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Abstract

Rho GTPases are highly conserved proteins that play critical roles in many cellular processes including actin dynamics,
vesicular trafficking, gene transcription, cell-cycle progression, and cell adhesion. The main mode of regulation of Rho
GTPases is through guanine nucleotide binding (cycling between an active GTP-bound form and an inactive GDP-bound
form), but transcriptional, post-transcriptional, and post-translational modes of Rho regulation have also been described. In
the present review, we summarize recent progress on the mechanisms that control the expression of the three members of the
Rho-like subfamily (RhoA, RhoB, and RhoC) at the level of gene transcription as well as their post-transcriptional regula-
tion by microRNAs. We also discuss the progress made in deciphering the mechanisms of cross-talk between Rho proteins
and the transforming growth factor  signaling pathway and their implications for the pathogenesis of human diseases such

as cancer metastasis and fibrosis.
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Abbreviations

ATF-1 Activating transcription factor 1

BSMs Bronchial smooth muscles

PKG cGMP-dependent protein kinase

EC Endometrial carcinoma

EMT Epithelial-to-mesenchymal transition
ERK Extracellular signal-regulated kinase
FTIs Farnesyltransferase inhibitors

GGTIs Geranylgeranyltransferase I inhibitors
GAPs GTPase-activating proteins

GDIs Guanosine nucleotide dissociation inhibitors
GEFs Guanosine nucleotide exchange factors
HCC Hepatocellular carcinoma

HDAC1  Histone deacetylase 1
HOXD10 Homeobox D10
HIF Hypoxia inducible factor
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IL-13 Interleukin 13
miRNAs  MicroRNAs
MAPK Mitogen-activated protein kinase

Mizl Myc-interacting zinc finger protein 1

NO Nitric oxide

NF-xB Nuclear factor kappa B

NF-Y Nuclear factor Y

PARP-1  Poly(ADP-ribose) polymerase-1

PMA Phorbol-12-myristyl-13-acetate

ROS Reactive oxygen species

STAT6 Signal transducer and activator of transcrip-
tion 6

siRNAs Small interfering RNAs

Skp2 S-phase kinase-associated protein 2

SDF-1 Stromal cell-derived factor-1
TGFp Transforming growth factor 8
TNFo Tumor necrosis factor o

Introduction

Rho proteins are members of the Ras superfamily of
small GTPases that play critical roles in many cellular
processes including actin dynamics, vesicular traffick-
ing, gene transcription, cell-cycle progression, and cell
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adhesion [1]. Rho GTPases are highly conserved from
lower eukaryotes to plants and mammals. In mammals, the
family includes 22 members, divided into eight different
subfamilies [2]. The Rho-like subfamily consists of three
highly homologous isoforms: RhoA, RhoB, and RhoC.
Rho GTPases are molecular switches cycling between an
active GTP-bound form and an inactive GDP-bound form.
This cycling is regulated by numerous cellular proteins,
namely guanosine nucleotide exchange factors (GEFs) that
facilitate the exchange of GDP for GTP, GTPase-activat-
ing proteins (GAPs) which regulate the GTP hydrolysis
of Rho GTPases, and the guanosine nucleotide dissocia-
tion inhibitors (GDIs) that bind to the C-terminal prenyl
group, preventing the association of Rho to the membrane
and sequestering them in the cytoplasm, inhibiting their
access to downstream targets. The topic of Rho regula-
tion by effector proteins has been the subject of numerous
excellent and very thorough reviews [3—7]. Due to the high
amino acid sequence homology among the three Rho-like
isoforms especially in the insert region which has been
shown to be critical for interaction with GEFs and other
effector proteins [7], Rho GEFs and GAPs that show iso-
form specificity are very few. One example is XPLN, a
GEF that belongs to the Dbl-Rho GEF family which shows
activity toward RhoA and RhoB but not RhoC due to an
amino acid difference at position 43 at the N-terminus of
Rho isoforms (Ile vs Val) [8, 9]. Importantly, a RhoC-143V
mutant had increased ovarian cancer cell invasion potential
compared to wild type RhoC [9]. Another example of an
isoform-specific RhoGEF is SmgGDS which specifically
activates RhoA and RhoC but not RhoB or a large panel
of other GTPases [10]. Rho GAPs that are able to differ-
entiate among the three Rho-like isoforms have not been
identified yet, but specificity of GAPs for Rho versus other
members of the Ras family has been reported [11, 12].

In humans, rats and mice Rho-like genes are mapped on
different chromosomes and differ in size [13]. The RhoA
gene is longer and contains more exons and introns than
the other Rho genes, whereas the RhoB gene contains only
one exon, possibly derived from reverse transcription [14].
The primary sequences of Rho-like proteins are around 85%
identical, with most divergence close to the C-terminus [1].

In addition to their important roles in cell physiology
[15], Rho-like proteins also contribute to pathological pro-
cesses such as cancer cell migration, invasion, metastasis,
fibrosis, inflammation, and wound repair [2].

In previous studies, we have revealed the critical role
of RhoA and RhoB as well as the downstream effectors
(ROCK, LIMK, Cofilin) in TGFp signaling leading to actin
cytoskeleton reorganization [16-21]. We have also shown
that RhoB, in contrast to RhoA, is a direct transcriptional
target of TGFp that mediates the long-term effect of TGF
in actin cytoskeleton [21].
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In the present review, we summarize recent pro-
gress made on the mechanisms that control the expression
of Rho-like proteins (RhoA, RhoB, and RhoC) at the level of
gene transcription as well as post-transcriptionally by micro-
RNAs. We also review progress made in deciphering the
mechanisms of cross-talk between Rho proteins and TGFf
and their implications in the pathogenesis of human diseases
such as cancer and fibrosis.

Transcriptional regulation of the RhoA gene

The role of Rho proteins in cancer and metastasis has been
the subject of intense investigation during the past decades
[22]. Constitutively active tumorigenic mutations in RhoA
are much less common than mutations in the Ras gene,
but few of them were identified recently in gastric cancers.
In one study, Wang et al. [23] performed whole-genome
sequencing and a comprehensive molecular profiling in 100
tumor and non-tumor paired samples from intestinal-type
gastric tumors (IGC) and diffuse-type gastric tumors (DGC)
followed by resequencing in a larger DGC cohort. RhoA
mutations were identified in 14.3% of DGC tumors but not
in IGC tumors. Similarly, Kakiuchi et al. [24] performed
whole-exome sequencing within 30 DGCs followed by rese-
quencing in another 57 cases and identified RhoA mutations
in 25.3% of the cases. These findings were in agreement
with the data from The Cancer Genome Atlas (TCGA) pro-
ject evaluating 295 primary gastric adenocarcinomas [25].
The consortium identified mutations in the RhoA gene in 16
cases which were clustered in two adjacent amino-terminal
regions that are predicted to modulate signaling downstream
of RhoA [25]. Mutations in RhoA were also identified in a
genome-wide association screen of patients with pediatric
Burkitt lymphoma [26] and in angioimmunoblastic T-cell
lymphoma (AITL), a common type of mature T-cell lym-
phoma of poor prognosis [27].

Upregulation of RhoA mRNA and protein levels has been
well documented in various types of human malignancies
[28-30]. Furthermore, the activity of RhoA can be compro-
mised in tumor cells via different mechanisms including its
phosphorylation by protein kinase A (PKA) that causes its
dissociation from the plasma membrane [31], the protea-
somal degradation by E3 ubiquitin ligases [32], inhibition
of RhoA GEFs and stimulation of GAPs [33, 34], or the
interaction of RhoA with cell-cycle inhibitors that prevent
binding of effectors [35].

The functions of RhoA in cancer cells can also be modu-
lated at the transcriptional level. The mechanisms that con-
trol RhoA gene expression during metastasis have been
explored by Chan et al. [36]. They focused on the onco-
genic Myc protein, a transcription factor that binds to E-box
motives present in target gene promoters and regulates
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transcription by cooperating with auxiliary factors such as
the Myc-interacting zinc finger protein 1 (Miz1) and various
coactivator complexes/histone acetyltransferases [37]. The
authors showed that Myc cooperates with the E3 ubiquitin
ligase S-phase kinase-associated protein 2 (Skp2) to induce
RhoA transcription by recruiting Mizl and p300 to the
RhoA promoter independently of Skp1-Cullin-F-box protein
containing complex (SCF)-Skp2 E3 ligase activity (Fig. 1a).
Myc knockdown decreased RhoA mRNA levels in Ratl
fibroblasts, whereas Myc overexpression induced RhoA
expression in MDA-MB-231 breast cancer cells. Impor-
tantly, increased levels of the Myc—Skp2-Miz1 complex can
be found in metastatic human cancers, whereas deficiency of
these proteins not only results in impaired RhoA expression
but also inhibits cell migration, invasion, and breast cancer
metastasis [36]. In summary, this study revealed, for the first
time, the role of the ubiquitin ligase Skp2 in RhoA gene
transcription and in cancer metastasis.

RhoA has been implicated in the pathogenesis of allergic
bronchial asthma because its upregulation causes Ca** sen-
sitization of bronchial smooth muscles (BSMs). However,
the mechanisms and the transcription factors that medi-
ate this RhoA upregulation were poorly understood. Goto
et al. showed that RhoA gene expression and the activity
of the RhoA promoter were induced by treatment of BSMs
with the pro-inflammatory cytokines Tumor necrosis fac-
tor a (TNFa) and interleukin 13 (IL-13) [38]. A promoter
deletion analysis showed that the proximal RhoA promoter
between nucleotide position -112 and the transcription start
site contains binding sites for the transcription factors signal
transducer and activator of transcription 6 (STAT6) at posi-
tion — 78/— 70 bp and nuclear factor kappa B (NF-kB) at
position — 84/— 74 bp. Mutations in these sites abolished
the upregulation of the RhoA promoter by the two cytokines
suggesting a critical role of the two pro-inflammatory tran-
scription factors in RhoA gene regulation during asthma.
Similar results were found by Chiba et al. who showed that
the rat RhoA gene promoter contains an STAT6-binding
region and that RhoA expression may be regulated by the
IL-13-JAK1-STAT®6 signaling pathway in BSMs of asth-
matic rats (Fig. 1a) [39].

It was reported previously that cells that were resistant to
the chemotherapeutic drug cisplatin had decreased levels of
RhoA, disorganized cytoskeleton, and as a consequence, dis-
played with reduced uptake of drugs from cell-surface trans-
porters [40]. However, the mechanism that could account
for RhoA gene downregulation in cisplatin-resistant cells
remained unknown. In a follow-up study, the same group
showed that the transcription factor GCF2 (GC-binding
factor 2) is a transcriptional repressor of the RhoA gene
[41]. Specifically, they showed that overexpression of GCF2
abolished RhoA expression and disrupted the actin—filamin
network; and as a result, membrane transporter MRP1 was

translocated from the cell membrane to the cytoplasm ren-
dering cells resistant to cisplatin. In contrast, sSiRNA-medi-
ated silencing of GCF2 restored RhoA expression and actin
microfilament organization [41].

Nitric oxide (NO) plays an important role in vessel wall
homeostasis via many functions including the transcrip-
tional activation of target gene in endothelial or smooth
muscle cells [42]. Sauzeau et al. [43] showed that in arte-
rial smooth muscle cells, RhoA mRNA and protein levels
were increased by treatment with agents that serve as pre-
cursors for NO (sodium nitroprusside) or raise the intra-
cellular cGMP [8-(2-chlorophenylthio)-cGMP] and this
upregulation was inhibited by the cGMP-dependent pro-
tein kinase (PKG) inhibitor (Rp)-8-bromo-phenyl-1,N2-
ethenoguanosine 3:5-phosphorothioate. Promoter analysis
revealed that the NO/PKG pathway triggered the phospho-
rylation of activating transcription factor 1 (ATF-1) and its
binding to a cAMP-response element present on the RhoA
promoter (Fig. 1a). In agreement with these findings, they
showed that chronic inhibition of NO synthesis decreased
RhoA mRNA and protein expression in the aorta and the
pulmonary artery of rats and this was associated with inhibi-
tion of RhoA-mediated Ca®* sensitization. These data sug-
gested a critical role of a NO/PKG/ATF-1/RhoA signaling
pathway in vascular smooth muscle cells [43].

Transcriptional regulation of the RhoB gene

RhoA and RhoC proteins are often upregulated in human
tumors and their expression correlates with tumor aggres-
siveness whereas the levels and functions of RhoB in human
cancers are context-dependent. Although expression of
RhoB inversely correlates with disease progression in sev-
eral epithelial cancers, recent data suggest that RhoB may
support malignant phenotypes in certain cancer types includ-
ing T-acute lymphoblastic leukemia [44], lung adenocarci-
noma [45], and glioblastoma [46, 47].

It has been proposed that RhoB can work as a tumor sup-
pressor as it is activated in response to several stress stimuli
including DNA damage or hypoxia; and it has been reported
to inhibit tumor growth, cell migration, and invasion, and
have proapoptotic functions in cells [48, 49]. In addition,
we have shown previously that RhoB, similar to RhoA, is
a major membrane androgen receptor effector regulating
actin cytoskeleton and apoptosis in various tumor cells
[50-53].

RhoB expression is further regulated by extracellular
stimuli such as UV irradiation [54-56], growth factors (epi-
dermal growth factor and platelet-derived growth factor in
Rat-2 fibroblasts) [57], cytokines, and oncogenes [54-58].

The two CCAAT boxes (proximal and distal) that are pre-
sent in the RhoB promoter mediate RhoB gene regulation
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by genotoxic stress (Fig. 1b). It was shown that NFY that
binds to the proximal CCAAT box of the RhoB promoter
mediates RhoB gene induction by the binding of activating
transcription factor 2 (ATF-2) and inhibition of histone dea-
cetylase 1 (HDAC1) [49, 56]. More recently, it was shown
that the p38 mitogen-activated protein kinase (MAPK) regu-
lates the recruitment of the proto-oncogene c-Jun and the
histone acetyltransferase p300 to the more distal CCAAT
box of the RhoB promoter leading to upregulation of RhoB
gene expression and induction of apoptosis of UV-irradiated
human T lymphocyte (Jurkat) cells [59].

The p38 MAPK/ATF-2 complex is also responsible for
the upregulation of the RhoB gene by the piperazine alkyl
anticancer compound KR28 in human prostate carcinoma
PC-3 cells and this upregulation was shown to require p300
and the CCAAT box of the RhoB promoter (Fig. 1b) [60].
HDACI is also involved in the upregulation of the RhoB
gene by farnesyltransferase inhibitors (FTIs) and geranylge-
ranyltransferase I inhibitors (GGTIs). Specifically, treatment
of cancer cells with FTIs and GGTIs resulted in HDAC1
dissociation, HAT association, and histone acetylation of
the RhoB promoter, which led to increased RhoB expres-
sion [61].

Several studies focused on the mechanism by which the
piperazine alkyl derivative NSC126188 induces apoptosis in
several cancer cell types (Fig. 1b). In one study, it was shown
that in stomach carcinoma NUGC-3 cells, NSC126188
induced the activity of the RhoB promoter by increasing the
expression of p300 and c-Jun in a poly(ADP-ribose) poly-
merase-1 (PARP-1)-dependent manner [62]. The signaling
pathway that was activated by this drug involved the MAP
kinases MKK4/7 and p38 and the transcription factor c-Jun
[63]. In another study, it was found that NSC126188 induced
apoptosis in prostate cancer PC-3 cells by interfering with
membrane recruitment of AKT, resulting in dephosphoryla-
tion of AKT and of the forkhead box transcription factor
FoxO3a, which increased the transcription of the RhoB gene
[64]. NSC126188 also induced apoptosis of the cervical car-
cinoma HeL a cells by inducing the transcriptional activation
of RhoB [65].

Pharmaceutical agents including the alkylating agent
N-methyl-N-nitrosourea (MNU), the cytostatic drug cispl-
atin, hydroxyurea, and dexamethasone elicited RhoB gene
induction in NIH3T3 cells [55]. Gallic acid was shown to
inhibit gastric cancer cell metastasis and invasive growth
via increased expression of RhoB through suppressing the
PI3K/AKT pathway [66]. Aloe emodin (AE), a natural anth-
raquinone compound, was reported to have antiproliferative
activity in various cancer cell lines. AE suppressed the
phorbol-12-myristyl-13-acetate (PMA)-induced migration
and invasion of tumor cells and downregulated RhoB gene
expression indicating the involvement of RhoB in the anti-
migratory property of AE in colon cancer cells [67].

RhoB transcription is also negatively regulated by onco-
genes including H-Ras N-Ras, K-Ras, EGFR, and ErbB2
in NIH 3T3 cells and human cancer cell lines derived from
lung, pancreatic, and cervical tumors [58, 68].

The transcription of the RhoB gene is regulated in a tis-
sue- and age-specific manner. Yoon et al. [69] measured the
RhoB mRNA levels in 4-week-old mice and observed high
transcriptional levels in liver, skeletal muscle, kidney, and
lung with the highest levels of expression in the brain. Fur-
thermore, the RhoB mRNA levels gradually decreased with
age in lung and skeletal muscles but not in the other tissues.
These changes in RhoB expression were not due to altera-
tions in DNA methylation but rather due to the differential
binding of HDAC1 to the CCAAT boxes of RhoB promoter.
Specifically, histone H3 and histone H4 acetylation levels
of the RhoB CCAAT boxes decreased; histone H3 lysine 9
trimethylation levels and recruitment of HP1b (heterochro-
matin protein 1b) increased, whereas histone H3 lysine 4
demethylation levels gradually decreased with aging [69].
It was concluded that the chromatin structure of the RhoB
promoter gradually changes during aging in a tissue-specific
manner [69].

Transcriptional regulation of the RhoC gene

Similar to RhoA, RhoC was found to be upregulated in many
types of tumors and it was proposed that inhibition of RhoC
could be a promising antitumor strategy [70-72]. RhoC is an
essential factor for invasion and metastasis [73]. Overexpres-
sion of RhoC in breast cancer cells indicates poor prognosis.
In a very recent study Xu et al. investigated the possible
anticancer potential of small-interfering RNA (siRNA) tar-
geting RhoC in breast cancer cells [74]. The authors showed
that the RhoC-specific siRNA inhibited cancer cell prolif-
eration and invasion, increased cell apoptosis, and induced
cell-cycle arrest. Furthermore, intra-tumoral injection of the
RhoC siRNA inhibited tumor growth and increased survival
rate in BALB/c-nu mice [74].

At the transcriptional level, there are very few studies
addressing the mechanisms that control the regulation of
the expression of the RhoC gene. In one study, it was shown
that the RhoC gene is induced by various genotoxic agents
in cancer cell lines and that activated p53 binds to a consen-
sus p53-binding element present in the second intron of the
RhoC gene (Fig. 1¢) [75]. Thus, RhoC is a direct p53 target
gene that is induced during genotoxic stress to mediate the
pro-survival functions of p53.

RhoC is also involved in epithelial-to-mesenchymal tran-
sition (EMT). It was shown that the levels of RhoC expres-
sion and activity are induced during EMT in colon cancer
cells and that its expression can be regulated by the Ets-1
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transcription factor which binds to multiple sites on the
RhoC promoter (Fig. 1c) [76].

The expression of RhoC is significantly increased in
hepatocellular carcinoma (HCC). Hepatitis B virus (HBV)
was shown to upregulate RhoC expression through enhanc-
ing the activity of its promoter [77]. It was subsequently
shown that the HBV proteins, HBx and HBs, induced the
expression levels of Ets-1 which activated the RhoC pro-
moter (Fig. 1c) [78]. These findings provide a novel insight
into HBV-induced HCC metastasis.

In a very recent study, Luo et al. [79] found that the
mRNA levels of RhoC are increased in Jurkat acute lympho-
blastic leukemia cells by stromal cell-derived factor-1 (SDF-
1) signaling which is important for the maintenance and pro-
gression of T-cell acute lymphoblastic leukemia. In addition
to inducing RhoC expression, SDF-1 activated RhoC signal-
ing towards reactive oxygen species (ROS) production and
the subsequent cytoskeleton redistribution and assembly
which are important for cell migration [79].

Hypoxia and hypoxia-inducible factors (HIF) play critical
roles in pancreatic cancer metastasis. In a recent study, Zhou
et al. [80] investigated the mechanism by which HIF-3a con-
trols invasion and metastasis in pancreatic cells. They found
that HIF-3a overexpression increased RhoC mRNA levels
and promoted tumor cell invasion in transwell and wound
healing assays which was compromised by siRNAs targeting
RhoC. Using chromatin immunoprecipitation and luciferase
reporter assays, they found that endogenous HIF-3a binds
to various regions on the promoter of the RhoC gene under
hypoxic but not under normoxic conditions (Fig. 1c). It was
proposed that targeting the HIF-3a/RhoC signaling pathway
may be a novel therapeutic approach for the treatment of
pancreatic cancer invasion and metastasis [80].

Phagocytosis via phagosome formation of macrophages
plays an essential role in the host defense mechanism and
in tissue remodeling. Very recently, using live-cell imag-
ing combined with RNAi-based knockdown and CRISPR/
Cas-mediated knockout (KO), Egami et al. [81] showed that
RhoC is implicated in the regulation of phagosome forma-
tion in macrophages by modifying actin cytoskeletal remod-
eling via mDial.

Regulation of Rho genes by the transforming
growth factor 3 (TGF@) and TGFB/Rho
signaling cross talks

In a previous study, we showed that the transforming growth
factor p (TGFp) upregulates RhoB transcription via acti-
vation of cytoplasmic Smad3/4 and MEK/ERK pathways
in human HaCaT keratinocytes [21]. Activation of the
MEK/ERK pathway by TGFp as well as functional p53
was required for the binding of Smad3 to a non-classical
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binding site in the proximal RhoB promoter which over-
laps a CCAAT box that constitutively binds nuclear factor
Y (Fig. 1b) [21]. Importantly, we showed that TGFp/Smad
signaling had no effect on the RhoA gene despite the fact
that both RhoA and RhoB are critical for the rapid non-
genomic cell responses to TGF toward actin cytoskeleton
reorganization [21].

In a follow-up study, we showed that short-term TGFf
treatment of HaCaT keratinocytes induced the RhoA-spe-
cific guanine nucleotide exchange factor Netl isoform?2
(NetlA) [18] and this induction was essential for the acti-
vation of RhoA GTPase activity by TGFp. The signaling
pathways that were found to facilitate Net1 A upregulation by
TGFp were the Smads and the MAPK/ERK kinase (MEK)/
extracellular signal-regulated kinase (ERK) pathway. Fur-
thermore, we showed that miR-24 was a post-transcriptional
regulator of NetlA expression. miR-24 was found to be
implicated in the regulation of the EMT program in response
to TGFp and was shown to be directly involved in the TGFf-
induced breast cancer cell invasiveness through NetlA regu-
lation. It was concluded that Netl isoform 2 plays a critical
role in the short- and long-term TGFp-mediated regulation
of EMT [18].

Recent work has extended our understanding of how
TGFp/Rho signaling operates in multiple cell models. In one
study, the role of Rho/Rock in TGFp1-induced lung fibro-
blasts differentiation was examined [82]. They showed that
Rho/Rock and TGFf/Smad inhibitors suppressed TGFp1-
induced lung fibroblast differentiation. RhoA, RhoC,
ROCKI1, Smad2, and tissue inhibitor of metalloproteinase-1
were upregulated by TGFp1 stimulation. The Rho/Rock
inhibitor downregulated Smad2 expression and the TGFp/
Smad inhibitor downregulated RhoA, RhoC, and ROCK1
expression. Therefore, the Rho/Rock pathway and Smad
signaling were involved in the process of lung fibroblasts
transformation, induced by TGFf1 to myofibroblasts [82].

In another study, the role of small GTPases Racl and
RhoA in the NADPH oxidase 4 (Nox4)-dependent genera-
tion of ROS during TGFp1-induced kidney myofibroblast
activation was investigated [83]. It was shown that TGFf
induced the expression and the activity of Nox4 as well as
the expression of a-smooth muscle actin (SMA) and the
fibronectin variant Fn-EIITA in kidney myofibroblasts in an
RhoA-dependent manner. Downregulation of RhoA using
siRNAs or inhibition of ROCK compromised the effect
of TGFf1 on the expression of the above genes, whereas
inhibition of Nox4 inhibited TGFp1-induced a-SMA and
Fn-EIIIA expression, indicating that RhoA is upstream of
ROS generation. RhoA/ROCK also regulated polymerase
(DNA-directed) d-interacting protein 2 (Poldip2), a newly
discovered Nox4 enhancer protein, suggesting that induc-
tion of redox signaling in kidney myofibroblast activation is
mediated by RhoA/ROCK upstream of Poldip2-dependent
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Nox4 oxidase. The findings may have broad implications in
the pathophysiology of renal fibrosis [83].

Very recently, the involvement of Nox4 in epithelial-to-
amoeboid transition in the highly metastatic hepatocellu-
lar carcinoma was investigated [84]. Crosas-Molist et al.
showed that Nox4 gene deletions are frequently found in
HCC patients correlating with higher tumor grade. They
found an inverse association between Nox4 expression and
the levels of RhoC and Cdc42 in HCC, and the low Nox4/
high RhoC phenotype was associated with worse cancer
prognosis. Importantly, overexpression of Nox4 caused a
downregulation in RhoC and Cdc42, it maintained paren-
chymal structures, increased cell-substrate adhesion and
suppressed actomyosin contractility. [84].

Bravo-Nuevo et al. [85] examined the potential involve-
ment of RhoB in thymocyte development using RhoB-
deficient mice. The showed that mice lacking RhoB were
characterized by thymic atrophy, i.e. small thymus weight
and cellularity, beginning as early as 5 weeks of age. These
mice also had enhanced expression of TGFp receptor type
II (TGFBRII) in thymic medullary epithelium as well as
enhanced fibronectin. These data support a role of RhoB in
the regulation of thymus development through inhibition of
TGFp signaling in thymic medullary epithelium [85].

Epithelial-mesenchymal transition (EMT) is one of the
critical steps in cancer metastasis and is regulated by multi-
ple factors including TGFf and the small Rho GTPases [16,
86]. The molecular mechanisms that control this cellular
transformation are not yet clear. Toward this goal, Men-
ezes et al. [87] showed that silencing of MDA-9/syntenin
(SDCBP) in mesenchymal metastatic breast cancer cells
triggered a transition to a more epithelial-like morphology
which was confirmed by changes in EMT markers. In con-
trast, overexpression of MDA-9 in epithelial cells induced
EMT, cytoskeleton reorganization and invasion. Importantly,
they found that MDA-9 upregulated both RhoA and Cdc42
via TGFf1, and they showed that MDA-9 binds to TGFf1
via its PDZ1 domain. Finally, they showed that silencing the
expression of MDA-9 resulted in decreased lung metastasis.
These findings support the importance of MDA-9 in EMT in
breast cancer and suggest that MDA-9 could be explored as a
potential therapeutic target against metastatic diseases [87].

Mechanisms of autoregulation of RhoA
and RhoB genes

In a recent study, we showed that the activity of the RhoA
and RhoB promoters is subject to autoregulation [88]. Spe-
cifically, we showed that overexpression of RhoA inhib-
its the activity of the RhoB and RhoA promoters and that
the CCAAT box of the RhoB promoter is essential for this
autoregulation (Fig. 1a). We also showed that the pan-Rho

inhibitor C3 increased the mRNA levels of the RhoB gene in
a time-dependent manner but not of the RhoA gene. These
data could also explain, at least in part, the low levels of
expression of RhoB gene in cells that express high levels
of RhoA such as the stem cell lines CGR8 and P-19 [88].
Similar type of Rho autoregulation has been observed in
mouse fibroblasts [54], in adenocarcinoma cells [89] as well
as in PC3 prostate cancer cells and MDA-MB-231 breast
cancer cells [90].

Post-transcriptional regulation of RhoA,
RhoB, and RhoC genes by miRNAs

MicroRNAs (miRNAs) function as modulators of gene
expression at the post-transcriptional level and play a wide
range of physiological and pathological roles [91, 92]. They
are small non-coding RNA molecules that bind to comple-
mentary mRNAs expressed from target genes and inhibit
their translation by the ribosomes or enhance their deg-
radation. Several microRNAs were shown to regulate the
expression of small Rho GTPases including RhoA, RhoB,
and RhoC, and to affect the functions of different cell types.
These miRNAs are discussed below.

MiR-31 was identified as one of the highly upregu-
lated miRNAs during osteoclast development and controls
cytoskeleton organization in osteoclasts for optimal bone
resorption activity by targeting RhoA [93]. miR-125a-3p
functions as a tumor suppressor that inhibits the migra-
tion and invasion of lung cancer cells [94]. miR-125a-3p
decreased the RhoA protein levels, while the levels of RhoA
mRNA remain unchanged. Negative regulation of RhoA pro-
tein expression has also been demonstrated by miR-133a in
cardiomyocytes [95] and human bronchial smooth muscle
cells [96]. The microRNA miR-151 suppresses expression of
RhoGDI A, resulting in increased basal activation of RhoA,
Racl, and Cdc42 [97] in hepatocellular carcinoma, while
RhoA protein expression is negatively regulated by miR-155
in breast cancer cells [98] (Fig. 1a).

Sabatel et al. [99] showed that miR-21 acts as a negative
modulator of angiogenesis. miR-21 overexpression reduced
endothelial cell proliferation, migration, and the organiza-
tion of actin into stress fibers. They showed that RhoB gene
expression and activity is decreased in miR-21 overexpress-
ing cells and that RhoB silencing impaired endothelial cell
migration and tubulogenesis, thus providing a possible
mechanism for miR-21-mediated inhibition of angiogenesis
[99]. In another study, Connolly et al. [100] showed miR-
21 targets the 3’ untranslated region of the RhoB gene and
that loss of miR-21 is associated with an elevation of RhoB
in hepatocellular carcinoma cell lines Huh-7 and HepG2
and in the metastatic breast cancer cell line MDA-MB-231.
Using in vitro models of distinct stages of metastasis, they
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showed that loss of miR-21 also causes a reduction in migra-
tion, invasion, and cell elongation which could be mimicked
by overexpression of RhoB [100]. Finally, Liu et al. [101]
showed that the expression of miR-21 in HEK293 and sev-
eral colorectal cancer cells was inversely correlated with
the levels of RhoB expression. miR-21 overexpression mim-
icked the effect of RhoB knockdown in promoting prolifera-
tion and invasion and inhibiting apoptosis (Fig. 1b).

Glorian et al. [102] showed that miR-19 regulates the
expression of RhoB in keratinocytes upon exposure to UV
radiation. miR-19-mediated regulation requires the binding
of human antigen R (HuR), an AU-rich element binding
protein, to the 3-untranslated region of the RhoB mRNA.
It was suggested that downregulation of RhoB by miR-19
potentiates UV-induced apoptosis (Fig. 1b) [102].

Two papers demonstrated the role of miR-138 in cancer
migration and metastasis via RhoC downregulation. In one
paper, Jiang et al. [103] showed that miR-138 suppressed
migration and invasion of tongue squamous cell carcinoma
(TSCC) cells by directly targeting the 3’ untranslated region
of RhoC mRNA. Reduced expression of RhoC was associ-
ated with morphological changes including reorganization of
the stress fibers to a round bleb-like shape as well as the sup-
pression of cell migration and invasion whereas knockdown
of miR-138 in TSCC cells enhanced the expression of RhoC
and accelerated cell migration and invasion. In the second
study, Islam et al. [104] showed similar roles of miR-138 and
RhoC in head and neck squamous cell carcinoma (HNCCC)
cells. They also showed that inhibition of RhoC by miR-138
caused the downregulation of FAK, Src and Erk1/2 signaling
molecules (Fig. 1c).

Liu et al. [105] examined the role of miR-372 in the
pathogenesis of endometrial adenocarcinoma (EC). They
showed that miR-372 levels are lower in EC than normal
endometrial specimens and that miR-372 overexpression
reduced the expression of RhoC via its 3" untranslated region
and suppressed cell proliferation, migration, and invasion
suggesting that miR-372 could be a novel therapeutic target
in EC (Fig. 1c).

Another miR that regulates RhoC gene in various can-
cer cells is miR-10b. Recent studies showed that miR-10b
was highly expressed in metastatic breast cancer cells and
enhanced cell migration and invasion via a mechanism
that involves activation of miR-10b expression by the tran-
scription factor Twist and the subsequent repression of the
translation of the messenger RNA encoding homeobox D10
(HOXD10) which is an inhibitor of RhoC [106] resulting in
increased expression of RhoC [107, 108]. RhoC regulation
by miR-10b via HOXD10 was reported in the case of colo-
rectal cancer cells [109] and in malignant glioma cells [110].

The role of RhoC in the pathogenesis of ovarian cancer
was studied by Wu et al. [111]. They found that the lev-
els of RhoC in ovarian cancer cells were increased by the

@ Springer

overexpression of the long-coding RNA ABHD11-AS, and
the two molecules were co-immunoprecipitated suggesting a
direct interaction. They also showed that silencing of RhoC
compromises the cancer-promoting effects of ABHD11-AS,;.
The findings suggested a potential role of this long-coding
RNA in anticancer therapies. In the same cancer type (ovar-
ian cancer) Sang et al. [112] showed that miR-519d binds
directly to the 3' UTR of the RhoC mRNA and inhibits its
expression suggesting that the RhoC mRNA is a direct target
of miR-519d. A negative correlation between the levels of
miR519d and RhoC was also found in vivo using the nude
mouse xenograft model [112] (Fig. Ic).

Zhou et al. [113] showed that levels of miR-493 were
strongly downregulated in gastric cancer and were associ-
ated with clinical stage and the presence of lymph node
metastases. They found that upregulation of miR-493 inhib-
ited the proliferation and metastasis of gastric cancer cells,
in vitro and in vivo and that miR-493 directly targeted RhoC,
which resulted in a marked reduction of the expression of
mRNA and protein. This effect, in turn, led to a decreased
ability of growth, invasion and metastasis in gastric cancer
cells (Fig. 1c¢).

Yau et al. [114] established an orthotopic hepatocellular
carcinoma (HCC) metastasis animal model to identify miR-
NAs that could associated with the development of metas-
tasis in vivo. They found 15 miRNAs, including miR-106b,
which were differentially expressed in 2 metastatic cell lines
compared with the primary tumor cell lines. They showed
that miR-106b enhanced cell migration and stress fiber for-
mation by inducing the expression of the small GTPases
RhoA and RhoC and these effects were associated with
activation of epithelial-mesenchymal transition (EMT). A
role of miR-106b in RhoC regulation was also found in epi-
thelial ovarian cancer (Fig. 1c) [115]. Table 1 summarizes
the transcriptional and post-transcriptional Rho modulators
the mechanisms involved, the associated diseases and the
relevant cell types in which these mechanisms were studied.

Conclusions

In conclusion, investigation of the mechanisms that control
the expression of RhoA and RhoB small GTPases in various
cell types and conditions during the past decade revealed
the existence of a core group of transcription factors and
coactivators that are involved in different cellular responses
such as genotoxic stress, cytokines, and drugs. These factors
are the nuclear factor Y, the leucine bZip proteins c-Jun and
ATF2, and the coactivators p300 and HDACs. Formation
of protein complexes on specific regulatory elements of the
RhoA and RhoB promoters, including the CCAAT boxes,
appears to coordinate the regulation of their activity and to
increase (in the majority of the cases) the mRNA levels of
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the two genes. Dysregulation of RhoA, RhoB and RhoC
gene expression or inhibition of their expression by a vari-
ety of microRNAs can be causal to pathological conditions
such as cancer and asthma. Positive or negative cross talks
between Rho GTPases and TGFf have been shown to regu-
late cell responses to TGFp such as EMT, migration, myofi-
broblast activation and thymus development. Understanding
in depth the mechanisms that fine tune the expression of Rho
GTPases and their cross talks with other signaling pathways
combined with the critical roles that these proteins play in
disease pathogenesis will lead to the development of novel,
optimized therapies for the treatment of devastating disease
such as cancer, asthma or fibrosis.
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