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RHOA is a member of RHO family
small GTPases. Over the past 2 deca-

des, numerous biochemical and cell biolog-
ical studies on RHOA have demonstrated
signalings such as activation of RHO-asso-
ciated coiled-coil forming kinases through
guanine nucleotide exchange and GTP
hydrolysis, cellular responses such as actin
fiber formation and myocin activation,
biological consequences such as cell motil-
ity and cytokineses, etc. There have also
been a plenty of active discussion on the
roles of RHOA in tumorigenesis, primar-
ily based on gain- and loss-of-function
experiments. However, cell-type-specific
functions of RHOA have only recently
been delineated by conditional gene target-
ing strategies. Furthermore, very little
information had been available on human
cancer genetics until we and others
recently reported frequent somatic RHOA
mutations in a distinct subtype of T-cell-
type malignant lymphoma called angioim-
munoblastic T-cell lymphoma (AITL),
and other T-cell lymphoma with AITL-
like features. The RHOA mutations were
very specific to these types of lymphoma
among hematologic malignancies, and a
single hotspot, glycine at the 17th posi-
tion, was affected by the replacement with
valine (G17V). Remarkably, G17V
RHOA did not bind GTP, and moreover,
it inhibited the GTP binding to wild-type
RHOA. How G17V RHOA contributes
to T-cell lymphomagenesis needs to be
clarified.

RHOA, encoding a small GTPase, is a
founding member of the RHO family con-
sisting of 23 genes1 in mammals. The
function of RHOA is regulated by

guanine nucleotide exchange factors
(GEFs), GTPase-activating proteins
(GAPs), and guanine nucleotide dissocia-
tion inhibitors (GDIs),2 like many other
RHO family members (Fig. 1). There are
a large number of GEFs and GAPs (each
� 80) that catalyze GDP to GTP
exchange (activation) and GTP hydrolysis
(inactivation), respectively, while 3 GDIs
block spontaneous activation.2 GTP-
bound active form of RHOA family pro-
teins associate with over 50 effector mole-
cules such as RHO-associated coiled-coil
forming kinases (ROCK) and mammalian
Diaphanous (mDia) to transduce various
signalings.1 The best characterized cellular
response to RHOA activation is actin
polymerization and subsequent myocin
activation, which plays an essential role
for cytoskeleton formation, adhesion,
migration, and cytokinesis.2

Nevertheless, despite over 2 decades of
extensive studies on RHOA, many ques-
tions are yet to be answered; for example,
the combination between each GEF/GAP
and each RHO family member, compen-
sation by and redundancy between
RHOB and RHOC and even more dis-
tantly related RHO family members, etc.
Also, still unclear is how much of cellular
responses is dependent on actomyocin
regulation and how the response is specific
to each cellular system. Indeed, because
most of the characterizations have been
led by cell culture-based experiments
using model cells, physiologic functions of
RHOA in specific types of cells are not
well understood. Only recently, condi-
tional gene targeting approaches have
gradually been making an access to under-
standing cell-specific roles of RHOA.1,3
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Another important issue is how RHOA
is involved in tumorigenesis. Many experi-
mental results supported the notion that
activation of RHOA promotes tumorigen-
esis,4,5 with a particular emphasis on the
increased cell motility. Despite a plenty of
cell biological knowledge about functions
of mutants, which were created due to
biochemical contexts, as well as wild-type
RHOA, only a handful of RHOA muta-
tions had been reported in human cancers
in just a sparse manner, and there had
been no clue to the significance of those
mutations in human diseases.

Recently, we and others found frequent
RHOA mutations in specific subtypes of
malignant lymphoma, a group of lympho-
cyte cancers. Malignant lymphoma is
divided into Hodgkin and non-Hodgkin
lymphomas, and non-Hodgkin lympho-
mas are further classified into B-cell, T-
cell, and NK-cell lymphoma, each of
which has precursor-cell type and periph-
eral-cell type. AITL and peripheral T-cell
lymphoma, not otherwise specified
(PTCL-NOS) are major subtypes of
peripheral T-cell lymphomas (PTCLs).6

Tumor cells of AITL show similar

phenotypes to follicular helper T cells
(TFH),7 and some PTCL-NOS cases
show AITL-like features including TFH
phenotypes8,9 (hereafter called AITL-like
PTCL-NOS). Recurrent mutations in
TET2,8,10,11 DNMT3A,10 and IDH212

had been found in AITL and PTCL-
NOS. Each of these 3 genes encodes an
epigenetic regulator and recurrent muta-
tions of these genes are also identified in
other hematologic malignancies, such as
acute myeloid leukemias and myelodys-
plastic syndromes.13-15 By whole exome
sequencing of PTCL samples, 3 groups
found recurrent mutations of RHOA, and
extended analyses commonly demon-
strated that 53–68% of AITL and AITL-
like PTCL-NOS had RHOA mutations,
and that RHOA mutations were concen-
trated on a hotspot, Gly17, which is
mostly replaced with valine (G17V).16-18

Based on the crystallographic structures
of GDP- and GTPgS-bound RHOA of
G14V mutant,19,20 O atom in the main
chain of G17 of wild-type RHOA should
interact with the guanine base of GDP/
GTP via a water molecule. When G17 is
replaced by valine, its bulky side chain

leads to compromised binding of GDP/
GTP. Indeed, no GTP-bound form of
G17V RHOA was pulled down by rhote-
kin-beads. On the other hand, G17V
RHOA bounds GEFs such as ECT217

and ARHGEF116 with higher affinities
than wild-type RHOA. As predicted by
these results, G17V RHOA inhibited
GTP binding of wild-type RHOA.

Among well-characterized cellular
responses by RHOA activation are
enhanced transcription driven by serum
response factor (SRF)21 and actin stress
fiber formation.22 Incapability of G17V
RHOA in GTP binding and its inhibitory
effect on wild-type RHOA predicted
dominant-negative nature of this mutant
RHOA. Indeed, a reporter assay using an
SRF-response element and immunostain-
ing for F-actin in fibroblasts both
demonstrated that G17V RHOA was
functionally defective and inhibited the
function of wild-type RHOA in a domi-
nant-negative manner.16,17

We demonstrated that exogenously
expressed wild-type RHOA suppressed
the growth of a T-cell lymphoblastic cell
line, Jurkat, but that G17V RHOA did
not.17 The difference in the impact of
wild-type and G17V RHOA on Jurkat
cells were also demonstrated by other
groups16,18; nevertheless, distinct growth
advantage due to G17V RHOA expres-
sion was not shown by any groups.
Therefore, the tumor suppressive role of
wild-type RHOA was implicated, but the
tumorigenicity of G17V RHOA was not,
in terms of growth advantage. It is true
that Jurkat is a T-lineage cell line, but it
does not represent TFH or AITL cells,
and the difficulty lies on the fact that there
are no model cell systems for AITL.

Many questions remain (Fig. 1). The
most fundamental one is what is the actual
downstream signaling of RHOA in TFH,
if wild-type RHOA functions in TFH as a
tumor suppressor. It is also to be delin-
eated whether cellular responses other
than proliferation is also involved in the
tumor suppressive role. Although acto-
myocin regulation by wild-type RHOA is
generally considered to promote tumor
progression, it is unknown whether the
potential tumor suppressive function of
wild-type RHOA is related to the acto-
myocin regulation. The second question is

Figure 1. Normal RHOA signaling and potential influence of G17V mutant RHOA. WT, wild type;
GDP, guanine diphosphate; GTP, guanine triphsphate; GDI, GDP-dissociation inhibitor; GAP,
GTPase-activating protein; GEF, guanine nucleotide-exchange factor; AITL, angioimmunoblastic T-
cell lymphoma.
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whether G17V RHOA suppresses other
RHO members, and if so, which members
are affected. RHOA gene knockout studies
have demonstrated that expression of
RHOB and/or RHOC is upregulated in a
cell type-specific manner, and that these
RHO members compensate the function
of RHOA, depending on the cellular con-
text. Therefore, it may be important
whether RHOB/C is functioning and how
much of their function is affected by
G17V RHOA, and eventually, how much
of the total RHOA/B/C function remains?
In this regard, we found a significant
increase in the ratio of cells with very low
RHOA immunostaining in AITL and
AITL-like PTCL-NOS having G17V
RHOA mutation. It is known that nucleo-
tide-unbound RHOA is unstable, and
actually we observed that G17V RHOA
protein levels were always much lower
than wild-type RHOA when exogenously
expressed in various cell lines. Therefore,
very low RHOA levels detected by
immunostaining could be explained if
the G17V RHOA mutation is homozy-
gous. Although we speculated that the
mutation was heterozygous, only reason
was the fact that the RHOA mutant
allele frequencies were generally low
(typically <0.2). This question may be
important in correlation with the dom-
inant-negative function of G17V
RHOA, because the presence or
absence of remaining wild-type RHOA
could determine the efficiency of sup-
pression of total RHOA/B/C by G17V
RHOA.

In our study, all G17V RHOA muta-
tion-carrying cases also had TET2 muta-
tions. TET2 is one of the 3
dioxygenases (TET1-3) that convert
methylcytosine in DNA to hydroxyme-
thylcytosine. TET2 mutations cause
truncation or functional impairment of
the catalytic domains of TET2, and
thus, lead to epigenetic dysregulation.
Heavy overlap of the TET2 and RHOA
mutations questions whether the combi-
nation of abnormal epigenetic regulation
caused by the TET2 mutations and
RHO signaling dysregulation by the
G17V RHOA mutation is necessary for
the development of lymphoma from
TFH. Cooperation between abnormally
up/down-regulated gene products and

G17V mutant RHOA should be delin-
eated in the future.

Finally, identification of very frequent
RHOA mutations raises important poten-
tials for diagnostics and therapeutics. We
have already established a clinical testing
laboratory-friendly method to detect
G17V RHOA mutation by quantitative
PCR with mutant-specific primers.23 On
the other hand, developing therapeutics
may not be simple, because the G17V
mutant RHOA is a dominant-negative
form at least in terms of the GTP-bind-
ing-based function. Identifying and target-
ing a synthetic lethality pathway for
impaired RHOA function might be an
attractive approach. Alternatively, if the
G17V mutant RHOA actively acquires
some new oncogenic function, this could
also be considered as a target for the
therapeutics.
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