation (p-value < 0.01). Finally, 8% proliferation was observed in the BEZ235 20 nM
plus trastuzumab combination, compared to the single treatments (p-value < 0.01). JIMT1
cell proliferation was not affected by any of the treatment conditions.

For everolimus, two concentrations (0.5 nM and 1 nM) were selected below the IC50
value in the cell lines, except in JIMT-1. Its effect on cell proliferation was evaluated in
the untreated condition, treatment with trastuzumab 15 µg/mL, everolimus 0.5 nM or
1 nM and the combination of both treatments at the two selected everolimus concentrations
(Figure S4). Treatment with everolimus at 0.5 nM demonstrated a significant effect on cell
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proliferation in the HCC1954 line, in combined treatment with trastuzumab (59%, compared
to 84%, p-value < 0.01), reversing trastuzumab resistance. In addition, treatment with
everolimus 1 nM significantly reduced the proliferation of this line (12%, p-value < 0.001).
In the JIMT-1 cell line, treatment with everolimus 0.5 nM, both alone and in combination
with trastuzumab, showed no effect on cell proliferation, while treatment with everolimus
1 nM resulted in a significant reduction in cell proliferation (44%, p-value < 0.01).

The treatment effect of the TAK-228 inhibitor was evaluated using two treatment
concentrations, 1 nM and 5 nM, in monotherapy and in combination with trastuzumab.
This resistance reversal effect was also observed in the primary resistant line HCC1954.
Combination therapy with trastuzumab and 5 nM TAK-228 significantly reduced cell
proliferation compared to trastuzumab (57% vs. 85%, p-value < 0.001) and TAK-228 (57%
vs. 81%, p-value < 0.001). Cell proliferation of the JIMT-1 line was not modified by any of
the treatment conditions tested.

3.5. Downregulation of PI3K/AKT/mTOR and MAPK Signalling by the Combination of
Trastuzumab with TAK-228 in HER2-Positive Breast Cancer Cell Lines

Since treatment with the inhibitor TAK-228 was shown to reverse trastuzumab re-
sistance in the four cell lines with acquired resistance in combination with trastuzumab,
the effect of the combination of both treatments on inhibition of the PI3K/AKT/mTOR
pathway was evaluated. The molecular effect of the treatment was assessed by analysing
the phosphorylation of the effector proteins of the two mTOR complexes: p-S6 (Ser235/236),
p-4E-BP1 (Thr37/46) and p-4E-BP1 (Thr70) of the mTORC1 complex; and p-AKT (Ser473)
of the mTORC2 complex, as well as their total forms; in addition, the analysis of the
phosphorylated form of ERK was included. Protein expression profiling was performed
after 24 h of treatment with trastuzumab 15 µg/mL, or treatment with TAK-228 5 nM, with
TAK-228 50 nM, or the combination of trastuzumab plus TAK-228 at the two concentrations
above, as well as the control condition.

Combination treatment of trastuzumab with TAK-228 (at either of the two concentra-
tions tested) resulted in a decrease in AKT phosphorylation levels (Ser473) in the BT-474
line, but not in the BT-474.rT3 line (Figure 5A). In both lines, combined treatment with
TAK-228 5 nM plus trastuzumab resulted in a significant reduction in p-S6 (Ser235/236)
compared to the monotherapy condition, although this reduction was not observed in
the two phosphorylated forms of 4E-BP1. In the 50 nM TAK-228 treatment condition,
combination with trastuzumab induced disappearance of p-S6 (Ser235/236) and a signif-
icant reduction of p-4E-BP1 (Thr37/46 and Thr70) levels in both sensitive and resistant
cells. In addition, only in the sensitive line did we observe that TAK-228 combined with
trastuzumab resulted in a decrease in the phosphorylated form p-ERK1/2 (Thr202/Tyr204)
compared to the levels detected in the single-treatment conditions. Furthermore, the com-
bination of trastuzumab plus TAK-228 5 nM in the sensitive cell line induced a decrease
in HER2 phosphorylation levels, while in the BT-474.rT3 line, it was necessary to increase
the concentration of the inhibitor to 50 nM (in combination with trastuzumab) to observe
the same effect in reduced p-HER2 levels. In both lines, TAK-228 5 nM increased p-HER3,
as previously described, and combined treatment with both concentrations of TAK-228
reduced phosphorylation only in the resistant line.

In SK-BR-3 and SK-BR-3.rT1 lines, combined treatment consisting of TAK-228 50 nM
and trastuzumab reduced p-AKT levels (Ser473) compared to baseline and trastuzumab
treatment, with no change in total form expression (Figure 5B). In both lines, treatment with
TAK-228 plus trastuzumab was also found to decrease S6 (Ser235/236) phosphorylation
compared to levels detected in the treatment conditions alone. In addition, the 50 nM
TAK-228 treatment condition and the trastuzumab combination condition resulted in a
highly significant decrease in S6 (Ser235/236) activation, as did the phosphorylated forms
of 4E-BP1 (Thr37/46 and Thr70). It is also noteworthy that the total forms of S6 and 4E-BP1
were affected by treatment with TAK-228 50 nM and the combination with trastuzumab.
Treatment of both sensitive and resistant cells with TAK-228 alone or in combination with
trastuzumab induced an increment in HER2 and HER3 phosphorylation.
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Figure 5. (A) Inhibition of p-S6 (Ser235/236) in trastuzumab-sensitive and -resistant BT-474 cells
treated with a combination of trastuzumab and TAK-228. Sensitive and trastuzumab-resistant cells
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were treated for 24 h with DMSO, 15 µg/mL trastuzumab (T), 5 and 50 nM TAK-228 (TAK), or a
combination of 15 µg/mL trastuzumab plus 5 or 50 nM TAK-228. Whole-cell protein extracts were
analysed with the indicated antibodies. Images are representative of three independent experiments.
(B) Inhibition of p-S6 (Ser235/236) in trastuzumab-sensitive and -resistant SK-BR-3 cells treated with
a combination of trastuzumab and TAK-228. Sensitive and trastuzumab-resistant cells were treated
for 24 h with DMSO, 15 µg/mL trastuzumab (T), 5 and 50 nM TAK-228 (TAK), or a combination of
15 µg/mL trastuzumab plus 5 or 50 nM TAK-228. Whole-cell protein extracts were analysed with the
indicated antibodies. Images are representative of three independent experiments. (C) Inhibition of
p-S6 (Ser235/236) in trastuzumab-sensitive and -resistant AU-565 cells treated with a combination
of trastuzumab and TAK-228. Sensitive and trastuzumab-resistant cells were treated for 24 h with
DMSO, 15 µg/mL trastuzumab (T), 5 and 50 nM TAK-228 (TAK), or a combination of 15 µg/mL
trastuzumab plus 5 or 50 nM TAK-228. Whole-cell protein extracts were analysed with the indicated
antibodies. Images are representative of three independent experiments. (D) Inhibition of p-S6
(Ser235/236) in trastuzumab-sensitive and -resistant EFM-192A cells treated with a combination
of trastuzumab and TAK-228. Sensitive and trastuzumab-resistant cells were treated for 24 h with
DMSO, 15 µg/mL trastuzumab (T), 5 and 50 nM TAK-228 (TAK), or a combination of 15 µg/mL
trastuzumab plus 5 or 50 nM TAK-228. Whole-cell protein extracts were analysed with the indicated
antibodies. Images are representative of three independent experiments.

In AU-565 and AU-565.rT2 lines, treatment with TAK-228 in combination with trastuzumab
resulted in decreased phosphorylation of AKT (Ser473) and S6 (Ser235/236) (Figure 5C). In
addition, single TAK-228 treatment lowered the level of p-S6 (Ser235/236) compared to
baseline. As in the sensitive and resistant SK-BR-3 lines, the total form of 4E-BP1 decreased
in the presence of TAK-228 treatment at either of the two concentrations tested and in
combination with trastuzumab, as did the phosphorylated form of 4E-BP1 (Thr37/46). In
these lines, the phosphorylation levels of 4E-BP1 (Thr70) are almost undetectable, and no
differences between treatment conditions were in evidence. We observed an increase in p-
HER2 levels in AU-565 cells when treated with TAK-228 at 5 or 50 nM in combination with
trastuzumab. However, TAK-228 50 nM plus trastuzumab in the resistant cell line induced
a reduction in phosphorylation levels. Regarding the levels of HER3 phosphorylation, we
did not observe a decrease with the different combinatorial treatments in either cell line.

Similarly, in the EFM-192A and EFM-192A.rT1 lines, treatment with TAK-228 at 5 nM
and 50 nM and combination with trastuzumab resulted in inhibition of the PI3K/AKT/mTOR
pathway (Figure 5D). In both lines, p-AKT (Ser473) levels were found to decrease in
the presence of trastuzumab with TAK-228 (at both concentrations) compared to single
treatments. In the EFM-192A line, a decrease in p-AKT (Ser473) levels was also observed in
the presence of TAK-228 50 nM. In both lines, the combined treatment with TAK-228 50 nM
caused a disappearance of p-S6, as well as a decrease in total protein levels. Finally, the
EFM19-2A.rT1 line under baseline conditions showed significant activation of p-4E-BP1
(Thr70) compared to its parental line, with very similar levels of total 4E-BP1. Combination
treatment with trastuzumab plus TAK-228 50 nM resulted in inhibition of this p-4E-BP1
(Thr70) activation to levels below those of trastuzumab or TAK-228 monotherapy. In
addition, as observed in the other cell lines, the levels of the total 4E-BP1 form decreased
in the presence of TAK-228 compared to baseline. In the EFM-192A line, as in BT474,
combined treatment of trastuzumab with TAK-228 at both concentrations resulted in
decreased levels of ERK1/2 (Thr202/Tyr204) phosphorylation compared to levels observed
in the single-treatment conditions. In the EFM-192A and EFM-192A.rT1 cells, single or
combined treatments did not induce significant changes in HER2 phosphorylation levels.
Additionally, we observed an increase in HER3 phosphorylation with the single TAK-228
treatment, though the addition of trastuzumab did not produce a decrease in those levels.
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The molecular effect of TAK-228 on the two lines with primary resistance to trastuzumab
(i.e., HCC1954 and JIMT-1) was also studied under the treatment conditions mentioned
above. In the presence of combined treatment at both concentrations, the HCC1954 line
showed a slight decrease in AKT phosphorylation (Ser473) (Figure S5). It was also observed
that p-S6 (Ser235/236) was significantly decreased by treatment with TAK-228 at both
concentrations, independent of trastuzumab. The same was true for the full form of 4E-BP1
and its phosphorylated form, p-4EBP1 (Thr37/46). In this line, phosphorylation levels of
p-4EBP1 (Thr70) were almost undetectable, so no differences between treatments could be
assessed. In the JIMT-1 line, only treatment with TAK-228 at either concentration resulted
in a trastuzumab-independent decrease in p-S6 (Ser235/236). No changes were observed in
4E-BP1 or its phosphorylated forms, nor in AKT and its phosphorylated form. The original
WB images can be found as Supplementary Material (Figure S6).

In summary, the combined treatment decreased the phosphorylation levels of HER2/HER3,
diminished PI3K/AKT/mTOR signalling and limited ERK phosphorylation, as a direct
consequence of the TAK-228 mechanism of action.

3.6. Cell-Cycle and Apoptosis Analysis in Trastuzumab-Resistant Breast Cancer Cell Lines Treated
with Trastuzumab and TAK-228

The results of resistance reversal obtained in cell proliferation assays with the combi-
nation of trastuzumab plus TAK-228 led us to investigate whether the treatment would
also have an impact on cell cycle control, as well as on apoptosis induction. We firstly
checked cell viability at shorter times, after treatment with trastuzumab in combination
with different concentrations of TAK-228, to discard a deleterious effect. Cell cycle arrest
was analysed after treatment with trastuzumab, TAK-228 and the combination of both for
24 h, in the cell lines SK-BR-3, AU-565 and EFM-192A, as well as in their corresponding
resistant lines, SK-BR-3.rT1, AU-565.rT2 and EFM-192A.rT1 (Figure 6A). We observed a
significant increase in the G0/G1 phase signal in SK-BR-3 and SK-BR-3.rT1 cells treated
with the mTOR inhibitor alone (p = 0.004, p = 0.009, respectively), and the combination with
trastuzumab improved the cell cycle delay (p = 0.004, p = 0.006, respectively). AU-565 and
EFM-192A lines showed an increase in G0/G1 arrest with trastuzumab (p = 0.04, p = 0.007,
respectively) and TAK-228 (p = 0.006, p = 0.005, respectively) treatment alone, but the effect
was enhanced with the combined treatment (p = 0.004, p = 0.001, respectively). However, in
the corresponding resistant lines AU-565.rT2 and EFM-192A.rT1, only TAK-228 (p = 0.001,
p = 0.03, respectively) and both treatments (p = 0.0005, p = 0.01, respectively) were able to
significantly induce cell cycle arrest. No significant changes were detected in the cell lines
BT-474 and BT-474.rT3.

Apoptosis was determined by positive staining with annexin V by flow cytometry,
including both early and late apoptosis. We analysed the apoptotic effect of each treatment
as a single agent and in combination in the BT-474, BT-474.rT3, SK-BR-3 and SK-BR-3.rT1
cell lines (Figure 6B). In BT474 and BT-474.rT3 we observed a significant increase in cell
death with TAK-228 alone (p = 0.02, p = 0.0001, respectively), but the combination of both
drugs (p = 0.012, p = 0.0001) showed a greater rise in cell death. Furthermore, treatment of
BT-474.rT3 cells with trastuzumab alone induced a significant increase in the percentage
of apoptotic cells (p = 0.03). In SK-BR-3 and SK-BR-3.rT1 cell lines trastuzumab did not
significantly affect the percentage of apoptotic cells, though the treatment with TAK-228
(p = 0.013, p = 0.021) or the combination of the two led to a significant increase in cell death.
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Figure 6. (A) Cell cycle arrest induced by trastuzumab and TAK-228 in trastuzumab-sensitive and -resistant cell lines. Cell
lines were treated with 15 µg/mL trastuzumab (T), 0.5 µM TAK-228 (TAK) or a combination (T+TAK). Cell cycle arrest
was analysed by flow cytometry after 24 h. (B) Apoptosis induced by trastuzumab and TAK-228 in trastuzumab sensitive
and resistant cell lines. Cell lines were treated with 15 µg/mL trastuzumab (T), 0.5 µM TAK-228 (TAK) or the combination
(T+TAK). Apoptosis was measured after 72 h by Annexin V positive staining by flow cytometry. Data are expressed as
mean ± SD from three independent experiments. * denotes p ≤ 0.05, ** denotes p ≤ 0.01 and *** denotes p ≤ 0.001.
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4. Discussion

The development of anti-HER2 targeted therapies to treat patients with HER2-positive
breast cancer has proved to be effective in survival in both early and advanced settings.
For this reason, trastuzumab has been the standard treatment for HER2-positive breast
cancer for more than two decades. Despite this advance, almost all patients eventually
experience disease progression on trastuzumab-based therapy, due to de novo or acquired
resistance. Aside from alterations in the receptor itself, one mechanism that trastuzumab
interferes with HER2 signalling is inhibition of the PI3K/AKT/mTOR signalling path-
way [36]. As a logical consequence, among the many causes that have been associated
with resistance to anti-HER2 therapies in breast cancer, dysregulations in the signalling of
the PI3K/AKT/mTOR pathway seem to play an important role [17,21], as we confirmed
in our cellular models of acquired resistance (Figure 1 and Figure S1). As we can see in
Figure S1 and as previously reported by our group [24], the acquisition of resistance to
trastuzumab in these four HER2-positive breast cancer cell lines was associated with an
increase in the amounts of p-ERK, p-AKT and p-S6, suggesting a higher level of activa-
tion of their PI3K and MAPK pathways and a plausible association with mechanisms of
resistance generation in these cell line models. This finding is consistent with previous
reports of a correlation between increased activation of the PI3K/AKT pathway and resis-
tance to trastuzumab [31]. Mechanistically, PI3K activation, followed by AKT activation,
triggers the release of mTOR from the mTORC1 complex, which in turn activates the S61
and 4E-BP1 proteins. In addition, the complex itself has a negative feedback mechanism,
which inactivates AKT [37]. The mTOR protein also localises to the mTORC2 complex,
exhibiting direct AKT-activation capability at the Ser473 residue, leading to AKT and BAD
activation [38]. Unlike the mTORC1 complex, the activation of this complex appears to
be AKT-independent and controlled by RAS/MAPKs [37,38]. At the same time, it has
been previously described that PI3K/AKT/mTOR pathway inhibition may result in the
activation of compensatory pathways that could reduce the antiproliferative activity of
these inhibitors [23,39–41]. From a clinical point of view, due to the involvement of this
pathway in both HER2-mediated signalling and in the emergence of resistance to HER2-
targeted therapies, such as trastuzumab, it would therefore be very interesting to consider
inhibiting or modulating this pathway. Because inhibition of the PI3K/AKT/mTOR axis
results in enhanced HER2 signalling in HER2-overexpressing breast cancer, especially in
increased expression of HER2 and HER3 [23], targeting both pathways could prevent the
development of resistance.

However, given the importance of this network in the cellular processes of prolif-
eration, differentiation and apoptosis, its inhibition can be expected to be compensated
by hyperactivation of alternative molecular pathways, which would offer the tumour
cells escape routes to continue oncogenesis and would eventually lead to the therapy
failure. Therefore, it seems logical to test different inhibitors of the pathway, from PI3K to
AKT to mTOR (both the mTORC1 and mTORC2 complexes) together with trastuzumab,
to see which combination is most effective in controlling tumorigenesis and preventing
the development of resistance. We decided to test three different inhibitors covering a
broad spectrum of effectors in the pathway, from PI3K to the two mTOR complexes, to
ensure the effective blockade of the pathway. One strategy has focused on inhibiting the
HER2 signalling pathway more effectively with dual blockade approach. The combined
use of trastuzumab and mTOR inhibitors has been shown to be more effective to treat
HER2-positive breast cancer than single agents [27]. In addition, receptor tyrosine kinase-
dependent ERK1 and ERK2 activation following PI3K/AKT/mTOR inhibition have also
been described in preclinical models of HER2-positive breast tumours [23,42]. In these
cases, the combination of PI3K/AKT/mTOR inhibitors with an anti-HER2 drug or a MEK
inhibitor was more effective than single treatments.

The availability of four cellular models of acquired resistance to trastuzumab over an
extended period of time (as well as models of primary resistance), in which we had ob-
served hyperactivation of PI3K/AKT/mTOR pathway markers, led us to explore whether
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combined suppression of HER2 and PI3K/AKT/mTOR signalling was necessary to achieve
optimal therapeutic efficacy, given that there are few such studies in the literature. BEZ235
is an inhibitor of the PI3K/AKT/mTOR pathway with a dual inhibitory capacity of PI3K
and mTOR due to the high similarity of the tyrosine kinase domains of both proteins.
The combination of trastuzumab plus BEZ235 targets those cells with alterations in the
PI3K/AKT/mTOR signalling pathway, due to loss of PTEN or activating mutations in
PI3K, while maintaining therapeutic pressure on other cells in the same heterogeneous
population that are still sensitive to HER2-targeted drugs [43]. Our results confirm that the
addition of BEZ235 overcame resistance to the trastuzumab-only regimen in the sensitive
cell lines, some acquired-resistant cells, and in some cells with primary resistance (Figure 3),
probably due to its inactivation effect on AKT, S6 and 4E-BP1 phosphorylation [25]. Sim-
ilarly, several in vivo and in vitro models have shown the efficacy of this combination
in restoring sensitivity to HER2-targeted therapy [44,45]. Our results demonstrate that
the combination with trastuzumab and BEZ235 significantly results in the reversal of
trastuzumab resistance in the primary resistant line HCC1954 (Figure S4). This cell line has
an activating H1047R mutation in PI3K, which likely makes it significantly susceptible to
BEZ235 treatment [46], and consequently, the combination of BEZ235 with trastuzumab
can reverse trastuzumab resistance. However, this did not occur in the JIMT-1 line. This
line not only showed loss of PTEN, but also overexpression of mucin 4, which has been
described as a mechanism of trastuzumab resistance in breast cancer [47]. The limited effect
of trastuzumab plus BEZ235 combination therapy in reversing trastuzumab resistance in
the acquired resistance cell lines may be because this dual inhibitor only blocks the action
of the mTORC1 complex and not the mTORC2 complex. This results in activation of AKT
(Ser473) by the mTORC2 complex and overactivation of the pathway, which may not be
affected by PI3K inhibition [39]. In addition, dual PI3K/mTOR inhibition by this drug
has been reported to produce compensatory ERK activation, due to activation of receptor
tyrosine kinases, such as IGF-1R [23,41]. Despite encouraging results in in vitro and pre-
clinical animal models, few clinical trials with BEZ235 in combination with trastuzumab
have been conducted, mainly due to the toxicity of the inhibitor, which causes frequent
adverse effects in patients, and high variability in responses to the high doses at which
treatment is required.

Everolimus is a rapamycin derivative with mTORC1 complex inhibitory capacity, ap-
proved by the FDA to treat postmenopausal patients with ER-positive and HER2-negative
metastatic breast cancer. Early phase I trials demonstrated that this drug, in combina-
tion with trastuzumab, resulted in decreased cell proliferation in trastuzumab-sensitive
cell lines [48]. These results were not confirmed in patient cohorts, such as the phase III
BOLERO-1 trial [49], but were confirmed in other trials, such as BOLERO-3 [50]. Given
that the patient safety profile of everolimus is superior to that of BEZ235, our results at the
cellular level are of interest, although its antiproliferative effects were not as pronounced
(Figure 4). This difference between everolimus and BEZ235 in terms of cell growth reflects
the different mechanisms of action of the drugs in cell lines with different mutational
profiles, as reported previously [25]. Over a decade ago, it was proven that the combina-
tion of trastuzumab with everolimus can rescue cancer cells from trastuzumab resistance
caused by alterations in the PI3K/AKT/mTOR signalling pathway, with greater efficacy
than either agent alone [28]. This is achieved by blocking 4E-BP1 and S6 activation, as
well as suppressing AKT activation (which everolimus itself phosphorylates and activates
in a feedback loop). Our results showed that the combined treatment of trastuzumab
and everolimus in trastuzumab-sensitive lines potentiates, although not significantly, the
inhibitory effect of trastuzumab on cell proliferation. However, the combination showed no
effect in lines with acquired trastuzumab resistance. Notably, our results demonstrate that
in the primary resistant line HCC1954, both combination therapy and individual treatment
with everolimus had an impact on cell viability, statistically significantly reversing primary
trastuzumab resistance (Figure S4). This may be because the HCC1954 line has the PI3K
activating mutation H1047R [31]. But this reversal did not occur in the JIMT-1 line, which
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has loss of PTEN. In other preclinical models of trastuzumab resistance, trastuzumab and
everolimus (or rapamycin) combined therapy obtained better results than either agent
alone [27]. Today, combining everolimus with anti-HER2 drugs to decrease tumour ac-
tivity in HER-2-overexpressing patients with resistance to trastuzumab-based therapy
for metastatic breast cancer has proven to be a useful clinical strategy, which has been
confirmed in numerous clinical trials [48,51,52]. The limited effect of everolimus observed
in our results could be because this dual inhibitor, like BEZ235, is only capable of inhibiting
the mTORC1 complex. In addition, inhibition of mTORC1 causes a reactivation loop in the
PI3K/AKT/mTOR signalling cascade, due to inhibition of S6, which negatively regulates
PI3K activation [53].

Our most conclusive results in cellular models, however, were obtained with the
combination of trastuzumab plus TAK-228. TAK-228 is a competitive inhibitor of the
ATP domain of mTOR that can simultaneously block the activity of the mTORC1 and
mTORC2 complexes. In the three primary trastuzumab-resistant lines and the four lines
with acquired resistance, dual blockade of the HER2 and PI3K pathways significantly
increased the therapeutic response. In sensitive lines, the association of TAK-228 with
trastuzumab significantly decreased cell proliferation and demonstrated, at the molecular
level, an ability to block both mTOR complexes, decreasing phosphorylation of all the
effectors analysed. Therefore, TAK-228 potentiates the inhibitory effect of trastuzumab
on the PI3K/AKT/mTOR pathway (Figure 2). Our results demonstrate that treatment
with trastuzumab in combination with TAK-228 results in a statistically significant de-
crease in cell proliferation in all lines with acquired resistance, and reverses resistance
to trastuzumab. Furthermore, at the molecular level, trastuzumab plus TAK-228 combi-
nation treatment proves superior to individual treatments, decreasing the activation of
PI3K/AKT/mTOR pathway effectors that trastuzumab alone was unable to inhibit. In
the primary trastuzumab-resistant cell line, HCC1954, treatment with trastuzumab plus
TAK-228 also significantly reversed trastuzumab resistance (Figure S4). The effect at the
molecular level shows that TAK-228 can block mTORC1, decreasing phosphorylation of
S6 and 4E-BP1, but not the mTORC2 complex, because it does not decrease AKT (Ser473)
activation. This effect is different from that reported in the literature for TAK-228 treatment
in combination with lapatinib, which causes complete inhibition of S6, 4E-BP1 and AKT
(Ser473) phosphorylation in the HCC1954 line [30]. The JIMT-1 line, however, is not affected
by any TAK-228 plus trastuzumab treatment condition, which supports the data presented
above indicating that this line, in addition to the loss of PTEN, could present mutations in
MUC4 that stabilise the HER2/HER3 heterodimer, thus making inhibition with this type
of drug useless for reversing resistance [47]. Furthermore, no molecular modification of
its phosphorylation pattern was observed with treatment, suggesting that this cell line
exhibits a PI3K/AKT/mTOR-independent mechanism of resistance to trastuzumab that
results in activation of the pathway even in the presence of specific inhibitors. TAK-228
has shown efficacy in preclinical models of resistant breast cancer when combined with
different anti-HER2 therapies [29,30]. In a preclinical model with HER2-positive breast
cancer patient-derived xenografts, TAK-228 sensitised tumours to trastuzumab, so that the
combination of both drugs strongly suppressed tumour growth [54]. Given that this and
other preclinical trials have shown that combination treatment of the dual mTOR inhibitor
TAK-228 with trastuzumab is more potent in treating HER2-positive breast cancers than
either agent alone, it is hoped that in the coming years, we will see clinical trials that
comprehensively translate the biology of these cancers and subsequently explore targeted
therapy strategies. Clinical trials combining TAK-228 with other drugs (such as letrozole,
alisertib or paclitaxel) are still under way in solid tumours, including breast cancer.

Sensitivity to trastuzumab is related to activating alterations of the PI3K/AKT/mTOR
pathway (either by PIK3CA mutations [55], low/loss of expression of PTEN [56] or both).
As described above, biochemical analysis of HER2 and PI3K/AKT/mTOR pathway targets
confirmed that trastuzumab treatment partially suppressed pathway signalling in sensitive
lines, which lack activating alterations in the PI3K/AKT/mTOR pathway (Figure S1).
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HCC1954 and JIMT-1 cell lines were found to harbour activating alterations of the PI3K
pathway, whereas the sensitive cell lines were not (BT-474 presents a nonactivating K111N
PIK3CA mutation [55]). In the case of primary resistant lines, which do have activating
alterations in the pathway, less phosphorylation is reported to be affected. Treatment with
TAK-228 (alone or in combination with trastuzumab) resulted in even greater inhibition
of these signals in most cell lines. However, in HER2-positive cell lines with primary
resistance to trastuzumab and PI3K mutations, treatment with TAK-228 was shown not to
affect cell proliferation, in contrast to treatment with BEZ235. These data suggest that in
the presence of PI3K activating point mutations, treatment with BEZ235 in combination
with trastuzumab may be superior to combination treatment with TAK-228 plus anti-HER2
therapy [25,44,46]. The mutational status of PI3K and expression of PTEN of the cell lines
have been previously described (Cosmic Database) [31].

Here, we demonstrate that dual blockade of HER2 and PI3K/AKT/mTOR signalling
is effective in improving the therapeutic response in HER2-positive breast cell lines with
long-term induced resistance to trastuzumab. The combination of trastuzumab with
TAK-228 significantly increased the therapeutic response in all the cases (Figure 2A),
suggesting that a decrease in mTOR activation status by TAK-228, as determined by the
reduction in phosphorylation levels of S6 and 4E-BP1 (Figure 5), affects trastuzumab
sensitivity. One limitation to our study is that we have considered resistance in single
trastuzumab treatment models, when the current therapeutic protocol establishes first-
line treatment with trastuzumab in combination with pertuzumab (a second monoclonal
antibody) for HER2-positive breast cancer. To address this limitation, we have generated
four de novo models of HER2-positive cell lines with acquired resistance to trastuzumab
plus pertuzumab combination therapy. It will be interesting to see whether some of these
models also exhibit the PI3K/AKT/mTOR pathway hyperactivation characteristic of the
models presented here, and if so, whether ablation of this signal by dual treatment with
inhibitors, such as TAK-228 (or others) are effective in treating this refractory cancer.

5. Conclusions

In summary, our results obtained in models of sensitive breast cancer cell lines, lines
with acquired resistance, and lines with primary resistance to trastuzumab, exposed to com-
bination therapy with specific inhibitors of the PI3K/AKT/mTOR signalling pathway plus
trastuzumab, suggest that this combination therapy favours the reversal of trastuzumab
resistance. Inhibition of the PI3K/AKT/mTOR pathway using the mTORC1 and mTORC2
inhibitor, TAK-228, can reverse acquired resistance to trastuzumab in all models generated
and in some primary resistant lines. When combined with trastuzumab, treatment with
the inhibitor TAK-228 has been shown to be superior to the other two inhibitors tested,
BEZ235 and everolimus, in reversing acquired trastuzumab resistance. However, in the
presence of PI3K activating mutations, single and combined treatment with BEZ235 has
been shown to be superior to treatment with TAK-228 and everolimus.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/cancers13112778/s1: Figure S1. Immunoblotting analysis of trastuzumab-sensitive and
-resistant cells. Cell lines were treated with 15 µg/mL trastuzumab for 24 h. Whole-cell protein
extracts were analysed with the indicated antibodies. Images are representative of three independent
experiments. C, control culture medium; T, trastuzumab 15 µg/mL. Figure S2. Characterisation of
a panel of cell line models of de novo trastuzumab resistance. (A) Effect of trastuzumab treatment
on primary resistant cells. Proliferation was measured after seven days of treatment by trypan blue
exclusion. Data are expressed as mean +/− SD from ≥ three independent experiments. * denotes
p ≤ 0.05, ** denotes p ≤ 0.01 and *** denotes p ≤ 0.001. (B) Immunoblotting analysis of primary
resistant cell lines. Whole-cell protein extracts were analysed with the indicated antibodies. Images
are representative of three independent experiments. Figure S3. Effect of increasing concentration of
PI3K/AKT/mTOR inhibitors over seven days of treatment on cell lines BT-474, BT-474.rT3, SK-BR-3,
SK-BR-3.rT1, AU-565, AU-565.rT2, EFM-192A, EFM-192A.rT1, HCC1954 and JIMT-1. Figure S4.
Effects of decrease in mTOR activation on trastuzumab sensitivity in primary resistant cell lines.
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Trastuzumab resistant cells were treated for seven days with DMSO, 15 µg/mL trastuzumab (T), 1 or
5 nM BEZ235 (B), 0.5 or 1 nM everolimus (E), 1 or 5 nM TAK-228 (I), or a combination of 15 µg/mL
trastuzumab plus each mTOR inhibitor. Viable cells were then counted by trypan blue exclusion.
Viability is presented as a percentage of the DMSO-treated control vector group. Error bars represent
standard deviation between replicates (n ≥ 3). * denotes p ≤ 0.05, ** denotes p ≤ 0.01 and *** denotes
p ≤ 0.001. (A) HCC1419 trastuzumab-sensitive/resistant cells. (B) HCC1954 trastuzumab-resistant
cells. (C) JIMT-1 trastuzumab-resistant cells. Figure S5. Biochemical analyses of primary trastuzumab-
resistant cells treated with trastuzumab and TAK-228. HCC1954 and JIMT-1 cells were treated for
24 h with DMSO, 15 µg/mL trastuzumab (T), 5 and 50 nM TAK-228 (I), or a combination of 15 µg/mL
trastuzumab plus 5 or 50 nM TAK-228. Whole-cell protein extracts were analysed with the indicated
antibodies. Images are representative of three independent experiments. Figure S6: Uncropped
Western blot images.
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Simple Summary: The role of dual specificity phosphatase 1 (DUSP1) in metastasis-associated
processes in prostate cancer and its impact on patient outcome remains to be elucidated. Our results
reveal that this phosphatase reduces Snail expression and impairs cell migration and invasion in
prostate cancer cells through a mechanism involving the inhibition of DUSP1 molecular targets,
c-Jun N-terminal kinase (JNK) and extracellular-signal-regulated kinase (ERK). In clinical samples,
we evidence an inverse correlation between DUSP1 expression and Snail levels, which are further
associated with JNK and ERK activation. Importantly, patients with the pattern DUSP1high/activated
JNKlow/activated ERKlow/Snaillow exhibit a longer time to progression and a better outcome than
those with the opposite pattern. All these findings highlight new opportunities to improve current
therapeutic strategies for the diagnosis and treatment of prostate cancer.

Abstract: Dual specificity phosphatase 1 (DUSP1) is crucial in prostate cancer (PC), since its ex-
pression is downregulated in advanced carcinomas. Here, we investigated DUSP1 effects on the
expression of mesenchymal marker Snail, cell migration and invasion, analyzing the underlying
mechanisms mediated by mitogen-activated protein kinases (MAPKs) inhibition. To this purpose,
we used different PC cells overexpressing or lacking DUSP1 or incubated with MAPKs inhibitors.
Moreover, we addressed the correlation of DUSP1 expression with Snail and activated MAPKs levels
in samples from patients diagnosed with benign hyperplasia or prostate carcinoma, studying its
implication in tumor prognosis and survival. We found that DUSP1 downregulates Snail expression
and impairs migration and invasion in PC cells. Similar results were obtained following the inhi-
bition of c-Jun N-terminal kinase (JNK) and extracellular-signal-regulated kinase (ERK). In clinical
samples, we evidenced an inverse correlation between DUSP1 expression and Snail levels, which are
further associated with JNK and ERK activation. Consequently, the pattern DUSP1high/activated
JNKlow/activated ERKlow/Snaillow is associated with an overall extended survival of PC patients.
In summary, the ratio between DUSP1 and Snail expression, with additional JNK and ERK activity
measurement, may serve as a potential biomarker to predict the clinical outcome of PC patients.
Furthermore, DUSP1 induction or inhibition of JNK and ERK pathways could be useful to treat PC.

Keywords: DUSP1; MAPK; Snail; prostate cancer; migration and invasion; patient survival; biomarkers
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1. Introduction

Prostate cancer is one of the most frequently diagnosed cancers in men worldwide and
is the second leading cause of cancer-related deaths among males [1]. The majority of the
deaths associated with this type of tumors are related to metastasis, in which the so-called
epithelial–mesenchymal transition (EMT) is one of the most important events involved [2].
EMT is a cell plasticity program that plays very important roles during embryonic de-
velopment and can be reactivated in adult physiological situations to maintain epithelial
homeostasis in order to guarantee tissue integrity and organ function [3,4]. Moreover, EMT
also has important roles in pathological processes such as cancer metastasis. This process is
defined by a loss of epithelial cell-specific characteristics, such as polarity and cohesiveness,
and by an acquisition of a mesenchymal-like morphology with increased motility [5]. The
abnormal activation of EMT in cancer disrupts the intercellular junctions, causing the
dissociation of surrounding cells and the acquisition of migratory phenotype. Thus, EMT
is often associated with the invasion and metastatic ability of tumor cells. In agreement
with this, a large amount of evidence have shown that metastatic cells display a decreased
expression of epithelial markers and an increased expression of mesenchymal markers
both in vitro and in vivo [4]. One of the hallmarks of the EMT is the overexpression of
Snail, which is a transcription factor that downregulates the expression of epithelial genes
and upregulates the expression of mesenchymal genes, ultimately leading to increased
migration and invasion [6]. Thus, Snail overexpression has been found in the invasive
fronts of several human tumors derived from epithelial cells, including hepatocellular,
breast, or thyroid carcinomas, among others [7–11]. Accordingly, Snail is widely associated
with invasiveness, metastasis, tumor recurrence, and poor prognosis [7–9]. In particular,
metastatic prostate cancer cells display typical features of EMT, and Snail plays an impor-
tant role in the regulation of cell polarity, the expression of epithelial and mesenchymal
markers, as well as migration and invasion [2,12]. Consistently, Snail expression increases
with prostate cancer progression from benign to bone metastatic tumors [13–15]. From a
molecular point of view, several studies in different tumor contexts have demonstrated that
the expression and activity of Snail can be regulated by multiple molecular mechanisms,
including transcriptional regulation and post-translational modifications. In this sense, one
of the most important mechanisms that affects Snail stability involves its export from the
nucleus and its subsequent degradation by the proteasome in the cytosol [16]. Further-
more, it has been demonstrated that mitogen-activated protein kinase (MAPK) activation
results in an increase of Snail protein levels, which in turn regulate the expression of
EMT-associated genes [16].

Dual specificity phosphatase 1 (DUSP1) acts as a tumor suppressor by negatively
regulating MAPK activity in different tumors, including prostate cancer. Thus, we and
others have previously demonstrated that the expression of this phosphatase decreases
with prostate tumor progression. Whereas DUSP1 levels are high in benign prostatic hy-
perplasia (BPH) and hormone-sensitive prostatic adenocarcinoma (HS-PC), the expression
of this phosphatase is almost absent in hormone-refractory prostatic adenocarcinoma (HR-
PC) [17,18]. Consistently, DUSP1 overexpression in androgen-independent prostate cancer
cells promotes apoptosis through inhibition of the p38 mitogen-activated protein kinase
(p38MAPK)/nuclear factor-kappaB (NF-kB) signaling pathway [17]. Moreover, DUSP1
is also involved in the pro-apoptotic effects of the chemopreventive molecule resveratrol
in prostate cancer cells [19]. In addition, it has been reported that DUSP1 inhibits cell
migration, invasion, and metastasis in other cancer types [20–24]. However, despite all
these studies showing DUSP1 as an apoptosis inducer in prostate cancer, the role of this
phosphatase in cell migration and invasion in these kind of tumors remains largely un-
known. Therefore, in this work, we aimed to investigate whether DUSP1 is involved in the
motility of prostate cancer cells and whether this protein regulates the signaling pathways
that control these processes. In brief, our results demonstrate that DUSP1 decreases Snail
expression as well as cell migration and invasion in prostate tumor cells. Moreover, our data
also support that DUSP1 regulates both processes, together with Snail expression, through
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the inactivation of c-Jun N-terminal kinase (JNK) and extracellular-signal-regulated kinase
(ERK). Importantly, we also elucidate a new molecular pattern, which might be useful
as a prognosis biomarker for prostate cancer monitoring. This molecular signature is
characterized by an inverse correlation between DUSP1 and Snail levels with an additional
activation of JNK and ERK pathways. Finally, our results show that expression of DUSP1
and Snail, as well as levels of active ERK and JNK correlate with time of progression and
with exitus rate. In line with this, those patients with high DUSP1 expression, low JNK and
ERK activities, and low Snail expression exhibit a longer time until they reach metastatic
disease, a better outcome, and a lower exitus rate than those with the opposite expression
pattern (DUSP1low/activated JNKhigh/activated ERKhigh/Snailhigh). Importantly, we con-
sider that our findings suggest new opportunities to improve current strategies for the
diagnosis and treatment of prostate cancer.

2. Materials and Methods

2.1. Cell Lines, Inhibitors, Plasmids, Cell Transfection and Luciferase Assay

DU145 and PC3 androgen-independent prostate cancer cells were purchased from
the American Tissue Culture Collection (Manassas, UA, USA) and were cultured as
recommended. The inhibitors were U0126 (Promega Biotech Ibérica, Madrid, Spain),
SB203580, SP600125, and MG132 (Calbiochem, Merck Chemicals, Barcelona, Spain). The
pCMV-DUSP1 and the Snail-Luc reporter plasmids were previously described [25,26]. For
overexpression and siRNA experiments, cells were transiently transfected as previously
described [19]. Luciferase assays were performed as in [27], being the luciferase levels
normalized to those of renilla, and expressed as the induction over the controls.

2.2. Western Blot Analyses and Immunofluorescence Staining

Western blot analyses were performed as described in [27]. The antibodies were anti-
DUSP1, anti-p38MAPK, anti-JNK1, and anti-ERK2 (Santa Cruz Biotechnology, Heidelberg,
Germany); anti-phospho-p38MAPK (pp38MAPK), anti-phospho-ERK (pERK), and anti-
Snail (Cell Signalling Technology, Izasa S.A., Barcelona, Spain); anti-phospho-pJNK (pJNK)
(Promega Biotech Ibérica, Madrid, Spain); anti-Tubulin (Sigma Aldrich, Madrid, Spain);
peroxidase-conjugated secondary antibodies (GE Healthcare Europe GMBH, Barcelona,
Spain). Tubulin was utilized as a loading control for Western blotting analysis. Relative
protein levels compared to tubulin were analyzed by Image J software and plotted.

Immunofluorescence staining was performed as previously described [28]. Briefly,
cells cultured on coverslips were fixed, permeabilized, blocked and, after several washes,
stained for Snail with the specific antibody, followed by the anti-rabbit Alexa Fluor®

488 secondary antibody (BD Biosciences, Franklin Lakes, NJ, USA). Samples were mounted
using ProLong® Gold Antifade Mountant with DAPI (Invitrogen, Life Technologies, Carls-
bad, CA, USA), and fluorescence visualization was performed by ICTS “NANBIOSIS”,
more specifically by the Confocal Microscopy Service (Ciber in Bioengineering, Biomaterials
& Nanomedicine (CIBER-BNN)) at the Alcalá University.

2.3. Cell Migration and Invasion Assays

Cell migration was examined by wound-healing assays. After transfection/treatment
of cells, scratches were made using sterile 200 µL-pipette tips, and bright-field micropho-
tographs were taken at different times. The percentages of cell migration were quantitated,
by the ImageJ software, measuring the width of the cell-free zone immediately after making
the scratch, and at different times after scratching. Migration velocities represented the
average velocities at which the cells moved into the gap.

Cell invasion was examined in Matrigel-coated transwells (BD Biosciences, Franklin
Lakes, NJ, USA) as previously described [29]. The number of cells loaded onto the surface of
each Matrigel-coated transwell was 100,000 in DUSP1 overexpression and MAPK inhibitors
experiments, and 50,000 in DUSP1 silencing experiments. Invaded cells were stained with
crystal violet, and three different cell fields of each well were photographed under a phase
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contrast microscope (Nikon TS100). Changes in cell invasion were expressed as percentages
of the corresponded controls.

2.4. Experimental Subjects and Immunohistochemistry of Prostate Tissues

Paraffin-embedded samples from patients diagnosed with BPH (n = 9) or PC (n = 35)
were used (Table 1). Five-micron thick sections from samples were incubated overnight
at room temperature with each primary antibody (anti-DUSP1 and anti-Snail1, clone G7
(Santa Cruz Biotechnology, Heidelberg, Germany); anti-pJNK (Promega, Promega Biotech
Ibérica, Madrid, Spain); anti-pERK (Cell Signalling Technology, Izasa S.A., Barcelona,
Spain)). Afterwards, samples were washed and sequentially incubated with the biotin
free, peroxidase-detection system (polymer-based detection kit, MasVisionTM, Master
Diagnostica, Spain). Nuclei were stained with Caracci’s hematoxylin. Samples were
dehydrated and mounted with DePex. The intensity of the immunostaining was evaluated
by two independent observers who were blinded to patient clinical information through a
system of subjective gradation. Immunostaining scores were ranged into four categories
based on the staining pattern of the majority of tumor cells in the whole section, which
were grouped into two main categories for statistical purposes (0–1: negative/low staining;
2–3: moderate/high staining).

Table 1. Clinical data of prostate cancer patients (n = 35).

CLINICAL DATA n

Age (median = 65)

<65 15

≥65 20

Gleason grade

≤7 13

>7 22

Invasivity (T)

T1 5

T2 11

T3 15

T4 4

Metastatic disease at diagnostic (M)

M0 31

M1 4

Response to androgen blockade

Hormone-responsive (HS) 20

Hormone-refractory (HR) 15

OUTCOME n

Alive 22

Exitus 13

PROGRESSION months

Median survival 16

Time to biochemical progression 15

Time to clinical progression 50
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2.5. Statistical Analyses

In the experiments with cell lines, all data were expressed as means ± SEM. Student’s
t test was performed using the SSC-Stat software (V2.18, University of Reading, UK). In
the immunohistochemistry assays, GraphPad Prisma 3.0 software was used for statistical
purposes. Immunostaining score and clinical data were analyzed using one-way ANOVA
and either the Bonferroni’s or Dunnet´s multiple comparison tests. The correlation among
markers was analyzed using the Pearson´s test (95% confidence interval). Log-rank test
and survival curves were used to determine the relationship among markers and time to
clinical progression. The statistical significance of difference between groups was expressed
by asterisks (* 0.01 < p < 0.05; ** 0.001 < p < 0.01; *** p < 0.001).

3. Results

3.1. DUSP1 Downregulates Snail Expression and Impairs Cell Migration and Invasion in Prostate
Cancer Cells

To study the role of DUSP1 in the migration and invasion of prostate cancer cells, we
first analyzed the effect of DUSP1 knockdown on Snail expression in DU145 cells. DUSP1
silencing efficiency was tested by measuring its protein levels, observing a significant
decrease in DUSP1-deficient cells (Figure 1a). The results showed an increase in Snail
levels both at a transcriptional (Figure 1b) and at a protein level (Figure 1c). Consistently,
DUSP1-deficient cells significantly displayed an enhanced capacity of both cell migration
(Figure 1d–f) and invasion (Figure 1g,h). Conversely, cells overexpressing DUSP1 showed
a significant increase in protein levels (Figure 1i), significantly reduced Snail expression
levels (Figure 1j,k), were less migratory (Figure 1l–n), and displayed limited cell invasion
(Figure 1o,p). Similar results were obtained from experiments performed in PC3 cells, thus
ruling out the cell-type specific effects of this phosphatase (Figure S1 in Supplementary
Materials). All these results indicate that DUSP1 downregulates Snail expression, which in
turn results in a further decrease in migration and invasion of prostate cancer cells.

3.2. The Inhibition of JNK and ERK Downregulates Snail Expression, Cell Migration and Invasion

Given that DUSP1 is able to dephosphorylate and inhibit different MAPK signal-
ing pathways, we next investigated which of them were involved in the effects of this
phosphatase on Snail expression, cell migration, and invasion in DU145 cells. Our results
confirmed that p38MAPK, JNK, and ERK were targets of this phosphatase, since the abro-
gation of its expression activated these three MAPKs (Figure 2a). In addition, the inhibitory
effect of DUSP1 on MAPK’s activities was confirmed by monitoring the levels of their
phosphorylated forms in cells overexpressing this phosphatase (data not shown).

Further analysis of Snail expression after inactivation of these MAPKs was performed
upon treatment of cells with specific inhibitors. The efficiency of selective inhibition of
MAPK activity by SB203580 (p38MAPK inhibitor), SP600125 (JNK inhibitor), or U0126
(MEK inhibitor) was confirmed by measuring MAPK phosphorylation levels in cells in-
cubated with these compounds (Figure S2 in Supplementary Materials). Moreover, the
inhibition of these MAPKs differently affected cell proliferation and survival [17] (unpub-
lished results). Regarding Snail expression, the inhibition of p38MAPK with SB203580
did not affect Snail expression (Figure 2b,c). In contrast, treatment with either SP600125
or U0126 achieved a significant reduction in Snail levels (Figure 2b), although only ERK
inhibition exerted its effects at a transcriptional level (Figure 2c). Moreover, the effect of
JNK and ERK inhibition on Snail proteasomal degradation was assessed, and the analysis
of these data revealed that the reduction in Snail levels achieved by SP600125 or U0126 was
reversed by the inhibitor MG132 (Figure 2d), suggesting that Snail regulation by JNK or
ERK pathways is proteasome dependent.
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Figure 1. DUSP1 downregulates Snail expression and impairs cell migration and invasion in DU145
cells. (a) Cells were transfected for 48 h with the control siRNA (siControl) or the DUSP1 siRNA
(siDUSP1) and expression levels of DUSP1 and Tubulin were determined by western blotting.
(b) Cells were transfected for 48 h with the siControl or the siDUSP1 together with the Snail-Luc
plasmid and luciferase activity was measured in cell extracts. (c) Cells were transfected as in a

and expression levels of Snail and Tubulin were determined by western blotting. (d–f) Wound
healing assay and measurement of wound closure area and velocity in cells transfected as in a.
(g,h) Invasion capacity using transwell assays in cells transfected as in a. (i) Cells were transfected
with a control vector (Control) or a vector encoding DUSP1 (DUSP1) and expression levels of
DUSP1 and Tubulin were determined by western blotting. (j) Cells were transfected for 48 h with
the Control or the DUSP1 vectors together with the Snail-Luc plasmid and luciferase activity was
measured in cell extracts. (k) Cells were transfected with the Control or the DUSP1 vectors and
expression levels of Snail and Tubulin were determined by western blotting. (l–n) Wound healing
assay and measurement of wound closure area and velocity in cells transfected as in i. (o,p) Invasion
capacity using transwell assays in cells transfected as in i. For all the results, data are shown as the
mean ± SEM of at least three independent experiments. For migration and invasion assays, pictures
are from one representative experiment of three with similar results. Student’s t test: * 0.01 < p < 0.05;
** 0.001 < p < 0.01; *** p < 0.001.

212



Cancers 2021, 13, 1158

Figure 2. The inhibition of JNK and ERK downregulates Snail expression in DU145 cells. (a) Cells were transfected for 48 h
with the siControl or the siDUSP1 and expression levels of DUSP1, phosphorylated MAPKs (pp38, pJNK, pERK), total
MAPKs and Tubulin were determined by western blotting. (b) Cells were incubated at different times in the absence or
presence of 1 µM SB203580 (SB), 10 µM SP600125 (SP) or 20 µM U0126 (U0), and expression levels of Snail and Tubulin
were determined by western blotting. (c) Cells were transfected with the Snail-Luc plasmid, incubated for 48 h as in b

and luciferase activity was assayed in cell extracts. (d) Cells were incubated for 48 h with 10 µM SP600125 or 20 µM
U0126, treated in the absence or presence of 10 µM MG132 for the last 4 h and expression levels of Snail and Tubulin were
determined by western blotting. For all the results, data are shown as the mean ± SEM of at least three independent
experiments. Student’s t test: * 0.01 < p < 0.05; ** 0.001 < p < 0.01; *** p < 0.001.

Additionally, both JNK and ERK inhibition reduced cell migration (Figure 3a–f)
and invasion (Figure 3g–j), mimicking the results obtained following DUSP1 overex-
pression (Figure 1j–n). In contrast, p38MAPK inhibition did not affect cell migration
(Figure S3 in Supplementary Materials), suggesting that this kinase is supporting other
processes in prostate cancer progression. All these results, together with those showed
in Figure 1, demonstrate that both pharmacological inhibition of JNK or ERK and
DUSP1 overexpression exert similar effects on Snail expression, cell migration, and
invasion, suggesting that this phosphatase regulates these processes by specifically
targeting these two pathways.

3.3. Snail Subcellular Location Is Regulated by the Phosphatase DUSP1 and JNK and ERK
Signaling Pathways

One of the most common molecular mechanisms by which Snail expression is down-
regulated involves its nuclear export to the cytoplasm and its subsequent proteasomal
degradation. Since we demonstrated that JNK and ERK inhibition decreased Snail expres-
sion by affecting its proteasomal degradation (Figure 2d), we next analyzed Snail location
upon treatment with the specific MAPKs inhibitors. As expected, our results showed
that SP600125 and U0126 induced a more diffuse location of Snail with an increase in the
cytosolic compartment (Figure 4).
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Figure 3. The inhibition of JNK and ERK decreases migration and invasion in DU145 cells.
(a–f) Wound healing assay and measurement of wound closure area and velocity in cells incu-
bated for 48 h with 10 µM SP600125 (a–c) or 20 µM U0126 (d–f). (g–j) Invasion capacity using
transwell assays in cells incubated as above. For all the results, data are shown as the mean ± SEM
of at least three independent experiments. Pictures are from one representative experiment of three
with similar results. Student’s t test: ** 0.001 < p < 0.01; *** p < 0.001.
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Figure 4. Snail subcellular location is regulated by the JNK and ERK signaling pathways. DU145
cells were incubated for 48 h with 10 µM SP600125 or 20 µM U0126 and Snail subcellular location
was determined by immunofluorescence as described in Material and methods. DAPI was used to
identify the nuclei. Pictures are from one representative experiment of three with similar results.

Consistently, DUSP1 overexpression also induced a predominantly cytosolic location
of Snail, while DUSP1 knockdown maintained this transcription factor in the nucleus
(Figure 5). These results reveal that both DUSP1 overexpression and JNK or ERK inhibition
induce the export of Snail from the nucleus to the cytoplasm; hence, these data strengthen
our hypothesis that this phosphatase exerts its effects on Snail subcellular location through
the downregulation of these MAPKs.

3.4. JNK and ERK Cooperatively Regulate Snail Expression, Cell Migration and Invasion

Given that DUSP1 impaired the activity of JNK and ERK (Figure 2a), and that the
individual inhibition of these MAPKs downregulated Snail expression (Figure 2b), as
well as cell migration and invasion (Figure 3), we further studied whether these MAPKs
cooperated in the regulation of these events in our prostate cancer cells. Interestingly, the
combination of SP600125 and U0126 significantly achieved a higher reduction in Snail
expression than the single treatments in DU145 cells (Figure 6a).

Notably, cells treated with SP600125 plus U0126 were even less migratory (Figure 6b–d)
and displayed less invasion capacity (Figure 6e,f) compared to cells treated with the single
agents. To further strengthen these results, we extended our study, performing similar
experiments in PC3 cells. As expected, our results showed that JNK and ERK cooperatively
regulated Snail expression and cell migration also in these cells (Figure S4 in Supplementary
Materials). All these results indicate that the dual inhibition of JNK and ERK pathways in
prostate cancer cells is more effective in decreasing Snail expression, cell migration, and
invasion than blocking each pathway independently. Altogether, these results suggest
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once again that DUSP1 regulates these events through a dual inhibition of both JNK and
ERK pathways.

Figure 5. Snail subcellular location is regulated by the phosphatase DUSP1. (a) DU145 cells were
transfected for 48 h with the Control or the DUSP1 vectors. (b) Cells were transfected for 48 h with
the siControl or the siDUSP1. In both set of experiments, Snail subcellular location was determined
by immunofluorescence as described in Material and methods. DAPI was used to identify the nuclei.
Pictures are from one representative experiment of three with similar results.
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Figure 6. JNK and ERK cooperatively regulate Snail expression, cell migration and invasion in DU145
cells. Cells were incubated in the absence (C) or presence of 10 µM SP600125 (SP, 24 h) and 20 µM
U0126 (U0, 48 h). (a) Expression levels of Snail and Tubulin were determined by western blotting.
(b–d) Wound healing assay and measurement of wound closure area and velocity. (e,f) Invasion
capacity using transwell assays. For all the results, data are shown as the mean ± SEM of at least three
independent experiments. For migration and invasion assays, pictures are from one representative
experiment of three with similar results. Student’s t test: * 0.01 < p < 0.05; ** 0.001 < p < 0.01;
*** p < 0.001.

3.5. DUSP1 Expression Inversely Correlates with Snail Levels and Activated JNK and ERK in
Human Prostate Samples

To investigate whether our results obtained from the experiments performed with the
cell lines were clinically relevant, we next analyzed the expression levels of DUSP1 and
Snail in a series of samples from patients with BPH, HS-PC, and HR-PC (Table 1). Prostatic
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glands from BPH samples showed a high expression of DUSP1 (Figure 7a-I) and a weak
expression of Snail (Figure 7a-X). In prostate cancer samples, DUSP1 expression was high
in HS-PC (Figure 7a-II), whereas low or no signal for Snail was detected (Figure 7a-XI).
Conversely, HR-PC samples showed a weak or even undetectable DUSP1 expression
(Figure 7a-III) but a moderate to strong signal for Snail (Figure 7a-XII). Consequently,
the immunohistochemical analyses demonstrated an inverse correlation between DUSP1
and Snail, with a DUSP1high/Snaillow pattern in both BPH and HS-PC samples, and a
DUSP1low/Snailhigh pattern in HR-PC samples. Importantly, results from the Pearson´s
Test confirmed the inverse correlation between DUSP1 and Snail expression (Figure 7b).

Figure 7. DUSP1 expression inversely correlates with Snail levels and activated JNK and ERK in
human prostate samples. (a) Immunohistochemical analysis of expression levels of DUSP1 (I–III),
phosphorylated JNK (pJNK, IV–VI), phosphorylated ERK (pERK, VII–IX) and Snail (X–XII) from hu-
man prostate cancer samples. Micrographs were taken at 200× magnification and show serial sections
from the same gland stained with each one of the four used antibodies. (b) Immunohistochemical
score for DUSP1, pJNK, pERK and Snail in samples from HS-PC and HR-PC. The statistical analysis
was performed with One-way ANOVA and Dunnet´s multiple comparison test, and asterisks show
the statistical significance of differences between the groups (a: comparison with DUSP1 from HS-PC
samples; b: comparison with DUSP1 from HR-PC samples; c: HS-PC vs HR-PC for each marker), *
0.01 < p < 0.05; ** 0.001 < p < 0.01.
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Since our data in prostate cancer cells revealed that DUSP1 inhibits JNK and ERK
(Figure 2a) and these MAPKs negatively regulated Snail expression (Figure 2b–d), we
also analyzed the levels of activated JNK and ERK (pJNK and pERK) in patient samples.
Accordingly, our results indicated that the levels of active JNK and ERK were low in BPH
samples (Figure 7a-IV,VII). Moreover, an inverse correlation was also detected for PC
samples, with a DUSP1high/pJNKlow /pERKlow pattern in samples from HS-PC patients
(Figure 7a-II,V,VIII) and a DUSP1low/pJNKhigh /pERKhigh pattern in HR-PC samples
(Figure 7a-III,VI,IX). As in previous results, the Pearson´s Test confirmed these inverse
correlations (Figure 7b).

In all cases, subcellular localization for DUSP1 and pERK was mainly cytosolic,
while Snail was located in the cell nucleus. Regarding pJNK subcellular expression,
it was predominantly nuclear, although a mild-to-moderate signal for this marker
was also observed in cytosol (Figure S5 in Supplementary Materials). Moreover, a
compilation of different IHC images for each marker can be observed in Figure S6 in
Supplementary Materials.

3.6. The Relationship of DUSP1 and Snail Levels and JNK and ERK Activities Are Associated with
Disease Progression and Clinical Outcome in Patients with Prostate Cancer

Since we observed a differential expression of DUSP1, Snail, and the active forms
of JNK and ERK in samples from prostate cancer patients at different stages, we next
studied the interrelation between the levels of these proteins and some of the most im-
portant clinical parameters. Firstly, we analyzed the correlation of expression patterns
of DUSP1, Snail, and activated JNK and ERK with either Gleason score (Figure 8a) or
American Joint Committee on Cancer (AJCC) group staging at diagnosis [30] (Figure 8b),
and no correlation was observed in any of these cases. In contrast, we did observe
a significant correlation when we compared the levels of DUSP1, Snail, and activated
JNK and ERK with both the disease progression and the clinical outcome (Figure 8c–e).
Thus, shorter intervals to clinical progression were related with lower DUSP1 expression
and higher levels of activated JNK (log-rank, p = 0.0237) and ERK (log-rank, p = 0.0005)
(Figure 8c), although we did not observe correlation of time to clinical progression with
lower DUSP1 expression and higher levels of Snail (Figure 8c). Despite this, the combined
pattern DUSP1low/pJNKhigh/pERKhigh/Snailhigh was strongly related with overall time
to clinical progression (log-rank, p = 0.0002) (Figure 8d). More importantly, our data also
evidenced a significant relationship between the expression pattern of these proteins and
exitus (Figure 8e). Indeed, the median overall survival of patients with the combined
pattern DUSP1low/pJNKhigh/pERKhigh/Snailhigh was 29 months, compared to 79 months
in patients with DUSP1high/pJNKlow/pERKlow/Snaillow.

Collectively, all the results in human prostate samples reveal the existence of an
inverse correlation between DUSP1 expression and the levels of Snail and activated JNK
and ERK (negative correlation at Pearson´s test, p < 0.001), supporting our experiments
in prostate cancer cells which demonstrate that DUSP1 downregulates Snail expression.
In addition, our results indicate that low levels of DUSP1 and high levels of pJNK
(p < 0.02) and pERK (p < 0.0005), but not Snail (p > 0.05), are related to shorter intervals
to clinical progression. Finally, and more interestingly, we evidence that the levels of
all proteins tested are related to clinical outcome, suggesting that the ratio between the
expression of DUSP1, Snail, and activated JNK and ERK is an important marker for
diagnostic purposes in prostate cancer.
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Figure 8. The relationship of DUSP1 and Snail levels and JNK and ERK activities are associated with disease progression
and clinical outcome in patients with prostate cancer. (a,b) Immunohistochemical score for DUSP1, phosphorylated JNK and
ERK (pJNK and pERK) and Snail in samples ranged into three categories based on their Gleason Score (a) or AJCC group
staging at diagnosis (b). (c) Progression-free survival of patients showing immunohistochemical score for DUSP1/pJNK,
DUSP1/pERK or DUSP1/Snail. Samples were ranged into two categories based on the staining pattern of the majority of
tumor cells in the whole section (negative/low (ng/lo); moderate/high (md/hi)). (d) Progression-free survival of patients
showing immunohistochemical score for DUSP1/pJNK/pERK/Snail. Samples were ranged into two categories as described
in c. (e) Immunohistochemical score for DUSP1, pJNK, pERK and Snail in samples from patients either alive or dead. The
statistical analysis was performed with One-way ANOVA and Dunnet´s multiple comparison test, and asterisks show the
statistical significance of differences between the groups (a: comparison with DUSP1 from HS-PC samples; b: comparison
with DUSP1 from HR-PC samples; c: HS-PC vs HR-PC for each marker). TCP, Time to clinical progression, * 0.01 < p < 0.05;
** 0.001 < p < 0.01; *** p < 0.001.

4. Discussion

DUSP1 expression has been previously related to different stages of human prostate
carcinomas. In line with this, the expression of this phosphatase is high in BPH and HS-PC,
but it is lost in later stages, such as HR-PC [17]. Furthermore, DUSP1 overexpression in
androgen-independent prostate cancer cells induces apoptosis through both p38MAPK and
NF-kB dependent mechanisms [17]. Here, we show for the first time that this phosphatase
plays an additional anti-tumorigenic role in prostate cancer cells, since it decreases the
expression levels of the EMT master regulator, Snail, and inhibits cell migration and
invasion through the inactivation of JNK and ERK. Interestingly, we also demonstrate a
correlation between the expression levels of DUSP1 and Snail and the activity of JNK and
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ERK in samples from prostate cancer patients, discovering a novel approach to predict the
prognosis and outcome of this disease.

Previous studies have shown that the overexpression of Snail in prostate cancer cells
is associated with an increased cell migration and invasion, while its silencing induces a
decrease in these processes [31]. In agreement with this, here, we demonstrate that DUSP1
downregulates Snail expression and inhibits migration and invasion in prostate cancer
cells. Our data are similar to those observed in different types of tumors, in which DUSP1
suppresses cell migration, cell invasion, metastasis, and/or angiogenesis by inhibiting
either ERK [21,23], JNK [22,24], or p38MAPK [20]. Consistently with DUSP1 effects on
MAPK activity, the ERK pathway is one of the major oncogenic signals in human cancers
because its activation leads to an increase in proliferation, invasion, and metastasis [32].
Particularly in prostate cancer, the ERK pathway is often hyperactivated [33], acts as an
inducer of cell migration and invasion [34,35] through a Snail-mediated mechanism [36],
and is involved in the effects of different molecules on these processes [37–39]. In addition,
the JNK pathway has also been described to be important as a pro-tumorigenic signal
through Snail regulation in different tumors [40–42]. Regarding prostate cancer, it has been
previously described that JNK activity is related to elevated cell migration and invasion [43]
and controls tumor growth in DU145 prostate carcinoma xenografts [44], although the
involvement of Snail in these processes is still unknown. Our results are in agreement
with all these data, since we demonstrate that the effects of DUSP1 on Snail levels, cell
migration, and cell invasion are similar to those observed upon specific inhibition of the
ERK and JNK pathways. By contrast, our findings evidence that p38MAPK is not involved
in the regulation of these processes by DUSP1. Although several reports have showed that
this kinase promotes cancer by enhancing migration in tumor cells [45], we demonstrate
that the pro-tumorigenic role of p38MAPK in prostate cancer is more related to its effects
on cell apoptosis [17] than to those involved in cell migration and invasion. Overall, all
these data suggest that the role that DUSP1 plays as a tumor suppressor in prostate cancer
is complex and depends on the specific inactivation of one or the other MAPK, which
ultimately controls either cell apoptosis, or cell migration and invasion.

The regulatory mechanisms that control the cellular levels of Snail are very com-
plex and involve changes at the transcriptional level or post-translational modifications,
which affect its location in the cell nucleus and/or cytosol, as well as its susceptibility
to degradation [16]. Here, we show for the first time that DUSP1 expression regulates
the transcription of Snail. Moreover, only the concomitant ERK inhibition affects Snail
expression at this level, while JNK controls it exclusively at protein level. Similar data in
other cancer cell contexts have shown that the activation of Snail transcription requires an
active ERK pathway [46], whereas no data on JNK involvement in this process have been
reported. Regarding the regulation of Snail at a protein level, several mechanisms control
the migration and invasion of prostate cancer cells by modulating the location and stability
of this transcription factor. In this regard, one of the most common regulatory mecha-
nisms is the phosphorylation of Snail by glycogen synthase kinase 3 beta (GSK-3β), which
induces its nuclear export to cytosol and marks this protein for degradation in prostate
cancer [47–49]. Interestingly, active ERK phosphorylates and inhibits GSK-3β, maintaining
Snail in an active non-phosphorylated state and located at the cell nucleus [50]. Thus, the
location of Snail in the cytosol promoted by DUSP1-dependent ERK inactivation is a possi-
ble mechanism that explains the decrease of Snail levels following DUSP1 overexpression.
However, other regulatory mechanisms of Snail expression, independent of GSK-3β, have
been previously identified in different tumors. For example, in hepatocarcinoma and breast
cancer cells, the JNK pathway upregulates the lysil oxidase-2 (LOXL-2) [51], which oxidizes
Snail, preventing its phosphorylation by GSK-3β [52]. In prostate cancer cells, elevated
levels of LOXL-2 have been detected [53], supporting the possible involvement of this
protein in the effects of the JNK pathway on the prostatic carcinogenesis. Alternatively, our
group has previously shown that Snail expression is regulated by ERK and an autocrine
loop involving transforming growth factor beta (TGFβ)/Src/focal adhesion kinase (FAK)
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complex in thyroid cancer cells [28]. Similarly, other authors have demonstrated that FAK
activation induces Snail expression and enhances mesothelial cell migration, promoting
peritoneal metastasis from ovarian cancer [54]. Moreover, the JNK pathway activates
migration by inducing the phosphorylation of paxillin, which is an adaptor protein related
to FAK activation in different cancer cells [55,56]. In this regard, DUSP22, a member of the
DUSP1 family which reduces JNK activation, negatively regulates cell migration through
FAK dephosphorylation and inactivation in lung cancer cells [57]. Given that FAK and
paxillin expression is elevated in prostate cancer and both proteins are associated with
tumor progression, lymph node metastasis, and/or shortened survival [58,59], it is also
plausible that in our cancer model, the paxillin/FAK pathway could contribute to the
regulation of Snail expression by ERK and JNK. However, due to the difference between
ERK- and JNK-dependent mechanisms, further research is required to investigate the
molecular mechanisms underlying Snail regulation by these kinases.

Interestingly, we also demonstrate in this work the existence of an inverse correlation
between DUSP1 and Snail expression levels in patients with different stages of prostate
cancer. Importantly, in BPH and HS-PC samples, high levels of this phosphatase and low
or none Snail expression were detected, while in HR-PC samples, either low or no DUSP1
expression and high Snail levels were observed. In agreement with our results, an increase
in Snail expression has been related to disease progression, since there are higher levels
of this protein in bone metastasis from prostate cancer compared to BPH samples [13–15].
Furthermore, other studies indicate that 66% of patients with prostatic adenocarcinoma
show elevated Snail levels [60]. Here, we add new related information, demonstrating
for the first time that Snail expression in patient samples is inversely correlated with
DUSP1 levels and directly correlated with activated ERK and JNK pathways. In addition,
the increase of active ERK in samples of HR-PC compared to those of HS-PC or BPH
observed in our study is coincident with previous works. Accordingly, higher levels of
phosphorylated ERK are found in samples obtained from tumors in advanced or metastatic
phase, with respect to more localized tumors or BPH samples [61,62]. However, to our
knowledge, this is the first study showing that the level of activated JNK is increased in
prostate tumors with a more invasive phenotype, as previously seen in breast and urothelial
carcinomas [63,64]. All these data obtained from the experiments carried out with patient
samples confirm the results derived from our experimental cell line models and suggest
that DUSP1 regulates prostate tumor progression by controlling Snail expression through
ERK and JNK inactivation.

The presence of Snail has been strongly associated in prostate tumors with a high
Gleason score [13,60] but not with other parameters such as the risk of recurrence or
the Stage T [13]. In fact, no significant differences have been previously found in Snail
expression in non-metastatic, non-recurrent cancer, recurrent cancer, or metastatic cancer
at the time of diagnosis, suggesting that increased Snail expression is a relatively early
event in the progress of the disease [13]. Most of the samples we analyzed in this study
were locally advanced cancers. In fact, just one of our samples was graded as Gleason 6.
Intermediate-risk Gleason grade 7 is usually considered as an individual group between
grade 6 or lower and grade 8 or higher. Previous studies focused on the differences among
the lower and the higher grades, but usually, no significant differences among grade 7 and
higher grades were reported. When we correlated the expression of DUSP1, Snail, and
activated ERK and JNK to clinical information, we found that their expression patterns did
not correlate with either Gleason score or AJCC group staging at diagnosis. However, our
results demonstrate that the pattern DUSP1low/pJNKhigh/pERKhigh/Snailhigh is closely
related with a worse survival. This observation is in agreement with previous data showing
that DUSP1 expression correlates with better prognosis in glioblastoma [22] and with other
studies where the association of Snail expression with a worse prognosis in prostate cancer
was reported [13]. Therefore, since low DUSP1 expression and high levels of Snail and
activated JNK and ERK are positively associated with final outcome (death), we can
conclude that besides the overall immunohistochemical profile, high levels of Snail might
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be considered an independent indicator of bad prognosis that is predictive for worst
outcome independently of time to progression. Moreover, since the expression pattern
DUSP1high/pJNKlow/pERKlow/Snaillow is associated with an overall extended survival
of patients and decreased cell migration and invasion, our results suggest that therapies
based on DUSP1 induction combined with ERK and/or JNK inhibition may be promising
in the treatment of metastatic prostate cancer.

5. Conclusions

Our study provides new insights about the molecular mechanisms underlying the
effects of the phosphatase DUSP1 on metastasis-associated events in prostate cancer
(Figure 9). In summary, our experiments show that the overexpression of this phosphatase
downregulates Snail levels and decreases cell migration and invasion, whereas DUSP1
silencing shows opposite effects. Moreover, we demonstrate that DUSP1 inactivates JNK
and ERK pathways. Interestingly, the inhibition of these two kinases leads to similar effects
on Snail expression, cell migration, and invasion to those observed following the overex-
pression of this phosphatase. In addition, JNK and ERK cooperate to regulate Snail levels,
cell migration, and invasion through different mechanisms. Strikingly, we also demonstrate
in human prostate tissue samples an inverse correlation between DUSP1 levels and both
active JNK and ERK, as well as Snail expression. Thus, we show that the expression pattern
DUSP1high/pJNKlow/pERKlow/Snaillow is associated with the overall extended survival
of patients. Based on all these data, we conclude that the ratio between the expression
levels of DUSP1 and Snail could be an important biomarker for diagnostic purposes in
prostate cancer, as they may serve for identifying patients at risk for an unfavorable clinical
outcome. In addition, our results strongly suggest that the induction of DUSP1 or the
inhibition of ERK and JNK pathways could be useful as a therapeutic approach to treat
prostate cancer.

Figure 9. The phosphatase DUSP1 regulates metastasis-associated events in prostate cancer. This
study demonstrate that DUSP1 overexpression downregulates Snail levels and decreases cell mi-
gration and invasion. Moreover, DUSP1 inactivates ERK and JNK pathways, whose inhibition
exert similar effects on Snail expression, cell migration and invasion than overexpression of the
phosphatase. In addition, JNK and ERK cooperate to regulate Snail expression, cell migration
and invasion through different mechanisms. Finally, in clinical samples, the expression pattern
DUSP1high/activeJNKlow/activeERKlow/Snaillow is associated with overall extended survival of pa-
tients and may serve as potential biomarker for identifying patients with favorable clinical outcome.
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Simple Summary: We earlier described the involvement of the TLK1>NEK1>ATR>Chk1 axis
as a key determinant of cell cycle arrest in androgen-dependent prostate cancer (PCa) cells after
androgen deprivation. We now report that the TLK1>NEK1 axis is also involved in stabilization of
yes-associated protein 1 (YAP1), the transcriptional co-activator in the Hippo pathway, presumably
facilitating reprogramming of the cells toward castration-resistant PCa (CRPC). NEK1 interacts with
YAP1 physically resulting in its phosphorylation of 6 residues, which enhance its stability and activity.
Analyses of cancer Protein Atlas and TCGA expression panels revealed a link between activated
NEK1 and YAP1 expression and several YAP transcription targets.

Abstract: Most prostate cancer (PCa) deaths result from progressive failure in standard androgen
deprivation therapy (ADT), leading to metastatic castration-resistant PCa (mCRPC); however,
the mechanism and key players leading to this are not fully understood. While studying
the role of tousled-like kinase 1 (TLK1) and never in mitosis gene A (NIMA)-related kinase 1
(NEK1) in a DNA damage response (DDR)-mediated cell cycle arrest in LNCaP cells treated
with bicalutamide, we uncovered that overexpression of wt-NEK1 resulted in a rapid conversion to
androgen-independent (AI) growth, analogous to what has been observed when YAP1 is overexpressed.
We now report that overexpression of wt-NEK1 results in accumulation of YAP1, suggesting the
existence of a TLK1>NEK1>YAP1 axis that leads to adaptation to AI growth. Further, YAP1 is
co-immunoprecipitated with NEK1. Importantly, NEK1 was able to phosphorylate YAP1 on six
residues in vitro, which we believe are important for stabilization of the protein, possibly by increasing
its interaction with transcriptional partners. In fact, knockout (KO) of NEK1 in NT1 PCa cells resulted
in a parallel decrease of YAP1 level and reduced expression of typical YAP-regulated target genes. In
terms of cancer potential implications, the expression of NEK1 and YAP1 proteins was found to be
increased and correlated in several cancers. These include PCa stages according to Gleason score, head
and neck squamous cell carcinoma, and glioblastoma, suggesting that this co-regulation is imparted
by increased YAP1 stability when NEK1 is overexpressed or activated by TLK1, and not through
transcriptional co-expression. We propose that the TLK1>NEK1>YAP1 axis is a key determinant for
cancer progression, particularly during the process of androgen-sensitive to -independent conversion
during progression to mCRPC.

Keywords: tousled-like kinase (TLK); NIMA-related kinase 1 (NEK1); yes-associated protein 1 (YAP1);
thioridazine (THD); MS-determined phosphopeptides
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1. Introduction

The founding member of the NIMA (never in mitosis gene A) family of protein kinases was
originally identified in Aspergillus nidulans as a protein kinase essential for mitosis [1], and expression
of a dominant-negative mutant of NIMA results in G2 arrest in vertebrate cells [2]. NIMA-related
kinases (NEKs) have adapted to a variety of cellular functions in addition to mitosis [3]. In human
cells, 11 NEKs were identified that are involved in several functions. For example, NEK2 is critical
for centrosome duplication [3], whereas NEK6, 7, and 9 are regulators of the mitotic spindle and
cytokinesis [4]. NEK1, NEK4, NEK8, NEK10, and NEK11 have been linked to the DNA damage
response (DDR) and DNA repair pathways as well as ciliogenesis [3]. NEK1 mediates Chk1 activation
likely by modulating the ATRIP/ATR interaction and activity [5], although this may be controversial [6].
NEK1 activity and relocalization to nuclei were reported to increase upon a variety of genotoxic
stresses [5,7]. A defect in DNA repair in NEK1-deficient cells is suggested by the persistence of Double
Strand Breaks (DSBs) after low-dose ionizing radiation (IR). NEK1-deficient cells fail to activate the
checkpoint kinases Chk1 and Chk2, and fail to arrest properly at G1/S- or G2/M-phase checkpoints
after DNA damage [8]. NEK1-deficient cells suffer major errors in mitotic chromosome segregation
and cytokinesis, and become aneuploid [9]. Genomic instability is also manifested in NEK1+/− mice,
which later in life develop lymphomas with a higher incidence than wild type littermates [9]. NEK1 is
also known to negatively regulate apoptosis by phosphorylating VDAC1, regulating the closure of the
anion channel of the mitochondrial membrane, which promotes survival of renal cell carcinoma [10–12].
Loss of function mutation of NEK1 leads to DNA damage accumulation in the motorneurons that
may lead to several neurodegenerative diseases such as amyotrophic lateral sclerosis (ALS) [13,14].
NEK1 is associated with primary cilia and centrosomes [15,16], which was reported to be implicated in
the development of polycystic kidney disease (PKD) when there is a NEK1 deficiency [17]. However,
the precise mechanism leading to PKD due to NEK1 insufficiency is not clear, but a clue came from
the discovery that NEK1 interacts with and phosphorylates TAZ, involved in the E3 ligase complex,
which regulates the stability of polycystin 2 [18]. TAZ is also a paralog of yes-associated protein (YAP),
a transcriptional coactivator that mediates many functions in normal development and in disease
pathology, such as cancer progression, including prostate cancer [19–22].

We recently uncovered a new DDR axis involving the protein kinase tousled-like kinase (TLK)1
as an early mediator of the DDR. TLK1 serves as an upstream activator of NEK1>ATR>Chk1 [6,23],
which has important implications during the early stages of prostate cancer (PCa) progression to
androgen independence (AI) [24,25]. We found that overexpression of wt-NEK1 (but not the T141A
kinase-hypoactive mutant that cannot be phosphorylated by TLK1) hastens the progression of LNCaP
cells to androgen-independent growth [24]. The protective cell cycle arrest mediated by the TLK1>NEK1
DDR pathway seems insufficient to explain the rapid growth recovery observed in bicalutamide-treated
cells when NEK1 is overexpressed, and suggests that NEK1 may have additional functions. We
suspected that it may regulate the Hippo pathway, as it was reported that ectopic expression of YAP is
sufficient to convert LNCaP cells from androgen-sensitive (AS) to AI in vitro [19]. NEK1 was also found
to phosphorylate TAZ specifically at S309 [18], and this was related to increased CTGF expression (one
of TAZ/YAP transcriptional targets). TLKs may regulate the Hippo pathway through their activity on
NEK1 upstream of YAP/TAZ. YAP/TAZ (60% identical) are the main effectors of the Hippo signaling
pathway. This pathway is involved in regulating organ size through controlling multiple cellular
functions including cell proliferation and apoptosis [26]. The Hippo pathway responds to a variety
of signals, including cell–cell contact, mechano-transduction [21], and apico–basal polarity [20,26].
When the Hippo pathway is activated, kinases MST1/2 and LATS1/2 phosphorylate and inactivate
YAP and TAZ. YAP and TAZ are transcriptional co-activators but lack DNA binding activity. Upon
phosphorylation by MST and LATS kinases, they are sequestered in the cytoplasm, ubiquitylated by
the β-TrCP ubiquitin ligase, and marked for proteasomal degradation (reviewed in [20]). YAP/TAZ are
usually inhibited by cell–cell contact in normal tissues [26], while over-activation of YAP/TAZ through
aberrant regulation of the Hippo pathway has been noted in many types of tumors. This is associated

230



Cancers 2020, 12, 3666

with the acquisition of malignant traits, including resistance to anticancer therapies; maintenance
of cancer stem cells; distant metastasis [26]; and, in prostate, adenocarcinoma progression [27,28].
When the Hippo core kinases are “off”, YAP/TAZ translocate into the nucleus, binds to TEAD1–4, and
activates the transcription of TEAD downstream target genes, leading to multiple oncogenic activities,
including loss of contact inhibition, cell proliferation, epithelial–mesenchymal transition, and resistance
to apoptosis. In PCa, YAP has been identified as an Androgen Receptor-binding partner that colocalizes
with AR in both androgen-dependent and androgen-independent manners in castration-resistant PCa
(CRPC) patients [27]. YAP is also found to be upregulated in AI-LNCaP-C4-2 cells and, when expressed
ectopically in LNCaP cells, it activates AR signaling and confers castration resistance. Knockdown
of YAP greatly reduces the rates of migration and invasion of LNCaP, and YAP-activated androgen
receptor signaling is sufficient to promote LNCaP cells from an AS to an AI state in vitro, while
YAP conferred castration resistance in vivo [19]. It was also recently determined that ERG (and the
common TMPRSS2–ERG fusion) activates the transcriptional program regulated by YAP1, and that
prostate-specific activation of either ERG or YAP1 in mice induces similar transcriptional changes and
results in age-related prostate tumors [29]. However, it has remained unclear as to what the upstream
activators of the Hippo pathway are in PCa, and we show in this report that TLKs have a role in this
process via activation and induced stabilization of YAP from elevated phosphorylation by NEK1.

2. Materials and Methods

2.1. Plasmids and Antibodies

Wild type human full length NEK1 mammalian expression plasmid was purchased from
Origene (MR216282). NEK1 T141A variant was generated by site-directed mutagenesis, as previously
described [23]. Generation of His-tagged N-terminal NEK1 (aa 1–480) bacterial expression plasmid
was conducted as previously described. Human full length MK5 bacterial expression plasmid was
purchased from Vector Builder. The following antibodies were used in this study: mouse anti-YAP
(Santa Cruz Biotechnology, SCBT, Dallas, TX, USA, cat# sc101199), rabbit anti-phospho-YAP (Cell
Signaling Technology, CST, Dallas, TX, USA, cat# 13008), mouse anti-NEK1 (SCBT, cat# sc 398813,
Dallas, TX, USA), rabbit anti-phospho-NEK1 pT141 (lab-generated), rabbit anti-phospho-tyrosine (CST,
cat# 8954S, Dallas, TX, USA), HRP-conjugated anti-β-tubulin (SCBT, Dallas, TX, USA, cat# sc-23949),
mouse IgG (SCBT, Dallas, TX, USA, cat# sc-2025), and rabbit anti-actin (Abcam, Cambridge, MA, USA,
cat# ab1801).

2.2. Cell Culture

Human embryonic kidney HEK293 and HeLa cells were cultured in Dulbecco Modified Eagle
Medium (DMEM) supplemented with 10% Fetal Bovine Serum (FBS) and 1% penicillin/streptomycin.
HEK293T cells were cultured in D10 medium containing 10% FBS, 0.25% penicillin/streptomycin,
and 1% glutamine in DMEM media. LNCaP cells were cultured in Roswell Park Memorial Institute
(RPMI) 1640 supplemented with 10% FBS and 1% penicillin/streptomycin. NT1 cells were a kind gift
from Dr. Xiuping Yu (Department of Biochemistry, Louisiana State University Health Sciences Center
Shreveport) and cultured according to the published literature [30]. All other cells were purchased from
American Type Culture Collection (ATCC). All the cells were maintained in a humidified incubator at
37 ◦C with 5% CO2.

2.3. Cell Treatment

LNCaP or HeLa or NT1 cells were plated as 5 × 105 cells per well in a 6-well plate and grown
until 70–80% confluency. Cells were treated with either 10 µM of either bicalutamide (Selleckchem,
Houston, TX, USA, cat# S1190), thioridazine (THD; Sigma Aldrich, St. Louis, MO, USA, cat# T9025 or
J54 [31], or in combination with both bicalutamide and THD for 24 h. After the treatment, cells were
harvested for Western blotting (WB) analysis or qPCR analysis.

231



Cancers 2020, 12, 3666

2.4. Cell Transfection

LNCaP cells were transfected with either wild type mouse full-length NEK1 or NEK1 T141A
variant, as previously described [23]. TLK1 shRNA (ATTACTTCATCTGCTTGGTAGAGGTGGCT)
was obtained from origene (Rockville, MD, USA, cat# TR320623). HeLa cells were plated as 105 cells
per well in a 6-well plate 24 h before shRNA transfection. Transfection was conducted using 140 nM
and 280 nM of TLK1 shRNA by lipofectamine 3000 (Thermo Scientific, Waltham, MA, USA, cat#
L3000-015) reagent for 24 h, following the manufacturer’s protocol, and subsequently selected the
cells with 1 µg/mL of puromycin for 7 days. Puromycin-selected cells were harvested and knockdown
efficiency was determined by WB.

2.5. Co-immunoprecipitation (co-IP)

Cells were lysed by sonication in 1X RIPA lysis buffer (SCBT, Dallas, TX, USA, cat# 24948). A total
of 50 µL of equilibrated protein A/G agarose (SCBT, Dallas, TX, USA, cat# sc-2003) was incubated with
either mouse anti-NEK1 antibody or mouse IgG antibody at 4 ◦C for 4 h with rotation. A total of 500 µg
of protein lysate was added to the reaction and incubated overnight at 4 ◦C. Beads were washed thrice
and eluted with 25 µL of 2X SDS-Laemmli buffer, and the entire volume was loaded into SDS-PAGE
gel for WB analysis.

2.6. Generation of NT1 NEK1 Knockout (KO) Cells Lines

NT1 NEK1 KO clones were generated by lentiviral infection using NEK1 CRISPR gRNA
(AAGGAGAGAAGTTGCTGTAT) cloned into pLentiCRISPR V2 vector backbone from Genscript
(Piscataway, NJ, USA). Lentivirus containing NEK1 CRISPR gRNA was packaged using HEK293T
cells. NT1 cells were infected with lentivirus using polybrene transfection reagent following standard
protocol. After 72 h of infection, cells were supplemented with fresh media and selected with 1–2 µg/mL
of puromycin for 10 days. To generate a single clonal population of NEK1 KO cells, we seeded 1–2 cells
per well in a 96-well plate and grew them until confluency, and then transferred them to a bigger
dish for expansion. KO efficiency was measured by Western blotting (WB) using anti-NEK1 mouse
antibody from Santa Cruz Biotechnology (Dallas, TX, USA, cat# sc-398813).

2.7. Protein Purification

Recombinant His-tagged full-length MK5 and His-tagged NEK1 N-terminal-truncated proteins
(NEK1∆CT) were purified by affinity chromatography. Both MK5 and NEK1∆CT were transformed
into Rosetta2 DE3 strain [23]. Expression of His-MK5 was induced with 1mM Isopropyl β-
d-1-thiogalactopyranoside (IPTG) at 37 ◦C for 3–4 h, and His-NEK1∆CT expression was induced with
0.5 mM IPTG overnight at 25 ◦C. Bacteria were pelleted down; dissolved in buffer containing 50 mM
sodium phosphate (Na2HPO4 + NaH2PO4) of pH 8.0, 300 mM NaCl, 20 mM imidazole, and 1mM
phenylmethylsulfonyl fluoride (PMSF); and lysed by sonication. Supernatants were incubated with
Ni-NTA agarose (Qiagen, cat# 30210), and protein was eluted in buffer containing 50 mM sodium
phosphate (Na2HPO4 + NaH2PO4) of pH 8.0, 300 mM NaCl, and 250 mM imidazole. Eluted proteins
were dialyzed overnight at 4 ◦C using dialysis buffer containing 20 mM sodium phosphate (Na2HPO4

+ NaH2PO4) of pH 7.7, 1 M NaCl, 10 mM β-mercaptoethanol, 0.5 mM ethylenediaminetetraacetic acid
(EDTA) of pH 8.0, and 5% glycerol. After the dialysis, protein samples were run in SDS-PAGE gel to
check their purity and correct molecular weight.

2.8. ADP Hunter Assay

ADP hunter assays were conducted to determine the catalytic activity of the purified kinases by
the fluorescence detection of ATP to ADP conversion using an ADP Hunter Plus Assay kit (Eurofins,
DeSoto, TX, USA, cat# 90-0083). Increasing amount of purified recombinant NEK1 or MK5 were
incubated with either dephosphorylated α-casein (substrate for NEK1, source: Sigma-Aldrich, St.
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Louis, Missouri, USA, cat# C8032) or purified recombinant HSP27 (substrate for MK5, source: Abcam,
Cambridge, MA, USA, cat# ab48740). The manufacturer provided kinase buffer, and 50 µM of ATP
was added to the reaction, incubating the reaction at 30 ◦C for 30 min. Afterwards, reagent A and B
were added sequentially, incubating the reaction at room temperature for 30 min. Stop solution was
added and fluorescence intensity signal was measured at 530/590 nm excitation/emission wavelength.
ADP concentration was determined by the standard curve through the serial dilutions of the ADP
standards provided with the kit.

2.9. In Vitro Kinase Assay

In vitro kinase (IVK) assays were performed using purified recombinant proteins, kinase buffer,
ATP, and/or [γ-32P] ATP. Purified recombinant GST-tagged YAP1 (Novus Biologicals, cat# Centennial,
CO, USA, H00010413-P01) was incubated with either purified recombinant His-NEK1∆CT or purified
recombinant His-tagged MK5. Kinase buffer (10X) contains 10 mM Tris-Cl of pH 7.5, 10 mM MgCl2,
10 mM dithiothreitol (DTT), and 10 mM ATP. For radioactive IVK assays, we added 10µCi of radiolabeled
[γ-32P] ATP purchased from Perkin Elmer (cat# BLU002H250UC). The reactions were incubated for
30 min at 30 ◦C and subsequently were separated by SDS-PAGE, stained with Coomassie Brilliant Blue,
and exposed to X-ray film for 72 h. For mass spectrometric (MS) analysis, YAP1 bands were excised
after Coomassie staining and sent to the Kentucky MS facility.

2.10. Identification of YAP1 Phosphorylation by Mass Spectrometry

The band corresponding to YAP1 was excised and subjected to dithiothreitol reduction,
iodoacetamide alkylation, and in-gel chymotrypsin digestion. Peptides were extracted, concentrated,
and subjected to LC–MS/MS analysis at the University of Kentucky Proteomics Core Facility, as
previously reported [32]. Briefly, LC–MS/MS analysis was performed using an LTQ-Orbitrap mass
spectrometer (Thermo Fisher Scientific, Waltham, MA) coupled with an Eksigent Nanoflex cHiPLC
system (Eksigent, Dublin, CA, USA) through a nano-electrospray ionization source. The peptide
samples were separated with a reversed-phase cHiPLC column (75 µm × 15 cm) at a flow rate of
300 nL/min. Mobile phase A was water with 0.1% (v/v) formic acid, while B was acetonitrile with
0.1% (v/v) formic acid. The data-dependent acquisition method consisted of an Orbitrap MS scan
(250–1800 m/z) with 60,000 resolution for parent ions, followed by MS/MS for fragmentation of the 10
most intense multiple charged ions. The LC–MS/MS data were submitted to a local Mascot server for
MS/MS protein identification via Proteome Discoverer (version 1.3, Thermo Fisher Scientific, Waltham,
MA, USA). Typical parameters used in the Mascot MS/MS ion search were chymotrypsin digestion
with a maximum of two miscleavages; 10 ppm precursor ion and 0.8 Da fragment ion mass tolerances;
and dynamic modifications, including cysteine carbamidomethylation, methionine oxidation, and
serine/threonine/tyrosine phosphorylation. The identified phosphorylation sites were illustrated with
relevant b and/or y ions labeled.

2.11. Western Blotting

Cells were collected and lysed by sonication in 1X RIPA lysis buffer. Protein concentration was
determined using a Pierce BCA protein assay kit (Thermo Scientific, cat# 23225, Waltham, MA, USA).
Samples from the lysate or co-IP or IVK assays were separated by SDS-PAGE gels and transferred
to polyvinylidene fluoride (PVDF) membrane. The membrane was blocked in 5% non-fat dry milk
for 1 h at room temperature and incubated with primary antibodies overnight at 4 ◦C. Afterwards,
HRP-conjugated secondary antibodies were used to incubate the blots for 1 h at room temperature,
and finally the specific proteins were detected by chemiluminescence using ECL substrates (Thermo
Scientific, Waltham, MA, USA, cat# 32106) or by colorimetry using Opti-4CN substrate kit (Biorad, cat#
1708235, Waltham, MA, USA). The membrane was visualized by Biorad chemidoc imaging system
(Biorad, Hercules, CA, USA, cat# 12003154). Densitometric quantifications of each blot in arbitrary
units relative to the loading control are shown in Figure S5.
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2.12. Real-time Quantitative PCR (RT-qPCR)

Total RNA was isolated using a RNeasy RNA isolation minikit (Qiagen, cat# 74104, Germantown,
MD, USA) according to the manufacturer’s instructions. Complementary DNA (cDNA) was synthesized
using 1µg of RNA/reaction using ProtoScript First Strand RNA synthesis reverse transcriptase and
oligo (dT) primers (New England Biolab, cat# E6300L, Ipswich, MA, USA). qPCR was conducted
using iQ SYBR green supermix (Biorad, cat# 1708880, Des Plaines, IL, USA) and Bio-Rad CFX96 Fast
Real-Time PCR Systems. Gene expression changes were determined by ∆∆Ct relative quantification
method. GAPDH mRNA was used as an internal control. All values are presented as mean ± standard
error mean (SEM).

2.13. Bioinformatics Analysis

mRNA expression analyses of TCGA patient datasets were conducted using the UALCAN online
platform [33]. Oncoprints of the NEK1 and YAP1 protein level of at least more than 0.5-fold increase
was generated using Cbioportal [34] from The Cancer Genome Atlas (TCGA-firehose legacy) datasets.
Proteomic level of NEK1 and YAP1 based on the immunohistochemistry (IHC) analysis in different
cancers were determined using the Human Protein Atlas [35] database. Representative IHC images of
high-grade prostate adenocarcinoma (PRAD) and metastatic head and neck squamous cell (HNSC)
carcinoma were also obtained from the Human Protein Atlas database. Volcano plot of gene enrichment
correlated with NEK1 upregulation of TCGA (firehose legacy) head and neck cancer study was
generated using the cBIOPORTAL web tool.

3. Results

3.1. NEK1 Regulated the Stability of YAP

We have previously reported that androgen deprivation in LNCaP cells results in a strong increase
in expression of TLK1B. This increase is mTOR-dependent and suppressible with rapamycin [24]. Similar
results were obtained with TRAMP-C2 cells [24], and more recently in a AR+/PDX adenocarcinoma
model (NSG-TM00298 [25]). This is apparently a critical survival mechanism of AS-PCa cells that
implement a DDR in order to arrest in G1 upon androgen deprivation-like treatment with bicalutamide
(BIC) [36]. We have recently attributed the probable mechanisms causing this DDR activation to the
role played by the AR as a replication licensing factor [37] in combination with the increased expression
of TLK1B, and resulting activation of the NEK1>ATR>Chk1 axis [24], which is a key target of TLK1 [23].
Additional work from our lab suggested that this may be a conserved nexus in other cellular models,
in the TRAMP mice, and probably in many patients, since the specific activating phosphorylation of
NEK1 by TLK1 correlates with the Gleason score [25]. While the significance of the cell cycle arrest
upon unfavorable growth conditions (androgen deprivation therapy, ADT) seems clear in order to
avoid mitotic catastrophe, it is still unclear how AS-PCa cells eventually adapt to ADT and reprogram
to become AI (CRPC progression). Interestingly, we have previously noticed that when LNCaP cells
were stably transfected with a wt-NEK1 expression vector, they rapidly (less than 1 week) became
tolerant to BIC and resumed growth to form AI colonies [24]. However, this did not happen when
we expressed the hypoactive T141A-NEK1 variant [23] that cannot be phosphorylated/activated by
TLK1, while these cells also remained AS when injected as xenografts [24]. The rapid resumption of
growth of LNCaP-NEK1 cells in the presence of anti-androgen (BIC) could not be readily explained
by the implementation of the pro-survival DDR checkpoint, suggesting that NEK1 also promotes the
AI conversion. On the basis of a review of the literature (see the Introduction), we suspected that
NEK1 may affect the Hippo pathway, and thus we carried out a Western blotting (WB) analysis of
YAP expression in LNCaP cells overexpressing wt-NEK1 or NEK1-T141A variant. The cells were
also treated or not treated with BIC and thioridazine (THD), which is a rather specific inhibitor of
TLKs [38]. In Figure 1A (quantitation in Figure S5), we show that overexpression of the NEK1-T141A
variant results in reduced levels of YAP (lane 1 vs. 5), along with evidence of an elevated cleaved
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product (Cl-YAP). Decreased YAP levels and evidence of Cl-YAP were also seen in parental LNCaP
cells treated with THD (+/− BIC, lane 3 and 4 vs. 1). In contrast, LNCaP cells that overexpress
wt-NEK1 showed elevated expression of YAP and no evidence of Cl-YAP (lanes 9–12), where a possible
mechanism is that the phosphorylation of YAP by elevated wt-NEK1 mediates a process of stabilization
to counteract its degradation when TLK activity (upstream of NEK1) is suppressed with THD (lane
11 vs. 3). Furthermore, the expression of typical YAP/TEAD-dependent transcripts such as CTGF,
CDH2 (N-cadherin), Twist1, and TP53AIP1 were decreased in LNCaP cells treated with THD, while in
contrast, the expression of CDH1 (E-cadherin) that drives MET was slightly increased (Figure 1D).

−

Figure 1. (A) The expression of yes-associated protein (YAP) was regulated by never in mitosis
gene A (NIMA)-related kinases (NEK) activity and its upstream kinase tousled-like kinase (TLK).
Overexpression of wt-NEK1 resulted in elevated YAP expression and conversely in its degradation
in LNCaP cells overexpressing the dominant negative mutant NEK1-T141A. Thioridazine (THD)
led to degradation of YAP in parental LNCaP cells, even after treatment with bicalutamide (BIC),
which led to overexpression of TLK1B. (B) YAP interacted with NEK1 and was enriched upon
co-immunoprecipitation. TLK1 inhibition with 10 µM THD did not affect NEK1 interaction with YAP,
and thus the state of NEK1 kinase activity did not affect YAP binding. (C) The expression of YAP was
decreased in NT1 cells treated with two different inhibitors of TLK (THD and J54), with a corresponding
increase in CL-YAP products. (D) Expression of several typical YAP target genes in LNCaP cells treated
with THD.

We also show that NEK1 interacted with YAP, as it was enriched by co-IP, and their association
was not altered by THD (Figure 1B, top panel; quantitation in Figure S5), indicating that the NEK1
kinase activity was independent of its ability to interact with YAP. As we previously reported [23],
the same co-IP also brought down TLK1, and THD did not affect their interaction (Figure 1B, bottom
panel; quantitation in Figure S5). There is a possibility that in cells, NEK1, TLK1, and YAP are in a
complex, or that NEK1 interacts independently with TLK1 and YAP. In either case, TLK1 was not
found to interact directly with YAP [23].

To confirm the effect of inhibition of the TLK1>NEK1 axis on the expression of YAP in a different
PCa cell line, we treated Neo-TAg1 (NT1) with two different inhibitors of TLK1: THD or J54. This
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resulted in a reduction of YAP level and appearance of a set of cleavage products (Figure 1C; quantitation
in Figure S5).

3.2. NEK1 KO in NeoTag1 Cells Resulted in Reduced YAP Levels and Expression of Several of Its Target Genes

Consistent with our initial observations that NEK1 activity is critical for YAP stabilization, we
found that YAP expression was concomitantly reduced in CRISPR-mediated KO of NEK1 in the PCa
line NT1 (Figure 2A; quantitation in Figure S5). Likewise, the expression of several YAP target genes
(e.g., CTGF, Zeb1, Twist1) that drive Epithelial to Mesenchymal Transition (EMT) and invasiveness of
these cells was suppressed in all the positive NEK1 KO clones (Figure 2B). Conversely, inhibition of
TLK1 with THD, which we showed leads to reduced NEK1 activity [23], can inhibit cell migration
via suppression of EMT-related genes such as Claudin1, E-cadherin, N-cadherin, Twist1, Snail3, Slug,
FOXC2, MMP3, and MMP9 in Hepato Cellular Carcinoma (HCC) cells [39]. We now suggest this
observation derives from reduction of YAP expression concomitant with loss of NEK1 (activity) due to
inhibition of TLK. In fact, we showed in Figure 2C (quantitation in Figure S5) that YAP expression was
reduced in LNCaP cells treated with THD, while conversely, pYAP(S127), which is a phospho-degron
leading to its proteasomal degradation, was elevated.

 

Figure 2. (A) CRISPR/Cas9-mediated loss of NEK1 resulted in reduced levels of YAP protein, possibly
due to instabilization (EV = empty vector). (B) Expression of several typical YAP target genes is reduced
in NEK1 KO clones. GAPDH mRNA was used as an internal control. (C) Treatment of LNCaP cells
with THD, a specific inhibitor of TLKs, resulted in reduced YAP protein level and conversely in its S127
hyperphosphorylation. (D) Reduction of TLK1 expression via (short hairpin) shRNA transfection led
to loss of pNEK1-T141.

In order to confirm with a genetic approach that the inhibition of TLK1 results in suppression of
the pathway that leads to activation of NEK1 and subsequent stabilization of YAP, we knocked down
TLK1 with shRNA in HeLa cells. Effective knockdown of TLK1 was achieved in a dose-dependent
manner with the shRNA (Figure 2D; quantitation in Figure S5), and importantly, activated NEK1
levels, i.e., pNEK1(T141) were similarly suppressed. This suggests that at least in these cells, TLK1 is
the principal kinase responsible for the phosphorylation and activation of NEK1—note that the T141
residue resides in the kinase domain of the protein adjacent to the activation loop [40] that we have
previously shown to be important for NEK1 kinase activity [23].
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3.3. NEK1 Phosphorylated YAP In Vitro on Several Residues

In order to determine if NEK1 could phosphorylate YAP in vitro, we first purified a recombinant
His-tagged NEK1-NT fragment spanning nearly half of the entire protein (total NEK1 protein = 1258
AA, Singh et al. (2017) [ref 23]) following standard protocol and determined its catalytic activity using
dephosphorylated α-casein by ADP Hunter assay (Figure 3A,B, see the Section 2). ADP hunter assay
revealed that our lab-purified truncated NEK1 is catalytically active, as the incubation of increasing
amounts of NEK1 resulted in corresponding ATP to ADP conversion (Figure 3B). Afterwards, we
carried out a preliminary in vitro kinase (IVK) reaction by incubating purified recombinant His-tagged
NEK1 with purified recombinant GST-YAP (Novus Biologicals) and [γ-32P] ATP. For comparison, we
also carried out the IVK reaction using recombinant MK5, which was recently reported to be a novel
YAP1 kinase [41]. The purity of all recombinant proteins is shown in the Coomassie Blue-stained
SDS/PAGE, and the autoradiography of the gel is shown above it (Figure 3C; quantitation in Figure S5).
Notably, NEK1 was capable of strongly phosphorylating YAP, even when small amounts were used
(see stained gel). In contrast, MK5 (even in high amount) was a very weak kinase for YAP, if at all,
although it was clearly highly active since it was capable of auto-phosphorylation (see autoradiogram)
and when tested with ADP Hunter reagent.

α

∆ ∆

γ

Figure 3. (A) Expression and purification of His-NEK1 kinase domain (NEK1∆CT). (B) NEK1∆CT was
catalytically active and ATP/ADP conversion (kinase activity) was linear with the enzyme amount. (C)
In vitro phosphorylation reactions of YAP using His-NEK1 and MK5 kinases in presence of [γ-32P] ATP.
(D) In vitro phosphorylation of YAP using His-NEK1 and MK5 kinases for preparative isolation for MS
determination of phosphopeptides. (E) His-NEK1 also phosphorylated YAP on Tyr, as demonstrated
by immunoreactivity with pY antibody.

The IVK reactions were repeated with greater amounts of proteins for preparative isolation for MS
analysis for assignment of the phosphorylated residues (Figure 3D). The bands corresponding to YAP
incubated with NEK1, MK5, or mock were excised. Determination of the phosphorylated peptides and
assignment of the phospho-amino acids were carried out at the University of Kentucky Proteomics
facility. The YAP bands were digested with chymotrypsin and analyzed with an LTQ-Orbitrap mass
spectrometer. MS datasets were searched with MASCOT against a custom database containing only
human YAP1 and NEK1. A synopsis of the results is that (1) when searched against YAP1 and NEK1,
only YAP was detected in these samples (well separated on the gel), with 43–49% peptide coverage
and protein scores of 2573-3321; (2) potential phosphorylation sites S163/S164 were detected in all three
samples (including the YAP1 no kinase sample), which can be explained as a basal phosphorylated
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residue of recombinant YAP isolated from wheat germ; and (3) six unique phosphorylation sites were
detected in the YAP_NEK1 sample: T83, T361, S366, S388, S406, Y407, or T493 (Figure 4 and Figures
S1–S4; Table S1). However, no unique phosphorylation site was detected in the YAP_MK5 sample,
which we now suggest is not an authentic YAP kinase. Interestingly, in the paper that purported
MK5 as an important YAP kinase, the authors did not report whether they attempted to verify that
MK5 can phosphorylate YAP in vitro, nor did they identify the phosphorylation target in vivo [41]. In
Figure 4, we present an example of data identifying Y407 and T493, which we currently assume are the
most interesting.

Figure 4. MS/MS spectra demonstrating the phosphorylation sites at T493 (A) and S406/Y407 (B) as
examples of LC–MS/MS determinations.

All of the phosphorylated residues listed in Table S1 have been reported in MS studies in cells,
according to the report of Phosphosite Plus, except for S406 (putative) and T493, which, as such, are the
first report of phosphorylation of these residues specifically by NEK1. The phosphorylation of Y407
(putative) should not be surprising, since NEK1 is a dual specificity kinase that was originally identified
as a tyrosine kinase [42]. Note that although the MS/MS spectrum could not distinguish the exact
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phosphorylation site at S406 or Y407, a phospho-Tyr Western blot (Figure 3E; quantitation in Figure S5)
supported the conclusion that Y407 (the only identified pTyr in the MS analysis) was phosphorylated. It
is also noteworthy that the NEK1 protein was also phosphorylated on Tyr (Figure 3E), as we previously
reported that it is in fact auto-phosphorylated on Y315 [23], confirming the specificity of the antiserum.

3.4. Bioinformatic Studies Suggest NEK1 Mediated Stabilization of YAP1 in Different Cancers

We analyzed mRNA expression of both NEK1 and YAP1 in prostate adenocarcinoma (PRAD) and
head and neck squamous cell (HNSC) carcinoma patients from TCGA datasets using the UALCAN
online platform. In PRAD, no significant alteration in mRNA expression of NEK1 was observed
(Figure 5A), while YAP1 mRNA level was consistently downregulated with respect to the tumor
Gleason score (Figure 5B). However, reverse phase protein array (RPPA)-based protein profiling
of NEK1 and YAP1 in PRAD patients from TCGA datasets revealed upregulation of YAP1 level
(Figure 5D), but no change in NEK1 protein level (Figure 5C). In addition, proteomic analysis
based on immunohistochemistry (IHC) data from the Human Protein Atlas web server revealed a
higher protein level of NEK1 and YAP1 in high-grade PRAD patients (Figure 5G,H). Representative
IHC analysis revealed intense staining of both NEK1 and YAP1 in high-grade PRAD compared to
normal prostate tissue (Figure 5I). This supports our hypothesis of NEK1 implication in YAP1 protein
stabilization/accumulation in advanced PCa, despite YAP1 transcript downregulation.

Figure 5. Gene expression of (A) NEK1 and (B) YAP1 of prostate adenocarcinoma (PRAD) patients
on the basis of the Gleason score extracted from The Cancer Genome Atlas (TCGA) datasets using
the UALCAN web tool. OncoPrint representation of the protein level alteration of (C) NEK1 and (D)
YAP1 of PRAD patients by reverse phase protein array (RPPA) extracted from TCGA (firehose legacy)
datasets using cBIOPORTAL online platform. Gene expression of (E) NEK1 and (F) YAP1 in head and
neck squamous cell (HNSC) patients on the basis of the tumor grade extracted from TCGA datasets
using the UALCAN web tool. Percentage of patients of different types of cancer with higher level of (G)
NEK1 and (H) YAP1 on the basis of immunohistochemistry (IHC) staining generated using the Human
Protein Atlas database. Staining intensity correlated with the color code. Deeper color represents
high staining intensity. (I) Representative IHC images of NEK1 and YAP1 of high-grade PRAD (top
panel) and metastatic HNSC samples (bottom panel). (J) Volcano plot of gene enrichment analysis
based on NEK1 overexpression in HNSC patients extracted from TCGA (firehose legacy) datasets using
cBIOPORTAL online platform. * represents p < 0.05, ** represents p < 0.005, and *** represents p <

0.0005. All comparisons were with the normal tissue.
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Similarly, in head and neck squamous cell carcinoma (Figure 5F), glioblastoma, and other cancers
(data not shown), there was no significant upregulation of YAP1 mRNA expression; nonetheless, YAP1
protein level was elevated in high-grade metastatic tumors (Figure 5). Moreover, gene set enrichment
analysis significantly correlated NEK1 expression with several YAP1 target genes such as Zeb1, BirC2,
BirC6, Ankrd11, and ARID1B (Figure 5J; Table 1). Overall, these data suggest NEK1 increases YAP1
level by reducing YAP1 protein turnover rate in different cancers.

Table 1. Some of the YAP target genes significantly upregulated with NEK1 upregulation in head and
neck squamous cell (HNSC) carcinoma (TCGA, firehose legacy) analyzed using cBIOPORTAL.

Gene Name
Mean Log2 mRNA Expression ± SD in

NEK1-Overexpressed Group
p-Value q-Value

Zeb1 8.57 ± 1.00 3.68 × 10−7 5.153 × 10−6

Zeb2 8.80 ± 1.05 7.237 × 10−6 6.617 × 10−5

Ankrd36B 4.33 ± 0.93 1.410 × 10−4 8.367 × 10−4

Ankrd11 11.55 ± 0.49 1.159 × 10−3 4.984 × 10−3

BirC2 10.46 ± 0.96 0.0187 0.0498
BirC6 11.13 ± 0.49 3.91 × 10−12 2.80 × 10−10

HoxB3 6.44 ± 2.11 0.0169 0.0458
ARID1B 10.84 ± 0.46 4.14 × 10−10 1.57 × 10−8

WSB2 11.05 ± 0.45 2.016 × 10−4 1.136 × 10−3

CAT 10.01 ± 0.68 3.621 × 10−4 1.872 × 10−3

ABCB1 5.11 ± 1.45 0.0111 0.0327
PTX3 5.33 ± 2.12 1.994 × 10−4 1.126 × 10−3

4. Discussion

During studies aimed at elucidating the process of ADT adaptation of AS PCa cell (initially in
LNCaP), which proceeds through a process of activating the DDR and increased activity of the kinases
TLK1B and NEK1 [11,24,25], we made the observation that overexpression of wt-NEK1, but not the
hypoactive NEK1-T141A variant that cannot be activated by TLK, resulted in a rapid adaptation
to bicalutamide and formation of AI colonies. From a review of the literature on the process of
AI conversion of LNCaP and other studies of CRPC progression, we suspected the involvement of
Hippo pathway deregulation and, in particular, YAP-driven gene expression (for a recent review,
see [43]). Moreover, Yim et al. reported that NEK1 can phosphorylate TAZ and regulates its turnover
rate [18]. Since YAP1 and TAZ are two highly homologous proteins that possess several conserved
phospho-residues, we set out to investigate the protein level of YAP in LNCaP overexpressing
wt-NEK1 and the T141A mutant in conjunction with a TLK inhibitor (THD) to suppress the activating
phosphorylation of NEK1. Interestingly, we observed an increased degradation of YAP in cells
overexpressing NEK1-T141A mutant or parental LNCaP treated with THD, in contrast to elevated level
of YAP (and no degradation) in cells that overexpress wt-NEK1 (Figure 1). Furthermore, treatment of
LNCaP cells with THD resulted in downregulated expression of several YAP-dependent transcripts
(Figure 1D). As an indication that this is in fact a general phenomenon in PCa, increased degradation
of YAP1 after inhibition of the TLK1>NEK1 axis with THD or J54 was independently verified in mouse
NT1 cells (Figure 1C). In addition, genetic depletion of NEK1 resulted in YAP1 loss and YAP1 target
gene downregulation in NT1 cells (Figure 2). It should be noted that YAP is a generally unstable protein
whose turnover rate is strongly regulated by multiple stabilizing [44] or de-stabilizing phosphorylation
events controlled by multiple kinases (see [19,20,26] for some reviews). Large tumor suppressor 1
and 2 (LATS1/2), the core kinases of the Hippo signaling pathway, can phosphorylate YAP1 on Ser127
residue, which creates a binding site for 14-3-3 proteins. The 14-3-3 binding of YAP leads to the
cytoplasmic sequestration of YAP [45,46]. Sequential phosphorylation by LATS1/2 on YAP Ser397
primes it for further phosphorylation by Casein Kinase CK1δ/ε on Ser400 and Ser403, which creates a
phosphodegron motif for (Skp Cullin F box) β-TrCP/SCF E3 ubiquitin ligase-mediated proteasomal
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degradation [47]. Recent findings also identify factors such as NR4A1 (nuclear receptor superfamily)
that regulate the 14-3-3 interaction with YAP1 and promote its ubiquitination and degradation [48].
Several other kinases independent of the Hippo pathway can regulate the stability of YAP1 protein. For
instance, nuclear Dbf2-related kinase (NDR1/2) can also phosphorylate YAP on Ser127 residue and can
promote its cytoplasmic retention, thereby negatively regulating YAP stability [49]. Evidence suggests
that the protein kinase B/AKT can also phosphorylate YAP on Ser127 residue, leading to binding of
14-3-3 and cytoplasmic retention [45]. In contrast, several members of the Src family of kinases such as
Src, Yes, and c-Abl can positively regulate YAP stability. c-Abl/Src/Yes are known to phosphorylate YAP
on Tyr357 residue, which results in the nuclear translocation and, hence, stabilization of YAP [44,50,51].
Moreover, Ras-associated factor isoform 1C (RASSF1C) is known to promote tyrosine phosphorylation
of YAP1 (Tyr357) through activated Src (pTyr416) and cause nuclear localization of YAP1 [52]. Similarly,
mitogen-activated protein kinases such as c-Jun-N-terminal kinases (JNK1/2) are also reported to be
YAP kinases that phosphorylate YAP on Ser317 and Thr362, promoting YAP nuclear translocation
and stabilization [53]. Thus, post-translational modifications such as phosphorylation determine YAP
turnover rate and activity.

Therefore, we propose the phosphorylation of Y407 as one potential mechanism of YAP stabilization
and increased transcriptional output, although the other 5-phosphorylation sites could be equally
important (Figure 4 and Figures S1–S4; Table S1). There are examples in YAP and TAZ where
phosphorylation of some residues impairs ubiquitination and subsequent proteasomal degradation, as
in one example, phosphorylation of S128 by NLK competed for the destabilizing LATS1-dependent
S127 phosphorylation [54]. However, we currently favor a pY407-related mechanism based on the
equivalent pY316 of TAZ, where it was shown that the phosphorylation of that residue, reportedly
by c-Abl, was necessary to mediate its interaction with the transcription factor NFAT5 [55]. This was
implicated in an inhibitory pathway of NFAT5—a major osmoregulatory transcription factor—during
hyperosmotic stress. Similarly, JNK1/2-mediated phosphorylation of YAP1 on Ser317 and Thr362
promotes YAP’s ability to bind and stabilize both pro-apoptotic p73 and pro-proliferative ∆Np63α in
different cell types [53,56]. We think that, likewise, pY407 promotes the interaction of YAP with some
of its transcriptional partners, and hence promotes its nuclear translocation, function, and stabilization,
away from cytoplasmic degradation. Importantly, while the phosphorylation of Y407 was identified in
proteomic studies [57], to our knowledge, the kinase responsible for it has not been reported.

Resistance to androgen deprivation therapy (ADT) promotes androgen-independent growth
and proliferation of PCa cells, which requires efficient DNA damage response (DDR) and repair
mechanisms, activation of compensatory signaling pathways, transcription factors, and co-factors to
drive castration resistance. Findings from our lab and others suggest that ADT activates the TLK1-NEK1
signaling pathway that promotes PCa progression by activating the DDR [11,24]. Hyper-activation of
NEK1 may also lengthen G2/M checkpoints, which provides the cells sufficient time to repair their
damaged DNA after ADT or radiation therapy [7,58]. However, DDR alone may not be able to induce
androgen-insensitive growth of PCa cells. Thus, we hypothesize that TLK1-NEK1 may be implicated
in some other signaling pathway, leading to AI growth. YAP1 is a major oncoprotein that drives many
different types of malignancies, including PCa [59], head and neck cancer [59], gastric cancer [60],
colon cancer [60], thyroid cancer [61], lung cancer [62], ovarian cancer [63], and liver cancer [64].
NEK1-mediated phosphorylation of YAP1 (most probably on Tyr407 and/or Thr493) may induce a
conformational change that counteracts the sequential phosphorylation by LATS1/2 and CK1δ/ε and
subsequently protects YAP from proteasomal degradation. Moreover, Tyr407 lies on the transcriptional
activation domain of YAP1, which may increase its interaction affinity to its assigned transcriptional
factors [65]. Ectopic YAP expression was reported to drive LNCaP cells from androgen-sensitive to
androgen-insensitive states [19]. Reducing the turnover rate will increase cellular accumulation of
YAP, which can enable its oncogenic properties to drive castration resistance by several mechanisms.
Previous studies reported that YAP can mediate PI (3)K-mTOR signaling and activate AKT [66–68].
Activation of mTOR will lead to enhanced translation of TLK1B that can, in turn, increase YAP1
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phosphorylation through TLK1-NEK1 nexus. This suggests a positive feed-forward mechanism for
YAP accumulation. Elevated YAP can also activate ERK that will promote cell proliferation in absence of
AR signaling. Kuser-Abali et al. reported that AR and YAP can interact, and this interaction contributes
to the switch from androgen-dependent to castration-resistant phenotype [27]. Overexpression of YAP
can also regulate the expression of AR target genes, including PSA, NKX3.1, PGC-1, and KLK2, which
suggests that YAP may control AR activity. YAP Tyr407 phosphorylation could increase the binding
affinity of AR and AR ligand-insensitive variant AR-V7, thus contributing to androgen refractory
growth of PCa cells. Therapy-induced YAP overexpression may also induce EMT activation by
upregulating EMT-specific genes. Increasing the stemness of PCa cells can be another mechanism
by which stabilized YAP can promote castration-resistant growth of PCa cells, which will further
contribute to chemo-resistance of cancer cells [69]. Our bioinformatics analyses also suggested a link
between NEK1 and YAP1 in different cancers (Figure 5). YAP1 protein level is abundant in high-grade
PCa tumors, despite the progressive downregulation of YAP1 mRNA expression. Other groups also
reported that YAP protein is positively correlated with the Gleason score, consistent with the findings
of our bioinformatics analysis [70]. We propose that the signaling of TLK1>NEK1-mediated YAP
phosphorylation and stabilization contributes not only to PCa progression, but also many other cancers.
Importantly, we found a correlation between increased phosphorylated NEK1(T141) in relation to the
Gleason score [25] and YAP1 protein expression, whereas the mRNA for YAP1 actually decreased
(Figure 5), consistent with our model of post-transcriptional protein stabilization.

5. Conclusions

YAP’s transcriptional activity and degradation is mainly regulated by phosphorylation through
several kinases dependent and independent of the Hippo pathway. Using small molecule inhibitors
against YAP cannot completely abolish YAP transcriptional activity and is not very effective in treating
YAP-driven cancers. Inhibitors such as verteporfin that can disrupt the YAP–TEAD interaction, but
still cannot result in complete inhibition, as YAP can bind with other transcription factors such as TEF,
SMADs, or TBX5. The majority of YAP kinases negatively regulate YAP by promoting its nuclear
egress or degradation; however, NEK1 is found to stabilize YAP protein by phosphorylating it on
several residues. Thus, targeting NEK1 or the TLK1–NEK1 axis can bring about therapeutic benefits in
the clinical management of YAP-driven malignancies.
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Simple Summary: Epithelial–mesenchymal transition (EMT) is associated with cancer progression.
Here, we found that two secreted proteins of osteomodulin (OMD) and proline/arginine-rich end
leucine repeat protein (PRELP) were selectively expressed in bladder umbrella epithelial cells, and
they were suppressed in bladder cancer. We revealed that OMD−/− or PRELP−/− knockout mice
caused a breakdown of the umbrella cell layer through weakening cell–cell integrity and the activation
of partial EMT, which resulted in the formation of early bladder cancer-like structures, while OMD
or PRELP application to bladder cancer cells inhibited cancer progression through reversing EMT,
which was mediated by the inhibition of TGF-β and EGF. Our result indicates that OMD and PRELP
function as tumor-suppressing proteins through inhibiting EMT. OMD and PRELP may be potential
therapeutic targets in bladder cancer.

Abstract: Osteomodulin (OMD) and proline/arginine-rich end leucine repeat protein (PRELP) are
secreted extracellular matrix proteins belonging to the small leucine-rich proteoglycans family. We
found that OMD and PRELP were specifically expressed in umbrella cells in bladder epithelia, and
their expression levels were dramatically downregulated in all bladder cancers from very early
stages and various epithelial cancers. Our in vitro studies including gene expression profiling
using bladder cancer cell lines revealed that OMD or PRELP application suppressed the cancer
progression by inhibiting TGF-β and EGF pathways, which reversed epithelial–mesenchymal
transition (EMT), activated cell–cell adhesion, and inhibited various oncogenic pathways. Furthermore,
the overexpression of OMD in bladder cancer cells strongly inhibited the anchorage-independent
growth and tumorigenicity in mouse xenograft studies. On the other hand, we found that in the
bladder epithelia, the knockout mice of OMD and/or PRELP gene caused partial EMT and a loss of
tight junctions of the umbrella cells and resulted in formation of a bladder carcinoma in situ-like
structure by spontaneous breakdowns of the umbrella cell layer. Furthermore, the ontological analysis
of the expression profiling of an OMD knockout mouse bladder demonstrated very high similarity
with those obtained from human bladder cancers. Our data indicate that OMD and PRELP are
endogenous inhibitors of cancer initiation and progression by controlling EMT. OMD and/or PRELP
may have potential for the treatment of bladder cancer.

Keywords: OMD; PRELP; tumor suppression gene; bladder cancer initiation; tight junction;
partial EMT

1. Introduction

Small leucine-rich proteoglycans (SLRPs) are a family of 17 secreted extracellular matrix (ECM)
proteoglycans [1]. SLRP members function not only as modifiers of ECM organization but also
as regulators of ligand-induced signaling pathways [1–4]. For example, Tsukushi regulates the
Notch, Wnt, FGF, BMP4, and Nodal pathways through interactions with extracellular components in a
context-dependent manner [5–8]. The expression of SLRPs is often altered in tumors. Biglycan, lumican,
and fibromodulin are overexpressed in various types of cancer, whilst decorin is overexpressed in some
types of cancer and suppressed in others [9]. High expression levels of lumican are associated with a
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poorer survival in colorectal tumors, and they are also presented with increased metastasis in lung
cancers [10]. Conversely, the overexpression of lumican in melanoma cells inhibited tumor formation
in an animal model [11], whereas low expression levels of lumican and decorin are associated with a
poorer patient survival in breast tumors and spindle cell carcinomas, respectively [12]. Thirty percent
of decorin knockout mice develop intestinal tumors [13], and decorin/p53 double knockout mice
demonstrate an enhanced susceptibility to thymic lymphoma [14]. Decorin suppressed squamous
cell carcinoma in vitro by binding to EGFR to regulate downstream signaling pathways, while it also
inhibited tumor formation and metastasis in a xenograft model [1,15,16]. However, no mutations or
deletions of these genes have been reported so far in human cancers. Thus, their relevance to human
carcinogenesis remains unclear.

With the development of epithelial malignancies, major changes occur in the organization
of ECM, which normally provides the microenvironment for the maintenance of epithelial cell
integrity. Many oncogenes cannot initiate a tumor if the extracellular microenvironment is normally
maintained [17]. Moreover, in some cases, breakdown of the extracellular microenvironment by itself
can trigger tumorigenesis [18]. These studies further demonstrate the importance of ECM proteins in
cancer development.

Bladder cancer is one of the most common cancers worldwide, with 549,400 new cases and 200,000
deaths annually [19]. Our study shows that the two SLRPs or secreted ECM, osteomodulin (OMD)
and proline/arginine-rich end leucine repeat protein (PRELP) are expressed in bladder and critical
regulators of bladder cancer initiation and progression via altering cell–cell adhesion, probably through
the regulation of epithelial–mesenchymal transition (EMT). Our findings can explain the mechanism
of cancer initiation and can contribute to new therapeutic applications.

2. Results

2.1. OMD and PRELP Expression and the Association with the Early Stages of Bladder Cancer

We analyzed the expression levels of SLRP members in various epithelial cancers including
bladder cancer using two independent microarray-based expression-profiling databases drawn from a
worldwide population: Oncomine (Figure 1a,b; Figure S1) and Gene Logic Inc (Figure S2). Interestingly,
the expression levels of OMD and PRELP are strongly suppressed in the majority of epithelial
cancer types.

Next, we performed a detailed expression analysis of 126 bladder cancer samples and 31 normal
control samples (Figure 1c–f; Table S1). The expression of both OMD and PRELP in tumors was
drastically lower compared to normal tissues (Figure 1d,f) and declined progressively with cancer
stage (Figure 1c,e; Table S1). No associations were found with gender or recurrence status, nor with
age or tumor size (Table S1). OMD and PRELP were also downregulated in bladder cancer cell lines
compared to normal bladder tissue (Figure S3a,b). Moderate OMD expression was seen only in the
non-invasive bladder cell lines RT4 and LHT1376.
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Figure 1. Expression of osteomodulin (OMD) and proline/arginine-rich end leucine repeat protein
(PRELP) in cancer (a,b). Microarray analysis of OMD (a) and PRELP (b) expression in human bladder
cancer samples and normal bladder tissues. (c) Quantitative analysis of OMD expression in bladder
cancer at different stages by qPCR. (d) Box–whisker plot (median 50% boxed) of (c). Cutoff value
(dash line) was determined as described in Materials and Methods. (e) Quantitative analysis of PRELP

expression in bladder cancer at different stages by qPCR. (f) Box–whisker plot of (e). (g) Expression
analysis of OMD and PRELP in bladder cell lines. Published expression profiling data of MIBC cell lines
(GSE97768) are re-examined to elucidate the relative expression of OMD and PRELP in comparison
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with known overexpressing genes in bladder cancer; APP, CHEK1, EGFR, ERBB2, and TP53 and with
housekeeping genes of TUBA1C, TUBB, and TUBD1. (h) Expression analysis of OMD and PRELP in
bladder tissues samples from patients. Published expression profiling data of non- Non-muscle-invasive
bladder cancer (NMIBC)(E-MTAB-4321) are re-examined to elucidate the relative expression of OMD

and PRELP in comparison with APP, CHEK1, EGFR, ERBB2, and TP53 and with housekeeping genes
of TUBA1C and TUBD1. Details of both (g,h) analyses are in Materials and Methods. (i) Somatic
mutations in human cancer samples that are predicted to generate a loss of function of OMD. Detail of
cancers is described in Materials and Methods in the section of OMD and PRELP Expression Analysis
in muscle-invasive bladder cancer (MIBC) cell lines and NMIBC Patient Samples. ** indicates p < 0.01.

To assess the potential role of OMD and PRELP as diagnostic markers, we set cutoff values to
distinguish tumor samples from normal tissues through calculation of the interquartile range. The
expression levels of OMD and PRELP in almost all normal bladder tissues were above the cutoff value
(specificity: 83.9% (OMD) and 90.3% (PRELP)), while expression in the vast majority of tumor tissues was
below the cutoff (sensitivity: 88.9% (OMD) and 90.5% (PRELP), Table S2). Expression levels of OMD and
PRELP in the Ta (early) stage of almost all tumor tissues were below the cutoff value (sensitivity: 88.9%
(OMD) and 88.9% (PRELP), Table S2). When we combined the data for OMD and PRELP, the expression of
both genes below the cutoff value was found only in tumor samples and in none of the normal tissues
(specificity 100%). These results show that the expression levels of OMD and PRELP genes are powerful
markers for the prediction of the presence of urothelial carcinomas. The suppression of OMD and PRELP

was also observed when we analyzed previously published expression profiling data for muscle-invasive
bladder cancer (MIBC) and non-muscle-invasive bladder cancer (NMIBC) (Figure 1g,h) [20,21]. An
examination of mutation analysis using The Cancer Genome Atlas (TCGA) (Figure 1i) found a total of
3,142,246 somatic substitutions/indels were interrogated from 33,096 primary human cancers, and the
somatic mutations predicted to generate a loss-of-function effect in OMD are summarized in Figure 1i.
However, relatively few mutations were observed (95 for OMD and 158 for PRELP) (unpublished data).

2.2. Cell–Cell Adhesion and Cancer Signaling Regulated by OMD and PRELP

To further assess the role of OMD and PRELP in cancer, we overexpressed or underexpressed the
two proteins in cultured cells and performed gene expression analysis using microarrays (Affimetrix
GeneChip® System). The T-Rex-293T system was used to express the genes at a near-physiological
level without causing adverse effects due to their insertion site. To ablate gene expression, 5637 bladder
cancer cells, expressing OMD and PRELP at a low level, were transfected with siRNA constructs
for OMD or PRELP. After validating the altered expression of OMD and PRELP by RT-PCR, gene
expression profiling was performed.

Figure 2a,b show the numbers of genes that are negatively and positively transcriptionally
regulated by OMD and/or PRELP, respectively. The genes affected by OMD and PRELP include
many oncogenes and tumor-suppressor genes such as NF-kB, Ras, and c-Fos. For example, 107 genes
were activated by both OMD and PRELP overexpression, while 139 genes were suppressed by the
double-depletion (Figure 2b). These observations indicate that OMD and PRELP have a functional
redundancy while they also regulate various distinct target genes.

Next, to elucidate the affected signaling pathways, biological events, and mechanisms, the gene
expression profiling data were analyzed with a data mining program (Ingenuity Pathway Analysis,
IPA, Qiagen, (https://digitalinsights.qiagen.com/products-overview/discovery-insights-portfolio/anal
ysis-and-visualization/qiagen-ipa/?cmpid=QDI_GA_IPA&gclid=CjwKCAiAtK79BRAIEiwA4Osk
BpDKfEsg5CJdSERKm3IEd_0gZRXNEGfgu7XJjKoC9hVggrFtzQnvxBoCY_wQAvD_BwE). Using
the Functional Analysis mode, “molecular mechanism of cancer” was identified as one of the most
significantly affected biological functions and/or diseases in all four conditions of OMD overexpression,
OMD depletion, PRELP overexpression, and PRELP depletion (Figure 2c; Figure S3c–f). In total, 304
and 388 genes related to the “cancer” category are significantly affected by the altered expression of
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OMD and PRELP, including members of the p53 pathway, the NF-kB pathway, the Ras pathway, the
RB1 pathway, the Jun/Fos pathway, and the Myc pathway (Figure 2d).

Our analysis also revealed that both OMD and PRELP strongly influence cell–cell adhesion mediated
by tight junctions (Figure 2e). Tight junctions are a type of cell–cell junction that binds the apical sides
of epithelial cells. The breakdown of tight junctions has been proposed as a critical step in cancer
initiation [22,23]. Tight junction components such as Zonula occlugens-1 (ZO-1) and Nectin were
transcriptionally activated by OMD or PRELP overexpression, while they were suppressed in OMD or
PRELP depletion, suggesting that OMD and PRELP have the ability to positively regulate tight junctions
(Figure 2e).

 

Figure 2. Gene expression profiling in OMD/PRELP overexpressing or deleted cells. Gene expression
profiling was performed under seven conditions; OMD overexpression in T-Rex-293T cells, PRELP
overexpression in T-Rex-293T cells, control T-Rex-293T cells, OMD depletion in the 5637 bladder cancer
cells, PRELP depletion in the 5637 cells, two controls of the 5637 cells. Details are in Materials and
Methods. Then, genes with statistical significant changes of mRNA levels have been identified. Data
were analyzed, and the following figures were made through the use of Ingenuity Pathway Analysis
(IPA) (QIAGEN Inc., https://www.qiagenbioinformatics.com/products/ingenuitypathway-analysis). (a)
Gene numbers significantly inhibited by OMD overexpression or PRELP overexpression but activated
by OMD depletion or PRELP depletion. (b) Gene numbers activated by OMD overexpression or
PRELP overexpression but suppressed by OMD depletion or PRELP depletion. (c) Heat map of
signaling pathways significantly affected by OMD overexpression. This heat map was created using
IPA software. Similar heat maps were observed in other three conditions of OMD depletion, PRELP
overexpression, and PRELP depletion. (d,e) Schematic drawing of the most strongly influenced
biological events regulated by OMD overexpression. “Molecular Mechanism of Cancer” (d) and “Tight
junction signaling” (e) category. Both images of (d,e) were created by Ingenuity Pathway Analysis
according to their rule. This pathway is one of the most strongly influenced ones by any of four
conditions (OMD overexpression, OMD depletion, PRELP overexpression, PRELP depletion).

252



Cancers 2020, 12, 3362

2.3. OMD or PRELP Overexpression in EJ28 Bladder Cancer Cells

To investigate the roles of OMD and PRELP at the molecular level, we constructed stable cell lines
that overexpressed OMD, OMD-myc, PRELP, and PRELP-myc using the EJ28 bladder cancer cell line,
as their endogenous expression is strongly suppressed.

Under standard cell culture using non-coated culture dish with non-confluent conditions, control
EJ28 cells had a flattened fibroblast-like shape. In contrast, many OMD overexpressing cells had a
markedly different round shape with many pin-like extensions (Figure 3a). PRELP overexpression
also resulted in a change of cell morphology to round cells similar to OMD overexpressors together
with elongated cells with protruding stress fiber-like filamentous extensions (Figure 3a). To evaluate
relevant changes in the cytoskeletal structure, we stained for actin and tubulin. We found that there
are many pin-like actin structures on the surface of the round OMD-expressing cells, similar to the
phenotype induced by cdc42 activation [24]. On the other hand, PRELP overexpression resulted in
both round cells with pin-like structures and elongated cells with long clear actin fibers (Figure 3b).
These abnormal morphological changes were also observed with tubulin staining (Figure 3c).

We next analyzed the effect of OMD/PRELP overexpression on cell proliferation and survival.
First, expression levels of OMD and PRELP in EJ28 cells were analyzed by qRT-PCR (S4a and b) and by
Western blotting using the myc antibody for myc-tag protein expression (S8n and S8p). OMD and
OMD-myc cells exhibited reduced proliferation, both in standard proliferation and BrdU incorporation
assays (Figure S4c,d), while cell cycle analysis by flow cytometry revealed an enhanced G1 phase
transition (Figure S4e). Finally, OMD and OMD-myc cells presented a small but significant increase
in apoptosis, as assayed by annexin staining (Figure S4f). The overexpression of OMD, OMD-myc,
and PRELP resulted in a slight but significant suppression of cell growth with modulation of the cell
cycle phase distribution. In addition, OMD and PRELP overexpression slightly increased apoptosis,
although the majority of cells remained non-apoptotic. Overall, we conclude that the overexpression
of OMD and PRELP proteins results in a subtle but significant suppression of cell growth with the
modulation of cell cycle phase distribution.

Anchorage-independent growth is a well-established property of transformed cancer cells.
Therefore, we examined the effect of OMD or PRELP overexpression on anchorage-independent
growth (Figure 3d,e). OMD or PRELP-myc overexpression completely abolished colony formation.
These results indicate that OMD and PRELP suppression might be important for the transition from
normal epithelial cells to mesenchymal-like cancer cells. Additionally, we tested the cell growth in a
3D environment using Matrigel to investigate growth under partial anchorage conditions. Control
EJ28 cells grew well and showed a “spread-like” morphology (Figure 3f), as observed in standard
cell culture dishes. However, OMD or PRELP overexpressing cells tended to make cell aggregates,
suggesting that OMD and PRELP may influence cell migration. To address this, we performed the
Boyden chamber assay with Matrigel-coated transwells. The assay clearly demonstrated that the
overexpression of OMD or PRELP strongly suppressed cell migration and invasion (Figure 3g,h). The
effect of OMD and PRELP overexpression on cell migration was also tested in standard 2D conditions
with the scratch wound assay, where a small inhibition of the wound recovery was observed (Figure
S4g). Collectively, these results suggest that the two proteins affect colony formation, migration, and
invasion capabilities of cancer cells in a substrate-dependent manner.

As OMD and PRELP are secreted proteins, to confirm that the observed effects are mediated by the
extracellular forms, we performed a co-culture assay, in which EJ28 cells (Cell A) overexpressing OMD
or PRELP were cultured in the chamber above tester EJ28 cells (Cell B) (Figure 3i). OMD and PRELP
significantly suppressed the growth of the lower layer of EJ28 tester cells (Figure 3j), as we expected.
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Figure 3. Effect of OMD or PRELP overexpression in bladder cancer cell lines. (a) Cell morphology of
EJ28 bladder cancer cells transfected with OMD, OMD-myc, PRELP, or PRELP-myc constructs, observed
by differential interference contrast (DIC) microscope. Round cells are indicated as arrowheads. (b)
Phalloidin staining of the transfected EJ28 cells. Phalloidin (red) and DAPI (blue). Pin-like structures
of OMD overexpressing cells are phalloidin-positive. PRELP overexpression results in clear long actin
fiber formation. (c) Anti-tubulin antibody staining. Tubulin (red) and 4′,6-diamidlino-2-phenylindole
(DAPI) (blue). (d,e) Anchorage-independent growth using the soft agar. Photos of control, OMD, and
PRELP overexpressing colonies formed in the top agar layer (d). Quantification of the cell percentage
that formed colonies (e). (f) Cell growth in the Matrigel. (g,h) Cell migration and invasion assay using
the Boyden chamber. Photos of cells that invaded to the bottom side of membrane after the addition of
fetal bovine serum (FBS) as a chemoattractant (g). Quantification of cell migration/invasion in (g,h). (i,j)
Transwell co-culture assay to evaluate the effect of secreted OMD/PRELP on non-contacting cells. Schematic
drawing of the assay system and photos of EJ28 cells cultured at the button chambers (i). Quantification of
viable cell density in the bottom well by trypan blue staining (j). *, **, *** indicate p < 0.01, p < 0.005, p <

0.001, respectively.

2.4. The Relation between OMD or PRELP and Tight Junction Formation

We examined the status of tight junctions of EJ28 cells using antibodies against occludin
(Figure 4a–i), ZO-1 (Figure 4j–l), and cingulin (Figure 4m–o). In confluent monolayers of the control
EJ28 cells, we observed partial staining at cell–cell interfaces, covering around 40% of the total cell–cell
surface for occludin, (40% of total cell–cell surface), ZO-1 (46%), and cingulin (30%) (Figure 4p–r). This
appearance of partial junction staining is found in cancer cell lines (personal communication, Karl
Matter). Interestingly, the overexpression of OMD resulted in enhanced and continuous junctional
staining of all three markers, covering almost the whole cell periphery (Figure 4b,h,k,n). PRELP
overexpression had a similar effect, where tight junction formation was also markedly increased
compared to the control cells. This enhanced junctional staining was accompanied by a reduction
of the cytoplasmic staining of the corresponding markers. To further confirm the formation of tight
junctions, the control EJ28 cells and OMD overexpressing cells were examined by electron microscopy.
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A large number of tight junctions were observed in OMD overexpressing cells (Figure 4s–u). However,
we failed to detect any tight junctions in the control EJ28 cells (Figure 4v,w).

Figure 4. Effect of OMD or PRELP overexpression on tight junction in EJ28 cells. (a–i) Occludin
antibody staining of OMD or PRELP expressing EJ28 cells; low magnification (a–c), overlaid with
DAPI (d–f), enlarged (g–i). (j–l) ZO-1 staining. (m–o) Cingulin staining. Scale bar represents 100 µm
(a–o). (p) Quantification of occluding staining. (q) Quantification of ZO-1 staining. (r) Quantification
of cingulin staining. (s–w) Electron microscope (EM) analysis of cell-cell junction. OMD expressing
EJ28 cells (s–u) and wild type (WT) EJ28 cells (v,w). Tight junctions are indicated by arrows. Scale
bar represents 1 µm (t,u,w) and 0.5 µm (s,v). OMD overexpression strongly activates tight junction
formation. (x–ff) Antibody staining of confluent monolayer; β-catenin (x–z), E-cadherin (aa–cc), and
vimentin (dd–ff). Scale bar represents 100 µm (x–ff). *** indicates p < 0.001.

Subsequently, to determine the effect on adherens junctions, we examined the expression of
β-catenin, E-cadherin, and vimentin. Figure 4x shows that in the control group, many cells have a
weak β-catenin localization in the nuclei. On the other hand, in OMD or PRELP overexpressing cells,
β-catenin was almost exclusively localized at the plasma membrane, and the strength of the staining was
much higher than the control (Figure 4x–z). E-cadherin staining was slightly enhanced (Figure 4aa–cc),
indicating that OMD and PRELP activate adherens junctions. To test how OMD and PRELP regulated
cell–cell adhesion, we examined the expression of vimentin, an EMT marker. The major characteristics
of epithelial cells are cell polarity, strong cell–cell integrity, and anchorage-dependent growth. Cancer
initiation in epithelia is always associated with EMT [25,26]. After conversion to mesenchymal cells,
these cells can grow in an anchorage-independent manner, as observed in almost all cancer cells.
Figure 4dd–ff shows that vimentin was more localized around or in the nucleus, while OMD or
PRELP-expressing cells showed a diffuse expression of vimentin in the cytosol. This suggests that
OMD and PRELP may regulate cell–cell adhesion through EMT.
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2.5. Signal Pathways Regulated by OMD and PRELP

The gene expression profiling experiment revealed that OMD and PRELP were involved in the
regulation of various components of several ligand-induced signaling pathways, including the IGF-1,
Wnt, EGF, and TGF-β pathways. We aimed to determine the molecular mechanisms of OMD/PRELP
activity using EJ28 stable cell lines that overexpress the two proteins. In the expression profiling
data (Figure 2d), the Akt level was significantly affected by both OMD and PRELP. We found that
OMD and PRELP overexpression downregulated the phosphorylation of Akt (Figure 5a), and OMD
overexpression downregulated the phosphorylation of ERK1/2 (Figure 5b). Akt phosphorylation
is known to be regulated by the EGF and IGF pathways [27,28]. Figure 5a and b show that upon
EGF treatment (10 ng/mL), Akt phosphorylation was decreased in the OMD overexpressing cells
compared to the control. EGF induced the phosphorylation of tyrosine-1068 of the EGFR, and this
phosphorylation was suppressed by OMD expression (Figure 5b). ERK1/2 phosphorylation was
elevated by exogenous EGF, and this phosphorylation was also suppressed by OMD (Figure 5b).
Co-immunoprecipitation assays revealed that OMD was bound to the EGFR (Figure 5c). Total EGFR
protein was reduced in OMD transfected cells (Figure 5d). Inhibition of the EGF pathway is known to
lead β-catenin localization to the cell membrane [29], which we observed in OMD/PRELP activation
(Figure 4x).

IGF activated Akt through the phosphorylation of the IGF-1R; however, OMD overexpression
did not inhibit the IGF-mediated phosphorylation of Akt (Figure 5e) in our assays. In addition, we
did not detect any direct interaction of OMD with the IGF receptor (Figure 5f). All the SLRP family
members previously studied directly interact with TGF-β family members and regulate transcription
of their targets via the phosphorylation of Smad2 [2]. Indeed, OMD and PRELP directly bound to
TGF-β protein (Figure 5g) and resulted in Smad2 phosphorylation suppression, particularly in OMD
(Figure 5h). The effect of OMD and PRELP on EGFR, β-catenin, and Smad2 were quantitated and the
results are shown in Figure S5.
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Figure 5. Mechanism of OMD or PRELP-mediated regulation of tight junction. Various effects of
OMD and PRELP were examined in vitro using OMD or PRELP stably overexpressing EJ28 bladder
cancer cell lines. OMD1 and OMD2 indicate different stable clones. (a) Effect of OMD or PRELP
overexpression on Akt phosphorylation. (b) Effects of OMD overexpression and EGF application
on EGF receptor, Akt, and ERK phosphorylation. (c) Interaction between OMD and EGF receptor.
(d) Effect of OMD or PRELP on the total amount of EGF receptor. (e) Effects of OMD overexpression
and IGF-1 application on phosphorylation of the IGF receptor, Akt, and ERK. (f) Interaction between
the OMD and IGF receptors. (g) Binding of OMD or PRELP with TGF-β. (h) Effect of OMD or PRELP
on Smad2 phosphorylation. (i) Effect of OMD and PRELP on the total levels of β-catenin protein
expression. (j) Effect of OMD or PRELP on phosphorylation of p38. All original Western blotting data
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are shown in Figure S8. (k) Effect of OMD on cdc42 activity. (l–p) Effect of EGF, IGF-1, and TGF-β
1 application on tight junction formation of confluent OMD overexpressing EJ28 cell monolayers.
Occludin staining of normal EJ28 cells (l) and OMD expressing EJ28 cells (m). Effect of 10 ng/mL EGF
(n), 100 ng/mL IGF-1 (o), or 10 ng/mL TGF-β 1 (p) on occludin staining of EJ28 cells overexpressing
OMD. Scale bar represents 100 µm. (q) Quantification of occludin-positive cell–cell junctions. (r) TGF-β,
EGF, and Wnt pathways are affected in OMD−/− mouse bladder. Ontological analysis of the expression
profiling data obtained in Figure 8. (s) Schematic model of OMD/PRELP function. The uncropped
Western Blot figure in Supplementary Figure S8. **, **** indicate p < 0.01, p < 0.0001, respectively.

We found that OMD overexpression significantly increased the total amount ofβ-catenin (Figure 5i).
However, we could not detect a change of Wnt-mediated transcription activity by the TOPFLASH
assay (unpublished data). Taken together with our finding that OMD causes the translocation of
β-catenin to the plasma membrane (Figure 4x–z), this suggests that the increased β-catenin mainly
contributes to its adherens junction-related function.

The downstream segments of ligand-induced signaling pathways are remarkably interconnected
with each other in context-dependent manners. Thus, we examined two common downstream
components of the EGF and TGF-β pathways, p38 and cdc42, as the OMD or PRELP mediated in vitro
phenotypes reported in this paper are similar to those caused by p38 or cdc42 modulation [30–32].
Moreover, our expression profiling analysis indicated the importance of the cdc42 and p38 pathways in
this context (Figure 2d). We found that OMD and PRELP overexpression increased the phosphorylation
of p38 (Figure 5j), and OMD activated cdc42 (Figure 5k).

Finally, we examined the contribution of OMD-mediated inhibition of pathways to the regulation
of tight junctions. TGF-β, IGF, and EGF pathways are well known as major pathways to regulate
EMT and mesenchymal–epithelial transition (MET). OMD overexpressing EJ28 cells were treated with
either EGF (10 ng/mL), TGF-β (10 ng/mL), or IGF-1 (100 ng/mL) protein, and their effects on tight
junction formation were assessed. Cellular response was confirmed by analysis of phosphorylation of
ERK1/2, AKT, and Smad2. Figure 5l–q shows that EGF and TGF-β strongly inhibited OMD-induced
tight junction formation, while IGF-1 had no effect, suggesting that the OMD-mediated regulation
of both EGF and TGF-β pathways is important for the regulation of tight junctions. In addition,
OMD overexpression induced the translocation of β-catenin to the plasma membrane (Figure 4x),
which was accompanied by an increase in the total expression levels of β-catenin (Figure 5i). Such
effects were previously reported as phenotypes caused by EGF pathway inhibition [29]. Later, we will
show another gene expression profiling using bladder tissues isolated from OMD−/− or PRELP−/−

mice (Figure 8). The ontological analysis shows that indeed, OMD/PRELP regulate EGF and TGF-β
pathways (Figure 5r)

Our results demonstrate that the OMD-mediated simultaneous regulation of TGF-β and EGF
pathways is important for the maintenance of cell–cell adhesion (Figure 5s).

2.6. Tumor Progression in a Mouse Xenograft Model

In order to examine the in vivo effects of OMD overexpression in cancer development, we
performed mouse xenograft experiments using stably transformed EJ28 cells. When EJ28 cells
were grafted in nude mice, the control EJ28 cancer cells grew well, while OMD-expressing EJ28
cells did not grow at all (Figure 6a). These observations are in accordance with the decreased
anchorage-independent growth we observed in vitro (Figure 3d–e). Haemotoxylin and Eosin (H&E)
staining of tumor sections showed that the density of nuclei was reduced and the nuclear–cytoplasmic
ratio was increased in OMD-overexpressing samples (Figure 6b–e). Moreover, occludin staining
revealed that OMD-expressing EJ28 cells have a more organized structure and stronger tight junctions
(Figure 6f–h). Next, we analyzed the ultrastructure of the xenografted cells by electron microscopy. This
analysis showed that adjacent cells of the control samples intercellular spaces between neighboring cells
are always visible, and almost no tight junctions can be observed (Figure 6i,j), while the OMD-expressing
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xenografts are in close contact and form multiple tight junctions (Figure 6k,l). These results confirmed
that OMD/PRELP overexpression enhances cell–cell adhesion and suppresses cancer development
in vivo.

Figure 6. Mouse xenograft model overexpression of OMD. (a) Xenograft of EJ28 cells stably expressing
OMD. Tumor volume progression graph. EJ28-WT (n = 5) and EJ28-OMD (n = 5). (b–e) Histology
of xenografted tissues; H&E staining of control EJ28 cells (b) and EJ28 cells overexpressing OMD (c),
comparison of the number of nuclei in 100 µm2 of sections (d), comparison of the ratio of nucleus
vs cytosol. (e) Scale bar represents 100 µm (b,c). (f,g) Occludin staining of control EJ28 tumor
(f) and OMD overexpressing EJ28 tumor (g). (h) Quantification of occludin staining. The stained
percentage of cell surfaces was measured. (i) EM of control EJ28 cells. (j) Enlarged from (i). (k) EM of
OMD-overexpressing EJ28 tumor cells. Scale bar represents 1 µm (i,k). (l) Enlarged from (k). Tight
junctions are shown with arrows. *** indicates p < 0.001.

2.7. OMD−/− or PRELP−/− Mice and Tight Junctions between Umbrella Cells

Next, we established constitutive OMD−/−, PRELP−/−, and OMD−/−/PRELP−/− double knockout
mice (Figure S6a–d). The knockouts were designed to target exons 2 and 3, resulting in the complete
removal of protein coding sequences while knocking in the β-galactosidase gene under the OMD and
PRELP promoters, respectively. The mice were viable and fertile, and no severe developmental defects
were observed. OMD and PRELP expression in mice were analyzed by qRT-PCR (Figure S6e,f).

OMD and PRELP were expressed in all organs tested in various levels (Figure S6g,h for mouse,
Figure S6i,j for human). To characterize the expression in the bladder, we assayed β-galactosidase
activity in heterozygous OMD+/−(LacZ) and PRELP+/−(LacZ) mice. We observed β-gal-positive cells only
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in the epithelial layer (Figure S6k,l). A similar pattern was found by the in situ hybridization with the
OMD or PRELP gene probe (Figure S6m,n). The bladder epithelium contains three cell types: basal
cells, intermediate cells, and superficial umbrella cells [33]. To identify which cell types express OMD
or PRELP, bladder sections were co-stained with β-gal and uroplakin-III (umbrella), CK18 (umbrella),
CK5 (basal), or laminin (basement membrane of epithelium) antibody. In OMD+/− mice, β-gal positive
cells were always co-localized with a subpopulation of the uroplakin-III and CK18 positive cells, but
not with CK5 or laminin (Figure S6o–r). We also stained with Ki67 (proliferative) markers (Figure
S6s), but there was no overlap staining. PRELP showed an expression pattern similar to that of OMD
(Figure S6t–x). These results indicate that at any one time, the active transcription of OMD and PRELP

is occurring in a subpopulation of umbrella cells.
Umbrella cells are connected to each other strongly by tight and adherens junctions [33]. We

examined the effect of OMD or PRELP deficiency on umbrella cell junctions. Electron microscopy
images indicated that the apical–lateral interfaces between WT bladder umbrella cells were tightly
sealed by dense tight junctions (Figure 7a,b). However, strong tight junctions were markedly reduced
in OMD−/−, PRELP−/−, or the double knockout mice (Figure 7c–e). The reduction at the lateral surface
was confirmed by immunostaining with the tight junction marker ZO-1. In the WT, ZO-1 staining was
located at the lateral cell surface (Figure 7f). In OMD−/− or PRELP−/− bladder tissues, the ZO-1 signal at
the lateral cell surface was significantly reduced (Figure 7g–j). Adherens junctions are localized in the
lateral cell–cell surface between umbrella cells, below the tight junction level. In WT mice, the adherens
junctions were visible in the basolateral surface of umbrella cells, as marked by E-cadherin staining
(Figure 7k), while in OMD−/−, PRELP−/−, and the double knockout mice, E-cadherin was localized in
the whole cell surface (Figure 7l–n). This demonstrates that the disruption of tight junctions enables
E-cadherin to migrate to the apical side of the cell membrane. These observations indicate that OMD
or PRELP depletion results in the induction of a partial EMT state, which is characterized by the loss of
tight junctions but not adherens junctions (Figure 7o).

One of the major functions of tight junctions in the bladder is to form the blood–urine barrier to
block the leakage of fluids into the bladder [34]. In accordance with this function, deletion of the PRELP

gene resulted in the formation of clots containing fibrin/fibrinogen in the bladder lumen (Figure 7p,q)
and the leakage of proteins into the urine (Figure 7r).
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Figure 7. OMD or PRELP knockout resulted in a loss of tight junctions between bladder umbrella
cells. (a–e) EM analysis of WT (a,b), OMD−/− (c), PRELP−/− (d), and their double (e) knockout bladders
at 3 months old. A wide view of WT bladder epithelia, which includes two umbrella cells and an
intermediate cell. The apical side of the cell–cell surface of umbrella cells (black arrowhead) are strongly
sealed by dense tight junctions (white arrowheads) (a). Apical side of umbrella cell–cell interfaces.
Black arrowheads; cell–cell interfaces. White arrowheads; tight junctions (b–e). Scale bar represents
200 nm. (f–j) Analysis of ZO-1 staining of a 3-month-old bladder. ZO-1 staining between umbrella cells
is indicated by white arrowheads (f). Quantification of ZO-1 staining (j). (k–n) E-cadherin staining of a
3-month-old bladder. (o) Model of cell–cell adhesion in bladder epithelial cells. (p) Phosphotungstic
acid hematoxylin (PATH) staining of 3-month-old PRELP−/− bladder. PATH staining stains fibrin and
erythrocytes. (q) Fibrin antibody staining of 3-month-old PRELP−/− bladder. (r) Analysis of urinary
fibrin. Urine samples were collected from WT and PRELP−/− mice at the morning and were tested
using Multistix (SIEMENS). *, **, *** indicate p < 0.05, p < 0.01, p < 0.001, respectively.
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2.8. Expression Profiling of OMD−/−, PRELP−/− Bladder Epithelia

To consolidate our hypothesis that OMD and PRELP contribute to the maintenance of cell–cell
adhesion and the inhibition of EMT, we performed gene expression profiling by RNA-seq using
isolated bladder epithelia from WT mice (n = 3), OMD−/− (n = 5), and PRELP−/− (n = 3). Similarly
to our previous gene expression analysis data (Figure 2), 148 genes were commonly affected both in
OMD−/− and in PRELP−/− (Figure 8a), indicating their partial functional redundancy.

Figure 8. Expression profiling of OMD−/−, PRELP−/− mouse bladder epithelia. Expression profiling was
performed using OMD−/−, PRELP−/− mouse bladder epithelia. Data were analyzed, and the following
figures were made through the use of IPA (QIAGEN Inc., https://www.qiagenbioinformatics.com/products/
ingenuitypathway-analysis). (a) Significantly affected gene numbers, including both up and downregulated.
(b) Expression of genes related to cell–cell adhesion and EMT. (c,d) Significantly affected cell adhesion-related
pathways in OMD−/− (c) and PRELP−/− (d). The same pathways are connected by arrows. (e) Similarity
of expression profiling data. Using Analysis Match software (Ingenuity Pathway Analysis, IPA, Qiagen),
we examined the similarity of expression profiling data of OMD−/− retina with the already deposited
publicly available expression profiling dataset and those of PRELP−/− retina. OMD−/− retina data showed
high similarity with PRELP−/− retina. The public database search revealed that bladder cancer-related
datasets showed high similarity in all categories. CP; canonical pathways, UR; upstream regulators, CN;
causal networks, DE; downstream effectors. (f) Schematic drawing of “Regulation of the EMT pathway” in
OMD−/− vs. WT. Drawing was slightly modified from the original of “Regulation of the EMT Pathway”.
This image was created by Ingenuity Pathway Analysis according to their rule.

These genes include components of cell–cell adhesion and EMT (Figure 8b). Ontological analysis
using the IPA showed that EMT-related events such as “Regulation of the Epithelial–Mesenchymal
Transition Pathway” (OMD−/−, z = 6.26, PRELP−/−, z = 1.31) (Figure 8c–e) were significantly affected
in both OMD−/− and PRELP−/− bladder epithelia. Additionally, cell–cell adhesion-related pathways,
which is a consequence of EMT, such as “Tight Junction Signaling”, and “Germ Cell–Sertoli Cell
Junction Signaling”, were significantly affected both in OMD−/− and PRELP−/−, confirming their
involvement in the maintenance of the epithelial junctional barrier.
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The ontological analysis also revealed that many cancer-related pathways are more strongly
affected (Figure S7a,b), even to a higher extend compared to the gene expression profiling performed
in cell lines (Figure 2). Many oncogenes and tumor-suppressor genes are strongly affected (Figure S7c).
Figure S6d shows the schematic diagram of “Molecular Mechanisms of Cancer” pathway, affected in
OMD−/− (z = 15.2), indicating that a majority of cancer-related regulators such as NF-kB, p53, myc, Ras,
c-Jun/c-Fos, TGF-β R1/2, and RB are significantly affected. Since the host mouse strain C57BL/6J is
not known to hold tumorigenic mutations in the above proteins, these data confirm that in parallel
with their ability to regulate EMT and cell–cell integrity, OMD and PRELP have the ability to influence
cancer-related activities. Furthermore, in order to know how deeply the OMD suppression in bladder
cancer contributes to the properties of bladder cancer, we searched already deposited publicly available
expression profiling datasets that showed similarities with that of OMD−/− retina. This analysis
revealed that many cancer-related public datasets showed strong similarity with our OMD−/− dataset.
In particular, as shown in Figure 8e, both bladder transitional cell carcinoma and bladder carcinoma
showed the strong similarity [35,36]. This result demonstrates the significant contribution of OMD
suppression in human bladder cancer initiation and/or progression. In addition, we examined the
similarity between the OMD−/− and PRELP−/− expression profiling datasets using the Analysis Match
software. Figure 8e shows the high similarity between OMD−/− and PRELP−/−, supporting the results
in Figure 8a–d.

2.9. Breakdown of the Umbrella Cell Layer in OMD−/− and PRELP−/− Mice

We made 10 µm paraffin section series from whole bladder specimens of WT, OMD−/−, PRELP−/−,
and double knockout mice and examined the fine structure of the urothelium. In the WT mice, bladder
umbrella cells form a clear single epithelial layer at the apical side of the urothelium and function
as a barrier to the toxic bladder fluid (Figure 9a–c). In contrast, all of the bladder tissue samples
from OMD−/−, PRELP−/−, and the double knockout mice showed points of breakdown/dysplasia
of the urothelium (Figure 9d–l). We here termed these histological structures as “epithelial bursts”.
Furthermore, histological observation and bladder marker staining showed that the spread cells of
the epithelial bursts originated from umbrella cells expressing uroplakin-III (Figure 9m,n), while their
number was significantly increased in OMD−/− or PRELP−/− mice (Figure 9o). Of note, no obvious
abnormalities were seen in the basal and intermediate cell layers (Figure 9p). To investigate whether the
epithelial bursts are associated with aberrant cell proliferation, we performed immunohistochemical
analysis using the Ki67 proliferation marker. There are few Ki67-positive cells in the WT bladder
urothelium, and their number is only slightly increased in the OMD−/− and the double knockout
samples, suggesting that the epithelial bursts do not result from increased proliferation (Figure 9q).

In humans, carcinoma in situ (CIS) appears histologically as a flat dysplasia of umbrella cells
and is recognized as an early sign of malignant bladder cancer. However, an epithelial burst-type
dysplasia, as seen in the OMD−/− and PRELP−/− mouse bladders, has not been recognized. The luminal
mouse bladder is consistently covered by convex mucosal folds, while the human bladder surface is
relatively flat or slightly concave. During our histological analysis, we observed a simple flat dysplasia
of umbrella cells in the concave areas of mouse bladder as in human CIS (Figure 9r–t), suggesting
that the structural difference of dysplasia might result from the different urothelium structure: convex
vs. concave. To address this, we developed a mathematical simulation to visualize the direction
of epithelial layer breakdown through the calculation of the forces created on convex and concave
structures (Figure 9u). The model demonstrated that in a convex structure, the basal side of the
epithelial layer was sealed, and the epithelial cells tended to escape to the apical side, similar to an
epithelial burst. On the other hand, in a concave structure, the apical side was sealed, and the dysplasia
cells tended to move under the epithelial layer. Supporting our analysis, Messal et al. has recently
reported that a mechanical tension model for tissue curvature can instruct the direction of cancer
morphogenesis [37]. These model-based analyses suggest that OMD and/or PRELP deletion can result
in a defect in maintenance of the umbrella cell layer, as observed in human bladder CIS.
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Figure 9. OMD−/−, PRELP−/−, and their double knockout mice spontaneously initiate bladder papillary
cancer. (a–l) 3-month-old bladder of WT (a–c), OMD−/− (d–f), PRELP−/− (g–i), and their double
knockout (j–l). A low magnification and two high magnification images are shown in order. Epithelial
bursts are indicated as arrows. Some enlarged areas are indicated as boxes in low-magnification images.
Scale bar represents 500 µm (a,d,g,j) and 100 µm (b,c,e,f,h,i,k,l). (m–o) Uroplakin III antibody staining
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of an epithelial burst of OMD−/−. Uroplakin staining (m), overlaid view of uroplakin III and DAPI (n).
Scale bar represents 50 µm (m,n). Quantification of epithelial burst number per bladder; WT (n = 7),
OMD−/− (n = 7), PRELP−/− (n = 6), OMD−/−, PRELP−/− (n = 3) (o). In quantification, we examined
six to seven 10 µm slices from each bladder. Each slice was separated around 200 µm in the bladder,
and these slices covered the whole bladder except their edges. (p) Laminin antibody staining of WT

and OMD−/− bladders. (q) Ki-67 staining positive cells in bladder. (r–t) Carcinoma in situ (CIS)-like
structures in OMD−/− (r) and PRELP−/− (s,t). (u) Computational models for the mouse and human
epithelial dysplasia. Conditions of models (u-i). Calculated forces between cells (u-ii). Direction of
dysplasia (u-iii). Epithelial burst-like dysplasia and carcinoma in situ-like dysplasia (u-iv). *** indicates
p < 0.001.

2.10. Some PRELP−/− Mice Spontaneously Initiate Bladder Papillary Cancer

On analysis of bladders from OMD−/−, PRELP−/−, and the double knockout mice, we found that
OMD−/−, PRELP−/−, and double KO bladders showed a slightly increased number of mucosal folds
with multiple branches (Figure 10a,b). Interestingly, in one-third of the PRELP−/− and double knockout
mice but not in OMD−/− mice, the bladder developed abnormal urothelia with hyperplasia, resulting
in a pattern of papillary growth on a normal muscularis (Figure 10c,e in WT, d, f–o in PRELP). This
phenotype seen in some PRELP−/− bladders is similar to some types of human bladder papillary cancer
(https://www.proteinatlas.org/learn/dictionary/pathology/urothelial+cancer).

We observed various stages of papillary cancer progression such as mucosal folds with multiple
branches (Figure 10g), partially fused mucosal folds (Figure 10h), and completely fused mucosal
folds (Figure 10i,j). The process of clot formation was also observed, including small aggregates of
proteinaceous material secreted from umbrella cells (Figure 10i), larger aggregates in which clumps
of cells were embedded (Figure 10k,l), and large acellular clots covered with a single layer of cells
(Figure 10m). We observed early signs of cancer invasions into the underlying muscularis (Figure 10n,o).
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Figure 10. PRELP knockout mice spontaneously initiate early stages of bladder cancer. (a) H&E-stained
section showing a branched mucosal fold. (b) Number of mucosal folds with multiple branches. In each
bladder, we have examined two sections in the medial region of bladder. (c) H&E-stained section of a
WT mouse bladder at 3 months of age. (d) Bladder papillary cancer in PRELP−/− at 3 months. Scale bar
represents 500 µm (c,d). The bladder lumen is almost completely filled by mucosal folds with multiple
branches and fused mucosal folds. Clots formation is observed. Enlarged regions in the following
panels are indicated by the dotted boxes. (e) WT bladder muscularis (Mus) and epithelial tissue (Epi).
(f) PRELP−/− bladder muscularis. (g) Mucosal fold with multiple branches. (h) Partially fused mucosal
folds with multiple branches. (i) Fused mucosal folds. The arrow points secretion of materials to
lumen. (j) Fused mucosal folds. Deposited material is enriched in fused folds (arrow). (k) Separation of
epithelial cells with sticky material. (l) Aggregation of separated cells with clot materials. (m) The clot is
covered by a layer of cells. (n) T1 stage bladder cancer in PRELP−/− at 3 months. (o) Epithelial papillary
cancer integration into muscularis (arrows). ** and *** indicate p < 0.005, and p < 0.001, respectively.

266



Cancers 2020, 12, 3362

3. Discussion

3.1. ECM Proteins and Cancer Initiation

OMD and PRELP are secreted ECM proteins, belonging to the Class II SLRP subfamily [38–40].
SLRP family members were originally identified as abundant proteins within the ECM of cartilage,
connecting tissues and differentiating osteoblasts [41–43]. ECM proteins of the tumor microenvironment
play important roles in many aspects of cancer initiation and progression [44]. One member of the
SLRP family, decorin expression, decreases on the malignant transformation of tumor cells. Thirty
percent (30%) of decorin knockout mice developed spontaneous intestinal tumors [13]. On the other
hand, in an inflammation murine model, decorin is upregulated in endothelial cells and facilitates
the downregulation of tight junctions [45]. This suggests that inflammation may affect OMD and
PRELP function.

Here, we have demonstrated that OMD and PRELP function to maintain epithelial cell–cell
integrity in urothelial cells through the inhibition of partial EMT. At epithelial cancer initiation, EMT
is required, while MET is observed at cancer metastasis. Recent comprehensive expression profiling
analyses in bladder and other epithelial cancers have revealed a novel concept of partial EMT [46–49].
The typical partial EMT state is the loss of tight junctions without affecting adherens junctions [48]. This
is particularly important for understanding cancer initiation. In bladder cancer, a loss of E-cadherin
expression is used as a marker of advanced bladder cancer, suggesting that the partial EMT state might
be associated with early-stage bladder cancer. The tight junctions between umbrella cells in OMD−/−

and PRELP−/− mice disappeared, while adherens junctions were maintained, indicating a typical partial
EMT state. The loss of tight junctions resulted in disruption of the apical–basal polarity of umbrella
cells, which is demonstrated by uniform E-cadherin staining around umbrella cells. Moreover, the
partial EMT state we observed is susceptible for breakdown of the umbrella-cell layer, which might be
related to cancer initiation. Collectively, our findings might be the first demonstration of partial EMT
state and associated bladder cancer initiation in mice.

3.2. OMD and PRELP and NMIBC Initiation

OMD−/− or PRELP−/− mice showed many breakdown sites in the umbrella-cell layer, and
one-third of PRELP−/− developed large-scale papillary cancer without muscle invasion. A large region
of chromosome 9q, including the OMD gene, is deleted in half of NMIBC cases [50]. The deletion
is associated with the initiation of NMIBC [51]. PTCH and TSC1 were proposed to be the critical
tumor-suppressor genes in 9q deletions [52,53], but this hypothesis is controversial [54]. Rather, with
the present study, we propose OMD as a novel 9q-residing tumor-suppressor gene involved in cancer
bladder initiation.

NMIBC is clinically classified as Ta, T1, or CIS. CIS is proposed to originate from umbrella cells
because the cells in CIS are positive to umbrella cell markers such as CK20 [55]. Recent comprehensive
expression profiling analysis classified NMIBC into three classes. Among these, Class 2 has the
expression of CIS type markers, and Class 2 is defined based on the expression of EMT marker
genes [20]. OMD−/− or PRELP−/− showed two types of breakdown of the umbrella layer: epithelial
bursts and CIS-like structures. Our mathematical model indicates that the difference between the
two breakdowns reflects the structural differences of the epithelia. We propose that umbrella-layer
breakdown mediated by the loss of OMD and PRELP may initiate CIS. Some bladder cancers are
thought to originate from the umbrella cells [51], because selective overexpression of a mutant H-Ras
in umbrella cells resulted in low-grade papillary tumors [56–58].

Additionally, PRELP−/− mice tended to form protein clots, including fibrin, in the bladder. The
fibrin/fibrinogen degradation products in human urine samples have been used as a bladder cancer
marker [59]. The leakage of fibrin is regulated by the blood–urine barrier in bladder epithelial cells.
This suggests that damage to the blood urine barrier is associated with bladder cancer initiation and
that PRELP may have the ability to regulate the blood–urine barrier. Interestingly, we have found
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that in OMD−/− and PRELP−/− mice, umbrella cells are connected to each other by adherens junctions.
It is known that the loss of E-cadherin is a marker of conversion from benign to malignant bladder
cancer. Thus, double knockout of OMD/PRELP and E-cadherin may reveal the process of malignant
cancer initiation.

3.3. EMT/MET Regulated by OMD and PRELP

During malignant transformation, cancer cells have acquired mesenchymal-like characteristics
such as anoikis resistance and invade adjacent tissues. Our results showed that OMD or PRELP
overexpression in bladder cancer cells resulted in an increase of epithelial-like properties such as tight
junction induction and adherens junction activation as well as a change of EMT markers. A cardinal
feature of cancer is the ability for anchorage-independent growth, which changes the properties of
cell–cell and cell–matrix adhesion conferred at EMT.

Umbrella cells secrete signaling proteins such as EGF and TGF-β [60]. The concept that OMD
or PRELP mediated the inhibitory activity of TGF-β and EGF pathways could be important for the
regulation of EMT/MET, because the TGF-β/Smad2 pathway is the biggest common target of all SLRP
family members [2] and is a well-known regulator of EMT/MET [46]. In addition, EGF is known as a
major regulator of EMT/MET [46] and is one of the most established targets of cancer treatment [61].
Previously, we reported that the simultaneous regulation of Xnr2, FGF, and BMP pathways by Tsukushi,
another SLRP member, had an increased synergistic effect compared to the single regulation of each
pathway alone [6].

OMD and PRELP are selectively expressed in the ciliary body of the retina and in ependymal
cells in the brain (paper in preparation) that are characterized by strong tight junctions forming
the blood–CSF barrier. The expression of many components of tight junctions is associated with
tumorigenesis [62]. However, so far, there is no report showing that the knockout of any tight junction
component by itself can spontaneously lead to tumor formation, although, hyperplasia of the gastric
epithelium has been observed in an occludin knockout model [63]. This suggests that the loss of tight
junctions alone is not sufficient to initiate bladder cancer. TGF-β and EGF pathways are involved in
the regulation of many cancer-associated signaling pathways, suggesting that in addition to the loss of
tight junctions in an OMD−/− or PRELP−/− bladder, further regulation of TGF-β and EGF downstream
signaling components might be required for cancer initiation. Of note, one limitation of our study
is that although the TGF-β-flag protein bound with OMDmyc and PRELPmyc proteins directly, the
binding affinities of secreted TGF-β to the OMD and PRELP is unknown; therefore, further studies
are required.

3.4. The Similarity and Difference between OMD and PRELP

Both OMD and PRELP were downregulated, especially in bladder cancer. Our results indicated
that although OMD and PRELP share considerable amount of signal pathways, there are some
differences in the observed phenotypes: branching, proliferation, bladder cancer progression, and
protein expression. Functional difference between OMD and PRELP may be associated with certain
cancer phenotypes. This indicates that they would play a redundant and non-redundant function in
bladder cancer.

3.5. Diagnostic and Therapeutic Potential of OMD and PRELP in Bladder Cancer

OMD and PRELP are expressed in normal human epithelia. However, in many epithelial cancers,
they are strongly downregulated. Particularly, their expression in the bladder is drastically reduced
even in very early stages of cancer. This potentially means that it is possible to classify a patient’s
clinical state based solely on their OMD and PRELP expression status from early-stage cancers. So far,
several diagnostic markers of bladder cancer have been used in clinics such as BTA-Stat (sensitivity
50–70%, specificity 67–78%) and fibrin degradation products (FDP) (sensitivity 52–68.4%, specificity
79.6–91%) [64]. With our findings, we show that the assessment of OMD and PRELP expression status
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can be used as a novel, more sensitive, criterion in assessing the initiation and progression of bladder
cancer. We also observed a similar evaluation in renal cell carcinoma and retinoblastoma (paper in
preparation), proposing their diagnostic potential in various epithelial cancers, possibly through using
new technology such as quench bodies to detect loss-of-function regions [65]. This study demonstrates
that the functions of OMD and PRELP are partially redundant in the regulation of both cell–cell
integrity and cancer initiation/progression, and they are potentially important, especially for bladder
cell therapeutics.

4. Materials and Methods

Materials and Methods are described in the Supplementary Materials and Methods. The accession
number for the raw and processed data of microarray and RNA-seq data from OMD and PRELP

knockdown experiments reported in this paper is GEO: GSE63955 and GSE144295. Other data
supporting our findings can be found either in this article or in the supplementary materials. Please
contact the corresponding author for all “unpublished data” and “paper in preparation” requests.

The research protocol was reviewed and approved by the Ethical Committee of Addenbrooke’s
Hospital, Cambridgeshire Local Research Ethics Committee (No. 03/018).

5. Conclusions

In this study, we demonstrated that two SLRP proteins, OMD and PRELP, are novel activators
of the cell–cell integrity by inhibiting EMT through the simultaneous inhibition of TGF-β and EGF
signaling. The downregulation of OMD and PRELP expression was observed in all of the cancers
we analyzed, including bladder cancer. We showed that in association with a change of EMT states,
OMD or PRELP suppression in mice resulted in an initiation of bladder cancer, while the activation of
OMD or PRELP inhibited bladder cancer progression in vitro and in vivo. We propose that OMD and
PRELP-mediated regulation of EMT is important for the initiation of human bladder cancer.

Supplementary Materials: The following are available online at http://www.mdpi.com/2072-6694/12/11/3362/s1,
Figure S1: Microarray analysis of OMD and PRELP expression in various cancers and normal tissues; Figure S2:
Expression analysis of OMD and PRELP in various human cancers using Gene Logic Inc. Figure S3: OMD and
PRELP expression analysis in various cancer cells and ontological analysis of expression profiling data; Figure S4:
Effect of OMD or PRELP on cell properties under standard cell culture conditions; Figure S5: Quantification of
OMD and PRELP effects; Figure S6: PRELP is expressed in subpopulation of bladder umbrella epithelial cells;
Figure S7: The ontological analysis in OMD−/− and PRELP−/− bladder epithelia; Figure S8: Original Western
Blotting images used in Figure 5.; Table S1: Statistical analysis of OMD and PRELP expression levels in clinical
bladder tissues; Table S2: Relationship between OMD and PRELP expression levels and carcinogenesis; Table S3:
Primer sequences for quantitative RT-PCR.
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