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Abstract: The microRNAs (miRNAs) are a class of small, 20-22 nucleotides in length,
endogenously expressed noncoding RNAs that regulate multiple targets posttranscriptionally.
Interestingly, miRNAs have emerged as regulators of most physiological and pathological
processes, including metastatic tumor progression, in part by controlling a reversible process
called epithelial-to-mesenchymal transition (EMT). The activation of EMT increases the
migratory and invasive properties fundamental for tumor cell spread while activation of the
reverse mesenchymal-to-epithelial transition is required for metastasis outgrowth. The EMT
triggering leads to the activation of a core of transcription factors (EMT-TFs) — SNAIL1/
SNAIL2, bHLH (E47, E2-2, and TWIST1/TWIST2), and ZEB1/ZEB2 — that act as E-cadherin
repressors and, ultimately, coordinate EMT. Recent evidence indicates that several miRNAs
regulate the expression of EMT-TFs or EMT-activating signaling pathways. Interestingly, some
miRNAs and EMT-TFs form tightly interconnected negative feedback loops that control epithe-
lial cell plasticity, providing self-reinforcing signals and robustness to maintain the epithelial
or mesenchymal cell status. Among the most significant feedback loops, we focus on the ZEB/
miR-200 and the SNAIL1/miR-34 networks that hold a clear impact in the regulation of the
epithelial-mesenchymal state. Recent insights into the p53 modulation of the EMT-TF/miRNA
loops and epigenetic regulatory mechanisms in the context of metastasis dissemination will also
be discussed. Understanding the regulation of EMT by miRNAs opens new avenues for the
diagnosis and prognosis of tumors and identifies potential therapeutic targets that might help to
negatively impact on metastasis dissemination and increasing patient survival.
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miRNAs: an overview in cancer
The microRNAs (miRNAs) are small noncoding RNA molecules of 20-22 nucle-
otides (nt) which modulate gene expression posttranscriptionally, binding specific
sequences present mostly in the 3” untranslated region (3" UTR) of target messenger
RNAs (mRNAs). To date, approximately 700 human miRNAs have been identified,
and it is estimated that more than 30% of the global mRNA expression is regulated
by the miRNAs.! The miRNAs are either localized within introns, sharing promoter
regulation with the host gene, or endowed with their own independent promoters and
transcriptional regulation. Remarkably, miRNAs are frequently organized in clusters,
containing several miRNAs in tandem and found to map to all human chromosomes,
with the exception of the Y chromosome.?

From miRNA synthesis to the generation of an active RNA-induced silencing
complex (RISC), miRNAs are subjected to various maturation processes. Briefly, RNA
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polymerase II transcribes a long miRNA proprecursor
in the nucleus, termed primary miRNA (pri-miRNA), of
several hundred nt and containing a 5" prime cap (5" cap)
and a 3’ poly (A) tail end. This primary precursor is then
processed by the ribonuclease III Drosha that releases a
miRNA precursor (pre-miRNA) of approximately 70—80 nt
that presents a RNA hairpin loop structure. Later, the pre-
miRNA is actively exported by exportin-5 to the cytoplasm
where it is cleaved by the Dicer complex, removing the
loop region, and delivering the usually 22 nt mature double-
stranded miRNA. One of the RNA strands is then bound
by the argonaute protein, resulting in the miRNA-induced
silencing complex (miRISC) which specifically binds to the
3" UTR of mRNA targets.**

The specificity of the miRNA-RISC complex is provided
by the seed — a sequence of 2—8 nt in the miRNA — that rec-
ognizes a complementary sequence in the 3’ UTR of target
mRNAs. Interestingly, miRNAs use different mechanisms
to control the mRNA expression. A near-perfect match of
the seed and the 3 UTR mRNA sequence leads to mRNA
degradation; whereas, partial complementation results in
reduced expression by either mRNA removal or translation
impairment.®3 Thus, a single miRNA might affect the expres-
sion of several mRNA targets, even within the same signal-
ing pathway, and simultaneously control diverse biological
processes, including differentiation, proliferation, migration,
or cell survival >

One of the first insights into the potential deregulation
of miRNAs in cancer was the finding by Calin et al® in
2004, which showed that approximately one-half of total
miRNAs are located at fragile sites or in the cancer suscep-
tibility loci. Indeed, genomic amplification, chromosomal
deletion, point mutation, and aberrant promoter methyla-
tion are the main strategies used by cancer cells to gain or
lose miRNA function.*’ The deregulation of miR-15 and
miR-16 expression found in chronic lymphocytic leukemia
was the original evidence for the miRNA implication in
cancer biogenesis.® From that first report, an increasing
number of miRNAs associated with cancer (also called
oncomiRs) have been reported with pro- or antitumoral
activities. Intriguingly, several miRNAs have either pro- or
antitumoral properties, depending on the tumor context. In
this sense, miR-29 operates as a tumor suppressor in lung
tumors; whereas, in breast cancer, it bears an oncogenic
role.”!% Another example is miR-26, which has been found
amplified in gliomas,'" while its overexpression induces
either apoptosis in hepatocellular carcinoma'? or metastasis
in lung cancer cells.!?

Epithelial-to-mesenchymal

transition in cancer

Cancer constitutes a conglomerate of diseases characterized
by the loss of growth control and cell dissemination. To
spread, epithelial tumor cells take advantage of a reversible
developmental process called epithelial-to-mesenchymal
transition (EMT) to favor cell migration and invasiveness.
Once they reach their new niche, they activate the reverse
program — mesenchymal-to-epithelial transition (MET) —
to form macrometastasis.'"*'” Intermediate states between
epithelial and mesenchymal phenotypes are presently con-
sidered to exist during the metastatic cascade,'®!’ implying
that epithelial tumor cells are endowed with a high degree of
epithelial plasticity that needs to be dynamically regulated
and finely tuned during tumor progression and metastasis.!?
Epithelial cells are tightly adjoined cells through special-
ized membrane structures: tight junctions; desmosomes;
and adherens junctions that constrain cell movement and
detachment from the epithelial layer. Up to 90% of human
tumors are carcinomas, which originate from the differenti-
ated epithelium and are susceptible to suffer an EMT process
within certain tumor subpopulations in response to external
cues.'”?! The hallmarks of the EMT program are the loss
of E-cadherin and apical-basal cell polarity, accompanied
by the gain of mesenchymal characteristics, including the
acquisition of cell migration and invasion abilities, as well
as an increased expression of mesenchymal markers, such
as vimentin, fibronectin, and N-cadherin.!” The molecular
and cellular mechanisms underlying an EMT are complex
and can be initiated by multiple extracellular signals that
finally activate transcription factors, miRNAs, and/or differ-
ent signaling pathways, depending on the physiological or
pathological contexts. The reverse MET process might be,
therefore, promoted by blocking the action of the factors and
signaling pathways that activate EMT.?>%3

EMT can be induced by several signaling pathways,
including transforming growth factor beta (TGF-f), Notch
and Wnt, among others that converge in the expression of
a plethora of E-cadherin transcriptional repressors that also
act as EMT inducers (EMT-TFs).

The EMT-TFs’ core is integrated by members of the
SNAIL (SNAIL1/SNAIL2), basic helix-loop-helix (bHLH)
(E47,E2-2,and TWIST1/TWIST2) and ZEB (ZEB1/ZEB2)
families.'® Several of these EMT-TFs are thereby considered
EMT drivers, and their expression is directly correlated with
poor outcome.'®7?! EMT-TFs from the SNAIL, ZEB, and
TWIST families govern EMT through a complex EMT-TF
network, which entails a strong transcriptional control
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of EMT. However, there is growing evidence that at least
three additional regulatory levels solidly support the EMT/
MET programs in parallel — miRNA expression, differential
splicing, and translational and posttranslational control — that
affect localization and protein stability.'*!"!3 In this review,
we will discuss the most relevant recent findings concerning
epithelial plasticity regulation by miRNA expression.

It is well-known that the miRNAs regulate a plethora of
cancer-related pathways, such as cell cycle and proliferation,
senescence, DNA damage response, apoptosis, and autophagy,
among others. An increasing number of reports indicate that
several miRNAs are deregulated in primary tumors compared
to normal tissue, with some of them being associated to
metastasis.?* Noticeably, during the last years, the implica-
tion of a growing number of miRNAs in the regulation of
EMT-TFs or EMT-related pathways has been observed in
several human tumor contexts (Table 1). Interestingly, poorly
differentiated carcinomas present an overall decrease of total
miRNA expression, suggesting a role for the miRNAs in
the regulation of different mechanisms governing epithelial
plasticity.? Targeting the EMT-TFs” modulators or the EMT-
TFs themselves, pivotal proteins implicated in invasion and
migration, and/or regulatory enzymes involved in miRNA
biosynthesis constitutes the most common mechanism used

Table | Selected miRNAs implicated in metastatic progression
and their EMT-related known targets

miRNA  Cancer type Target References
miR-1 Prostate SNAIL2 71
miR-9 Breast CDHI 26,113
miR-29 Prostate, breast, SNAILI, LOX, MMP2, 62,103,
colorectal MMP9, VEGFA 114,115
miR-30 Lung SNAILI 116
miR-34 Breast, lung, colon, SNAILI, NOTCH4, 60,90,117
prostate CD44, FRA-1,
SIRTI, BCL2, NMYC
miR-103/  Breast DICER 97
miR-107
miR-141 Prostate, colorectal, ZEBI/ZEB2 39,101,118
endometrial
carcinosarcoma
miR-200 Pancreatic, colorectal, ZEBI/ZEB2, SEC23A,  39,43—45,53
endometrial BMII
carcinosarcoma
miR-10B Breast, melanoma HOXDI0 84,119
miR-192  Liver ZEB2 120
miR-203  Prostate, breast ZEB2, BMII, RUNX2, 73,121
SNAIL2
miR-205  Esophageal ZEBI/ZEB2 44,122
LET-7 Breast endometrial HMGA2, BACH | 69,70,123

carcinoma

Abbreviations: miRNA, microRNA; EMT, epithelial-to-mesenchymal transition;
LET-7, the lethal-7 family of miRNAs.

by the miRNAs to regulate epithelial plasticity and, hence,
promote or inhibit metastatic tumor progression.

miRNA regulation

of epithelial plasticity

As mentioned, a hallmark of EMT is E-cadherin loss,
mainly due to its transcriptional repression by EMT-TFs.
A few miRNAs have been involved in the direct regulation
of E-cadherin expression. An example is miR-9, which
directly targets the E-cadherin gene in breast cancer cells.?
Interestingly, miR-9 is upregulated by MYC. Its expression
is correlated with MYCN amplification, tumor grade, and
the metastasis status in breast cancer patients.”® Conversely,
miR-9 acts as a tumor suppressor in melanoma cells by
targeting the nuclear factor kappa-light-chain-enhancer of
activated B cells (NF-kB)-SNAIL1 pathway, thus upregu-
lating the E-cadherin expression.?’” Furthermore, additional
activities of the miR-9 have been described, including its
secretion by the tumor cells within microvesicles to promote
endothelial cell migration and angiogenesis,”® revealing the
complexity of miRNA activities depending on cell context
and tumor type.

Another mechanism to control epithelial plasticity is
regulating those pathways controlling EMT. Recently, several
miRNAs that directly impinge on the regulation of EMT-
TFs have been described; some of them operate in double
negative feedback loops that contribute to maintain the
epithelial or mesenchymal states®* ! (Figure 1). In addition,
these EMT-regulatory miRNA networks can be controlled
by EMT-inducing signals, like TGF-B signaling, and/or
by p53, implementing additional levels of regulation and
providing robustness to the system. In this review, we will
discuss the most relevant miRNA-EMT-TF networks dis-
covered to date.

ZEB/miR-200 feedback loop

The two members of the zinc finger E-box-binding homeobox
(ZEB family), ZEB1/0EF1, and ZEB2/SIP1, are among the
first described EMT-TFs*2* and have emerged as the better-
studied EMT-TFs subject to miRNA regulation because their
expression is associated with poor prognosis in several tumor
types.!¢3+3¢ ZEB1 has been found upregulated in metaplastic
breast carcinomas®’ as well as in the sarcomatous element
of endometrial carcinosarcomas, an aggressive neoplasia
with a biphasic histology of carcinomatous and sarcoma-
tous components considered an example of complete EMT
in vivo.’®3° Moreover, ZEBI1 silencing in a colorectal cancer
xenograft model blocks metastasis.*® One of the first pieces of
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Notes: EMT-TFs positively regulate the expression of other EMT-TFs in a tightly hierarchical regulated network. Different miRNAs negatively regulate core EMT-TFs, and
some of them orchestrate negative feedback loops reinforcing the system. Epigenetic regulation of some miRNAs provides additional robustness to the EMT program.
Abbreviations: miRNA, microRNA; TET, ten-eleven translocation; EMT, epithelial-to-mesenchymal transition; TF, transcription factor.

evidence confirming a functional role for the miRNA control
of epithelial plasticity is the regulation of ZEB proteins by
the miR-200 family (miR-200f) and miR-205* (Figure 1).
The miR-200f is composed of five members located in two
polycistronic pri-miRNA loci on chromosome 1 (miR-200b,
miR-200a, and miR-429) and chromosome 12 (miR-200c
and miR-141).4!

In 2007, Christoffersen et al** reported for the first time
the ZEB regulation by miR-200f, identifying nine target
sites for miR200f and two for miR-205 in the 3" UTR of
ZEB2. Shortly after that finding, two reports identified sev-
eral functional targeting sites in both ZEB1/ZEB2.%4* Park
et al* described a significant positive correlation between
high E-cadherin/low vimentin expression and miR-200f
levels after miRNA expression profile analyses of a cell
panel including 60 epithelial and mesenchymal cell lines
from the National Cancer Institute. Ectopic expression of
miR-200f in colorectal HCT-116 cells or their silencing in
breast carcinoma MDA-MB-231 significantly affected ZEB1
expression, sustaining a nontissue specific regulation.*

Similar results were found by Gregory et al* in
Madin-Darby canine kidney cells after TGF-B-mediated
EMT. Furthermore, both Burk et al* and Bracken et al*
simultaneously demonstrated that ZEBI1 silencing in mesen-
chymal cancer cells induced miR-200f expression, resulting

in a negative feedback loop. Remarkably, the ZEB1-mediated
repression was leaded by its direct binding to the E-box sites
present upstream of miR-200c/miR-141% or miR-200b/miR-
200a/miR-429 promoters.*®

In addition to targeting ZEB1/ZEB2, miR-200f regulates
the expression of diverse stemness-related genes, such as
CD44, BMI1, and c-MYC. Conversely, ZEBI1 represses
miR-183 and miR-203 which, in turn, target BMII and
other stemness factors, such as SOX2 and KLF4,* which
support previous studies that showed that EMT confers cell
stemness properties.** Importantly, the EMT-stemness
association is also found in vivo in basal-like breast tumors,
a subtype of breast cancer associated with poor differentiation
grade, enriched in numerous EMT, and stemness markers.>
Interestingly, in some cellular contexts, the miR-200f/ZEB1
feedback loop can be maintained and reinforced by autocrine
secretion of TGF-P, thus contributing to the maintenance of
the mesenchymal phenotype.> Additionally, in cancer stem
cells, E-cadherin is also an indirect target of miR200f through
SUZ12, a component of the PRC2 complex, thus resulting in
the epigenetic repression of E-cadherin and the upregulation
of ZEB1/ZEB2.%

Aside from the established double feedback loop,
miR-200f also acts in a ZEB1/ZEB2 independent manner,
being associated with the regulation of Sec23a, a modulator of
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the secretome.> Targeting Sec23a, a coat protein complex 11
(COPII) vesicle component, resulted in decreased secretion of
the metastasis suppressive factors tubulointerstitial nephritis
antigen-like 1 (TINAGL1) and insulin-like growth factor
binding protein 4 (IGFBP4) in 4TO7 cells.™ Moreover,
miR-200a suppresses -cat/Wnt signaling by targeting
[-catenin. Consequently, miR200a downregulation in some
tumors, like meningiomas, activates the 3-cat/Wnt pathway,
represses E-cadherin, and promotes tumor growth.**

All these findings support a dual role of miR-200f in the
tumor progression and the regulation of epithelial plasticity.
Thus, miR-200f-silencing facilitates early steps of metas-
tasis impacting on EMT control by ZEB1/ZEB2, while its
upregulation at distal metastasis might promote MET and
metastatic colonization through Sec23 targeting.>® Interest-
ingly, the tumor suppressor p21 controls miR-200 levels but
also the miR-183-96-182 cluster, which represses ZEBI,
SNAIL2,ITGBI, and KLF4 expression in HCT-116 colorectal
cells.> However, the biological implication of miR-183-96-
182 in EMT and metastasis remains still unknown, since
knockdown of individual members of the cluster did not
affect cell invasion.*

ZEB factors can be regulated by additional miRNAs,
like miR-192% or miR-138% targeting ZEB2, and the
recently described miR-130 acting on ZEBI® (Figure 1).
On the other hand, ZEB?2 is indirectly regulated by miR-221/
miR-222, which is overexpressed in basal-like breast tumors.
The miR-221/miR-222 targets the ZEB2-repressor TRPS1,
a GATA family transcription factor, promoting E-cadherin
downregulation and increased migration and invasion
properties.*’

SNAILI regulation:

the SNAILI/miR-34 axis
Similar to the ZEB/miR-200 negative feedback loop,
SNAILI, and the miRNAs, the miR-34f (miR-34a, miR-34b,
and miR-34c) and miR-203, constitute additional epithelial
plasticity regulatory loops®®¢! (Figure 1). Interestingly,
the seed sequence of miR-34 targets a highly conserved
3’ UTR sequence present in SNAILI, SNAIL2, ZEBI, and
also the stemness factors BMI1, CD44, CD133, and c-MYC.
Conversely, SNAIL1 and ZEB1 directly repress the miR-34{%
and miR-200f promoters,**¢ respectively, providing a tight
crosstalk between the ZEB/miR-200 and SNAIL1/miR-34
pathways and adding robustness to the network.

SNAIL1 expression is also controlled by miR-29b,
miR-30, and by a second negative feedback loop involving
miR-203¢%% (Figure 1). Accordingly, the expression of

miR-29 induces a complete MET and decreases the invasive
phenotype in the prostate cancer cell line PC3.2 Another
elegant strategy to silence SNAIL1 expression involves tar-
geting SNAIL1-activation pathways. The lethal-7 (LET-7)
family is formed by 12 miRNA members located on eight
different chromosomes in humans. Remarkably similar to
miR-200, the LET-7 family has no tissue-dependent activity,
but rather its role is related to the differentiation states of
the tissue, suggesting that both miRNAs families are central
differentiation regulators.* The LET-7 family member levels
are downregulated in various cancers, including lung, colon,
ovarian, and gastric carcinomas — as well as melanoma —
during tumor progression, supporting their central role in
epithelial plasticity.

Mechanistically, LET-7 acts as a tumor suppressor in humans,
mainly because it directly binds to the transcripts of multiple
genes with oncogenic activity, such as RAS, the high mobility
group (HMG)A2, or BACH1.* HMGAZ2, a chromatin-binding
protein that integrates the TGF-B response® is downregulated
by the LET-7 miRNA family in pancreatic human cells’ or by
miR-365 in lung adenocarcinoma,®® thus indirectly affecting
SNAILI expression. Importantly, the LET-7 family coordi-
nates other antimetastatic events by repressing H-RAS and
the transcription factor BACH1. Both HMGA2 and BACHI1
promote the transcription of proinvasive genes, cell invasion,
and the metastasis to the bone of breast cancer cells.®™

SNAIL2 regulation

SNAIL?2 is regulated posttranscriptionally by different
miRNAs, including miR-1, miR-203, and miR-2047"-"
(Figure 1). In a recent report using a PTEN- and 7P53-null
prostate adenocarcinoma mice model that progresses via
TGF-B-induced EMT, SNAIL2 was the main driver of EMT
activation.” In this model, miR-1 was downregulated by a
double-negative feedback loop including SNAIL2 and the
miRNAs —miR-1 and miR-200b — in a self-reinforcing regu-
latory loop, favoring EMT.”" SNAIL?2 is also a direct target
of miR-204" and miR-2037 in retinal pigment epithelium
and breast cancer cells, respectively.

Remarkably, miR-204 acts using a dual mechanism,
targeting TGFBR2, a TGF-J3 receptor, but also by the direct
targeting of SNAIL2.7 On the other hand, the ectopic expres-
sion of miR-203 induces apoptosis and blocks cell cycle
progression and invasion in breast cancer cell lines mediated,
at least partially, by SNAIL2 repression.”™

All the present findings indicate a tight regulation of
epithelial plasticity by direct and indirect modulation of
crucial EMT-TFs. This, together with the interconnection
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between several core EMT-TFs” 78 (Figure 1), provides robust-
ness to the system as well as the potential to modulate epithelial
plasticity in response to different environmental cues.

Other miRNAs implicated in metastasis
Some miRNAs are not directly implicated in EMT-TF
regulation but are relevant for metastatic dissemination,
either suppressing or promoting metastasis. A significant
suppressive miRNA is miR-335, which targets SOX4 and
Tenascin-C, thus, promoting cancer cell migration, invasion,
and metastasis.” In the same study, downregulation of
miR-206 and miR-126 was found to be correlated with
metastatic relapse in breast cancer patients. Restoration
of miR-335 or miR-206 expression in a lung metastatic
MD-MB231-derived cell line reduces its metastatic
dissemination.” Interestingly, the role of miR-126 is linked
to tumor growth, endothelial recruitment, and metastatic
initiation by inhibiting the proangiogenic factors: /IGFBP2;
PITPNCI; and MERTK.® Another example is miR-31,
a metastasis relapse marker in breast tumors. The miR-31
targets the prometastatic proteins /7GAS5, RdX, and RhoA —
thus blocking invasion, anoikis resistance, and metastasis.®'
However, miR-31 silencing is observed in other tumor types,
suggesting that miR-31 pro- or antitumorigenic function
depends on tumor context.®

On the other hand, overexpression of some miRNAs
confers prometastatic ability to the tumor cells, like miR-10b,
which is frequently overexpressed in primary invasive breast
carcinomas and their metastasis.®>* However, the mechanism
of action of this miRNA is not based on targeting the core
EMT-TFs. The miR-10b is, in fact, induced by the EMT-TF
TWIST1 (Figure 1), and it is associated with mesenchymal
features and invasion properties by inhibiting HOXD10, an
inhibitor of the prometastatic protein ROCK.* Interestingly,
miR-106b modulates TWISTI expression and invasiveness
in endometrial cancer cells.® Besides, the overexpression
of miR-373 and miR-520c confers metastatic capacity to
breast® and prostate cancer cells®” by suppressing CD44
expression.

In melanoma, a highly metastatic tumor, miR-199a-3p,
miR-199a-5p, and miR-1908 promote metastatic inva-
sion, angiogenesis, and colonization by targeting the
apolipoprotein E and the heat shock factor DNAJA4.%
Expression of these three miRNAs directly correlates with
melanoma metastatic outcome. Overexpression of miR-30b/
miR-30d also correlates with stage, metastatic potential,
and reduced overall survival in melanoma patients.®
Accordingly, ectopic expression of miR-30b/miR-30d in

melanoma cells increased their metastatic behavior by a dual
mechanism — promoting invasion and immunosuppression by
directly targeting the GalNAc transferase GALNT7.%

miRNA regulation in epithelial

plasticity and metastasis

The dynamic nature of the EMT and MET processes along
the metastatic cascade implies a finely tuned, regulated
control of tumor cell plasticity that can be exerted, at least
in part, through posttranscriptional modulation of the EMT-
TFs, such as that mediated by miRNAs. The regulation of
the miRNA expression linked to EMT and metastasis is still
poorly known. Nevertheless, several mechanisms that have
started to be exposed during the last years will be discussed
in this section.

The p53-EMT connection
Numerous recent reports highlight a connection between
p53 and EMT through the modulation of some miRNAs that
regulate EMT-TFs in different tumor models. p53 has been
reported to maintain the epithelial phenotype by enhancing
miR-34 expression and subsequently repressing SNAILI.
Importantly, a mutated form of p53 is unable to increase
miR-34 expression, shifting the equilibrium toward a mesen-
chymal phenotype in colorectal carcinoma cells.”® A similar
situation occurs in the endometrial carcinomas, where a
p53 gain-of-function mutant exerts oncogenic properties by
transcriptional inhibition of miR-130b, a negative regulator
of ZEBI. Interestingly, patients with higher levels of miR-
130b survived longer.™

Additionally, p53 indirectly controls EMT by the tran-
scriptional regulation of other miRNAs. AP4, a transcrip-
tion factor recently described as a new EMT inducer,”
is indirectly regulated by p53 through the expression of
miR-15a/16-1 in colorectal cancer cells.’> Ectopic expres-
sion of miR-15/miR-16-1 suppresses lung metastatic
colonization in a xenograft model. Conversely, AP4 inhibits
miR-15/miR-16-1 expression defining a novel negative
regulatory loop®? (Figure 2). Wild type p53 also controls
EMT and stemness properties in the prostate cancer cell
line PC-3, at least in part, by enhancing the expression
of miR-145. Accordingly, anti-miR-145 partially reverts
this phenotype.” Collectively, all these findings define
a new link between chromosome stability, p5S3, miRNA
expression, cell differentiation, and epithelial plasticity
that can be potentially used by cancer cells for the initial
stages of metastatic tumor progression, such as invasion
or intravasation.
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p53
) ) miR-200f ) )
miR-34 miR-15a/16-1 miR-130 miR-145
miR-205 /
SNAIL1 AP4 ZEBs
EMT

Figure 2 The p53 modulation of miRNA-EMT-TF networks.

Notes: The p53 positively regulates several miRNAs that downregulate different EMT-TFs or act by indirect mechanism on EMT regulation (ie, miR-145). Most of the p53-

regulated miRNAs are involved in double-negative regulatory loops.

Abbreviations: miRNA, microRNA; EMT, epithelial-to-mesenchymal transition; TF, transcription factors.

Epigenetic regulation of miRNAs

involved in epithelial plasticity

Since the EMT-TF expression has to be regulated by dif-
ferent miRNAs in a dynamic fashion during the metastatic
cascade, CpG miRNA promoter hypermethylation has
emerged as a novel mechanism to increase the mesenchymal
characteristics of tumor cells due to specific miRNA repres-
sion. For example, CpG oligonucleotide hypermethylation of
the miR-34 promoter is found in prostate tumors (80%) and in
melanoma (63%); it is also present in many cell lines derived
from breast, colon, lung, and other types of tumors.”** The
miR-203, which targets SNAIL?2, is also hypermethylated in
several tumors, including hepatocellular, prostate, and breast
carcinoma.”

Epigenetic regulation of the miR-200 family and its rela-
tionship with aggressiveness and chemoresistant behavior
have been established in different cancer cell types, including
nonsmall cell lung carcinomas, colon, breast carcinomas, as
well as endometrial carcinosarcomas.* %> Interestingly, the
hypermethylation rate of the miR-200 loci is related to the
breast cancer subtype and metastasis outcome. Promoter
analysis in 93 breast cancers has identified the presence
of a novel CpG promoter region in the miR-200b cluster,

mapped 2 kb upstream of the 5" stem loop region, whose
hypermethylation was associated with the loss of either
estrogen or progesterone receptors, while hypermethyla-
tion of the upstream promoter is associated with lymph
node metastasis.”® In addition, a direct correlation between
miR-200c-141 loci expression and hypermethylation has
been found in endometrial carcinosarcomas.’ In fact, the
hypermethylation of this locus seems to be a surrogate
marker to differentiate endometrial carcinosarcomas versus
carcinomas.’* Hypermethylation of the miR-200f has also
been observed in colorectal tumors.” Microdissection of
human primary colorectal samples showed that normal epi-
thelial colon mucosa crypts and stroma (mesenchyme) bear
unmethylated and methylated miR-200f promoters, respec-
tively. Colorectal tumors undergo selective miR-200 hyper-
methylation, sustaining the association between methylation
and differentiation status.” Interestingly, the expression of
miR-22 is correlated with miR-200 downregulation and
poor outcome in breast cancer patients.’® Mechanistically,
miR-22 triggers EMT, enhancing invasiveness, and promot-
ing metastasis in mice xenografts, through the targeting of
the ten-eleven translocation (TET) family of methylcyto-
sine dioxygenases, and is implicated in the inhibition of
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miR-200 promoter demethylation, thereby inducing dedif-
ferentiation®® (Figure 1).

Additional miRNA regulatory

mechanisms

The components of the miRNA processing machinery have
also been involved in cancer progression, resulting in an
overall decrease of mature miRNAs. Interestingly, high
levels of miR-103/miR-107 are associated with reduced
expression of Dicer and metastasis as well as with poor
outcome in breast cancer patients.”” Mechanistically, the
overexpression of miR-107 in MB-MDA-231 or SUM149
breast carcinoma cells confers migratory capacities in vitro
and empowers metastatic dissemination in vivo by foster-
ing EMT through the downregulation of miR-200 levels.””
Reduced Dicer expression was also found in nonsmall cell
lung carcinomas and in ovarian cancer, sustaining a more
complex mechanism in tumor progression.”®” Moreover, the
tumor suppressor TP53 also affects the miRNA biogenesis
machinery facilitating the processing of pri-miRNAs to pre-
miRNAs through its interaction with the Drosha processing
complex,'® revealing a wide control regulation by p53 apart
from that relying on each specific miRNA’s regulation already
discussed (Figure 2).

Potential clinical applications

One of the deleterious effects of tumor progression is the
formation of distant tumors or metastasis. In fact, metastases
are the main cause of cancer death. Besides understanding
the functional miRNAs implicated in cancer, their analyses
in cancer patients open new avenues for diagnosis, prognosis,
and treatment in oncology. Although we are now beginning
to understand how the miRNA regulates epithelial plasticity
and metastasis, more efforts have to be made to transfer these
findings into the clinic. Here, we will describe the different
approaches found from miRNA analysis that might be applied
for EMT-related miRNAs into the clinics.

miRNAs as predictive markers

The miRNAs can be found in biological fluids, including:
blood; urine; tears; breast milk; bronchial lavage; colostrum;
seminal; amniotic; pleural; peritoneal; and cerebrospinal
fluids. Moreover, endogenous serum miRNAs are very stable,
even after boiling, freeze—thaw cycles, or low or high pH
conditions, thus providing an easy substrate for detection and
analysis. The quantitative polymerase chain reaction detec-
tion is the most feasible and cost-effective method to detect
miRNA expression; however, next generation sequencing

might be used as an alternative method, overtaking the use
of normalizing miRNA expression levels.

Expression levels of circulating miRNA in plasma can
be used to discriminate patients with different outcomes.
Accordingly, serum levels of miR-141 can distinguish
between healthy subjects and patients with prostate cancer. !
The sensitivity of the approach can be highly improved using
more than a single miRNA.!% In colorectal cancer patients,
elevated mir-92a and mir-29a levels in plasma are useful
biomarkers of the disease.'”® Importantly, the quantitative
polymerase chain reaction analyses in the blood of miR-10b,
miR-34, and miR-155 — some of them involved in EMT
regulation and/or metastasis — allows the discrimination
between breast cancer metastasis patients from the healthy
controls,'™ and miRNA expression profiles can be a classifier
of responder versus nonresponder patients for chemotherapy
in colon cancers.!®

Many miRNAs have been correlated with tumor patient
outcome.>*** Tumors with low expression levels of miR-335
and miR-126 have more probability to develop metastasis
than tumors with higher expression.” The miR-210,
a hypoxia-induced miRNA, is an independent prognostic
marker in breast cancer and shows inverse correlation
with disease-free and overall survival outcomes.!®® The
well-studied oncomiR miR-21 has been considered a poor
prognosis biomarker in breast, squamous cell carcinoma,
astrocytoma, and gastric cancer.!%” Related to epithelial plas-
ticity, DNA methylation of the miR-200c-141 locus might be
a useful surrogate marker of endometrial carcinosarcomas.®
The expression of miR-200f and CpG methylation status
of the miR-200c-141 locus is able to discriminate breast
cancer subtypes.’’ Indeed, metaplastic breast tumors with
sarcomatoid differentiation present the higher downregula-
tion of miR-200f and hypermethylation of the miR-200c-141
locus compared with other cancer types. Moreover, basal-like
and HER2 positive breast tumors exhibited lower miR-200f
expression than estrogen receptor positive tumors.*’

miRNAs: a promising therapeutic tool

The miRNAs could potentially be used as therapeutic tools
in cancer. Depending on the protumoral or antitumoral
properties, different strategies based on blocking miRNA
function or specific miRNA delivery to the tumor cells can
be used. At present, different preclinical approaches directed
to block miRNAs are being developed, which include anti-
miRNA oligonucleotides, miRNA sponges, miRNA masks
(target protectors), and small molecule inhibitors.!”® The
miRNA sponges are synthetic miRNAs that contain multiple

submit your manuscript

212

Dove

Cancer Management and Research 2014:6


www.dovepress.com
www.dovepress.com
www.dovepress.com

Dove

microRNAs in epithelial plasticity regulation

tandem-binding sites of the endogenous miRNA. They harbor
the seed sequence, allowing the inhibition of the complete
family of related miRNAs. The miRNA masks are single-
stranded 2-O-methyl modified antisense oligonucleotides
that lose their repression activity, but they maintain full
complementarity to the predicted miRNA-binding sites.
Treatment of melanoma cells with locked nucleic acids tar-
geting miR-1908, miR-199a-5p, and miR-199a-3p inhibits
metastasis to multiple organs, and the therapeutic delivery of
these locked nucleic acids suppresses melanoma metastasis.®
Similar studies have been developed by inhibiting miR-182
to treat metastasis in melanoma mouse models.'*

However, the delivery of tumor suppressor miRNAs is
a potential therapeutic application, in particular to promote
the differentiation of cancer stem cells to increase their
sensitivity to traditional therapies. Nevertheless, the deliv-
ery of miRNA to solid tumors is technically a challenging
issue. Different strategies to deliver miRNAs to tumor cells
are being developed based on synthetic miRNA precursors,
lentiviral and adenovirus vectors, or nanoparticles.''® For
example, miR-26 adenovirus delivery arrests cell cycle pro-
gression and induces tumor specific apoptosis in liver cells. '
However, actual strategies are limited by high toxicity and
the lack of cell specificity of the delivery.

The miRNAs might also be useful as coadjuvant thera-
pies in cancer treatment. For example, the miR-21 inhibition
sensitizes breast cancer cells to the chemotherapeutic
drugs, Topotecan and Taxol.""" The expression of miR-205
in SKBR3 breast cancer cells targets HER3, leading to an
increased response to the tyrosine kinase inhibitors gefitinib
and lapatinib.'? Although these data were obtained in vitro
and need to be reevaluated in vivo, miRNA targeting might
represent a promising coadjuvant strategy for metastatic
cancer patients.

Conclusion

To acquire a migratory/invasive phenotype for metastatic
progression, tumor cells activate the developmental EMT
program. Remarkably, the activation of an EMT program
must be temporarily limited and coupled to the reversible
program, MET, for macrometastasis formation. Because
epithelial plasticity must be finely regulated along the
metastatic cascade, miRNAs have emerged as critical regu-
lators necessary for metastatic progression. Indeed, these
small RNA sequences use different mechanisms to regulate
epithelial plasticity, such as targeting different signaling
pathways, EMT-TFs, and/or their targets, or the proper
miRNA maturation machinery. The presence of double

negative feedback loops defines flexible and efficient con-
trol of EMT and MET processes providing self-reinforcing
signals to maintain the epithelial or the mesenchymal status
of the cell. The redundancy observed in the targeting of
different EMT related genes would contribute to the stabil-
ity of the regulation during physiological or pathological
events. Consequently, modifying a single miRNA might
activate or inactivate different pathways required for tumor
cells to survive and/or invade during the metastatic cascade.
Understanding the different strategies employed by tumor
cells to switch on/off EMT will challenge oncologists’ efforts
for the next years, providing new avenues for early diagnosis,
prognosis, and the treatment of human tumors.
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