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ABSTRACT
Like RAS proteins, the aberrant function of RHO family small GTPases has been implicated in driving
cancer development and growth. However, unlike the RAS family, where gain-of-function missense
mutations are found in »25% of all human cancers, missense mutations are relatively rare in RHO
proteins. Instead, altered RHO activity in cancer more commonly arises through the aberrant
functions of RHO GTPase regulators. In many cancer types, altered expression and/or mutation of
RHO-selective guanine nucleotide exchange factors (RHOGEFs) or GTPase-activating proteins
(RHOGAPs), which activate or inactivate RHO GTPases, respectively, is observed. For example,
deletion or loss of expression of the RHOA GAP DLC1 is well-established to drive cancer growth.
Recently, we identified high expression of 2 RHOGAPs, ARHGAP11A and RACGAP1, in the basal-like
breast cancer subtype. Unexpectedly, both of these RHOA GAPs exhibited properties of
oncoproteins rather than tumor suppressors, in contrast to DLC1. In this commentary, we
summarize our findings and speculate that different RHOA GAPs can play distinct roles in cancer
depending on their spatial regulation and cancer type context. We also evaluate our results in light
of recently-described cancer genome sequencing studies that have identified loss-of-function
mutations of RHOA in specific cancer types.
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RHO family small GTPases are intracellular signaling
molecules of the RAS superfamily. Under normal condi-
tions, the activity of these proteins is tightly controlled
by 3 different classes of regulatory molecules: guanine
nucleotide exchange factors (GEFs), GTPase-activating
proteins (GAPs), and guanine nucleotide dissociation
inhibitors (GDIs) (Fig. 1). GEFs activate RHO GTPases
by catalyzing the exchange of a bound GDP molecule for
GTP,1 whereas GAPs return these proteins to an inactive,
GDP-bound state by stimulating the intrinsic GTPase
activity of RHO proteins.2 GDIs are responsible for
maintaining a cytosolic pool of stable, inactive RHO
GTPases which can readily translocate to membranes,
where nucleotide exchange takes place.3 When active,
RHO GTPases signal to numerous effectors, through
which they regulate cytoskeletal dynamics and a variety
of cellular responses such as cell cycle progression, cyto-
kinesis, migration, and polarity.

Given the role of RHO GTPases in regulating key
aspects of proliferation and invasion, it is unsurprising that
these proteins have been strongly implicated in tumorigen-
esis.4,5 However, unlike RAS GTPases, which are mutated

in approximately 27% of all human cancers,6 mutations in
RHO proteins are relatively rare (Fig. 2). Indeed, as dis-
cussed below, RHO GTPase mutations have only recently
been identified in a small set of specific cancer types with
the advent of next generation sequencing. Instead, these
proteins more commonly contribute to cancer through
their dysregulated expression and/or activation.7

In this context, overexpression of several RHOGEFs,
including ECT2, PREX1, VAV1, and TIAM1, has been
linked to the growth and progression of various cancers.8

GEFs are generally thought to promote cancer by causing
hyper-elevated RHO GTPase activity. In contrast,
RHOGAPs, which have the opposite biochemical role of
RHOGEFs, are generally presumed to suppress tumori-
genesis.9 A tumor suppressor role for RAS-specific GAPs
is well-established (e.g., the NF1 tumor suppressor).9 The
best studied RHOGAP in cancer is the RHOA-selective
DLC1 (Fig. 3), which, along with the related RHOGAPs
DLC2 and DLC3, form a family of well-validated tumor
suppressors that are deleted or transcriptionally silenced
in many cancer types.10,11 Little is known about the func-
tion of other RHOGAPs in cancer, however.
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In our recent study,12 we aimed to identify potential
oncogenic or tumor suppressor roles for the 20 RHO
GTPases, 79 Dbl or DOCK family RHOGEFs, 64 RHO-
GAPs, and 3 RHOGDIs in human breast cancer. Breast
tumors can be categorized into one of 5 major subtypes
(luminal A, luminal B, HER2-enriched, basal-like, and nor-
mal breast-like) depending on their gene expression and, of
these, basal-like tumors are particularly aggressive and have
a poor prognosis.13-18 The basal-like subtype harbors
approximately 80% of the “triple negative” breast cancers
(which exhibit low expression of the estrogen receptor, pro-
gesterone receptor, and the HER2 receptor tyrosine kinase).
As targeted therapies for these cancers are limited, we were
particularly interested in identifying novel basal-like breast
cancer (BLBC) drivers from among the RHO family of
small GTPases and their regulators.

To investigate this, we analyzed The Cancer Genome
Atlas (TCGA) Project RNA-Seq data19 from 1,201 human
breast tumors of various subtypes for the expression of all
of the RHO GTPase, GEF, GAP, and GDI genes. As the
general consensus within the field is that RHO GTPases
and RHOGEFs are oncogenic, we expected to observe high
expression of these genes across breast cancer subtypes.
Conversely, we anticipated low expression of RHOGAP
genes, given their proposed roles as tumor suppressors. We
were therefore greatly surprised when our RNA-Seq data
analysis revealed a number of RHOGAP genes that were
highly expressed in basal-like tumors relative to normal-
like or luminal A tumors, which have a better prognosis.12

This unexpected result prompted us to hypothesize
that, in BLBC, certain RHOGAPs can act as oncogenes.

To test this hypothesis, we focused on 2 of the RHOGAPs
that were most highly upregulated in BLBC, ARH-
GAP11A and RACGAP1 (Fig. 3), and assessed their func-
tion in human BLBC cell lines. Similarly to their mRNA
expression in human tumors, protein expression of both
of these GAPs was higher in human breast cancer cell
lines of the basal-like subtype compared to other subtypes.
Strikingly, shRNA-mediated knockdown of ARHGAP11A
or RACGAP1 from BLBC cell lines abolished the ability
of these cells to proliferate under anchorage-dependent
conditions, consistent with an oncogenic role for these
GAPs in BLBC.12 We next set about identifying the mech-
anism(s) through which ARHGAP11A and RACGAP1
supported BLBC proliferation.

RACGAP1 (also known as MGCRACGAP) is a
known regulator of cytokinesis,20,21 and ARHGAP11A
(also known as MP-GAP) has also recently been identi-
fied to control this process.22 Knockdown of RACGAP1
resulted in approximately 30-45% of BLBC cells failing
cytokinesis and becoming multinucleated, an effect that
is likely to make a substantial contribution to the inabil-
ity of these cells to proliferate. In contrast, there was no
significant cytokinesis defect in BLBC cells depleted of
ARHGAP11A. Instead, ARHGAP11A-knockdown
caused these cells to arrest in the G1 phase of the cell
cycle, as determined using flow cytometry analysis of
propidium iodide-stained cells.12 By examining the
expression of proteins involved in G1 to S phase progres-
sion, we established that the G1 arrest of ARHGAP11A-
deficient cells was caused by an induction of the cyclin-
dependent kinase (CDK) inhibitor CDKN1B/p27 and
the hypophosphorylation of the cell cycle regulator RB1.
In RACGAP1-depleted cells, the CDK inhibitor
CDKN1A/p21 was upregulated and there was an associ-
ated increase in senescence in these cells.12 Hence, ARH-
GAP11A and RACGAP1 regulate BLBC proliferation via
distinct mechanisms: ARHGAP11A-depletion results in
p27-mediated cell cycle arrest, whereas knockdown of
RACGAP1 causes cytokinesis failure, p21-induction, and
the onset of senescence.

In addition to studying the roles of ARHGAP11A and
RACGAP1 in promoting BLBC growth, we wanted to
identify whether these GAPs were involved in other RHO
GTPase-dependent processes, such as cell spreading and
migration.23 Depletion of either ARHGAP11A or RAC-
GAP1 caused BLBC cells to spread on fibronectin with an
approximately 30–50% larger area than that of control
cells, suggesting that both of these GAPs are indeed
involved in cytoskeletal remodeling. The random migra-
tion velocity of BLBC cells was reduced in the absence of
ARHGAP11A, whereas RACGAP1-deficient cells unex-
pectedly migrated more quickly – again highlighting the
divergent functions of these 2 RHOGAPs.12

Figure 1. RHO GTPases function as binary GDP-GTP regulated on-
off switches. RHOGEFs stimulate nucleotide exchange, resulting
in the formation of active GTP-bound RHO GTPases, which prefer-
entially bind to a spectrum of functionally diverse effectors (E;
e.g., ROCK serine/threonine kinases). In contrast, RHOGAPs accel-
erate the intrinsic GTP hydrolysis activity of RHO GTPases, cycling
them to their inactive GDP-bound state.
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Figure 3. Structural and functional diversity among RHOGAP proteins. Beyond their conserved RHOGAP domains, the 64 human RHOGAPs exhibit
significant sequence divergence in their non-catalytic regions. These differences may contribute to the ability of RHOGAPs to act as either tumor
supressors (e.g., DLC1) or oncogenes (e.g., ARHGAP11A and RACGAP1). Arrows indicate increased (green) or decreased (red) expression/function of
these GAPs in cancer. Domain architecture for each protein was determined in SMART (http://smart.embl-heidelberg.de/). Protein domain abbre-
viations are: BRCT, breast cancer C-terminal; C1, Protein kinase C conserved region 1 (cysteine-rich domains); DH, Dbl homology (also
called RHOGEF); GAP, GTPase-activating protein for RHO-like small GTPases; PH, pleckstrin homology; SAM, Sterile alpha motif; START,
in StAR and phosphatidylcholine transfer protein. The total number of amino acids in each full length protein is shown to the right.

Figure 2. Missensemutations in RAS and RHOGTPases in cancer. Data were compiled for the 3 RAS proteins (HRAS, KRAS, and NRAS), RAC1, and
RHOA for all cancers in cBioPortal (http://www.cbioportal.org/). Shown are those residues where 5 or more mutations have been identified.
For RAS proteins, there are 3 hotspots for missense mutations (G12, G13, and Q61), leading to impaired intrinsic and RASGAP-stimulated
GTP hydrolysis, and/or causing a fast cycling defect, favoring formation of RAS-GTP. For RAC1, the predominant mutation is at P29,
causing a fast cycling defect that promotes the GTP-bound state. In contrast, the missense mutations found in RHOA do not favor forma-
tion of RHOA-GTP and instead lead to impaired interaction with effectors and/or regulators, resulting in dominant-negative mutant
proteins.
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As the functions that we identified for ARHGAP11A
and RACGAP1 in BLBC (proliferation, cytokinesis, cell
cycle progression, spreading, and/or migration) can all
be regulated by RHO GTPases, we next sought to iden-
tify which specific RHO GTPases are regulated by ARH-
GAP11A and RACGAP1 in BLBC cells. Pulldown
experiments for active RHO GTPases revealed that the
activity of RHOA, but not that of RAC1 or CDC42, was
elevated in cells depleted of either ARHGAP11A or
RACGAP1.12 For ARHGAP11A, this result is consistent
with in vitro observations that this GAP has GTPase-
activating catalytic activity toward RHOA.22,24,25 In con-
trast, RACGAP1 has previously been demonstrated to
act as a GAP for RAC1 and CDC42, but not RHOA.26

The GTPase selectivity of RACGAP1 is somewhat con-
troversial, with a refuted study reporting that this GAP
could be converted to a RHOA-specific GAP by aurora
kinase B.27 From our results, it is not possible to state
whether the effect of RACGAP1 on RHOA activity in
BLBC cells arises as a result of a direct interaction
between these 2 proteins or through an indirect effect
(e.g., via ECT2, a RHOA-specific GEF whose localization
is controlled by RACGAP1).21 Regardless of the mecha-
nism through which it occurs, our results suggest that
suppression of RHOA activity by ARHGAP11A or RAC-
GAP1 promotes BLBC proliferation. As further evidence
for this, inhibition of the RHOA effector ROCK was able
to partially rescue the growth defect of ARHGAP11A-
or RACGAP1-depleted cells. In addition, BLBC prolifer-
ation was reduced by expression of a constitutively active
RHOA mutant,12 consistent with previous observations
in fibroblasts.28 Hence, our results indicate that increased
RHOA activity has a negative impact on BLBC growth.

Having identified that ARHGAP11A and RACGAP1
are required for BLBC survival, we further tested their
oncogenic potential by assessing their capacity to induce
cellular transformation. Stable overexpression of
ARHGAP11A in untransformed immortalized human
MCF10A breast myoepithelial cells resulted in an
increased proliferation of these cells, supporting the idea
that this GAP can act as a cancer driver. Although over-
expression of RACGAP1 did not affect the proliferation
rate of MCF10A cells, it did cause these cells to grow
with a disrupted, less spherical architecture in acinar for-
mation assays, similarly to ARHGAP11A overexpres-
sion.12 Hence, the results of our study indicate that
ARHGAP11A and RACGAP1 not only support BLBC
proliferation but can also induce cancerous phenotypes
in untransformed cells. This leads us to conclude that
ARHGAP11A and RACGAP1 have oncogenic effects in
BLBC.

As RHOGAPs are generally assumed to act as tumor
suppressors, our finding that 2 different proteins from

this family can support tumorigenesis via distinct mech-
anisms was unexpected, and illustrates the complex role
of RHOGAPs in cancer. On a broader level, our results
also raise several intriguing possibilities regarding the
role of RHO GTPase signaling networks in cancer.

Our observation that ARHGAP11A and RACGAP1
suppress RHOA activity in BLBC comes at a time when,
due to recent developments in the field, the role of
RHOA in cancer is under re-assessment. In the last
2 years, several genomic sequencing studies have identi-
fied missense RHOA mutations, predominantly in
peripheral T cell lymphomas and diffuse-type gastric car-
cinomas.29-35 Surprisingly, hotspot mutations in RHOA
are at sites consistent with loss-of-function (Fig. 2): e.g.,
G17V, which creates a dominant-negative, GTP-bind-
ing-deficient mutant,29-31 and E40Q or Y42C, which are
in the effector binding domain of RHOA and impair
binding to specific RHO effectors.33-36 Furthermore,
another recent study has demonstrated that colorectal
cancer growth is enhanced by expression of dominant-
negative RHOA.37 Hence, this emerging body of evi-
dence indicates that, at least in certain cancer types, wild
type RHOA may act as a tumor suppressor rather than
an oncogene.

Our data are consistent with this notion as, if sup-
pressed RHOA activity truly offers a growth advantage
to cancer cells, it follows that GAP-mediated inhibition
of RHOA would be a means of achieving this. It is nota-
ble that, to date, RHOA mutations have only been identi-
fied in a relatively restricted subset of cancer types (i.e.
gastric cancer or peripheral T cell lymphomas). Indeed,
RHOA missense or nonsense mutations and deletions
are rare in breast cancer, for example.19 A possible expla-
nation for this is that, in most cancers, an abolition of
RHOA activity would make no selective sense, given the
vast array of essential functions dependent on this
GTPase. Downregulation of RHOA activity by a GAP,
however, might allow for such precise spatiotemporal
regulation of RHOA activity that this GTPase could still
perform other functions within the cell.

An important question arising from our study is
whether other RHOGAPs are pro- or anti-tumorigenic,
and in which cancer types? Although we have implicated
ARHGAP11A and RACGAP1 in promoting BLBC and
there is evidence of other RHOGAPs, including ARH-
GAP35, ARHGAP5, and ARHGAP31,38-41 having pro-
tumorigenic functions in breast cancer, it is undeniable
that some RHOGAPs, especially DLC1, are bona fide
tumor suppressors.10,11 This discrepancy is most likely
due to the diverse functions, binding partners, and locali-
zation of individual RHOGAP family members.
Although the functions of RHOGAP proteins are gener-
ally poorly characterized, which has hindered their study
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in cancer, it is apparent that the 64 human RHOGAP
proteins have distinct regulators and functional domains
(other than the homologous RHOGAP domain; Fig. 3).
Therefore it is of little surprise that certain GAPs can
promote tumorigenesis while others suppress this pro-
cess. It remains to be seen which other RHOGAPs can
perform these roles, and in which cancers.

In addition to BLBC,12 there is evidence of increased
ARHGAP11A expression in colorectal, brain, and lung
cancers.24 Similarly, RACGAP1 overexpression has been
reported in several cancers, including breast, colorectal,
squamous cell, gastric, uterine, and hepatocellular, and
has been linked to increased recurrence and poor prog-
nosis.42-49 Hence, it appears that pro-tumorigenic ARH-
GAP11A and RACGAP1 functions might be conserved
between cancer types. Future work should aim to clarify
the mechanisms that control the activity of these GAPs
in cancer, particularly for ARHGAP11A, of which little
is known regarding its regulation. The possibility that
ARHGAP11A and RACGAP1 have additional effects
beyond their RHOGAP activity, for example, as a result
of a scaffolding role, should also be addressed.

We speculate that the subcellular localization of ARH-
GAP11A and RACGAP1 throughout the cell cycle is
likely to be key to their oncogenic activities. Both pro-
teins contain nuclear localization signals and have previ-
ously been shown to localize to both the nucleus and the
cytoplasm.22,25,50 Indeed, RACGAP1 has been identified
to act as a nuclear chaperone for STAT transcription fac-
tors.50 Interestingly, a recent study suggested that colo-
rectal cancer patients had a worse prognosis when
RACGAP1 was highly expressed in the nucleus com-
pared to the cytoplasm.49 The ability of ARHGAP11A to
regulate the cell cycle is presumably linked to its nuclear
localization, and future studies should aim to identify
ARHGAP11A binding partners so that the exact mecha-
nism of cell cycle control can be determined.

In summary, in our recent study, we established that
ARHGAP11A and RACGAP1 are both drivers of BLBC
proliferation, consistent with an oncogenic role for both
of these RHOGAP proteins.

Abbreviations

BLBC basal-like breast cancer
CDK cyclin-dependent kinase
GAP GTPase-activating protein
GDI guanine nucleotide dissociation inhibitor
GEF guanine nucleotide exchange factor
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