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Abstract
Tumor metastasis is the dominant cause of death in cancer patients, including patients with oral
tongue squamous cell carcinoma (TSCC). Previously, we reported that reduced miR-138 level is
correlated with enhanced metastatic potential in TSCC cells. Here, we demonstrate that miR-138
suppresses TSCC cell migration and invasion by regulating two key genes in the Rho GTPase
signaling pathway: RhoC and ROCK2. Direct targeting of miR-138 to specific sequences located
in the 3′-untranslated regions of both RhoC and ROCK2 mRNAs were confirmed using luciferase
reporter gene assays. Ectopic transfection of miR-138 reduced the expression of both RhoC and
ROCK2 in TSCC cells. These reduced expressions, in consequence, led to the reorganization of
the stress fibers and the subsequent cell morphology change to a round bleb-like shape, as well as
the suppression of cell migration and invasion. In contrast, knockdown of miR-138 in TSCC cells
enhanced the expression of RhoC and ROCK2, which resulted in an altered, elongated cell
morphology, enhanced cell stress fiber formation, and accelerated cell migration and invasion.
Taken together, our results suggest that miR-138 plays an important role in TSCC cell migration
and invasion by concurrently targeting RhoC and ROCK2, and miR-138 may serve as a novel
therapeutic target for TSCC patients at risk of metastatic disease.
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Introduction
Oral cancer, predominately oral squamous cell carcinomas (OSCC), is one of the most
devastating diseases. Oral tongue squamous cell carcinomas (TSCC), one of the major
subtypes of OSCC, is significantly more aggressive than other forms of OSCCs, with a
propensity for rapid local invasion, and spread,1 and a high recurrence rate.2 Despite
improvements in surgery, radiotherapy and chemotherapy, the prognosis for TSCC patients
has not significantly improved for the past 3 decades. Improvement in patient survival
requires better understanding of tumor invasion and metastasis so that aggressive tumors can
be detected early in the disease process, and so that targeted therapeutic interventions can be
developed. While attempts have been made to identify genomic alterations that contribute to
the aggressive phenotype of TSCC, most of these studies focus on protein coding genes. Our
knowledge of genomic aberrations associated with non-coding genes (e.g., microRNA) and
their contributions to cancer initiation and progression is relatively limited.

MicroRNAs (miRNAs) are non-coding small RNAs that control the target gene expression
at the post-transcriptional level. It is currently estimated that the human genome may have
over 1,000 miRNAs. Although they account for only a minor fraction of the expressed
genome, microRNAs are essential regulators of diverse cellular processes including
proliferation, differentiation, apoptosis, survival, motility and morphogenesis. Several
microRNAs are believed to influence metastasis in various cancer types. These include:
miR-23b which reduces cell migration by targeting urokinase and c-met in hepatocellular
carcinoma cells,3 miR-222 which suppresses TSCC cell invasion by targeting MMP1,4 and
miR-10b which stimulates cell invasion in breast cancers by suppressing HOXD10
expression which in turn leads to increased expression of RhoC, a well-characterized pro-
metastatic gene.5

Our recent study demonstrated that reduced miR-138 level is associated with enhanced
metastatic potential in OSCC.6 The decreased expression of miR-138 has been previously
observed in several cancer types, including OSCC,7 TSCC,8 thyroid cancer,9 and lung
cancer.10 Recently, two putative miR-138 precursor genes, termed pre-miR-138-1 and pre-
miR-138-2, have been predicted in the mouse genome,11 and their human homologs have
also been located on chromosome 3p21.33 and 16q13, respectively. Interestingly, loss of
heterozygosity (LOH) at both chromosome loci have been frequently detected in OSCC and
appears to correlate with tumor progression (i.e., cervical lymph node metastasis),12–14

which is in agreement with our previous observation that demonstrated miR-138’s
contribute to the enhanced cell migration and invasion.6 However, the molecular
mechanism(s) underlying the role of miR-138 in metastasis is poorly understood. This study
seeks to investigate the molecular mechanism(s) that underlie the effect of miR-138 on
metastasis.

Materials and Methods
Cell culture and transfection

Human OSSC cell lines used in this study were maintained in DMEM/F12 supplemented
with 10% FBS, 100 U/mL penicillin and 100 μg/mL streptomycin (GIBCO) at 37°C in a
humidified incubator containing 5% CO2. Primary normal human keratinocytes (NHOK)
were prepared and cultured in OKM medium (ScienCell Research Laboratory) as previously
described.16 For functional analysis, hsa-miR-138 mimics and non-targeting miRNA mimics
(Dharmacon), anti-miR-138 peptide nucleic acid (PNA) and negative control PNA
(Panagene), and gene specific siRNA (On-TargetPlus SMARTpool, Dharmacon) were
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transfected into cells using DharmaFECT Transfection Reagent 1 as described previously.4,
6

Real-time RT-PCR analysis
The relative expression level of miR-138 was determined using mirVana™ qRT-PCR
microRNA Detection Kit (Ambion) as described previously.6 The relative mRNA levels of
RhoC and ROCK2 were examined using a quantitative 2-step RT-PCR assay with gene
specific primer sets (OriGene) as described previously.17 The relative expression level was
determined using the 2−delta delta Ct analysis method,18 where actin was used as an internal
reference.

Western Blotting Analysis
Western blots were performed as described previously 4 using antibodies specific against
RhoA (Cell Signaling), RhoB (Cell Signaling), RhoC (Cell Signaling), ROCK1 (Santa
Cluz), ROCK2 (Santa Cluz), and beta-actin (Sigma).

Dual luciferase reporter assay
An 62-bp fragment from the 3′ untranslated region (3′-UTR) of RhoC (position 1210 to
1271, NM_175744) and a 75-bp fragment from the 3′-UTR of ROCK2 (position 4932 to
5006, NM_175744) containing the miRNA-138 binding sites were cloned into the Xba I site
of the pGL3-Control firefly luciferase reporter vector (Promega). The corresponding mutant
constructs were created by mutating the seed regions of the miR-138 binding sites. The
constructs were then verified by sequencing. Using lipofectamine 2000 (Invitrogen), cells
were transfected with the reporter constructs containing either the targeting sequence from
the RhoC 3′-UTR (named pGL3-RhoC) or its mutant (named pGL3-RhoCm), the targeting
sequence from the ROCK2 3′-UTR (named pGL3-ROCK2) or its mutant (named pGL3-
ROCK2m). The pRL-TK vector (Promega) was co-transfected as internal control for
normalization of the transfection efficiency. The luciferase activities were then determined
as described previously 4 using a Lumat LB 9507 Luminometer (Berthold Technologies).

In vitro cell migration assay and invasion assay
The in vitro cell migration was measured using the Oris™ 96-well cell migration assay kit
(Platypus Technologies) following the manufacturer’s instructions. In brief, on the first day,
5 × 104 cells were seeded in each well. On day 2, cells were washed and transfected with
appropriate miRNA (or siRNA) reagents. On day 3, 24 hrs after transfection, the stopper
was removed to allow cells to migrate into the detection zone. On day 4, 24 hrs after
initiation of the migration, cells were fixed with 75% ethyl alcohol and nucleus-stained with
hematoxilin (Sigma). The cells that migrated into the detection zone were counted using
ImageJ analysis software (version 1.421) following the manufacturer’s protocol. The in vitro
cell invasion assay was performed using a Cultrex 96-well membrane invasion assay kit
(R&D Systems) as described previously.4, 6

Cell stress fiber visualization
To visualize the stress fiber, cells were cultured on Lab-Tek slide chambers, and fixed using
3.7% formaldehyde solution (Thermo Scientific). The F-actin was stained with rhodamine
phalloidin (Invitrogen) and mounted with ProLong Gold antifade reagent containing DAPI
(Invitrogen) following the manufacturer’s protocol. The slides were then examined with a
fluorescence microscope (Carl Zeiss). Representative images of cells at the migration fronts
were captured at a magnification of x400.
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Statistical analysis
Statistical analysis was done with Student’s t-test. Differences with P < 0.05 were
considered statistically significant.

Results and Discussion
The UM1 and UM2 are paired TSCC cell lines with different metastatic potential that were
previously established from a single patient.15 Significantly lower miR-138 level was
observed in the highly invasive cell line (UM1) as compared to UM2.6 As shown in Figure
1A, ectopic transfection of the miR-138 mimic to the UM1 cells led to an increase of the
miR-138 level as measured by quantitative RT-PCR. Introduction of the anti-miR-138
peptide nucleic acid (PNA) to the UM2 cells led to specific knockdown of miR-138. While
the increased miR-138 level in UM1 resulted in reduced cell migration and cell invasion, the
reduced miR-138 level in UM2 led to enhanced cell migration and invasion (Figure 1B &
C). These findings confirmed our early observations.6 Accompanied with the changes in the
cell migration and invasion, apparent differences in cell morphology and stress-fiber
formation (F-actin filament) were also observed. As shown in Figures 1D & E, strikingly
different morphologies were observed when UM1 cells were transfected with the miR-138
mimic. The cells switched from an elongated morphology to a rounded bleb-like
morphology. Moreover, the stress-fiber was found to be significantly reduced and less
organized in UM1 cells transfected with the miR-138 mimic as compared to UM1 cells
transfected with the control mimic. For UM2 (Figures 1F and G), when cells were treated
with anti-miR-138 PNA, they switched from the rounded morphology to the elongated
morphology. Enhanced stress-fiber formation was observed in UM2 cells after treatment
with anti-miR-138 PNA (Figure 1G). Small F-actin-rich protrusions were also observed.
Similar results were observed in additional OSCC cell line 1386Ln and 686Ln
(Supplementary Figure 1). These observations are in agreement with the notion that
coordinated regulation of the actin cytoskeleton is central to cell motility, invasion and
metastasis.

In order to further explore the functional roles of miR-138 in TSCC cell metastasis, a
bioinformatics-based prediction was carried out to identify the potential targets for miR-138
based on a conservative two-way intersection of TargetScanHuman 5.119 and PicTar.20 A
total of 86 potential targets for miR-138 were identified (see Supplementary Table 1).
Among those predicted targets, 3 of them are major players in the Rho GTPase signaling
cascade. These targets are: RhoC, one of the three Rho GTPases; ROCK2, a Rho-associated
kinase; and ARHGEF3, one of the guanine nucleotide exchange factors (GEFs). The Rho
GTPase is a subfamily of the Ras superfamily. The members of the Rho GTPase family
have been described as “molecular switches” that regulate cell shape, polarity and
locomotion through their effects on many aspects of intracellular actin dynamics.21 There
are 3 Rho GTPases in human, RhoA, RhoB, and RhoC, which share 85% amino acid
sequence identity, and exhibit distinct cellular functions.22 RhoA plays key roles in the
regulation of actomyosin contractility, as well as cell proliferation and survival. RhoB,
which is localized primarily on endosomes, has been shown to regulate cytokine trafficking
and cell survival. RhoC plays a major role in the regulation of actin cytoskeleton, cell shape,
attachment, and motility, which is highly relevant to cancer metastasis. Rho GTPases carry
out these distinct functions by activating various downstream effectors, including Rho-
associated kinases (such as ROCK1 and ROCK2). The activity of Rho GTPases is tightly
controled by several families of regulators, including guanine nucleotide dissociation
inhibitors (GDIs), GEFs, and GTPase activating proteins (GAPs). These constitute the major
players in the Rho GTPase signaling pathway.22 Based on our bioinformatic analysis, as
well as the observed cellular changes associated with miR-138 described above, it is logical
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to hypothesize that miR-138 regulates the cancer metastasis by targeting the Rho GTPase
signaling cascade.

Based on the bioinformatics-based prediction, a highly conserved targeting site for miR-138
was identified in the 3′-UTR of the RhoC mRNA (Figure 2A). To confirm that miR-138
directly targets this sequence located in RhoC mRNA, dual luciferase reporter assay was
performed using a construct in which this targeting site was cloned into the 3′-UTR of the
reporter gene (pGL3-RhoC). As illustrated in Figure 2B, when cells were transfected with
miR-138, the luciferase activity was significantly diminished as compared to the cells
transfected with negative control. When the seed region of the targeting site was mutated
(pGL3-RhoCm), the miR-138 effect on luciferase was abolished. Furthermore, as shown in
Figure 2C, ectopic transfection of miR-138 reduced the protein level of RhoC in UM1 cells,
and knockdown of miR-138 using anti-miR-138 PNA increased the protein level of RhoC in
UM2 cells. Similar results were observed in additional OSCC cell line 1386Ln and 686Ln
(Supplementary Figure 3). These miR-138-induced changes appear to be specific to RhoC as
no apparent difference was observed in RhoA expression upon transfection (or knockdown)
of miR-138. The other member of Rho family, RhoB, is not expressed to any significant
extent and was not detectable in our cell lines (data not shown). As shown in Figure 2D with
quantitative RT-PCR analysis, a significant decrease of RhoC mRNA level was detected in
UM1 cells that were transfected with the miR-138 mimic. An apparent Increase in RhoC
mRNA was observed when UM2 cells were treated with anti-miR-138 PNA. However, this
increase is not statistically significant. These results suggested that miR-138 regulates RhoC
gene expression, at least in part, by regulating the stability of RhoC mRNA. To confirm that
the reduction of RhoC has a functional relevance to cell migration and invasion in our TSCC
cell lines, we knocked-down RhoC using specific siRNA (Figure 2E), and demonstrated that
the reduced RhoC level is associated with reduced cell migration (Figure 2F) and invasion
(Figure 2G). Furthermore, the siRNA induced knockdown of RhoC resulted in a switch from
the elongated cell morphology to the rounded cell morphology (Figure 2H & I). This
morphology switch was accompanied by significant reduction in cellular stress fiber
(filamentous-actin formation). Thus, these results suggest that miR-138 regulates TSCC
migration, invasion, cell shape, and stress fiber formation, in part, by targeting RhoC
mRNA. This finding is in agreement with previous studies demonstrating that the expression
of RhoC is progressively increased as tumors become more aggressively metastatic, and that
RhoC expression promotes metastasis.23–25

RhoC functions through direct interaction with its downstream signaling molecule, Rho-
associated kinases (e.g., ROCK1 and ROCK2), which in turn phosphorylate both a range of
cytoskeletal proteins—allowing for the generation of contractile forces—and the ezrin-
family proteins that link the actin cytoskeleton to the plasma membrane. Interestingly, we
also identified ROCK2 as another direct miR-138 target gene in the Rho GTPase signaling
pathway, and a highly conserved targeting site for miR-138 was identified in the 3′-UTR of
the ROCK2 mRNA (Figure 3A). The direct interaction between miR-138 and the targeting
sequence in ROCK2 mRNA was tested using a luciferase reporter gene construct containing
this targeting sequence in the 3′-UTR (pGL3-ROCK2). As illustrated in Figure 3B, when
cells were transfected with miR-138 mimic, the luciferase activity was significantly reduced
when compared to the cells transfected with negative control. However, when the seed
region of the targeting site was mutated (pGL3-ROCK2m), the miR-138 effect on luciferase
was abolished. Furthermore, as shown in Figure 3C, ectopic transfection of miR-138
reduced the protein level of ROCK2 in UM1 cells, and knockdown of miR-138 using anti-
miR-138 PNA increased the protein level of ROCK2 in UM2 cells. Similar results were
observed in additional OSCC cell line 1386Ln and 686Ln (Supplementary Figure 3). Since
no apparent difference was observed in the expression of ROCK1 upon transfection (or
knockdown) of miR-138, the miR-138-induced changes in ROCK family proteins appears to
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be specific to ROCK2. As shown in Figure 3D, no significant change in ROCK2 mRNA
level was detected when cells were transfected with either miR-138 mimic or anti-miR-138
PNA. These results, together with the observed changes at ROCK2 protein levels, suggested
that miR-138 regulates ROCK2 gene expression primarily by inhibiting translation. To
confirm that the reduction of ROCK2 has a functional effect on cell migration and invasion,
we knocked-down ROCK2 using specific siRNA (Figure 3E), and demonstrated that the
reduced ROCK2 level is associated with reduced cell migration (Figure 3F), invasion
(Figure 3G), and the reduction in stress fiber formation (Figure 3H & I). Thus, these results
suggest that miR-138 regulates TSCC migration, invasion, cell shape, and stress fiber
formation by targeting ROCK2 mRNA. It is worth knowing that RhoC is believed to be a
better activator of ROCKs in epithelial cells than RhoA and RhoB,22, 26 which might
account for its specific role in cell locomotion and metastasis.27 By targeting RhoC and
ROCK2 concurrently, miR-138 thus selectively inhibits the RhoC specific cell migration
and invasion.

The third predicted target for miR-138 in Rho GTPase signaling pathway is ARHGEF3.
Guanine nucleotide exchange factors, such as ARHGEF3, accelerate the GTPase activity of
Rho GTPases by catalyzing their release of bound GDP. A previous study demonstrated that
ARHGEF3 interacts with RhoA and RhoB, but not with RhoC.28 A highly conserved
binding site for miR-138 was predicted at position 1279 to 1285 in the 3′-UTR. While our
luciferase reporter gene assay suggested that the conserved sequence in the 3′-UTR of the
ARHGEF3 is a functional binding site for miR-138, ectopic transfection or knockdown of
miR-138 did not change the expression level of ARHGEF3 to any significant extent (data
not shown). Therefore, it appears that ARHGEF3 is not functionally targeted by miR-138 in
our system. Nevertheless, it remains possible that miR-138 may functionally target
ARHGEF3 in other cell types or different biological systems. It is worth knowing that
ARHGEF3 does have a tissue-specific expression pattern 28 although its function and
intracellular localization have yet to be fully documented.

Metastasis requires passage across tissue boundaries, which is facilitated by increased
cancer cell motility due to cytoskeletal remodeling. The Rho GTPases signaling cascade
plays a central role in regulating cell adhesion, migration and the cytoskeleton.21 While Rho
family gene mutations are relatively rare in tumors, overexpressions of these genes are
common events in cancer cells.29 The overexpression of key genes in Rho GTPases
signaling cascade, including RhoC and ROCK2, have been frequently linked to enhanced
metastatic potential in various cancer types.30–33 As illustrated in Figure 4, our results
suggest a novel paradigm in which miR-138 regulates RhoC-specific GTPase signaling
cascade by targeting both RhoC and ROCK2 mRNAs concurrently, and suppress their
expression at post-transcriptional levels. The reduction of miR-138 in highly metastatic
OTSCC thus leads to the enhanced expression of RhoC and ROCK2 and consequently
enhances the activity of the Rho GTPase signaling cascade, which in turn leads to increased
metastatic phenotypes (increase in migration and invasion).

While our study provided evidence suggesting the roles of miR-138 in cancer cell migration
and invasion, several other functional roles for miR-138 have been previously suggested.
Our previous study suggested that miR-138 also promotes apoptosis in head and neck SCC.6
It has been reported previously that hTERT is targeted by miR-138 in thyroid cancer.9 We
did not observe any apparent change in hTERT expression after the transfection of miR-138
mimic in our cell lines (data not shown). This apparent difference in the miR-138 effect on
hTERT may be due to the differences in cancer types. Alternatively, this may be cell line
specific. It is possible that the cell lines we tested here (or the human anaplastic thyroid
carcinoma cell line used in the previous study) may have specific mutation(s) that dictates
the miR-138 effects on hTERT. More in-depth functional analysis will be needed to fully
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evaluate the effect of miR-138 on hTERT. In addition, miR-138 appears to play important
roles in cardiac morphogenesis during embryonic development,34 and in dendritic spine
morphogenesis,35 a phenomenon associated with long-lasting memory.

In summary, miR-138 is a multi-functional molecule regulator that regulates a variety of
biological processes. One of its major roles in cancer progression is regulating cancer cell
migration and invasion. The results from the present study demonstrated the molecular
mechanisms of miR-138 in OTSCC cell migration and invasion, and its potential as a novel
therapeutic target for OTSCC patients at risk of metastasis.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Abbreviation

GAPs GTPase activating proteins

GDIs guanine nucleotide dissociation inhibitors

KGM keratinocyte growth medium

LOH loss of heterozygosity

miRNAs MicroRNAs

NHOK normal human oral keratinocyte

OSCC oral squamous cell carcinomas

TSCC tongue squamous cell carcinoma
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Figure 1. The effects of miR-138 on cell migration, invasion and stress-fiber formation in TSCC
cells
The UM1 cells were transfected with hsa-miR-138 mimic or negative control mimic. The
UM2 cells were treated with anti-miR-138 PNA and negative control PNA. The relative
miR-138 levels in these cells and a normal human oral keratinocyte primary culture
(NHOK) were determined with quantitative RT-PCR assays (A). The miR-138 induced
changes in the cell migration (B), invasion (C), and stress-fiber formation (F-actin) (D–G)
were measured in these cells as described in the Material and Methods section. Additional
images capturing miR-138 induced stress-fiber changes are presented in Supplementary
Figure 2. Data represents at least 3 independent experiments with similar results. * indicates
p < 0.05.
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Figure 2. MiR-138 regulates cell migration and invasion by targeting RhoC
(A) The predicted highly conserved miR-138 targeting sequence located in the 3′-
untranslated region (3′-UTR) of RhoC mRNA. (B) Dual luciferase reporter assays were
performed to testing the interaction of miR-138 and its targeting sequence in the RhoC 3′-
UTR using constructs containing the predicted targeting sequence (pGL3-RhoC) and
mutated targeting sequence (pGL3-RhoCm) cloned into the 3′-UTR of the reporter gene. (C)
Western blot analyses were performed to examine the effects of miR-138 on RhoC and
RhoA gene expression at the protein level. (D) Quantitative RT-PCR assays were performed
to examine the effects of miR-138 on RhoC gene expression at mRNA level. (E) Western
blot analysis confirming the effective knockdown of RhoC expression by specific siRNA in
UM1 cells. Cell migration (F) and invasion (G) were significant reduced when cells were
treated with RhoC specific siRNA. (H–I) UM1 cells exhibit significant changes in cell
morphology and stress-fiber formation upon treatment with RhoC specific siRNA. Data
represents at least 3 independent experiments with similar results. * indicates p < 0.05.
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Figure 3. MiR-138 regulates cell migration and invasion by targeting ROCK2
(A) The predicted highly conserved miR-138 targeting sequence in the ROCK2 3′-
untranslated region (3′-UTR). (B) Dual luciferase reporter assays were performed to testing
the interaction of miR-138 and its targeting sequence in the ROCK2 3′-UTR using
constructs containing the predicted targeting sequence (pGL3-ROCK2) and mutated
targeting sequence (pGL3-ROCK2m) cloned into the 3′-UTR of the reporter gene. (C)
Western blot analyses were performed to examine the effects of miR-138 on ROCK1 and
ROCK2 gene expression at the protein level. (D) Quantitative RT-PCR assays were
performed to examine the effects of miR-138 on ROCK2 gene expression at mRNA level.
(E) Western blot analysis confirming the effective knockdown of ROCK2 expression by
specific siRNA in UM1 cells. Cell migration (F) and invasion (G) were significant reduced
when cells were treated with ROCK2 specific siRNA. (H–I) UM1 cells exhibit significant
changes in cell morphology and stress-fiber formation upon treatment with ROCK2 specific
siRNA. Data represents at least 3 independent experiments with similar results. * indicates p
< 0.05.
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Figure 4.
Potential roles of miR-138 on Rho GTPase signaling cascade and cancer cell metastasis.
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