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Abstract

Down-regulation of miR-138 (microRNA-138) has been frequently observed in various cancers,
including HNSCC (head and neck squamous cell carcinoma). Our previous studies suggest that
down-regulation of miR-138 is associated with mesenchymal-like cell morphology and enhanced
cell migration and invasion. In the present study, we demonstrated that these miR-138-induced
changes were accompanied by marked reduction in E-cad (E-cadherin) expression and enhanced
Vim (vimentin) expression, characteristics of EMT (epithelial-mesenchymal transition). On the
basis of a combined experimental and bioinformatics analysis, we identified a number of miR-138
target genes that are associated with EMT, including VIM, ZEB2 (zinc finger E-box-binding
homeobox 2) and EZH2 (enhancer of zeste homologue 2). Direct targeting of miR-138 to specific
sequences located in the mRNAs of the VIM, ZEB2 and EZH2 genes was confirmed using
luciferase reporter gene assays. Our functional analyses (knock-in and knock-down) demonstrated
that miR-138 regulates the EMT via three distinct pathways: (i) direct targeting of VIM mRNA
and controlling the expression of VIM at a post-transcriptional level, (ii) targeting the
transcriptional repressors (ZEB2) which in turn regulating the transcription activity of the E-cad
gene, and (iii) targeting the epigenetic regulator EZH2 which in turn modulates its gene silencing
effects on the downstream genes including E-cad. These results, together with our previously
observed miR-138 effects on cell migration and invasion through targeting RhoC (Rho-related
GTP-binding protein C) and ROCK2 (Rho-associated, coiled-coil-containing protein kinase 2)
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concurrently, suggest that miR-138 is a multi-functional molecular regulator and plays major roles
in EMT and in HNSCC progression.
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INTRODUCTION

MicroRNAs are endogenous small non-coding RNAs that control the target gene expression
at the post-transcriptional level. Several microRNAs have been functionally classified as
protooncogenes or tumour suppressors and are aberrantly expressed in different cancer types
[1,2]. Deregulation (e.g. overexpression or loss of expression) of these “cancerous'
microRNAS can figure prominently in tumour initiation and progression by facilitating an
inappropriate cellular programme that promotes uncontrolled proliferation, favours survival,
induces EMT (epithelial-mesenchymal transition) and/or promotes invasive behaviour.

miR-138 (microRNA-138) has been thought to regulate a number of essential biological
processes, including the development of mammary glands [3], regulating dendritic spine
morphogenesis [4], modulating cardiac patterning during embryonic development [5] and
thermotolerance acquisition [6]. The deregulation of miR-138 has been frequently observed
in a number of cancer types, including thyroid cancer [7], lung cancer [8] and leukaemia [9].
The frequent down-regulation of miR-138 has also been observed in HNSCC (head and
neck squamous cell carcinoma), including cases that originated from various anatomic sites
such as the pharynx [10], the tongue [11-14] and other sites of the oral cavity [15]. Two
miR-138 precursor genes, termed miR-138-1 and miR-138-2, were identified recently in the
mouse genome [16], and their human homologues were mapped to chromosome 3p21.33
and 16q13 respectively. Interestingly, LOH (loss of heterozygosity) at both chromosome
loci have been detected frequently in HNSCC [17-19].

Recent studies by us have demonstrated that the down-regulation of miR-138 in HNSCC
cell lines enhances cell migration and invasion [10,12], and is associated with marked
morphological changes (e.g. loss of polarity and cell-cell adhesion, and the acquisition of
mesenchymal-like cell morphology) that are characteristics of EMT. However, the
molecular mechanism(s) underlying the observed effect of miR-138 on EMT is poorly
understood. The aim of the present study was to investigate the functional roles of miR-138
in EMT.

MATERIALS AND METHODS

Cell culture and transfection

The human HNSCC cell lines used in the present study were maintained in DMEM/F12
(where DMEM is Dulbecco's modified Eagle's medium) supplemented with 10% FBS
(foetal bovine serum), 100 units/ml penicillin and 100 pg/ml streptomycin (Gibco) at 37°C
in a humidified incubator containing 5% CO,. For functional analysis, miR-138 mimics and
non-targeting miRNA mimics (Dharmacon), LNA (locked nucleic acid) knock-down probe
specific to miR-138 (anti-miR-138 LNA) and negative control LNA (Exigon), and gene-
specific siRNAs (small interfering RNAs; On-TargetPlus SMARTpool, Dharmacon) were
transfected into cells using DharmaFECT Transfection Reagent 1 as described previously
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[10,12]. For the induction of EMT, cells were treated with 10 ng/ml TGFp (transforming
growth factor B) 1 as described previously [20,21].

Fluorescence immunocytochemical analysis

Immunofluorescence analysis was performed as described previously [12]. In brief, cells
were cultured on eight-chamber polystyrene vessel tissue-culture-treated glass slides (BD
Biosciences) fixed with ice-cold methanol, permeabilized with 0.5% Triton X-100/PBS and
blocked with 1% BSA in PBS. The slides were incubated with primary antibodies against E-
cad (E-cadherin) (1:100), EZH2 (enhancer of zeste homologue 2; 1:100) (BD Biosciences),
Vim (vimentin ) (1:200; Cell Signaling Technologies) or ZEB2 (zinc finger E-box-binding
homeobox 2; 1:50; Sigma—Aldrich). The slides were then incubated with a FITC-conjugated
anti-rabbit 1gG antibody (1:50; Santa Cruz Biotechnology) and Alexa Fluor® 594-
conjugated goat anti-mouse 1gG antibody (1:400; Invitrogen). The slides were mounted with
ProLong Gold antifade reagent containing DAPI (4’ ,6-diamidino-2-phenylindole;
Invitrogen) following the manufacturer's protocol. The slides were then examined with a
fluorescence microscope (Carl Zeiss).

Western blot analysis

Western blots were performed as described previously [12] using antibodies specific against
E-cad, EZH2 (BD Biosciences), Vim, Snai2 (Snail homologue 2), Suz12 (suppressor of
zeste 12; Cell Signaling Technologies), Eed (embryonic ectoderm development protein;
Millipore), ZEB2 and B-actin (Sigma—Aldrich).

In vitro cell migration and invasion assays

Transwell assays were performed to assess cell migration and invasion using BD BioCoat
Control Cell Culture Inserts (containing an 8.0 um PET Membrane without matrix) or BD
BioCoat BD Matrigel™ Invasion Chamber (containing a layer of BD Matrigel™ Basement
Membrane Matrix) respectively. In brief, cells were treated with appropriate microRNA and/
or sSiRNA reagents and then seeded in the upper Boyden chambers of the cell culture inserts.
After 24 h of incubation (for migration) or 48 h of incubation (for invasion), cells remaining
in the upper chamber or on the upper membrane were carefully removed. Cells adhering to
the lower membrane were stained with Diff-Quik stain (Polyscience), imaged and counted
using an inverted microscope equipped with a digital camera (Jenco). Experiments were
performed in triplicate.

gRT-PCR (quantitative real-time PCR) analysis

To examine the expressional changes of the EMT-related genes, a RT?2 Profiler PCR array
for human EMT (Qiagen/SABiosciences) was used which consists of qRT-PCR assays for
84 EMT-related genes. Two additional qRT-PCR assays for RhoC (Rho-related GTP-
binding protein C) and EZH2 (Ori-Gene) were also included in the experiments. The relative
expression level was computed using the 2A2Ct analysis method, where actin was used as an
internal reference [22]. For VIM, ZEB2 and EZH2, independent gRT-PCR assays were also
performed using TagMan Gene Expression Assays (Applied Biosystems). Experiments were
performed in triplicate.

MicroRNA target prediction

The candidate targets of miR-138 were identified using miRGen [23], an integrated online
database which contains a collection of five bioinformatics tools, including 4-way PicTar, 5-
way PicTar, TargetScanS, miRanda at http://www.microrna.org and miRanda at miRBase.
In addition, TargetScanHuman 5.1 [24] was also used for predicting the miR-138 targets. As
such, the miR-138 targets are predicted by three different methods (PicTar, TargetScan and
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miRanda) with two different versions for each method. For the present study, genes that
were predicted by at least one method were defined as potential miR-138 targets.

Dual-luciferase reporter assay

The luciferase reporter gene constructs for Vim (pGL-VimEL, pGL-VimE2 and pGL-
VimE3) were created by cloning a 62-bp fragment and a 60-bp fragment from the coding
region (position 518-579 and position 861’920, GenBank® accession number NM_ 003380,
containing the miRNA-138-binding sites E1 and E2 respectively), and a 56-bp fragment
from the 3'-UTR (untranslated region; position 18151870, containing the miRNA-138-
binding site E3) of the Vim respectively, into the Xbal site of the pGL3-Control firefly
luciferase reporter vector (Promega). The corresponding mutant constructs (pGL-VimE1lm,
pGL-VimE2m and pGL-VimE3m) were created by replacing the seed regions (position 2'8)
of the miR-138-binding sites with 5-TTTTTTT-3'. The luciferase reporter gene constructs
for ZEB2 (pGL-ZEBEL, pGL-ZEBE?2 and pGL-ZEBE3) were created by cloning a 60-bp
fragment and a 70-bp fragment from the coding region (position 1751'1810 and position
3341'3410, GenBank® accession number NM_014795, containing the miRNA-138-binding
sites E1 and E2 respectively), and a 70-bp fragment from the 3'-UTR (position 4891'4960,
GenBank® accession number NM_014795, containing the identified miR-138-binding site
E3) of the ZEB2 gene into the Xbal site of the pGL3 firefly luciferase reporter vector. The
mutant constructs for ZEB2 (pGL-ZEBE1m, pGL-ZEBE2m and pGL-ZEBE3m) were
created by mutating the seed region (position 2'8) of the miR-138-binding sites to 5'-
TTTTTTT-3". For EZH2, a 70-bp fragment from the coding region (position 1111'1180,
GenBank® accession number NM_004456, containing the conserved miRNA-138-binding
site Ec1) and a 60-bp fragment from the 3'-UTR of the EZH2 gene (position 2561'2620,
GenBank® accession number NM_004456, containing the conserved miRNA-138-binding
site Ec2) were cloned into the Xbal site of the pGL3 reporter vector. The mutant constructs
for EZH2 (pGL-Eclm and pGL-Ec2m) were created by replacing the seed region (position
2'8) of the miR-138-binding site with 5-TTTTTTT-3". An additional pair of constructs were
also created for EZH2 which contained sequences of a previously described poorly
conserved miR-138-bhinding site [6] from the human EZH2 gene (position 2388'2450,
GenBank® accession number NM_004456, named pGL-Ep-hsa) and from the chicken
EZH2 gene (position 24142476, GenBank® accession nhumber XM_418879, named pGL-
Ep-gga). The constructs were then verified by sequencing. Cells were transfected with the
reporter constructs containing the targeting sequence from the three genes using
Lipofectamine™ 2000 (Invitrogen). The pRL-TK vector (Promega) was co-transfected as an
internal control for normalization of the transfection efficiency. The luciferase activities
were then determined as described previously [12] using a Glomax 20/20 luminometer
(Promega). Experiments were performed in quadruplicate.

Statistical analysis

Statistical analysis was performed using Student's t test. P < 0.05 was considered
statistically significant.

RESULTS

miR-138 regulates EMT in HNSCC cell lines

The cell lines 1386L.n and 686 Tu are previously established HNSCC cell lines with the
miR-138 level in 1386Ln significantly lower than in 686Tu [10]. As shown with
immunofluorescence analysis in Figures 1(A) and 1(B), ectopic transfection of the miR-138
mimic to the 1386Ln cells led to a dramatic decrease in Vim expression and a significant
increase in E-cad expression. When the 686Tu cells were treated with anti-miR-138 LNA, a
decrease in E-cad expression and an increase in Vim expression were observed (Figures 1C
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and 1D). These changes in E-cad and Vim expression were also confirmed by Western blot
analysis (Figure 1E). Similar results were also observed in UM1 cells that were treated with
the miR-138 mimic, and SCC9 and SCC15 cells treated with anti-miR-138 LNA
(Supplementary Figure S1 at http://www.BiochemJ.org/bj/440/bj4400023add.htm). As
shown in Figures 1(F) and 1(G), whereas the increased miR-138 level in 1386Ln resulted in
reduced cell migration and cell invasion, the reduced miR-138 level in 686Tu led to
enhanced cell migration and invasion. This finding is in agreement with our previous
observation [12], and is in agreement with the notion that co-ordinated regulation of EMT is
essential to cell motility, invasion and metastasis.

As illustrated in Figure 2(A), treatment of 686Tu cells with TGF-B, a potent EMT inducer,
down-regulated the expression of E-cad and enhanced the expression of Vim. TGF-f
treatment also led to the down-regulation of miR-138 (Supplementary Figure S2 at
http://www.BiochemJ.org/bj/440/bj4400023add.htm). The TGFB-induced changes in E-cad
and Vim expression were blocked by ectopic transfection of miR-138 mimic. As expected,
TGFp treatment led to enhanced cell migration and invasion (Figures 2B and 2C). The
TGFp-induced increase in cell migration and invasion were blocked by transfection of
miR-138 mimic. As illustrated in Figure 2(D), ectopic transfection of the miR-138 mimic to
the 1386Ln cells led to a reduced expression of Vim and enhanced expression of E-cad.
These changes in E-cad and Vim expression were accompanied by reduced cell migration
and invasion (Figures 2E and 2F). The miR-138-induced down-regulation of cell migration
and invasion can be partially reversed when E-cad was knocked-down by siRNA.

To fully explore the roles of miR-138 in EMT, it is important to identify the functionally
relevant targets (e.g. mMRNA). We utilized an EMT-specific qRT-PCR array to determine the
differential expression of 86 EMT-related genes on 1386Ln cells transfected with the
miR-138 and negative control mimics. Of the 86 genes tested, 23 genes were altered after
miR-138 treatment (>2-fold, P < 0.10). These include nine down-regulated genes and 14 up-
regulated genes (Supplementary Table S1 at
http://www.BiochemJ.org/bj/440/bj4400023add.htm). To identify the potential targets of
miR-138, a bioinformatics-based analysis was carried out based on a combination of six
different sequence-based microRNA target prediction algorithms. Our analysis revealed that
the set of down-regulated genes was significantly enriched with the predicted targets of
miR-138 (Supplementary Table S2 at http://www.BiochemJ.org/bj/440/bj4400023add.htm),
whereas no significant enrichment of the predicted miR-138 targets was observed in the set
of up-regulated transcripts. Of these nine down-regulated genes, four are potential direct
targets of miR-138, including EZH2, ZEB2, RHOC and VIM (Table 1).

miR-138 targets Vim in HNSCC cells

Based on the bioinformatics analysis, three miR-138-targeting sequences were identified in
the VIM mRNA (Figure 3A). The first and second targeting sequences (E1 and E2) are
located in the coding region and the third sequence (E3) is located in the 3'-UTR of the VIM
mRNA. To confirm that miR-138 directly targets these sequences, dual-luciferase reporter
assays were performed using the construct in which these targeting sites were cloned into
the 3'-UTR of the reporter gene (pGL-VimE1, pGL-VimE2 and pGLViIimE3). As illustrated
in Figure 3(B), when cells were transfected with the miR-138 mimic, the luciferase activities
were reduced significantly for both reporter constructs as compared with the cells
transfected with negative control. When the seed regions of the targeting sites were mutated
(pGL-VImEL1m, pGL-VimE2m and pGL-VimE3m), the miR-138 effects on the luciferase
activity were abolished. Furthermore, as shown by gRT-PCR (Figure 3C), ectopic
transfection of miR-138 in 1386Ln cells led to significant down-regulation of VIM
expression, and knock-down of miR-138 in 686Tu cells enhanced VIM expression. Similar
results were observed in additional cell lines (Supplementary Figure S1). The miR-138-
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induced change in Vim expression was also confirmed by immunofluorescence analysis
(Figures 3D-3K). When 1386Ln cells were treated with miR-138 mimic, a marked
reduction in Vim staining was observed (Figures 3D and 3E). The reduction in Vim was
accompanied by an increase in E-cad staining (Figures 3H and 3lI). In contrast, when 686Tu
cells were treated with anti-miR-138 LNA, an apparent increase in Vim staining was
observed (Figures 3F and 3G). This increase in Vim expression was accompanied by a
decrease in E-cad staining (Figures 3J and 3K).

miR-138 down-regulates transcriptional repressors (ZEB2 and Snai2) and promotes E-cad
expression in HNSCC cells

Three miR-138-binding sites were predicted in the ZEB2 mRNA, two located in the coding
region and one located in the 3'-UTR (Figure 4A). As shown in Figure 4(B), dual-luciferase
reporter assays were performed using constructs in which these targeting sites were cloned
into the 3'-UTR of the reporter gene (pbGLZEBEL, pGL-ZEBE2 and pGL-ZEBE3). A
dramatic reduction in luciferase activity was observed for pGL-ZEBE3, when the cells were
transfected with miR-138 as compared with those of the cells transfected with negative
control. Relatively small, but statistically significant, reductions in luciferase activity were
observed for pGL-ZEBE1 and pG-ZEBE?2 in cells transfected with miR-138 as compared
with those transfected with negative control. When the seed regions of these targeting sites
were mutated (pGL-ZEBE1m, pGL-ZEBE2m and pGL-ZEBE3m), the miR-138 effect on
luciferase was abolished. Furthermore, as shown by Western blot analysis (Figure 4C),
ectopic transfection of miR-138 or siRNA against ZEB2 in 1386Ln cells led to significant
down-regulation of ZEB2 expression, and knock-down of miR-138 in 686Tu cells enhanced
the ZEB2 expression. The changes in ZEB2 expression were inversely correlated with
changes in E-cad expression. The miR-138-induced change in ZEB2 expression was also
confirmed by qRT-PCR (Figure 4D). Similar results were observed in additional cell lines
(Supplementary Figure S1). As shown in Figures 4(E) and 4(F), when 1386Ln cells were
treated with the miR-138 mimic, a marked reduction in ZEB2 nuclear staining was
observed. The reduction in ZEB2 staining was accompanied by an increase in E-cad staining
(Figures 4G and 4H). In contrast, when 686Tu cells were treated with anti-miR-138 LNA,
an apparent increase in ZEB2 staining was observed (Figures 41 and 4J). This increase in
ZEB?2 expression was accompanied by a decrease in E-cad staining (Figures 4K and 4L).

It is noteworthy that we also observed a significant reduction in Snai2 expression at both the
mRNA level (Table 1) and the protein level (Figure 4C) in 1386Ln cells treated with the
miR-138 mimic. Reduced Snai2 expression was also observed in UM1 cells that were
treated with the miR-138 mimic (Supplementary Figure S1). Although no apparent
expression of Snai2 was observed in 686Tu cells (Figure 4C), enhanced Snhai2 expression
was observed in SCC9 and SCC15 cells that were treated with anti-miR-138 LNA
(Supplementary Figure S1). However, we failed to identify any miR-138-targeting site in the
SNAI2 mRNA.

miR-138 targets epigenetic regulator EZH2 and regulates E-cad expression in HNSCC cells

PcG (polycomb group) proteins such as EZH2 are important epigenetic regulators. The
EZH2-mediated repression of E-cad expression is associated with EMT in several cancer
types [25-27]. Our bioinformatics analysis identified two conserved miR-138 targeting
sequences located in the coding region (Ec1) and in the 3’ -UTR (Ec2) of the EZH2 mRNA
(Figure 5A). In addition, a poorly conserved targeting site (Ep) that overlaps with the
junction of the coding region and 3' -UTR has been reported previously in chickens [6].
However, in humans, two bases in the seed region (positions 4 and 6) of this Ep site are
replaced with non-consensus bases. As shown in Figure 5(B), the luciferase activities of the
reporter constructs containing the conserved sites (pGL-Ec1 and pGL-Ec2) were reduced
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significantly when cells were transfected with miR-138 mimic in comparison with those
transfected with negative control. No apparent change was observed in the luciferase
activities of the reporter constructs containing the mutated sites (pGL-Ec1m and pGL-Ec2m)
when cells were treated with either the miR-138 or control mimic. For the reporter construct
containing the chicken Ep site (pGL-Ep-gga), the luciferase activity was reduced
significantly when the cells were transfected with the miR-138 mimic as compared with the
cells transfected with negative control. No apparent change was observed in luciferase
activity of the reporter construct containing the human Ep site (pGL-Ep-hsa) when cells
were treated with either the miR-138 or control mimic. Furthermore, as shown by Western
blot analysis (Figure 5C), ectopic transfection of miR-138 or siRNA specific against EZH2
in 1386Ln cells led to significant down-regulation of EZH2 expression. Knock-down of
miR-138 in 686Tu cells enhanced the EZH2 expression. The changes in EZH2 expression
were inversely correlated with changes in E-cad expression. Similar results were observed in
additional cell lines (see Supplementary Figure S1). We also examined the expression of
Eed and Suz12, two additional core components of the PRC2 (polycomb repressive complex
2). Although no change in Eed expression was observed, a slight decrease and an apparent
increase in Suz12 levels were observed in 1386Ln cells treated with EZH2 siRNA and in
686Tu cells treated with anti-miR-138 LNA. The miR-138-induced change in EZH2
expression was also confirmed by gRT-PCR (Figure 5D) and fluorescence
immunocytochemical analysis (Figures 5SE-5L). As shown in Figures 5(E) and 5(F), when
1386Ln cells were treated with the miR-138 mimic, a marked reduction in EZH2 nuclear
staining was observed. The reduction in EZH2 staining was accompanied by an increase in
E-cad staining (Figures 5G and 5H). In contrast, when 686Tu cells were treated with anti-
miR-138 LNA, an apparent increase in EZH2 staining was observed (Figures 51 and 5J).
This increase in EZH2 expression was accompanied by a decrease in E-cad staining (Figures
5K and 5L).

DISCUSSION

Cancer cells can de-differentiate through activation of specific biological pathways
associated with EMT, thereby gaining the ability to migrate and invade. Previous studies
have suggested that deregulation of microRNAs (including miR-200 family members) is
associated with EMT and the progression of a number of different cancers [28-34].
However, the involvement of microRNA in EMT of the HNSCC cells has not been
investigated fully. The down-regulation of miR-138 is a frequent event in HNSCC and has
been consistently observed by multiple laboratories [10-15]. Our preliminary results show
that miR-138 regulates cell migration and invasion by targeting RhoC and ROCK2 (Rho-
associated, coiled-coil-interacting protein kinase 2) concurrently [12]. These miR-138-
induced changes in cell migration and invasion are accompanied by marked morphological
changes (e.g. loss of polarity and cell-cell adhesion, increased matility, and the acquisition
of mesenchymal phenotype) which are characteristics of EMT. In the present study, we test
the effects of miR-138 on the expression of 86 EMT-related genes using a qRT-PCR array.
We found nine down-regulated genes and 14 up-regulated genes. Our bioinformatics
analysis revealed that four of these nine down-regulated genes are potential direct targets of
miR-138, including EZH2, ZEB2, RHOC and VIM. It is noteworthy that our gRT-PCR-
based experiments measure the differential expression at the mRNA level, and are only
sensitive to the targets that are regulated by microRNA-mediated degradation, but not to the
targets that are regulated by microRNA-mediated translational inhibition. We anticipate that
a portion of true miR-138 targets will not be detected by our approach. Nevertheless, the
present study identified a panel of EMT-related genes that are regulated by miR-138,
including the experimentally confirmed miR-138 target gene RHOC [12]. In the present
paper we demonstrated that miR-138 regulates EMT via three novel and distinct pathways
(Figure 6): (i) direct targeting of VIM mRNA and controlling the expression of VIM at the
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post-transcriptional level, (ii) regulating the transcriptional repressors (ZEB2 and Snai2)
which in turn regulate the transcription activity of the E-cad gene, (iii) targeting the
epigenetic regulator EZH2 which in turn modulates its gene-silencing effects on the
downstream genes including E-cad.

Vim is an essential structural cytoskeletal protein constituting IFs (intermediate filaments) of
mesenchymal cells. During EMT, the cellular IF status changes from a keratin-rich network
(with connections to adherens junctions and hemidesmosomes) to a Vim-rich network
connecting to focal adhesions. The results of the present study demonstrated that Vim is a
functional target of miR-138 and that the down-regulation of miR-138 in HNSCC is
associated with enhanced Vim expression. It is noteworthy that miR-138 has also been
thought to play important roles in developmental processes [3—6]. Given the apparent
involvement of Vim in EMT, it is possible that the miR-138-mediated regulation of Vim
may have functional relevance to developmental processes. Further studies are required to
define the precise mechanisms through whichmiR-138 andVim regulate these diverse
biological processes.

ZEB?2 is a member of the zinc finger E-box-binding homeobox family of proteins that
function as transcriptional repressors and interact with activated SMADs, the transducers of
TGFp signalling. ZEB2 is a well-established inducer of EMT and a potent repressor of E-
cad expression [35]. The results of the present paper demonstrate a direct interaction
between miR-138 and ZEB2 mRNA which leads to the post-transcriptional suppression of
ZEB2 expression, which in turn regulates the expression of E-cad and EMT. It is noteworthy
that the ZEB family repressors (both ZEB1 and ZEB?2) are targeted by a number of different
microRNAs, including the miR-200 family [36]. Interestingly, ZEB1 has been showed to
suppress the expression of miR-200 family members indicating that miR-200 members and
ZEB factors reciprocally control each other in a negative-feedback loop [32,37]. It is not
clear whether miR-138 is also regulated by ZEB factors (or its other target genes) by similar
feedback mechanism(s). Further studies are needed to explore this potential regulatory
mechanism. In addition to ZEB2, our data suggested that miR-138 also down-regulates
Snai2, a member of Snail family of zinc finger transcriptional repressors that play an
important role in the regulation of E-cad expression and EMT [35]. However, we failed to
identify any miR-138-targeting site in the SNAI2 mRNA. It is possible that miR-138
indirectly regulates SNAI2 by targeting factor(s) that control SNAI2 gene expression.
Alternatively, Snai2 may be regulated by miR-138 through a non-canonical targeting site.

A third EMT-related gene that targeted by miR-138 is EZH2. EZH2 is a critical component
of the PRC2 complex that includes non-catalytic subunits Suz12 and Eed. It catalyses
trimethylation on Lys2 of histone 3 protein (H3K27Me3), which in turn leads to chromatin
condensation and epigenetic silencing of the downstream genes [38]. One of the well-
established downstream target genes of EZH2 is E-cad, and the EZH2-mediated repression
of E-cad is associated with EMT in several cancer types [25-27]. A previous study reported
that overexpression of EZH2 in cancer cells down-regulates the expression of E-cad through
histone H3K27 trimethylation at the promoter of the gene [25]. Knockdown of EZH2 in
vitro has been shown to restore E-cad expression [39,40]. We confirmed that EZH2 is
required for the suppression of E-cad in our cell types. We further demonstrated that the
miR-138 down-regulates the expression of the EZH2 gene by binding to a conserved
targeting site located in the 3' -UTR of the EZH2 mRNA. This miR-138-mediated EZH2
down-regulation is reversely correlated with E-cad expression and EMT in HNSCC cells.
Interestingly, miR-138 has been showed to target EZH2 in chickens [6]. Two miR-138-
targeting sites were identified in the chicken EZH2 mRNA: an evolutionarily conserved site
located in the 3’ -UTR which is also present in the 3’ -UTR of the human EZH2 mRNA, and
a poorly conserved site that is over-lapped with the translational stop codon in the chicken
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EZH2. In humans, the seed region of this poorly conserved site has two base substitutions
(at positions 4 and 6), which makes it non-functional. Nevertheless, the fact that EZH2
expression is down-regulated by miR-138 in both chickens and humans suggested that the
miR-138-mediated suppression of EZH2 is an evolutionarily conserved molecular event. We
also observed an apparent increase in Suz12 levels in 686Tu cells treated with anti-miR-138
LNA. However, no miR-138-targeting site was identified in the SUZ12 mRNA, and
currently, the biological significance of these observed changes in SUZ12 expression is not
clear. It is noteworthy that miR-200 has been shown to directly target Suz12 and control the
E-cad expression by regulating the PRC2 complex [41]. Additional studies will be needed to
fully explore the potential concordant effect(s) of anti-EMT microRNASs (e.g. miR-138 and
miR-200) on PRC2-mediated repression of E-cad.

In summary, the results of the present study demonstrated that miR-138 regulates EMT in
HNSCC cells. This, together with our previous observation that miR-138 regulates cell
migration and invasion by concurrently targeting RhoC and ROCK2 [12], suggested that
miR-138 is a multi-functional molecular regulator and plays major roles in EMT. Further
studies are required to explore its potential as a novel therapeutic target for cancer patients at
risk of metastasis.
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Snai2 Snail homologue 2
Suzl2 suppressor of zeste 12
TGFp transforming growth factor 3
UTR untranslated region
Vim vimentin
ZEB?2 zinc finger E-box-binding homeobox 2
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Figure 1. Effects of miR-138 on EMT in HNSCC cells

The 1386Ln cells were transfected with miR-138 mimic or negative control mimic. The
686Tu cells were treated with anti-miR-138 LNA or negative control LNA. The
expressional changes in E-cad and Vim were measured in these cells by fluorescent
immunocytochemical analysis (A-D; red, E-cad; green, Vim; blue, DAPI nuclear staining)
and Western blotting (E). The miR-138-induced changes in the cell migration (F) and
invasion (G) were measured in these cells as described in the Material and methods section.
Representative images of x 100 magnification are shown. Results are representative of at
least three independent experiments with similar results and the error bars represent S.D. *,
P < 0.05. Scale bar, 10 pm.
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686Tu cells were incubated with 10 ng/ml TGFp or vehicle for 48 h, and then transfected
with either the miR-138 or negative control mimic for 24 h. The expression of Vim and E-
cad (A), the cell migration (B) and invasion (C) were measured. 1386Ln cells that were
treated with sSiRNA against E-cad or control siRNA, were co-treated with either miR-138
mimic or control mimic. The expression of Vim and E-cad (D), the cell migration (E) and
invasion (F) were measured. Results are representative of at least three independent
experiments with similar results and the error bars represent S.D.. *, P < 0.05.
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Figure 3. miR-138 regulates EMT by targeting Vim

(A) Two predicted miR-138-targeting sequences were located in the coding region (E1 and
E2) and 3'-UTR (E3) of the VIM mRNA. (B) Dual-luciferase reporter assays were
performed to test the interactions of miR-138 and its targeting sequences in theVIM mRNA
using constructs containing the predicted targeting sequences (pGL-VimE1, pGL-VimE2
and pGL-VimE3) and the corresponding mutated targeting sequences (pGL-VimE1m, pGL-
VimE2m and pGL-VimE3m) cloned into the 3'-UTR of the reporter gene. The 1386Ln cells
were transfected with miR-138 mimic or negative control mimic. The 686Tu cells were
treated with anti-miR-138 LNA or negative control LNA. The expressional changes of the
VIM gene were measured in these cells with gRT-PCR (C). Fluorescence
immunocytochemical analysis was also performed to determine the effect of miR-138 on the
expression of Vim and E-cad. Immunofluorescence analyses were carried out on these cells
for Vim (D-G) and E-cad (H-K). (D and H) 1386Ln cells were transfected with negative
control mimic. (E and 1) 1386Ln cells were transfected with miR-138 mimic. (F and J)
686Tu cells were treated with negative control LNA. (G and K) 686Tu cells were treated
with anti-miR-138 LNA. Red, E-cad; green, Vim; blue, DAPI nuclear staining.
Representative images of x200 magnification are shown. Results are representative of at
least three independent experiments with similar results and the error bars represent S.D. *,
P < 0.05. Scale bar, 5 um.
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Figure 4. miR-138 regulates EMT by targeting ZEB2

(A) The predicted highly conserved miR-138-targeting sequences in the coding region (E1
and E2) and 3'-UTR (E3) of ZEB2 mRNA. (B) Dual-luciferase reporter assays were
performed to test the interactions of miR-138 and its targeting sequences in ZEB2 mRNA
using constructs containing the predicted targeting sequences (pGL-ZEBE1, pGL-ZEBE2
and pGL-ZEBE3) and mutated targeting sequences (pGL-ZEBE1m, pGL-ZEBE2m and
pGL-ZEBE3m) cloned into the 3'-UTR of the reporter gene. (C) Western blot analyses were
performed to examine the effects of miR-138 on ZEB2, E-cad and SNAI2 gene expression at
the protein level on 1386Ln cells treated with either miR-138 mimic, negative control mimic
or siRNA against ZEB2 or control siRNA, and 686Tu cells treated with either anti-miR-138
LNA or negative control LNA. (D) gRT-PCR assays were also performed to examine the
effects of miR-138 on ZEB2 gene expression in these cells at the mRNA level. Fluorescence
immunocytochemical analysis was also performed to determine the effect of miR-138 on the
expression of ZEB2 and E-cad. Immunofluorescence analyses were carried out on these cells
for ZEB2 (E, F, I and J) and E-cad (G, H, Kand L). (E and G) 1386Ln cells were
transfected with negative control mimic. (F and H) 1386Ln cells were transfected with
miR-138 mimic. (I and K) 686Tu cells were treated with negative control LNA. (Jand L)
686Tu cells were treated with anti-miR-138 LNA. Red, E-cad; green, ZEB2; Blue, DAPI
nuclear staining. Representative images of x200 magnification are shown. Results are
representative of at least three independent experiments with similar results and the error
bars represent S.D. *, P < 0.05.
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Figure 5. miR-138 regulates EMT by targeting EZH2

(A) Two highly conserved miR-138-targeting sequences (Ec1 and Ec2) and a poorly
conserved miR-138 target sequence (Ep) were identified in the EZH2 mRNA. For Ep, both
human (Ep-hsa) and chicken (Ep-gga) sequences are shown. (B) Dual-luciferase reporter
assays were performed to test the interactions of miR-138 and the identified targeting
sequences in the EZH2 gene using constructs containing the predicted targeting sequences
(pGL-Ecl, pGL-Ep-gga, pGL-Ep-hsa and pGL-Ec2) and mutated Ec-targeting sequences
(pGL-Eclm and pGL-Ec2m) cloned into the 3'-UTR of the reporter gene. (C) Western blot
analyses were performed to examine the effects of miR-138 on the expression of PRC2
proteins (EZH2, Suz12 and Eed) and E-cad on 1386Ln cells treated with either miR-138
mimic or negative control mimic, or siRNA against ZEB2 or control siRNA, and 686Tu
cells treated with either anti-miR-138 LNA or negative control LNA. (D) gRT-PCR assays
were also performed to examine the effects of miR-138 on EZH2 expression in these cells at
the MRNA level. Fluorescence immunocytochemical analysis was also performed to
determine the effect of miR-138 on the expression of EZH2 and E-cad. Immunofluorescence
analyses were carried out on these cells for EZH2 (E, F, I and J) and E-cad (G, H, K and
L). (E and G) 1386Ln cells were transfected with negative control mimic. (F and H)
1386Ln cells were transfected with miR-138 mimic. (I and K) 686Tu cells were treated with
negative control LNA. (J and L) 686Tu cells were treated with anti-miR-138 LNA. Red, E-
cad; green, ZEB2; blue, DAPI nuclear staining. Representative images of x200
magnification are shown. Results are representative of at least three independent
experiments with similar results and the error bars represent S.D. *, P < 0.05. Scale bar, 5
um.
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