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�e epithelial to mesenchymal transition (EMT) is a powerful process in tumor invasion, metastasis, and tumorigenesis and
describes the molecular reprogramming and phenotypic changes that are characterized by a transition from polarized immotile
epithelial cells tomotilemesenchymal cells. It is nowwell known thatmiRNAs are important regulators ofmalignant transformation
and metastasis. �e aberrant expression of the miR-200 family in cancer and its involvement in the initiation and progression of
malignant transformation has been well demonstrated.�emetastasis suppressive role of the miR-200 members is strongly associ-
atedwith a pathologic EMT.�is reviewdescribes themost recent advances regarding the in	uence ofmiRNAs in EMTand the con-
trol they exert inmajor signaling pathways in various cancers.�e ability of the autocrine TGF-�/ZEB/miR-200 signaling regulatory
network to control cell plasticity between the epithelial and mesenchymal state is further discussed. Various miRNAs are reported
to directly target EMT transcription factors and components of the cell architecture, as well as miRNAs that are able to reverse the
EMT process by targeting the Notch andWnt signaling pathways.�e link between cancer stem cells and EMT is also reported and
the most recent developments regarding clinical trials that are currently using anti-miRNA constructs are further discussed.

1. Epithelial to Mesenchymal
Transition (EMT)

�e epithelial to mesenchymal transition is a unique process
that describes the molecular reprogramming and pheno-
typic changes characterized by a transition from polarized
immotile epithelial cells to motile mesenchymal cells, thus
leading to increased motility and invasion. �is transition is
characterized by a decrease in the expression of proteins that
enhance cell-cell contact such as E-cadherin and �-catenin, as
well as an increase in the expression ofmesenchymalmarkers
such as vimentin, N-cadherin, and 
bronectin, as well as the
activity of somematrixmetalloproteinases. EMTwas initially
identi
ed during embryogenesis and was later shown to be
involved in neural crest [1] and heart-valve formation [2] and
palate fusion [3]. More recently, EMT was shown to play a
critical role in tumor invasion and metastasis [4]. EMT is
categorized into developmental (Type I), 
brosis and wound
healing (Type II), and cancer (Type III) [5]. Mesenchymal
to epithelial transition (MET) [6] is the reverse process
and also plays an important role in the formation of the
kidney nephron epithelium. It is nowwidely known that EMT
constitutes an early metastatic step [7], where cells that have

undergone EMT can detach from the primary tumor, invade
through the basement membrane into the circulation, and
converse back to an epithelial phenotype to form ametastasis
at a distant secondary site [8].

2. Signaling Pathways Involved in EMT

Various signaling pathways can induce EMT and include key
molecules such as transforming growth factor beta (TGF-
�), growth factors that act through tyrosine kinase receptors
(RTKs), like platelet-derived growth factor (PDGF) and

broblast growth factor receptors (FGFRs) [4, 9], and the pro-
teins nuclear factor kappa-light-chain-enhancer of activated
B cells (NF-�B), Wnt (wingless integrated), and Notch and
hedgehog (Hh) proteins [10] (Figure 1).�ese signaling path-
ways stimulate transcription factors like Snail, basic helix-
loop-helix (bHLH), zinc 
nger E-box-binding homeobox1/2
(ZEB1/2), and NF-�B, among others, that repress epithelial
gene expression and act as activators of EMT [11]. �ese pro-
teins bind to the promoter of E-cadherin silencing its expres-
sion. E-cadherin is a central component of the adherens
junction complex, responsible for the calcium-dependent
cell-cell adhesion and the maintenance of the cytoskeletal
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Figure 1:Major interconnected signaling pathways that regulate EMT.�e Smad pathway for TGF-� signaling acts through the formation of a
complex between Smad 2/3 and Smad 4.�e complex thenmoves to the nucleus and stimulates the transcription of target genes. Sharp arrows
denote activation/upregulation and blunt arrows denote inhibition/downregulation. Fz: frizzled receptors; Gli: glioma-associated oncogene
family of transcription factors; GSK-3b: glycogen synthase kinase; Hh: hedgehog; PI3K: phosphatidylinositol-3-kinase; ILK: integrin-linked
kinase; LRP: low-density lipoprotein receptor-related protein; p38 MAPK: mitogen-activated protein kinase; Ptc: patched receptor for Hh
signaling; SMO: smoothened; TGF-�: transforming growth factor �; uPAR: urokinase plasminogen activator receptor.

organization. Its loss is a causal factor in cancer progression.
Transcriptional repression of E-cadherin is an important
emerging mechanism through which the gene is downreg-
ulated during tumor progression and several transcription
factors, among them Snail, Slug/Snail2, ZEB1, ZEB2, and E47,
directly bind to its promoter and repress its transcription.
EMT is induced through various channels. Many of these
E-cadherin repressors are induced by the stimulation of the
TGF-�pathway and they can further repress the transcription
of other cell polarity and adhesion genes [12] (Figure 1).

TGF-� is a major inducer of EMT [13–15]. It binds to its
receptors (TGF-�RI, TGF-�RII, and TGF-�RIII) leading to
the activation through phosphorylation of Smad 2 and Smad
3.�ese in turn form trimers with Smad 4 and the complex is
translocated into the nucleuswhere it regulates the expression
of TGF-� target genes along with other DNA binding factors,
like Snail, ZEB, and Twist [16, 17]. �e result is the downreg-
ulation of epithelial markers (E-cadherin and cytokeratins)

and the upregulation of mesenchymal markers (vimentin, N-
cadherin, and 
bronectin). �e activation of RTKs and their
downstream signaling e�ectors such as MAPK or PI3K is
crucial for an increased rate of cell proliferation in epithelial
cells. Signaling via eitherMAPK or PI3K along with TGF-� is
also necessary and su�cient to regulate EMT [18]. Crosstalk
of TGF-� with other signaling pathways like Notch, Wnt/�-
catenin, NF-�B, and RTKs can also induce EMT which
further helps in maintaining the mesenchymal phenotype of
metastatic tumor cells [4, 9, 10, 19] (Figure 1).

Wnt signaling is also important for the regulation of
EMT and diverse cell functions via canonical (�-catenin)
or noncanonical pathways [20]. �e formation of the Wnt-
Fz-LRP complex through the binding of wnt1 and wnt3
ligands to their receptors, Frizzled (Fz) and LDL-receptor-
related protein 5/6 (LRP 5/6), initiates the canonical pathway.
Without the Wnt signaling pathway, cytoplasmic �-catenin
forms a complex with Axin, adenomatous polyposis coli
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(APC), glycogen synthase kinase-3b (GSK-3�), and casein
kinase 1 (Ck1) [21]. When the cell receives Wnt signals,
LRP5/6 and Fz form a complex. �ese structures a�ect the
stabilization of �-catenin, its translocation to the nucleus,
and its protein accumulation. In the nucleus, �-catenin
forms a complex with T-cell factor/lymphoid enhancer factor
(TCF/LEF) initiating the transcription of Wnt target genes,
including Snail1 [21, 22]. During EMT, Smad 2 and Smad 4
in	uence Wnt signaling to repress E-cadherin expression in
medial-edge epithelial cells (Figure 1).

Another important pathway in EMT is Hedgehog (Hh)
signaling. Hh is a major regulator of cell proliferation, di�er-
entiation, and tissue polarity. �e Hh family consists of three
Hh proteins, including Sonic Hedgehog, Desert Hedgehog,
and Indian Hedgehog [23]. Binding of Hh ligands to their
receptors causes activation of a family of transcriptional fac-
tors through complex cascades.�is leads to the upregulation
of Wnt protein �-catenin and bone morphogenic protein
accumulation in the cytoplasm. Wnt and Hh signaling are
both mediated by the G-protein coupled Frizzled receptors,
and both pathways prevent phosphorylation-dependent pro-
teolysis of �-catenin. In addition, the molecules involved in
Wnt signaling such as GSK-3� also regulate Hh signaling,
suggesting crosstalk between the two potential pathways
(Figure 1).

�eNotch signaling pathway is also considered an impor-
tant regulator for EMT induction, despite several reports that
Notch signaling is insu�cient to completely induce EMT and
it requires crosstalk with other signaling molecules [20]. �e
Notch pathway is initiated through interactions between the
Notch receptor and ligands on adjacent cells. Four Notch
receptors (1–4) and 
ve ligands (Dll-1, Dll-3, Dll-4, Jagged-1,
and Jagged-2) have been shown to exist in mammals [24, 25].
Notch signaling is initiated through ligand binding to an adja-
cent receptor. Subsequently, the intramembraneNotch recep-
tor (NICD) is cleaved by �-secretase.�e releasedNICD then
translocates to the nucleus and interacts with C-protein bind-
ing factor 1/Suppressor of Hairless/Lag-1 (CBF1/Su (H)/Lag 1)
[25, 26] and acts as an activator of target genes, including Hes
and Hey (Figure 1). �e Notch pathway maintains a balance
between cell proliferation, di�erentiation, and apoptosis and
plays an important role in determining cell fate and main-
taining progenitor cell population. Notch signaling requires
coordination with other signals to promote EMT. TGF-
� increases Notch activity through Smad 3, subsequently
promoting Slug expression which suppresses E-cadherin
[27]. Slug-induced EMT is accompanied by the activation of
�-catenin and resistance to anoikis.Wnt and Notch pathways
have also been shown to cross-link between each other in
order to induce a tumorigenic phenotype [19, 28].

E-cadherin is anchored to the cytoskeleton via �-catenin,
a cytoplasmic plaque protein [29]. In loss of cell adhesion,
during invasion, E-cadherin is endocytosed and �-catenin is
released. In normal and noninvasive cells,�-catenin is usually
localized to the cell membrane. In cells undergoing EMT, �-
catenin is located in the cytoplasm. �is cytosolic �-catenin
translocates to the nucleus to promote transcription of genes
that induce EMT (Figure 1).

�e integrin-linked kinase (ILK) pathway has also been
reported to induce EMT. Integrins are heterodimeric adhe-
sion receptors composed of � and � subunits. �ere are 18 �
and 8� subunits that variously combine into 24 di�erent inte-
grins. Integrins bind to ligands, including collagens, laminins,
and 
bronectin in the ECM. Ligand-bound integrins induce
several signaling cascades that control cell polarity, motil-
ity, survival, shape, proliferation, and di�erentiation [30]
(Figure 1).

uPAR (urokinase-type plasminogen activator receptor)
signaling also plays a role in EMT [31]. Urokinase was
originally isolated from human urine but can also be present
in several other locations including the ECM. �e main
physiological substrate for urokinase plasminogen activator
(uPA) is plasminogen. When uPA, a serine protease, binds to
uPAR, plasminogen is activated to form plasmin (Figure 1).
Activation of plasmin triggers a proteolytic cascade that can
participate in ECM remodeling, degrading components of
the basement membrane, and hence allowing cells to move
across and through these barriers [31, 32]. Binding of uPA to
uPAR can induce EMT through activating a number of cell-
signaling factors, including PI3K, Src family kinases, Akt,
ERK/MAPK, and myosin light chain kinase [33, 34]. Among
them, only the PI3K/AKT pathway has been studied in uPAR
signaling in EMT. Activation of PI3K signaling catalyzes the
formation of phosphatidylinositol 3,4,5-phosphate, which
can in	uence cell morphology through its e�ect on actin
cytoskeleton reorganization and migration [32]. Another
mechanism by which PI3K may also be involved is through
the activation of AKT, which can promote cell invasion [32]
and regulate the activity of transcription factors like NF-�B
that binds to the DNA sequence and induce EMT [35].

3. MicroRNAs (miRNAs)

miRNAs are small (19–25 nucleotides long) noncoding,
single-stranded RNAs that control gene expression by tar-
geting mRNA transcripts and leading to their translational
repression or degradation, according to the level of comple-
mentarity with them [36, 37]. To date, over 2,500 potential
humanmiRNAs have been recorded inmiRBase v20 [36] and
their number is increasing rapidly. Taking into account that
one miRNA can target many mRNA transcripts and that one
mRNA transcript can be targeted by many miRNAs, it can be
roughly estimated that ∼10–40% of the mRNA sequences are
targeted bymiRNAs in human [38].�erefore, there is a great
need to validate the targets of newly discovered miRNAs.

miRNAs can be both di�erentially and temporally
expressed in a tissue- and developmental-speci
c mode [39–
42]. Various miRNA signatures can accurately distinguish
tumor from normal tissue, as well as various cancerous
subtypes among them [39]. Furthermore, it is nowwell estab-
lished that miRNAs can serve as candidate biomarkers for
diagnostic and prognostic purposes [40, 43]. miRNA genes
are usually intronic and clustered and are transcribed by RNA
polymerase II producing a primary miRNA (pri-miRNA) of
several kb in length. Pri-miRNAs are cleaved at speci
c sites
in the nucleus (resulting in pre-miRNAs) and in the cyto-
plasm (resulting in mature miRNAs), by the RNases Drosha
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by Dicer, respectively [44]. Mature miRNAs are then acti-
vated by binding to the Argonaute 2 (AGO2) in the miRNA-
induced silencing complex (miRISC) [45]. In particular, the
“seed” sequence across nucleotides 2–8 at the 5� end of the
maturemiRNAbinds its complementary sequence within the
3� UTRs of its target mRNA transcripts. Perfect complemen-
tarity between the miRNA and its mRNA target o�en leads
to mRNA deadenylation and degradation, whereas imperfect
complementarity leads to the inhibition of translation [46].
MaturemiRNAs can also regulate gene expression by binding
to the 5� UTR of their target genes or their coding regions
(CDS) [47]. CDS-based sites are more e�ective at inhibiting
translation, whereas sites in the 3� UTR are more specialized
for promoting degradation [47]. Many miRNAs are now
known to suppress various important cancer-related genes,
therefore, acting as oncogenes or tumor suppressors [48].
Several miRNAs have been identi
ed to regulate EMT.

4. The miR-200 Family and Its Metastasis
Suppressive Role in Cancer

�e miR-200 family is composed of 5 miRNA sequences:
miR-200a, miR-200b, miR-200c, miR-141, andmiR-429, clus-
tered and expressed as two separate polycistronic pri-miRNA
transcripts: miR-200a, miR-200b, and miR-429 (chromo-
some 1) and miR-200c and miR-141 (chromosome 12) [49].
�e miR-200 family plays an essential role in EMT sup-
pression mainly through targeting ZEB and its function was
recently reviewed [50–52]. �e role of miR-200 in EMT and
tumor progression has been linked to several cancers [53–63].
Gregory et al. foundmarkedly lowmiR-200 levels in cells that
had undergone EMT, in response to TGF-�. �e enforced
miR-200 expression alone was also shown to be su�cient
to prevent TGF-�-induced EMT and miR-200 inhibition
was su�cient to induce EMT. Conversely, ectopic expression
of the miR-200 members in mesenchymal cells initiated
MET [64]. Moreover, in invasive breast cancer, the lack of
miR-200 expression was positively correlated with absent E-
cadherin [64]. Further supporting these results, both miR-
200 clusters were shown to be clearly downregulated in a
TGF-� inducible mouse model of mammary tumor with
EMT. �e overexpression of miR-200 members caused E-
cadherin upregulation and inhibited EMT via targeting the
transcription factors ZEB1 and ZEB2 [65].

�emetastasis suppressive role of themiR-200 family was
further studied in tumor cell lines derived from mice that
developmetastatic lung adenocarcinoma owing to expression
of mutant K-ras and p53. Following a TGF-� treatment,
the cells entered EMT and this transition was entirely miR-
200 dependent [63]. Furthermore, in non-small-cell lung
cancer (NSCLC) cell lines, miR-200 was correlated with EMT
markers, distinguishing between those lines that derived
from primary lung tumors and the ones that originated
from metastatic lesions [63]. In metastatic NSCLC cells,
the reexpression of miR-200 downregulated genes that are
involved in metastasis signaling and proliferation, such as
DLC1, ATRX, HFE, HNRNPR3, HFE, and ATRX [66]. �e
miR-200 expression was also demonstrated to change the
tumor microenvironment and inhibit EMT and metastasis,

in lung adenocarcinoma [67]. miR-200 was further reported
to enhance macroscopic metastases in mouse breast cancer
cell lines [56]. Dykxhoorn et al. [56] reported that, for
some tumors, tumor colonization at metastatic sites might be
enhanced by MET, which suggests that the epithelial nature
of a tumor does not predict metastatic outcome.

5. The TGF-�/ZEB/miR-200
Regulatory Network

Gregory et al. recently demonstrated the existence of an
autocrine TGF-�/ZEB/miR-200 signaling regulatory net-
work that controls the plasticity between the epithelial and
mesenchymal states of the cells. Strong correlation was
reported between the ZEB1/2 and TGF-� and negative
correlations were detected between miR-200 and TGF-�,
as well as between miR-200 and ZEB1/2, in invasive ductal
carcinomas [68]. ZEB1/2 can induce EMT by repressing
various epithelial genes [69].�e TGF-� signaling pathway is
a central activator of ZEB1/2, indicating that they are impor-
tant intracellular mediators of the TGF-�-induced EMT.
�e crosstalk between the ZEB/miR-200 axis and several
signal transduction pathways activated at di�erent stages of
tumor development was also reviewed recently [70]. ZEB1/2
and the miR-200 family are involved in a double-negative
feedback loop, which controls EMT andMET programs both
in development and tumorigenesis [70]. On one hand, the
miR-200 members target and suppress ZEB1/2 and promote
epithelial di�erentiation [64, 71, 72]. On the other hand, ZEB1
knockdown can enhance miR-200 [73] (Figure 2). �is was
supported when it was found that the common promoter
region of the miR-200 members includes highly conserved
ZEB-binding sites, through which ZEB factors control the
transcription of the miR-200 family [73, 74]. ZEB downreg-
ulation leads to the enhancement of an epithelial pattern of
gene expression through induction of the miR-200members.
On the contrary, ZEB expression induces a mesenchymal
pattern of gene expression through miR-200 suppression.
�is feedback loop was shown to play important roles in
the stabilization of cellular di�erentiation in response to
prevalent extracellular cues [75]. In gastric cancer, miR-200b
can control metastasis by regulating the expression of ZEB2
[76]. Cong et al. found inversely related expression levels
between miR-200a and ZEB1/2 in gastric adenocarcinoma
tissue arrays. �e upregulated miR-200a expression was also
found to increase E-cadherin and suppress theWnt/�-catenin
pathway by targeting ZEB1/2 in gastric adenocarcinoma, thus
delaying tumor growth in vivo [77].

�e permanence of the mesenchymal phenotype
following EMT is sustained by TGF-�-containing autocrine
loops (Figure 2) [78–80]. TGF-� can induce its own
autocrine production, cooperating with the RAF-MAPK and
the �-catenin signaling pathways that trigger EMT [81, 82].
TGF-�2 is a predominant target of the miR-200 family
and the relief of miR-200-mediated inhibition of TGF-�2
increases the autocrine e�ect of TGF-� [73] (Figure 2).
�erefore, the interconnection among TGF-�, miR-200,
and ZEB can explain the reversibility of the mesenchymal
phenotype. Nevertheless, the mechanism by which the
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ZEB/miR-200 loop activates autocrine TGF-� signaling
is not clear enough. One explanation is that Smads bind
to the promoter of ZEB and induce its TGF-�-mediated
transcription [68, 83] (Figure 2). On the other hand, the
autocrine TGF-� signaling was shown to induce a reversible
methylation of the miR-200 loci, through the recruitment
of histone-modifying complexes by ZEB proteins. Smad and
TGF-� were further shown to be direct targets of miR-200
[84] (Figure 2). Recently, microenvironment-dependent
cues were suggested to trigger miRNA-regulated feedback
loops facilitating the switch between EMT and MET [85].
Although many TGF-�-induced pathways are necessary for
the induction and maintenance of EMT [86], it is not clear
how they control the expression of ZEB.

6. Other EMT-Regulating miRNAs

6.1. miRNAs �at Control EMT Transcription Factors. Many
other miRNAs can directly target EMT transcription factors.
miR-205 acts synergistically with miR-200 members in order
to suppress ZEB and lead to MET [64]. In mammary gland
cells, miR-205 maintains the epithelial di�erentiation [87–
89]. In prostate cancer, miR-29b suppresses metastasis by
regulating EMT signaling [90]. Also, miR-30a is downregu-
lated during EMT in murine hepatocytes [91]. Furthermore,
in NSCLC, Snai1 is posttranscriptionally targeted by miRNA-
30a [92]. In hepatoma cells, miR-148a can negatively regulate
Met/Snail signaling and prevent EMT and metastasis [93].
Snail and miR-34 form another double feedback loop, in
which the 
rst binds to E-boxes that are located within the
promoter of the miR-34 gene, thereby leading to the tran-
scriptional repression of the second [94]. In TGF-�-induced
EMT, increased Snail expression can suppress miR-34. A
novel miR-203/SNAI1 feedback loop was also reported in
breast cancer [95].�ese double-feedback loops can enhance
the activation of EMT and control the balance between the
two states of the cell (epithelial and mesenchymal). Recently,
a novel EMTnetwork integrating the negative feedback loops,
miR-203/SNAI1 andmiR-200/ZEB, was proposed to function
as a switch that controls the plasticity of epithelial cells during
their di�erentiation and the progression of cancer [95]. In

metastatic breast cancer cells, the expression of miR-10b was
shown to be induced by the transcription factor Twist, which
binds directly to the putative promoter of miR-10b [96]. �e
Twist-induced miR-10b thereby inhibits translation of the
mRNA encoding homeobox D10, resulting in the increased
expression of RHOC, awell-characterized prometastatic gene
[96].

6.2. miRNAs Targeting Components of the Cell Architecture.
Many miRNAs interfere with EMT by targeting components
of the cell architecture [97–102]. A direct transcriptional
target of the TGF-�/Smad 4 signaling is miR-155 [103].
Its knockdown can suppress TGF-�-induced EMT and the
dissolution of tight junctions, as well as cell migration and
invasion [99]. Furthermore, the ectopic expression of miR-
155 can reduce the expression of RhoA (Ras homolog gene
family, member A) protein, a small GTPase protein known
to regulate the actin cytoskeleton in the formation of stress

bers and disrupt the formation of tight junctions [99].

In colon cancer cells upon treatment with TGF-�, miR-21
andmiR-31 were induced and could lead to enhanced cellular
motility and invasiveness. �eir elevated expression was
associated with lymph node positivity and the development
of distant metastases in patients su�ering from colorectal
cancer [104]. In the progression of colorectal cancer, both
miRNAs could promote TGF-�-induced EMT, by repressing
the translation of TIAM1 (T-cell lymphoma invasion and
metastasis 1), a guanidine exchange factor of the Rac GTPase
[101]. In established metastases, the activation of miR-31 was
shown to lead to regression of metastasis and prolongation of
patient survival. Furthermore, its induction could reduce the
metastatic potential of cancer cells, via targeting RhoA [105].

In human breast cancer cells, miR-9 is upregulated and
directly represses cadherin-1 (CDH1), a calcium-dependent
protein involved in mechanisms regulating cell-cell adhe-
sions, mobility, and proliferation of epithelial cells. CDH1
repression leads to increased cell motility and invasiveness
[106]. Furthermore, the loss of E-cadherin liberates �-
catenin which translocates into the nucleus and activates
prometastatic genes, such as VEGF [107], which in turn leads
to increased tumor angiogenesis. During EMT, E-cadherin
suppression is o�en accompanied by upregulation of N-
cadherin. On the other hand, miR-194 negatively regulated
the expression of N-cadherin. However, miR-194 expression
is attenuated in advanced stage gastric cancer cells, whereas
in mesenchymal hepatic cancer cells, miR-194 expression
is enhanced and N-cadherin, cell migration, invasion, and
metastasis are reduced [108].

In hepatocellular carcinoma cells (HCC), miR-490-3p
enhances cell proliferation, migration, and invasion abilities
and stimulates EMT, via targeting ERGIC3 (ER-Golgi inter-
mediate compartment protein 3), also known as endoplasmic
reticulum-localized protein/ERp43. ERGIC3 is a protein
with a possible role in transport between ER and Golgi
[109]. Overexpression of ERp43 was shown to accelerate cell
growth and to inhibit ER stress-induced cell death, while its
downregulation decreased the rate of cellular proliferation
and enhanced cell death [110]. ERGIC3 was also shown to
stimulate cell migration and their ability to invade [109].
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�e same authors found that, in HCC cells, miR-490-3p
led to increased cell proliferation, migration, and invasion,
thus contributing to EMT. ERGIC3 was shown to be directly
targeted by miR-490-3p, which unexpectedly increased its
mRNA and protein levels [109].

Furthermore, miR-29a was found to be the most highly
upregulated miRNA during EMT in response to TGF-� in
the murine mesenchymal, metastatic RasXT cells relative
to epithelial EpRas cells. miR-29a can target tristetraproline
(TTP), a protein involved in the degradation of messenger
RNAs with AU-rich 3�-untranslated regions, and led to EMT
and metastasis in cooperation with oncogenic Ras signaling
[100]. All these results demonstrate the ability of miRNAs
to regulate EMT in cancer progression, via the targeting of
components of the cell architecture.

6.3. miRNAs Targeting Multiple EMT/MET Components.
Some miRNAs regulate EMT by targeting either the recep-
tors that accept signals from EMT inducers or multiple
EMT/MET components. TGF-�RII and Snail2 were demon-
strated to be directly targeted by miR-204. A reduction in
miR-204 expression led to reduced levels of claudins 10,
16, and 19 [111]. miR-204 has dual roles in maintaining the
integrity of the epithelium, since it can also target Snail, which
is rapidly induced by TGF-� signaling during EMT [111].

�e Eph tyrosine kinase receptor A4 (EphA4) regulates
MET of the paraxial mesoderm during somite morphogen-
esis [112]. It also promotes cell proliferation and migration
through an EphA4-FGFR1 signaling pathway [113]. In HCC,
miR-10a targets EphA4 and regulates the metastatic proper-
ties of the cancer cells [114]. EphA4 knockdown phenocopied
the e�ect of miR-10a and its ectopic expression restored the
e�ect of miR-10a on migration, invasion, and adhesion in
HCC cells [114].

�e induction of EMT in luminal breast cancer cells
involves the downregulation of miR-200 members and the
upregulation of the miR-221 family [115]. Luminal cells
expressing miR-221/222 gained a more mesenchymal phe-
notype and increased cell motility and invasiveness [115],
whereas the inhibition of miR-221/222 in basal-like cells pro-
moted MET [116]. Providing a functional link between miR-
221/222 expression and E-cadherin repression in breast can-
cer cells, miR-221/222 could directly target trichorhinopha-
langeal 1 (TRPS1), a transcriptional repressor of ZEB2 [115,
117]. miR-221/222 can also repress Dicer, a key protein in the
maturation of miRNAs [118].

In squamous cells, miR-138 was shown to regulate EMT
by targeting components of the EMT pathways, such as RhoC
(Ras homolog gene family, member C) and ROCK2 (Rho-
associated, coiled-coil containing protein kinase 2) [119].
Its enhanced expression could repress RhoC and ROCK2
in tongue squamous cell carcinoma, leading to diminished
cellular migration and invasion [120]. Additionally, miR-
138 regulates EMT either via direct targeting vimentin or
via targeting ZEB2, which in turn regulates the transcrip-
tion activity Cadherin-1. Furthermore, it can regulate EMT
through targeting the epigenetic regulator enhancer of zeste
homologue 2 (EZH2), which in turn modulates its gene
silencing e�ects on downstream genes (e.g., E-cadherin)

[121]. miR-101 was recently reported to act as a crucial tumor
suppressor which suppresses cell proliferation, invasiveness,
and self-renewal in aggressive endometrial cancer cells via
the modulation multiple critical oncogenes [122]. �e axis
miR-101-EZH2/MCL-1/FOS was proposed to be a potential
therapeutic target for endometrial cancer [122].

6.4. miR-200 Members Regulate the Notch and Wnt Signaling
Pathways. Recently, a coupling between the ZEB/miR-200
axis and the Notch pathway was established in cancer [123–
125]. ZEB1was shown to triggerNotch signaling by stabilizing
the expression of Jagged1, Maml2, and Maml3, through
inhibition of the miR-200 members [124]. �is suggests that
the ZEB-dependent downregulation of miR-200 feeds back
positively on ZEB expression and results in the stabilization
of a mesenchymal cell phenotype [124].

Furthermore, a functional link was recently established
between the canonical Wnt pathway and ZEB1, demonstrat-
ing that ZEB1 is a direct transcriptional target of �-catenin
in colon cancer cells [126, 127]. However, the ZEB2/Wnt rela-
tionship in colon cancer yet remains unclear. Wnt signaling
is also connected with the ZEB/miR-200 network in cancer.
miR-200a was reported to downregulate �-catenin-mediated
transcription via targeting either ZEB or �-catenin, thus
downregulating the activation of Wnt/�-catenin signaling
[128] (Figure 3). In contrast, miR-200b and miR-200c have
no e�ect on �-catenin.

6.5. �e ZEB/miR-200 Network and p53 Family Members.
�e p53 transcription factor can induce or repress a large set
of genes and miRNAs [129, 130]. �e p53 and its homologs
p63 and p73 are well involved in tumor metastasis and tumor
progression [131–133]. �e p63 and p73 members exist as
full-size proteins (TAp63 and TAp73) or truncated forms
(ΔNp63 and ΔNp73) that lack the transcriptional activation
domain. In early studies, it was demonstrated that ΔNp63/73
expression is directly repressed by ZEB binding, establishing
a link between the ZEB proteins and the p53 family. In
addition, TAp73 isoforms were also found to be repressed to
a lesser extent during myoblast di�erentiation and in mouse
embryonic 
broblasts (MEFs) [134] (Figure 4).

In hepatocellular carcinoma (HCC), p53 upregulates the
miR-200, miR-192, and other miRNAs [135]. �e p53 protein
inhibits EMT by downregulating the ZEB1/2 transcription
factors. Furthermore, p53-regulated miR-200 and miR-192
family members were shown to be involved in a p53-adjusted
EMT. Similarly, p53 knockdown could upregulate ZEB1 in
epithelial cells, which in turn induced EMT and a�ected
EMT-associated stem cell properties. On the other hand, p53
overexpression could reverse EMT and stem cell characteris-
tics [136]. �e work of Chang et al. reveals a role for p53 in
regulating EMT-MET and stemness and implies a potential
therapy of the suppression of cancer stem cells (CSCs), which
is associated with EMT through the activation of the p53-
miR-200 pathway. �e above-mentioned 
ndings elucidate
a new function of p53 in which it ensures the epithelial
properties. Although the p63/p73 genes are overexpressed
as di�erent isoforms, the p53 gene is usually mutated in a
majority of carcinomas. �us, in the absence of p53, p63
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and p73 may be involved in the control of the ZEB/miR-200
loop. In fact, both proteins have been identi
ed as positive
regulators of miR-200 in ovarian carcinoma cells by directly
modulating its promoter activity [137].

7. EMT as a Characteristic of Cancer Stem
Cells (CSCs)

�e term cancer stem cell was adopted in 2006 [138] to
de
ne the population of cancer cells with the ability to self-
renew and di�erentiate just like the stem cells. �e name,
cancer stem cell, was invented to represent its properties of
self-renewal and multipotency. CSCs can self-renew but it is
debatable whether they can di�erentiate into multiple types

of cells. Also, the term CSCs implies that these cells have
originated from normal stem cells. �e stem cells may be
a source of origin of CSCs, but they are certainly not the
only source [139]. For these reasons, many prefer to call them
tumor initiating cells.

Many studies have recently linked the CSC phenotype
to tumor cells undergoing EMT [140–148]. Morel et al.
[141] recently showed that nontumorigenicmammary epithe-
lial cells can give rise to a cell population that displays
CD44+CD24− stem-like signatures through the activation
of the RAS/MAPK pathway. �is cell population displays
an EMT phenotype that is characterized by the loss of E-
cadherin and gain of vimentin expression [140, 141]. �e
linkage between EMT and stemness is further supported by
the 
nding that Snail1 or Twist expression resulted in the loss
of epithelial phenotype and the acquisition of mesenchymal
phenotype in mammary epithelial cells and that the consti-
tutive expression of either protein increased tumor initiating
potential in transformed mammary epithelial cells [149, 150].

In prostate cancers, invasive cells exhibited CSC-like
characteristics in an in vitro study of established and pri-
mary prostate cell lines. �ese cells were more tumorigenic
than their counterparts and had a higher expression of the
surface marker CD44, as well as of genes involved in the
maintenance of a stem cell phenotype, including Nanog
[151]. Although these authors did not investigate spontaneous
metastasis by the invasive cells in vivo, Mulholland et al. [152]
showed that EMT promotes the metastasis of cells with CSC
characteristics. �ey engineered a mouse model of prostate
cancer that better re	ects the human situation, notably in
terms of metastasis. �e authors showed that RAS activation
in PTEN-null cells resulted in EMT and that these EMT-
induced cells had CSC characteristics and were responsible
for micro- and macrometastases [152]. Similar results linking
EMT and stemness were recently reported for putative CSCs
from cervical cancer cell lines [153].

8. miRNA-Based Therapeutics and
Clinical Trials

We have now entered the era that miRNAs are in trials to be
used as a therapeutic tool against cancer. Depending on their
pro- or antitumoral properties, di�erent strategies based on
blocking miRNA function or speci
c miRNA delivery to the
tumor cells can be used. Several preclinical approaches have
been developed in order to block miRNAs, including anti-
miRNA oligonucleotides, miRNA sponges, miRNA masks
(target protectors), and small molecule inhibitors [154].

Despite the challenges presented in delivering these
molecules to the cells, there are currently two clinical trials
for miRNA-based therapeutics [155]. Targeting miRNAs may
be used directly to target tumor cells and also to enhance
other therapies. For example, they could be used in reducing
the drug resistance of tumors as has been shown by the
chemoresistant properties of miR-100 in NSCLC [156] and
the epigenetic silencing of miR-199b-5p in chemoresistant
ovarian carcinoma [157].

�e most advanced miRNA trial involves the use of anti-
miR-122 (miravirsen) for hepatitis C therapy [158], which
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shows reduction in viral RNA with no evidence of resistance.
Miravirsen is complementary to miR-122 but has also a
modi
ed locked-nucleic acid (LNA) structure which pro-
vides resistance to degradation and increased a�nity for its
target. Apart from targeting the mature miR-122, miravirsen
was shown to target both the pri- and pre-miR-122 forms,
thus leading to reduced processing and enhancement of its
therapeutic e�ect [159].

�e 
rst miRNA-based therapy for cancer is MIRX34. It
entered clinical testing in 2013 and is currently being studied
in a multicenter, open-label Phase 1 clinical trial in patients
with unresectable primary liver cancer or solid cancers with
liver involvement. �e trial also includes a separate cohort
of patients with hematological malignancies. MRX34 was
designed to deliver a mimic of the naturally occurring
tumor suppressor, miR-34, which is lost or underexpressed in
tumors of patients with a wide variety of cancers, including
cervical cancer, ovarian cancer, glioblastoma, hepatocellular
carcinoma (liver cancer), colon cancer, and non-small-cell
lung cancer (NSCLC) and in cancer stem cells [160–162].�e
miR-34 mimic is encapsulated using an innovative liposomal
formulation called SMARTICLES.

�e MRX34 Phase 1 clinical study in liver-based cancers
is expected to be completed at the end of the 
rst quarter
of 2015, while the top-line results from the hematological
malignancy cohort are expected in mid-2015. �e primary
objectives of the clinical trial are to establish the maximum
tolerated dose and the recommended Phase 2 dose for future
clinical trials.�e secondary objectives are to assess the safety,
tolerability, and pharmacokinetic pro
le of MRX34 as well as
assess any biological activity and clinical outcomes. Never-
theless, miRNA-therapeutics is still in its infancy and the side
e�ects of these therapies need to be carefully evaluated.

9. Conclusion

EMT plays a major role in cancer metastasis and is a com-
plex, multifunctional, and tightly regulated developmental
program. Understanding the di�erent strategies employed by
tumor cells to switch EMT on and o� and the biological
functions of the increasing number of the newly discovered
miRNAs will lead to the development of new strategies in
the diagnosis, prognosis, and treatment of human cancers.
We have now entered a new exciting era, where clinical
trials utilizing miRNA pro
ling for patient prognosis and
clinical response are underway, and the 
rst miRNA mimic
has already entered the clinic for cancer therapy.
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