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Abstract: Cervical cancer with early metastasis of the primary tumor is associated with poor prognosis
and poor therapeutic outcomes. Since epithelial-to-mesenchymal transition (EMT) plays a role in
acquisition of the ability to invade the pelvic lymph nodes and surrounding tissue, it is important
to clarify the molecular mechanism underlying EMT in cervical cancer. RhoE, also known as Rnd3,
is a member of the Rnd subfamily of Rho GTPases. While previous reports have suggested that
RhoE may act as either a positive or a negative regulator of cancer metastasis and EMT, the role of
RhoE during EMT in cervical cancer cells remains unclear. The present study revealed that RhoE
expression was upregulated during transforming growth factor-β (TGF-β)-mediated EMT in human
cervical cancer HeLa cells. Furthermore, reduced RhoE expression enhanced TGF-β-mediated EMT
and migration of HeLa cells. In addition, we demonstrated that RhoE knockdown elevated RhoA
activity and a ROCK inhibitor partially suppressed the acceleration of TGF-β-mediated EMT by
RhoE knockdown. These results indicate that RhoE suppresses TGF-β-mediated EMT, partially via
RhoA/ROCK signaling in cervical cancer HeLa cells.
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1. Introduction

Cervical cancer is the third most common malignancy in women worldwide [1,2], and cervical
cancer with early metastasis of the primary tumor is associated with poor prognosis and poor
therapeutic outcomes [3,4]. Metastasis consists of sequential and selective steps, including local
invasion, intravasation, circulation, extravasation, and colonization. Epithelial-to-mesenchymal
transition (EMT) is an important step for intravasation of metastatic cancer cells into blood. During
EMT, epithelial cells lose their polarity, cytoskeletal structure, and cell–cell adhesion and acquire
migratory properties typical of mesenchymal cells [5–7]. It is thought that EMT plays a role in
the acquisition of the ability to invade the pelvic lymph nodes and surrounding tissue in cervical
cancer cells [1,2]. Therefore, it is important to clarify the molecular mechanisms underlying EMT in
cervical cancer.

RhoE, also known as Rnd3, is a member of the Rnd subfamily of Rho GTPases. Unlike typical
Rho proteins, RhoE is predominantly GTP-bound and is considered constitutively activated [8,9]. It is
well known that RhoE regulates cytoskeletal reorganization and cell motility via inhibition of RhoA
activity [10,11]. RhoE plays an important role in arresting cell cycle distribution, inhibiting cell growth,
and inducing apoptosis and differentiation [8,11]. Furthermore, studies have shown that RhoE is also
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involved in cancer metastasis. For example, gain and loss-of-function experiments showed that RhoE
increased the invasiveness and metastatic potential in several different cancer cell lines, including
gastric cancer, prostate cancer, and melanoma [12–14]. On the other hand, Ma et al. showed that RhoE
suppressed invasion of hepatocellular carcinoma [15]. In addition, ectopic RhoE expression reduced
the invasive ability and metastasis of sarcoma cells [16].

RhoE may play a dual role in regulating EMT, depending on the cancer type. Zhou et al. reported
that upregulation of RhoE expression by hypoxia promoted EMT in gastric cancer cells [17]. On the
other hand, Grise et al. showed that attenuated RhoE expression in hepatocyte carcinoma led to
downregulation of E-cadherin, an epithelial marker, and promoted EMT [18]. Therefore, RhoE may
act as either a positive or negative regulator of cancer metastasis and EMT. However, the role of
RhoE during EMT in cervical cancer cells remains unclear. In this study, we investigated the role and
function of RhoE in transforming growth factor-β (TGF-β)-mediated EMT in HeLa cells. We found
that knockdown of RhoE accelerated TGF-β -mediated EMT, partially via RhoA/ROCK signaling.

2. Results

2.1. RhoE Expression Is Elevated during TGF-β-Mediated EMT in HeLa Cells

We first examined RhoE expression levels during TGF-β-mediated EMT in HeLa cells.
The expression of fibronectin, a mesenchymal marker, was upregulated by TGF-β treatment, whereas
the expression level of ZO-1, an epithelial marker, was decreased. Western blot and quantitative
real-time polymerase chain reaction (qPCR) analyses showed higher expression levels of RhoE in cells
treated with TGF-β1 for 72 h compared with the control cells, suggesting that RhoE expression is
elevated during TGF-β-induced EMT in HeLa cells (Figure 1).

2.2. RhoE Knockdown Enhances TGF-β-Mediated EMT in HeLa Cells

To elucidate the role of RhoE in TGF-β-mediated EMT, HeLa cells were transfected with either
a control small interfering RNA (siRNA) or an siRNA targeting RhoE (siRhoE-A). As shown in
Figure 2A, transfection with siRhoE-A efficiently downregulated RhoE. F-actin was stained in
RhoE knockdown and control cells using tetramethylrhodamine isothiocyanate (TRITC)-conjugated
phalloidin. After TGF-β treatment, the number of long, thick actin stress fibers was increased in RhoE
knockdown cells compared with control cells (Figure 2B). TGF-β significantly increased the degree
of cell elongation in control and RhoE knockdown cells (Figure 2C). In addition, the degree of cell
elongation was significantly increased in RhoE knockdown cells treated with TGF-β compared with
that in control cells (Figure 2C).

Next, we measured expression levels of EMT-related genes. Western blot analysis showed
that protein levels of fibronectin and snail, a transcription factor promoting EMT, were significantly
increased in RhoE knockdown cells, whereas expression levels of ZO-1 were decreased in RhoE
knockdown cells treated with TGF-β compared with control cells (Figure 3A). mRNA expression levels
of fibronectin and snail were also elevated in RhoE knockdown cells treated with TGF-β (Figure 3B).
Knockdown experiments using RhoE-B, a siRNA-targeting region different from RhoE-A, also showed
increased mesenchymal marker protein expression in addition to decreased epithelial marker protein
in RhoE knockdown cells (Figure S1). These results suggest that a reduction of RhoE expression
enhanced TGF-β-induced EMT in HeLa cells.
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Figure 1. RhoE expression is elevated during transforming growth factor-β (TGF-β)-mediated
epithelial-to-mesenchymal transition (EMT) in HeLa cells. (A) Protein levels of RhoE, fibronectin, and
ZO-1 in HeLa cells after treatment with 1 ng/mL TGF-β1. Whole-cell lysates were subjected to Western
blot analysis and β-actin was used as a loading control. The three lanes represent triplicates using
cell lysates prepared from different culture plates. Signal intensities of the proteins were quantified
using NIH-Image software. Data in each column represent the mean and standard deviation of three
independent experiments. (B) qPCR analysis of RhoE expression in HeLa cells treated with TGF-β1.
Expression levels of RhoE were normalized to 18S rRNA expression. Data in each column represent
the mean and standard deviation of three independent experiments. The statistical significance of
differences between two groups was evaluated using a two-tailed Student’s t-test. * p < 0.01 and
** p < 0.05.
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(A) Knockdown efficiency of RhoE in HeLa cells. HeLa cells were transfected with siRhoE-A. 
Luciferase small interfering RNA (siRNA) was used as a control and β-actin expression was used as 
a loading control. (B) Morphological changes in HeLa cells transfected with siRhoE-A. Cells were 
treated with 1 ng/mL TGF-β1 for 72 h. F-actin was visualized using tetramethylrhodamine 
isothiocyanate (TRITC)-conjugated phalloidin. Scale bars represent 100 μm. (C) Quantitative analysis 
of cell morphology of HeLa cells in (B). The lengths of the major and minor cell axes were measured 
using NIH-Image software. The ratios of the major to minor axes of cells were used to determine the 
degree of cell elongation. More than 77 cells were measured per condition for each experiment. 
Numbers used for the experiments are shown in parentheses. Data in each column represent the mean 
and standard deviation. Statistical significance was assessed using one-way ANOVA with a post hoc 
Tukey–Kramer HSD test. *p < 0.01. Similar results were obtained in two independent experiments. 

Figure 2. RhoE knockdown increases the degree of cell elongation in HeLa cells treated with TGF-β1.
(A) Knockdown efficiency of RhoE in HeLa cells. HeLa cells were transfected with siRhoE-A. Luciferase
small interfering RNA (siRNA) was used as a control and β-actin expression was used as a loading
control. (B) Morphological changes in HeLa cells transfected with siRhoE-A. Cells were treated
with 1 ng/mL TGF-β1 for 72 h. F-actin was visualized using tetramethylrhodamine isothiocyanate
(TRITC)-conjugated phalloidin. Scale bars represent 100 µm. (C) Quantitative analysis of cell
morphology of HeLa cells in (B). The lengths of the major and minor cell axes were measured using
NIH-Image software. The ratios of the major to minor axes of cells were used to determine the degree
of cell elongation. More than 77 cells were measured per condition for each experiment. Numbers used
for the experiments are shown in parentheses. Data in each column represent the mean and standard
deviation. Statistical significance was assessed using one-way ANOVA with a post hoc Tukey–Kramer
HSD test. *p < 0.01. Similar results were obtained in two independent experiments.
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Figure 3. Knockdown of RhoE expression changes the expression levels of EMT-related genes in
HeLa cells. (A) Protein expression of fibronectin, snail, and ZO-1 in HeLa cells transfected siRhoE-A.
Cells were treated with 1 ng/mL TGF-β1 for 72 h. Whole-cell lysates were subjected to Western blot
analysis and β-actin was used as a loading control. The three lanes represent triplicates using cell
lysates prepared from different culture plates. Signal intensities of the proteins were quantified using
NIH-Image software. Each column represents the mean and standard deviation of three independent
experiments. (B) qPCR analysis of fibronectin and snail expression in RhoE knockdown cells. Expression
levels of fibronectin and snail were normalized to 18S rRNA expression. Each column represents the
mean and standard deviation of three independent experiments. Statistical significance was assessed
using one-way ANOVA with a post hoc Tukey–Kramer HSD test. *p < 0.01 and **p < 0.05.

2.3. Reduction of RhoE Expression Enhances Migration of HeLa Cells during TGF-β-Mediated EMT

We next examined whether reduced RhoE expression levels influenced the migration ability
of HeLa cells following TGF-β-mediated EMT. HeLa cells transfected with control or RhoE siRNA
were treated with TGF-β1 for 72 h to induce EMT. Cells that had undergone EMT were seeded to
fibronectin-coated transwell chambers. Knockdown of RhoE significantly increased the number of
migrated cells (Figure 4A,B). On the other hand, RhoE knockdown had little influence on the growth
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of HeLa cells during EMT (Figure 4C). These results suggest that RhoE regulates the migration ability
of HeLa cells that have undergone EMT.
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Figure 4. Knockdown of RhoE expression enhances the migration of HeLa cells undergoing
TGF-β-mediated EMT. HeLa cells were transfected with siRhoE-A or a control siRNA and treated with
1 ng/mL TGF-β1 for 72 h. Cells undergoing EMT were plated in the upper chamber of the filters coated
with fibronectin. Cells that migrated to the underside of the transwell insert were measured after 24
h. (A) Representative images of migrated cells are shown. (B) The mean number of migrated cells
in the field was calculated. Data in each column represent the mean and standard deviation of three
independent experiments. (C) Cells undergoing EMT were plated in culture plates. After 24 h, cells
were trypsinized and counted. Data in each column represent the mean and standard deviation of
three independent experiments. Statistical significance was assessed using one-way ANOVA with a
post hoc Tukey–Kramer HSD test. *p < 0.01.

2.4. RhoE Knockdown Enhances RhoA Activity during TGF-β-Mediated EMT in HeLa Cells

TGF-β activates RhoA to induce stress fiber formation and mesenchymal characteristics [19,20].
A rhotekin assay was used to test whether RhoA activity was upregulated during TGF-β-mediated
EMT in HeLa cells. Treatment with TGF-β led to an increased amount of GTP-bound RhoA protein,
indicating that TGF-β activates RhoA in HeLa cells (Figure 5A). We next examined the effects of
RhoE knockdown on RhoA activity during TGF-β-induced EMT. As shown in Figure 5B, the ratio
of GTP-RhoA/total RhoA was significantly increased in RhoE knockdown cells compared with that
in control cells. These results suggest that reduced RhoE expression enhances RhoA activity during
TGF-β-induced EMT in HeLa cells. Finally, we examined whether RhoE regulates TGF-β-mediated
EMT via RhoA/ROCK signaling. As shown in Figure 5C, pretreatment with Y27632, a selective ROCK
inhibitor, partially, but significantly, suppressed the elevated expression of mesenchymal markers in
RhoE knockdown cells treated with TGF-β. This result suggests that RhoA/ROCK signaling contributes
to the promotion of TGF-β-mediated EMT by RhoE knockdown.
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Figure 5. Reduction of RhoE upregulates RhoA activity during TGF-β-mediated EMT in HeLa cells.
(A) Whole-cell lysates prepared from HeLa cells treated with TGF-β1 or vehicle were used for the GST
pull-down assay with GST or GST–rhotekin Rho binding domain (RBD). The lower panel indicates
Coomassie blue staining of GST proteins. Bound protein samples were immunoblotted with anti-RhoA
antibody. The input volume was 5% of that of the cell lysates for the pull-down assay. The ratio of
GTP-RhoA/total RhoA was quantified. The immunoblot shows the representative result and data in each
column represent the mean and standard deviation of three independent experiments. The statistical
significance of differences between two groups was evaluated using a two-tailed Student’s t-test.
** p < 0.05. (B) HeLa cells were transfected with siRhoE-A or a control siRNA and treated with 1 ng/mL
TGF-β1 for 72 h. Whole-cell lysates were used for the GST pull-down assay with GST–rhotekin RBD.
Bound protein samples were immunoblotted using anti-RhoA antibody. The input volume was 5%
of that of the cell lysates for the pull-down assay. The ratio of GTP-RhoA/total RhoA was quantified.
The immunoblot shows the representative result and data in each column represent the mean and
standard deviation of three independent experiments. The statistical significance of differences between
two groups was evaluated using a two-tailed Student’s t-test. * p < 0.01. (C) Protein expression of
fibronectin and snail in control and RhoE knockdown cells treated with Y27632. HeLa cells were
transfected with siRhoE-A or a control siRNA and pretreated with or without 10 µM Y27632 for 2 h
followed by stimulation with vehicle or TGF-β1 for 72 h. Whole-cell lysates were subjected to Western
blot analysis and β-actin was used as a loading control. Signal intensities of proteins were quantified
using NIH-Image software. Immunoblots show representative results and each column represents the
mean and standard deviation of three independent experiments. Statistical significance was assessed
using one-way ANOVA with a post hoc Tukey–Kramer HSD test. * p < 0.01 and ** p < 0.05.
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3. Discussion

Cancer metastasis accounts for the majority of cancer deaths [21,22]. In cervical cancer, pelvic
lymph node metastasis is the major route for tumor metastasis and is an important risk factor for
recurrence or death [3,4]. TGF-β is a multifunctional cytokine that is associated with cancer metastasis
and promotes EMT in various cancer cells [23,24]. While it is well known that TGF-β-induced EMT is
regulated by many factors, such as Smad2/3, Snail, Slug, and Twist [23–26], the underlying mechanisms
involved in TGF-β-mediated EMT in cervical cancer are not fully understood. The present study
showed that reduced RhoE expression enhanced TGF-β-mediated EMT, suggesting that RhoE functions
as a negative regulator of TGF-β-induced EMT in cervical cancer cells.

RhoA is member of the Ras superfamily of small GTPases, and its activation induces the assembly
of stress fibers and cytoskeleton-mediated changes in cell motility [27,28]. Studies have shown that
TGF-β promotes cell invasion and EMT via activation of RhoA. For example, Bhowmick et al. reported
that blocking RhoA activity inhibited TGF-β-mediated EMT in epithelial cells [19]. Korol et al. showed
that TGF-β-induced cytoskeletal reorganization via RhoA/ROCK signaling was critical for EMT in
lens epithelial cells [29]. Furthermore, farnesyl pyrophosphate synthase promoted TGF-β-induced
EMT via RhoA activation in non-small-cell lung cancer cells [30]. Since it is established that RhoA is
associated with cervical cancer metastasis [31,32], the TGF-β-RhoA signaling pathway must also play
an important role in the regulation of metastasis of cervical cancer cells.

In the present study, knockdown of RhoE expression enhanced RhoA activity, implying that
acceleration of TGF-β-mediated EMT in RhoE knockdown cells is accompanied by increased RhoA
activation. There are two possible mechanisms by which RhoE may control the activity of RhoA
signaling. One is that RhoE may bind directly to ROCK1, a RhoA target effector, and inhibit its
activity [33]. The other is that RhoE may interact with p190RhoGAP, a negative RhoA regulator,
to reduce cellular levels of RhoA–GTP [34]. It is reported that both ROCK1 and p190RhoGAP
contribute to the promotion of cancer metastasis and EMT in various cancer cells [35,36]. As shown in
Figure 5C, the use of a ROCK inhibitor demonstrated that RhoA/ROCK signaling plays an important
role in the acceleration of TGF-β-mediated EMT by RhoE knockdown. On the other hand, there
was only a partial suppression of the expression of mesenchymal markers, suggesting that RhoE
may also regulate TGF-β-induced EMT through pathways other than RhoA/ROCK signaling. It is
reported that RhoA activates several effector proteins, such as phosphotidylinositide 4P-5 kinase and
mDia, in addition to ROCK [37,38]. Furthermore, TGF-β induces a multitude of signal transducers,
including Smad2/3, mitogen-activated protein kinases, phosphoinositide-3-kinase, and Akt [39,40].
It is necessary to examine whether RhoE regulates these factors during TGF-β-mediated EMT in
HeLa cells. Monaghan-Benson et al. demonstrated that knockdown of RhoE caused a decrease in
p190GAP activity, an increase in RhoA activity, and an increase in the expression of fibronectin in
normal lung fibroblasts [34]. Furthermore, they showed that TGF-β treatment decreased p190GAP
activity and increased RhoA activity [34]. It is necessary to examine the role of the RhoE/p190 pathway
in TGF-β-mediated EMT in cervical cancer cells.

Although a significant difference was not observed, RhoE knockdown slightly facilitated the
migration of HeLa cells that had not undergone TGF-β-mediated EMT (Figure 4). Since previous
reports demonstrated that RhoE suppressed the TGF-β-independent migration of several cancer cells,
including hepatocellular carcinoma [15,16], RhoE may also regulate TGF-β-independent cell migration
in HeLa cells.

As shown in Figure 1, expression levels of RhoE were elevated in HeLa cells treated with TGF-β.
Furthermore, knockdown experiments showed that RhoE negatively regulated TGF-β-induced EMT in
HeLa cells (Figures 2 and 3). These findings suggest that RhoE acts as a regulator of TGF-β signaling via
negative feedback loops as well as Smad7 and SnoN [41,42]. Since RhoE lacks intrinsic GTPase activity
and remains in its active GTP-bound form, it is important to elucidate the mechanism of regulation of
RhoE expression. Zhou et al. showed that RhoE expression was transcriptionally induced by hypoxia
via hypoxia-inducible factor-1α in gastric cancer [17]. Furthermore, RhoE was shown to be upregulated
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by cyclic AMP via activation of protein kinase A in human BeWo choriocarcinoma cells [43]. In addition,
several microRNAs, including miR-200b, miR-200c, and miR-17, regulate RhoE expression in various
cancer cells [44–46]. Taken together, these findings indicate complex control of RhoE expression levels.
It is also reported that RhoE has a diverse expression pattern depending on the cancer type [47].
Furthermore, a previous report showed that TGF-β downregulates the expression level of RhoE in
normal lung fibroblasts [34]. Further analyses, including promoter analysis, are required to clarify how
TGF-β regulates RhoE expression during EMT in cervical cancer.

In summary, knockdown experiments suggested that RhoE functions as a negative regulator of
TGF-β-induced EMT in HeLa cells. Furthermore, we showed that RhoA/ROCK signaling partially
contributes to the acceleration of TGF-β-mediated EMT by RhoE knockdown. Further functional studies
of RhoE should throw light on the molecular mechanism of EMT and metastasis in cervical cancer.

4. Materials and Methods

4.1. Cell Culture

HeLa cells were purchased from RIKEN Cell Bank and cultured in minimum essential medium
(MEM) containing 10% calf serum. Recombinant human TGF-β1 was purchased from R&D Systems
(Minneapolis, MN, USA).

4.2. RNA Interference Experiments

Human RhoE siRNA and luciferase siRNA were purchased from Nippon EGT (Toyama,
Japan) and transfected into HeLa cells using Lipofectamine2000 as previously described [48].
The sequences of siRhoE-A and siRhoE-B were 5′-CUGCCAGUUUUGAAAUCGA-3′ and 5′-GCA
GCUACUUAUAUCGAAU-3′, respectively. Luciferase siRNA, 5′-CGUACGCGGAAUACUUCG
ATT-3′, was used as a control.

4.3. F-Actin Staining and Quantification of Elongated Cell Morphology

HeLa cells transfected with control siRNA or siRhoE were treated with TGF-β1 for 72 h.
After washing, cells were fixed for 10 min in 2% paraformaldehyde and stained with TRITC-conjugated
phalloidin to detect F-actin. Measurements of elongated cell morphology were performed as previously
described [48]. The lengths of the major and minor cell axes were measured using NIH-Image
software (https://imagej.nih.gov/ij/) and the ratios of the major to minor axes of cells were used to
determine the degree of elongated cell morphology. More than 77 cells were measured per condition
for each experiment.

4.4. Quantitative Real-Time PCR

Total RNA was extracted using RNAiso Plus (TaKaRa, Siga, Japan) according to the
manufacturer’s instructions. Reverse transcription and qPCR were performed as previously
described [49]. The specific primers for human RhoE, snail, fibronectin, and 18S rRNA were as follows:
human RhoE-forward, 5′-AATAGAGTTGAGCCT GTGGG-3′; human RhoE-reverse, 5′-CTAATG
TACTAACATCTGTCCGC-3′; human snail-forward, 5′-CCTCAAGATGCACATCCGAAG-3′; human
snail-reverse, 5′-ACATGGCCTTGTAGCAG CCA-3′; human fibronectin-forward, 5′-GTGT TGGGA
ATGGTCGTGGGGAATG-3′; human fibronectin-reverse, 5′-CCAATGCCACGGCCATAGCAGTAG
C-3′; human 18S rRNA-forward, 5′-CTCAACA CGGGAAA CCTCAC-3′; and human 18S rRNA-reverse,
5′-AGACAAATCGCTCCAC CAAC-3′.

4.5. Western Blotting

Cells were lysed and equal amounts of total protein were resolved using sodium dodecyl sulfate
(SDS)-polyacrylamide gel electrophoresis, then transferred to a polyvinylidene difluoride membrane
and probed using primary antibodies and secondary antibodies conjugated with horseradish peroxidase

https://imagej.nih.gov/ij/
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(Jackson ImmunoResearch Laboratories, West Grove, PA, USA). Specific proteins were detected using
an enhanced chemiluminescence system (GE Healthcare, Little Chalfont, UK). Primary antibodies
against RhoE, fibronectin (Santa Cruz Biotechnology, Dallas, TX, USA), Snail, ZO-1 (Cell Signaling
Technology, Danvers, MA, USA), and β-actin (SIGMA, St. Louis, MO, USA) were used. Quantification
of the band intensity of the blots was performed using NIH-Image software.

4.6. Migration Assays

Migration assays using transwell plates were performed as previously reported with slight
modifications [48]. After incubation with TGF-β1 for 72 h, HeLa cells transfected with either control
siRNA or siRhoE were trypsinized and transferred to fibronectin-coated inserts in serum-free medium.
The cells were then incubated in MEM supplemented with 10% calf serum for 24 h. Cells on the upper
surface of the membrane were removed by scrubbing with cotton swabs. Chambers were fixed in 4%
paraformaldehyde for 10 min and stained with crystal violet. Cells that penetrated the filter were
observed with a microscope and counted.

4.7. Rhotekin Assays

RhoA activity was determined by binding to GST–rhotekin– Rho binding domain (RBD). HeLa cells
transfected with control siRNA or siRhoE were treated with TGF-β1 for 72 h then lysed. Cell lysates
were incubated for 24 h with GST–rhotekin–RBD on glutathione–sepharose beads. The beads were
resuspended with 2× SDS sample buffer and boiled for 5 min. Protein samples were analyzed by
Western blotting using anti-RhoA antibody.

4.8. Statistical Tests

Analyses were performed using Excel 2010 and R (http://cran.r-project.org/). The statistical
significance of differences between two groups was evaluated using a two-tailed Student’s t-test.
For multigroup analysis, significance was assessed using one-way ANOVA with a post hoc
Tukey–Kramer HSD test.

Supplementary Materials: Supplementary materials can be found at http://www.mdpi.com/1422-0067/20/19/
4697/s1.

Author Contributions: M.N. and M.I. conceived and designed the experiments. M.N. and R.K. performed the
experiments. M.N. and R.K. analyzed the data. M.N. wrote the paper.

Funding: This research was funded by grants from the Japan Society for the Promotion of Science (JSPS), grant
number 17K08282 (Makoto Nishizuka).

Acknowledgments: The present study was supported in part by grants from the Japan Society for the Promotion
of Science.

Conflicts of Interest: The authors declare no conflicts of interest.

Abbreviations

EMT Epithelial-to-mesenchymal transition
TGF-β Transforming growth factor-β
TRITC Tetramethylrhodamine isothiocyanate
RBD Rho binding domain

References

1. Li, H.; Wu, X.; Cheng, X. Advances in diagnosis and treatment of metastatic cervical cancer. J. Gynecol. Oncol.
2016, 27, e43. [CrossRef]

2. Wang, J.Y.; Chen, L.J. The role of miRNAs in the invasion and metastasis of cervical cancer. Biosci. Rep. 2019,
39, BSR20181377. [CrossRef]

http://cran.r-project.org/
http://www.mdpi.com/1422-0067/20/19/4697/s1
http://www.mdpi.com/1422-0067/20/19/4697/s1
http://dx.doi.org/10.3802/jgo.2016.27.e43
http://dx.doi.org/10.1042/BSR20181377


Int. J. Mol. Sci. 2019, 20, 4697 11 of 13

3. Qureshi, R.; Arora, H.; Rizvi, M.A. EMT in cervical cancer: its role in tumour progression and response to
therapy. Cancer Lett. 2015, 356, 321–331. [CrossRef] [PubMed]

4. Lee, M.Y.; Shen, M.R. Epithelial-m esenchymal transition in cervical carcinoma. Am. J. Transl. Res. 2012,
4, 1–13.

5. Smith, B.N.; Bhowmick, N.A. Role of EMT in Metastasis and Therapy Resistance. J. Clin. Med. 2016, 5, E17.
[CrossRef] [PubMed]

6. Serrano-Gomez, S.J.; Maziveyi, M.; Alahari, S.K. Regulation of epithelial-mesenchymal transition through
epigenetic and post-translational modifications. Mol. Cancer 2016, 15, 18. [CrossRef]

7. Nakaya, Y.; Sheng, G. EMT in developmental morphogenesis. Cancer Lett. 2013, 341, 9–15. [CrossRef]
[PubMed]

8. Chardin, P. Function and regulation of Rnd proteins. Nat. Rev. Mol. Cell Biol. 2006, 7, 54–62. [CrossRef]
9. Riento, K.; Villalonga, P.; Garg, R.; Ridley, A.J. Function and regulation of RhoE. Biochem. Soc. Trans. 2005, 33,

649–651. [CrossRef]
10. Guasch, R.M.; Scambler, P.; Jones, G.E.; Ridley, A.J. RhoE regulates actin cytoskeleton organization and cell

migration. Mol. Cell. Biol. 1998, 18, 4761–4771. [CrossRef] [PubMed]
11. Jie, W.; Andrade, K.C.; Lin, X.; Yang, X.; Yue, X.; Chang, J. Pathophysiological Functions of Rnd3/RhoE.

Compr. Physiol. 2015, 6, 69–86.
12. Trojan, L.; Schaaf, A.; Steidler, A.; Haak, M.; Thalmann, G.; Knoll, T.; Gretz, N.; Alken, P.; Michel, M.S.

Identification of metastasis-associated genes in prostate cancer by genetic profiling of human prostate cancer
cell lines. Anticancer Res. 2005, 25, 183–191. [CrossRef]

13. Feng, B.; Li, K.; Zhong, H.; Ren, G.; Wang, H.; Shang, Y.; Bai, M.; Liang, J.; Wang, X.; Fan, D. RhoE promotes
metastasis in gastric cancer through a mechanism dependent on enhanced expression of CXCR4. PLoS ONE
2013, 8, e81709. [CrossRef] [PubMed]

14. Klein, R.M.; Aplin, A.E. Rnd3 regulation of the actin cytoskeleton promotes melanoma migration and
invasive outgrowth in three dimensions. Cancer Res. 2009, 69, 2224–2233. [CrossRef] [PubMed]

15. Ma, W.; Wong, C.C.; Tung, E.K.; Wong, C.M.; Ng, I.O. RhoE is frequently down-regulated in hepatocellular
carcinoma (HCC) and suppresses HCC invasion through antagonizing the Rho/Rho-kinase/myosin
phosphatase target pathway. Hepatology 2013, 57, 152–161. [CrossRef]

16. Belgiovine, C.; Frapolli, R.; Bonezzi, K.; Chiodi, I.; Favero, F.; Mello-Grand, M.; Dei Tos, A.P.; Giulotto, E.;
Taraboletti, G.; D’Incalci, M.; et al. Reduced expression of the ROCK inhibitor Rnd3 is associated with
increased invasiveness and metastatic potential in mesenchymal tumor cells. PLoS ONE 2010, 5, e14154.
[CrossRef] [PubMed]

17. Zhou, J.; Li, K.; Gu, Y.; Feng, B.; Ren, G.; Zhang, L.; Wang, Y.; Nie, Y.; Fan, D. Transcriptional up-regulation of
RhoE by hypoxia-inducible factor (HIF)-1 promotes epithelial to mesenchymal transition of gastric cancer
cells during hypoxia. Biochem. Biophys. Res. Commun. 2011, 415, 348–354. [CrossRef]

18. Grise, F.; Sena, S.; Bidaud-Meynard, A.; Baud, J.; Hiriart, J.B.; Makki, K.; Dugot-Senant, N.; Staedel, C.;
Bioulac-Sage, P.; Zucman-Rossi, J.; et al. Rnd3/RhoE Is down-regulated in hepatocellular carcinoma and
controls cellular invasion. Hepatology 2012, 55, 1766–1775. [CrossRef]

19. Bhowmick, N.A.; Ghiassi, M.; Bakin, A.; Aakre, M.; Lundquist, C.A.; Engel, M.E.; Arteaga, C.L.; Moses, H.L.
Transforming growth factor-beta1 mediates epithelial to mesenchymal transdifferentiation through a
RhoA-dependent mechanism. Mol. Biol. Cell 2001, 12, 27–36. [CrossRef]

20. Ungefroren, H.; Witte, D.; Lehnert, H. The role of small GTPases of the Rho/Rac family in TGF-β-induced
EMT and cell motility in cancer. Dev. Dyn. 2018, 247, 451–461. [CrossRef]

21. Pandya, P.; Orgaz, J.L.; Sanz-Moreno, V. Modes of invasion during tumour dissemination. Mol. Oncol. 2017,
11, 5–27. [CrossRef]

22. Gupta, G.P.; Massagué, J. Cancer metastasis: building a framework. Cell 2006, 127, 679–695. [CrossRef]
23. Tsubakihara, Y.; Moustakas, A. Epithelial-Mesenchymal Transition and Metastasis under the Control of

Transforming Growth Factor β. Int. J. Mol. Sci. 2018, 19, E3672. [CrossRef]
24. Willis, B.C.; Borok, Z. TGF-beta-induced EMT: mechanisms and implications for fibrotic lung disease. Am. J.

Physiol. Lung Cell Mol. Physiol. 2007, 293, L525–L534. [CrossRef]
25. Lamouille, S.; Xu, J.; Derynck, R. Molecular mechanisms of epithelial-mesenchymal transition. Nat. Rev. Mol.

Cell Biol. 2014, 15, 178–196. [CrossRef]

http://dx.doi.org/10.1016/j.canlet.2014.09.021
http://www.ncbi.nlm.nih.gov/pubmed/25281477
http://dx.doi.org/10.3390/jcm5020017
http://www.ncbi.nlm.nih.gov/pubmed/26828526
http://dx.doi.org/10.1186/s12943-016-0502-x
http://dx.doi.org/10.1016/j.canlet.2013.02.037
http://www.ncbi.nlm.nih.gov/pubmed/23462225
http://dx.doi.org/10.1038/nrm1788
http://dx.doi.org/10.1042/BST0330649
http://dx.doi.org/10.1128/MCB.18.8.4761
http://www.ncbi.nlm.nih.gov/pubmed/9671486
http://dx.doi.org/10.1016/S1569-9056(05)80090-9
http://dx.doi.org/10.1371/journal.pone.0081709
http://www.ncbi.nlm.nih.gov/pubmed/24312338
http://dx.doi.org/10.1158/0008-5472.CAN-08-3201
http://www.ncbi.nlm.nih.gov/pubmed/19244113
http://dx.doi.org/10.1002/hep.25987
http://dx.doi.org/10.1371/journal.pone.0014154
http://www.ncbi.nlm.nih.gov/pubmed/21209796
http://dx.doi.org/10.1016/j.bbrc.2011.10.065
http://dx.doi.org/10.1002/hep.25568
http://dx.doi.org/10.1091/mbc.12.1.27
http://dx.doi.org/10.1002/dvdy.24505
http://dx.doi.org/10.1002/1878-0261.12019
http://dx.doi.org/10.1016/j.cell.2006.11.001
http://dx.doi.org/10.3390/ijms19113672
http://dx.doi.org/10.1152/ajplung.00163.2007
http://dx.doi.org/10.1038/nrm3758


Int. J. Mol. Sci. 2019, 20, 4697 12 of 13

26. Cantelli, G.; Crosas-Molist, E.; Georgouli, M.; Sanz-Moreno, V. TGFB-induced transcription in cancer. Semin.
Cancer Biol. 2017, 42, 60–69. [CrossRef]

27. Kim, J.G.; Islam, R.; Cho, J.Y.; Jeong, H.; Cap, K.C.; Park, Y.; Hossain, A.J.; Park, J.B. Regulation of RhoA
GTPase and various transcription factors in the RhoA pathway. J. Cell. Physiol. 2018, 233, 6381–6392.
[CrossRef]

28. Arnold, T.R.; Stephenson, R.E.; Miller A., L. Rho GTPases and actomyosin: Partners in regulating epithelial
cell-cell junction structure and function. Exp. Cell Res. 2017, 358, 20–30. [CrossRef]

29. Korol, A.; Taiyab, A.; West-Mays J., A. RhoA/ROCK signaling regulates TGFβ-induced
epithelial-mesenchymal transition of lens epithelial cells through MRTF-A. Mol. Med. 2016, 22, 713–723.
[CrossRef]

30. Lin, L.; Li, M.; Lin, L.; Xu, X.; Jiang, G.; Wu, L. FPPS mediates TGF-β1-induced non-small cell lung cancer
cell invasion and the EMT process via the RhoA/Rock1 pathway. Biochem. Biophys. Res. Commun. 2018, 496,
536–541. [CrossRef]

31. Zou, W.; Ma, X.; Hua, W.; Chen, B.; Huang, Y.; Wang, D.; Cai, G. BRIP1 inhibits the tumorigenic properties of
cervical cancer by regulating RhoA GTPase activity. Oncol Lett. 2016, 11, 551–558. [CrossRef]

32. Liu, X.; Chen, D.; Liu, G. Overexpression of RhoA promotes the proliferation and migration of cervical cancer
cells. Biosci. Biotechnol. Biochem. 2014, 78, 1895–1901. [CrossRef]

33. Riento, K.; Guasch, R.M.; Garg, R.; Jin, B.; Ridley, A.J. RhoE binds to ROCK I and inhibits downstream
signaling. Mol. Cell. Biol. 2003, 23, 4219–4229. [CrossRef]

34. Monaghan-Benson, E.; Wittchen, E.S.; Doerschuk, C.M.; Burridge, K. A Rnd3/p190RhoGAP pathway regulates
RhoA activity in idiopathic pulmonary fibrosis fibroblasts. Mol. Biol. Cell 2018, 29, 2165–2175. [CrossRef]

35. Binamé, F.; Bidaud-Meynard, A.; Magnan, L.; Piquet, L.; Montibus, B.; Chabadel, A.; Saltel, F.; Lagrée, V.;
Moreau, V. Cancer-associated mutations in the protrusion-targeting region of p190RhoGAP impact tumor
cell migration. J. Cell. Biol. 2016, 214, 859–873. [CrossRef]

36. Loirand, G. Rho Kinases in Health and Disease: From Basic Science to Translational Research. Pharmacol. Rev.
2015, 67, 1074–1095. [CrossRef]

37. Bros, M.; Haas, K.; Moll, L.; Grabbe, S. RhoA as a Key Regulator of Innate and Adaptive Immunity. Cells
2019, 8, E733. [CrossRef]

38. O’Connor, K.; Chen, M. Dynamic functions of RhoA in tumor cell migration and invasion. Small GTPases
2013, 4, 141–147.

39. Pickup, M.; Novitskiy, S.; Moses, H.L. The roles of TGFβ in the tumour microenvironment. Nat. Rev. Cancer
2013, 13, 788–799. [CrossRef]

40. Xu, J.; Lamouille, S.; Derynck, R. TGF-beta-induced epithelial to mesenchymal transition. Cell Res. 2009, 19,
156–172. [CrossRef]

41. Yin, X.; Xu, C.; Zheng, X.; Yuan, H.; Liu, M.; Qiu, Y.; Chen, J. SnoN suppresses TGF-β-induced
epithelial-mesenchymal transition and invasion of bladder cancer in a TIF1γ-dependent manner. Oncol. Rep.
2016, 36, 1535–1541. [CrossRef]

42. Wang, J.Y.; Gao, Y.B.; Zhang, N.; Zou, D.W.; Wang, P.; Zhu, Z.Y.; Li, J.Y.; Zhou, S.N.; Wang, S.C.; Wang, Y.Y.;
et al. miR-21 overexpression enhances TGF-β1-induced epithelial-to-mesenchymal transition by target
smad7 and aggravates renal damage in diabetic nephropathy. Mol. Cell. Endocrinol. 2014, 392, 163–172.
[CrossRef]

43. Collett, G.P.; Goh, X.F.; Linton, E.A.; Redman, C.W.; Sargent, I.L. RhoE is regulated by cyclic AMP and
promotes fusion of human BeWo choriocarcinoma cells. PLoS ONE 2012, 7, e30453. [CrossRef]

44. Xia, W.; Li, J.; Chen, L.; Huang, B.; Li, S.; Yang, G.; Ding, H.; Wang, F.; Liu, N.; Zhao, Q.; et al.
MicroRNA-200b regulates cyclin D1 expression and promotes S-phase entry by targeting RND3 in HeLa
cells. Mol. Cell. Biochem. 2010, 344, 261–266. [CrossRef]

45. Hurteau, G.J.; Spivack, S.D.; Brock, G.J. Potential mRNA degradation targets of hsa-miR-200c, identified
using informatics and qRT-PCR. Cell Cycle 2006, 5, 1951–1956. [CrossRef]

46. Luo, H.; Zou, J.; Dong, Z.; Zeng, Q.; Wu, D.; Liu, L. Up-regulated miR-17 promotes cell proliferation, tumour
growth and cell cycle progression by targeting the RND3 tumour suppressor gene in colorectal carcinoma.
Biochem. J. 2012, 442, 311–321. [CrossRef]

47. Paysan, L.; Piquet, L.; Saltel, F.; Moreau, V. Rnd3 in Cancer: A Review of the Evidence for Tumor Promoter
or Suppressor. Mol. Cancer Res. 2016, 14, 1033–1044. [CrossRef]

http://dx.doi.org/10.1016/j.semcancer.2016.08.009
http://dx.doi.org/10.1002/jcp.26487
http://dx.doi.org/10.1016/j.yexcr.2017.03.053
http://dx.doi.org/10.2119/molmed.2016.00041
http://dx.doi.org/10.1016/j.bbrc.2018.01.066
http://dx.doi.org/10.3892/ol.2015.3963
http://dx.doi.org/10.1080/09168451.2014.943650
http://dx.doi.org/10.1128/MCB.23.12.4219-4229.2003
http://dx.doi.org/10.1091/mbc.E17-11-0642
http://dx.doi.org/10.1083/jcb.201601063
http://dx.doi.org/10.1124/pr.115.010595
http://dx.doi.org/10.3390/cells8070733
http://dx.doi.org/10.1038/nrc3603
http://dx.doi.org/10.1038/cr.2009.5
http://dx.doi.org/10.3892/or.2016.4939
http://dx.doi.org/10.1016/j.mce.2014.05.018
http://dx.doi.org/10.1371/journal.pone.0030453
http://dx.doi.org/10.1007/s11010-010-0550-2
http://dx.doi.org/10.4161/cc.5.17.3133
http://dx.doi.org/10.1042/BJ20111517
http://dx.doi.org/10.1158/1541-7786.MCR-16-0164


Int. J. Mol. Sci. 2019, 20, 4697 13 of 13

48. Goto, M.; Osada, S.; Imagawa, M.; Nishizuka, M. FAD104, a regulator of adipogenesis, is a novel suppressor
of TGF-β-mediated EMT in cervical cancer cells. Sci. Rep. 2017, 7, 16365. [CrossRef]

49. Nishizuka, M.; Horinouchi, W.; Yamada, E.; Ochiai, N.; Osada, S.; Imagawa, M. KCNMA1, a pore-forming
α-subunit of BK channels, regulates insulin signalling in mature adipocytes. FEBS Lett. 2016, 590, 4372–4380.
[CrossRef]

© 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1038/s41598-017-16555-3
http://dx.doi.org/10.1002/1873-3468.12465
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Results 
	RhoE Expression Is Elevated during TGF–Mediated EMT in HeLa Cells 
	RhoE Knockdown Enhances TGF–Mediated EMT in HeLa Cells 
	Reduction of RhoE Expression Enhances Migration of HeLa Cells during TGF–Mediated EMT 
	RhoE Knockdown Enhances RhoA Activity during TGF–Mediated EMT in HeLa Cells 

	Discussion 
	Materials and Methods 
	Cell Culture 
	RNA Interference Experiments 
	F-Actin Staining and Quantification of Elongated Cell Morphology 
	Quantitative Real-Time PCR 
	Western Blotting 
	Migration Assays 
	Rhotekin Assays 
	Statistical Tests 

	References

