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Rho-associated kinases in tumorigenesis:
re-considering ROCK inhibition for cancer therapy

Nicola Rath & Michael F. Olson*

Beatson Institute for Cancer Research, Glasgow, UK

The Rho-associated (ROCK) serine/threonine kinases have
emerged as central regulators of the actomyosin cytoskeleton,
their main purpose being to promote contractile force genera-
tion. Aided by the discovery of effective inhibitors such as Y27632,
their roles in cancer have been extensively explored with particu-
lar attention focused on motility, invasion and metastasis. Recent
studies have revealed a surprisingly diverse range of functions
of ROCK. These insights could change the way ROCK inhibitors
might be used in cancer therapy to include the targeting of stro-
mal rather than tumour cells, the concomitant blocking of ROCK
and proteasome activity in K-Ras-driven lung cancers and the
combination of ROCK with tyrosine kinase inhibitors for treating
haematological malignancies such as chronic myeloid leukaemia.
Despite initial optimism for therapeutic efficacy of ROCK inhibi-
tion for cancer treatment, no compounds have progressed into
standard therapy so far. However, by carefully defining the key
cancer types and expanding the appreciation of ROCK'’s role in
cancer beyond being a cell-autonomous promoter of tumour cell
invasion and metastasis, the early promise of ROCK inhibitors for
cancer therapy might still be realized.
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Introduction

The Rho GTPase family is best known for its well-characterized
roles in regulation of actin cytoskeleton organization and dynam-
ics [1]. The actions of Rho proteins are mediated by effector pro-
teins, which might have intrinsic catalytic activity, act as scaffolds
for protein complexes and in some instances serve both func-
tions [2]. The RhoA and RhoC family members act primarily to pro-
mote actomyosin contractile force generation through ROCK1- and
ROCK2-mediated phosphorylation of numerous downstream target
proteins, including LIM kinases 1 and 2 (LIMKT and LIMK2), the
myosin regulatory light chain (MLC), and the myosin binding sub-
unit (MYPT1) of the MLC phosphatase to inhibit catalytic activity
and consequent MLC dephosphorylation (Fig 1; [3,4]). Collectively,
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these events promote actin filament stabilization through LIMK-
mediated phosphorylation and inactivation of cofilin family pro-
teins, and through MLC phosphorylation leading to increased actin
filament bundling and myosin-driven contraction. The increase in
actomyosin contractility contributes directly to several proximal
processes, such as regulation of morphology, motility, and cell—cell
and cell-matrix adhesion. In addition, ROCK kinases influence
more distal cellular processes including gene transcription, prolif-
eration, differentiation, apoptosis and oncogenic transformation,
although in many instances the molecular mechanisms have not
been fully characterized. Given the wide spectrum of biological
processes influenced by ROCK, it is not surprising that they have
been implicated in numerous aspects of cancer. Reinforcing this
association, studies in the 1990s with the selective small molecule
ROCK inhibitor Y27632 [5] showed that ROCK inhibition blocked
the ability of a hepatoma cell line implanted intraperitoneally
into rats to form tumour nodules and to spread within the perito-
neal compartment [6]. In the same year it was reported that ROCK
inhibition blocked oncogenic transformation of mouse fibroblasts
by RhoA, H-Ras and activated forms of the Rho guanine nucleo-
tide exchange factors (RhoGEFs) Dbl and mNetl, whilst ROCK1
cooperated with a mildly activated version of c-Raf to promote
transformation [7]. More recently, we showed that somatic ROCK1
mutations identified in human cancers have significantly increased
catalytic activity [8], and subsequent high-throughput sequenc-
ing efforts have identified further ROCK1 and ROCK2 cancer-
associated somatic mutations that are probably activating [9,10].
Since these initial studies, there has been considerable interest in
ROCK as a potential therapeutic target for cancer. Other publica-
tions have evaluated the possible therapeutic uses for ROCK inhibi-
tors in conditions such as hypertension and glaucoma [11-13]. In
this review, we highlight some of the findings that have extended
our understanding of the role of ROCK signalling in cancer into
unexpected and potentially clinically important areas.

ROCK features and regulation

The two serine and threonine kinases ROCKT1 (also called ROCK |
or ROKp) and ROCK2 (also known as ROCK I, Rho kinase and
ROKa) were originally isolated due to their interaction with active
RhoA-GTP [3,4]. Although there are two ROCK kinases in higher
amniotic species, the progenitor form is probably ROCK2 given that
its homologues are found throughout the bilaterial subregnum—
for example DRok in Drosophila melanogaster and LET-502 in
Caenorhabditis elegans. Interestingly, genetic evidence from these
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Fig 1| Rho/ROCK signalling promotes actomyosin contractility. RhoA/C are
activated by guanine exchange factors (GEFs) that translate external signals from
activated membrane receptors into cellular responses. Activated Rho proteins
bind to and activate ROCK1 and ROCK2, which phosphorylate target proteins
such as MYPT1, MLC and LIMK1/2 . ROCK-mediated phosphorylation of
MLC and LIMK-mediated phosphorylation of cofilin promotes increased

actin fibre bundling and actomyosin contraction, which directly or indirectly
influence various cellular behaviours. LIMK1/2, LIN-11, Isl1 and MEC-3 domain
kinase 1/2; MLC, myosin light chain; MYPT1, myosin binding subunit of the
MLC phosphatase; ROCK1/2, Rho-associated coiled-coil protein kinase 1/2.

organisms indicates that the actomyosin-regulating function is con-
served from ancestral versions to higher vertebrates. Although many
studies that have identified ROCK substrates make use of ROCK2,
the same proteins are usually also ROCK1 substrates. In humans,
the two kinases have 65% overall identity, with 87% identity in the
catalytic kinase domain, which probably accounts for the substrate
promiscuity (Fig 2). Both kinases contain a coiled-coil region (56%
identity), the structure of which has been solved for ROCK1 [14],
and a split PH domain that is bisected by a cysteine-rich C1 con-
served region (73% identity). Despite the linear arrangement of the
PH-C1-PH region, structural determination by NMR has revealed
that the two split PH segments of ROCK2 come together to form
a conventional PH unit, attached to a separate and adjacent C1
domain [15]. Although the C1 domain was found to be atypical
in that it did not bind to diacylglycerol, the distribution of charged
amino acids on both C1 and PH domains were proposed to form an
anchoring surface that promotes association of ROCK2—and pos-
sibly ROCK1 given the extensive conservation—with the plasma
membrane [15]. Although only a single Rho-binding domain (RBD)
within the coiled-coil region was originally identified [16], subse-
quent analysis revealed multiple contact points with Rho GTPases
within the coiled-coil region of ROCKT1 that probably contribute
to regulation and localization [17]. RhoA, RhoB and RhoC associ-
ate with and activate ROCK most probably through the induction
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Glossary

AGC protein kinase A, Gand C

AML acute myeloid leukaemia

BCR-ABL breakpoint cluster region-Abelson murine leukaemia viral
oncogene homologue 1 fusion protein

c-Raf proto-oncogene serine/threonine protein kinase

Cdc42 cell division control protein 42 homologue

CD34 cluster of differentiation 34

Dbl proto-oncogene diffuse B-cell lymphoma

EPHA3 ephrin type-A receptor 3

ERK extracellular regulated kinase

FLT3 FMS-like receptor-type tyrosine kinase 3

GATA2 GATA-binding zinc-finger transcription factor 2

Gem GTP-binding protein

H-Ras Harvey Ras GTP-binding protein

IL interleukin

JAK1 Janus kinase 1

KIT mast/stem cell growth factor receptor Kit

K-Ras Kirsten Ras GTP-binding protein

LARG leukaemia-associated RhoGEF

LIM LIN-11, Isl1 and MEC-3 domain

MEK MAPK/ERK kinase

miR microRNA

mNetl neuroepithelial cell transforming gene 1

MRCK myotonic dystrophy kinase-related Cdc42-binding kinase

MYCN V-myc myelocytomatosis viral related oncogene,
neuroblastome-derived (avian)

NMR nuclear magnetic resonance

PDK1 phosphoinositide-dependent kinase 1

PH pleckstrin-homology

PI3K phosphatidylinositol-3-kinase

Rac Ras-related C3 botulinum toxin substrate

Rad GTP-binding protein Rad

Raf RAF proto-oncogene serine/threonine protein kinase

Ras GTP-binding protein Ras

Rho GTPase ~ Rho guanosine triphosphatase

ROCK Rho-associated coiled-coil protein kinase

siRNA small interfering RNA

STAT3 signal transducer and activator of transcription 3

TNFa tumour necrosis factor alpha

UTR untranslated region

of conformational changes that displace the autoinhibitory car-
boxyl terminus. Crystal structural analysis showed that binding to
the RBD of ROCKT occurs through interactions with the Switch |
and Il regions of RhoA that undergo GTP-dependent conforma-
tional changes [18]. Other GTP-binding proteins are inhibitory as
shown for RhoE [19], Rad and Gem [20], which bind to sites dis-
tinct from the canonical RBD. In the case of RhoE, structural and
mutational analysis revealed that RhoE antagonizes the formation
of actin stress fibres independently of ROCK1 binding, indicating
that it affects actin cytoskeletal structures through additional pro-
tein interactions [21]. During apoptosis, proteolytic cleavage by
caspases (ROCK1; [22,23]) or granzyme B (ROCK2; [24]) removes
a C-terminal portion that normally represses activity, resulting in
the generation of constitutively active kinases. Although many
kinases are themselves regulated through phosphorylation by
other kinases, association with PDK1 promotes ROCK1 activity
by blocking association with inhibitory RhoE [25]. Phosphorylation
at multiple specific sites by polo-like kinase 1 was found
to promote the ability of RhoA to activate ROCK2 [26]. In
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Fig 2 | ROCK functional domains. Conserved domains in human ROCK1 and ROCK2. The percentage identities between regions were determined by pairwise

BLAST comparisons. C1, protein kinase C conserved region 1; PH, pleckstrin homology domain; RBD, Rho-binding domain; hROCK1/2, human Rho-associated

coiled-coil protein kinase 1/2.

contrast, Src-mediated ROCK2 phosphorylation on Tyr722
reduces Rho-GTP binding, leading to a decreased response to
upstream activation [27]. Given that additional uncharacterized
phosphorylation sites in ROCK1 and ROCK2 have been detected
(www.phosphosite.org), other serine, threonine and tyrosine
kinases might also influence ROCK activity. However, X-ray
crystallographic studies revealed that the kinase activation loop
adopts an active conformation in the absence of phosphoryla-
tion, which differentiates the ROCK1 [28] and closely related
MRCKs [29] from other members of the AGC kinase family [30].
It was shown that ROCK2 undergoes autophosphorylation upon
activation at several C-terminal sites that do not influence cata-
lytic activity [31]. At least one of these phosphorylation events
(Ser1366) directly reflects ROCK2 activation status, allowing
for the development of antibody reagents that gave a read-out
of ROCK2 kinase activity in cell lines and breast cancer tumour
samples [31]. Further characterization of ROCK1 and ROCK2
autophosphorylation might enable development of additional anti-
body tools to measure ROCK activity across tumour types, which
will be invaluable in assessing the association of these kinases with
tumour growth and progression. In addition, such activation-state-
dependent antibody reagents could be used as pharmacodynamic
probes to assess whether ROCK inhibitors were hitting their target
should clinical trials be initiated.

Given the extensive homology between the two catalytic
domains, it is not surprising that ROCK1 and ROCK2 have com-
mon substrates in vitro or during overexpression conditions. Any
divergences in substrate specificity and, by extension, differences
in biological activities are probably due to subtle variations in sub-
cellular localization [32], which might be influenced through inter-
actions with plasma membrane lipids [15] as well as with adaptor
proteins such as Shroom3 [33,34] or dynamin 1 [35]. For exam-
ple, by using siRNA-mediated knockdown, it was observed that
ROCKT promotes focal adhesion maturation [36] and keratinocyte
differentiation [37], whereas ROCK2 inhibits keratinocyte differ-
entiation [37], increases adhesion complex turnover [36] and pro-
motes expression of adhesion molecules on endothelial cells [38].
Early studies in genetically modified mice showed a similar pattern
of impairments in epithelial sheet movement in either ROCK1 or
ROCK2 homozygous knockouts in the C57BI/6 strain, which was
phenocopied in double ROCK1/ROCK2 heterozygotes [39-41].
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However, both ROCK1 and ROCK2 knockouts were not affected
by these defects in epithelial sheet movement in other mouse
strains [42,43]. These data suggest that the in vivo functions of the
two kinases are largely analogous and compensatory. Some differ-
ences in tissue expression patterns have been detected that could
result in apparently isoform-specific functions in some cell types.
For example, ROCK1 is expressed in 52 out of 66 cell types, with
the highest levels found in haematopoietic and digestive organs,
whereas ROCK2 expression was found to be expressed in 49 out
of 65 cell types with the highest levels found in the central nervous
system (www.proteinatlas.org). As mentioned above, the develop-
ment of methods that report on ROCK activity, such as antibodies
against autophosphorylation sites, rather than just changes in
expression levels, would help generate a refined assessment of
cancer types that could benefit from inhibitor treatments. As it
has been proposed that ROCKT1 is dominant in regulating vascu-
lar smooth muscle tone, it has been suggested that small molecule
inhibitors that selectively target ROCK2 over ROCK1 might pro-
vide therapeutic efficacy whilst avoiding the profound hypotensive
effects induced by pan-ROCK inhibition [44,45]. To this end, both
traditional high-throughput library screens and fragment-based
drug discovery efforts have yielded compounds that are reported to
have significant selectivity for ROCK2 relative to ROCK1 [46-48].
Structural solutions of ROCKT complexes with inhibitors such as
Y27632, fasudil, hydroxyfasudil and H-1152P provide a signifi-
cant amount of structure—activity relationship data for improving
potency and selectivity [28,46,49,50]. The next advance in deter-
mining whether the hypothesis that targeting ROCK2 would be
adequate for cancer treatment, and superior to pan-ROCK inhi-
bition for limiting adverse effects, will come from in vivo studies
using compounds with ROCK2 selectivity and from conditional
tissue-selective  ROCK2 knockout experiments in genetically
modified mouse cancer models.

MicroRNA-mediated regulation of ROCK

The miRNA prediction database ‘TargetScan’ predicts several
binding sites for miRNAs in the 3" UTRs of ROCK1 and ROCK2
(http://www.targetscan.org). Interestingly, their 3’ UTRs comprise
different sets of miRNA-binding sites, indicating an additional
potential regulatory level for distinct spatial and temporal expres-
sion of either ROCK1 or ROCK2. Validation of post-transcriptional
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regulation of ROCK expression by miRNAs has been described in
several studies, in which analyses of various tumour types have
revealed inverse correlations between ROCK1 or ROCK2 expres-
sion and specific miRNAs. In primary hepatocellular carcinomas
(HCCs) miR-139 was found to be downregulated whereas ROCK2
expression was increased, which was associated with poor prog-
nosis of patients, whilst conversely miR-139 re-expression directly
suppressed ROCK2 protein levels in HCC cell lines [51]. Reduced
expression of the ROCK2-targeting miR-124 in HCC also cor-
related with increased ROCK2 expression and poor patient prog-
nosis, whilst overexpression of miR-124 in HCC cell lines repressed
ROCK?2 expression [52]. The expression of miR-138 is reduced in
lung cancers [53], thyroid carcinoma [54] and tongue squamous
cell carcinoma [55], in which it was shown to negatively regulate
RhoC and ROCK2 expression [56]. ROCK1 was found to be a target
of miR-584 in renal cell carcinoma cell lines [57]. The overall poor
survival of neuroblastoma patients was associated with elevated
MYCN expression, which represses miR-335, thereby leading to
increased levels of several proteins including ROCKT [58]. Finally,
the transition from hormone-dependent to hormone-refractory
prostate cancer was associated with decreased miR-146a levels,
which targets ROCK1 [59]. These studies demonstrate that the addi-
tional layer of regulation provided by miRNAs influences ROCK1
and ROCK2 expression in specific cancers. Although there is evi-
dence that decreased expression of specific miRNAs has direct con-
sequences for the actomyosin cytoskeleton mediated by increased
ROCKT or ROCK2 expression, it remains to be determined whether
the cancer-promoting effects of miRNA repression can be uni-
versally attributed to ROCKT or ROCK2 distinct from additional
potential target transcripts. If it were true that increased ROCK1
or ROCK2 levels were the main tumorigenic effectors for specific
tumour-suppressing miRNAs, then cancers with reduced levels of
these miRNAs would be candidates for ROCK inhibitor therapy.

ROCK and the tumour microenvironment

There has been a great deal of research establishing the cell-
autonomous role of ROCK signalling in tumour cell motility [60].
As individuals, cells can migrate in rounded or elongated shapes
and often have the ability to convert between these modes depend-
ent on the external environment [61]. Alternatively, tumour cells
might maintain cell-cell adhesions and invade collectively [60].
The rounded (also called amoeboid) type of migration depends
on Rho/ROCK-induced actomyosin contractility that results from
increased MLC phosphorylation to promote the formation of bleb-
like protrusions [62,63]. In line with this, cells using the rounded
mode of movement are sensitive to Rho and ROCK inhibitors [62].
Furthermore, ROCK signalling suppresses the elongated (also called
mesenchymal) type of migration in favour of the rounded mode by
inhibiting Rac activity [64].

In addition to cell-autonomous factors, investigations have
revealed that cancer-associated fibroblasts (CAFs) in adjacent
stroma have a substantial impact on cancer cell invasion [65].
Organotypic assays simulating an epidermal and dermal environ-
ment using squamous cell carcinoma cells (SCC12) and CAFs
revealed that ROCK activity is actually required in the fibroblasts,
rather than in the tumour cells, to remodel collagen matrices and
thereby generate tracks for the invading SCC12 cells [66]. Instead
of being ROCK-dependent, the ability of SCC12 cells to invade col-
lectively depends on the related Cdc42-regulated MRCK kinase
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to phosphorylate MLC and generate the actomyosin-mediated
contractile force necessary for cell movement [66]. The ROCK
activity in CAFs necessary for SCC12 invasion might be driven
by cell-autonomous factors, or might be due to proinflammatory
cytokines such as IL-6 or oncostatin M in the tumour microenviron-
ment signalling through JAKT1-STAT3 pathways [67]. Similarly,
autocrine IL-1 produced by SCC12 cells promotes the produc-
tion and release of TNFa, which acts on CAFs to promote con-
tractility and SCC invasion [68]. Interestingly, ROCK-induced
actomyosin contractility positively feeds-forward to JAK1-STAT3
signalling, indicating that there is a self-reinforcing positive feed-
back loop [67]. Therefore, inhibition of ROCK signalling would
interrupt both intrinsic and microenvironment-derived extrinsic
signals that promote CAF-facilitated invasion, and could potentially
have a sustained effect by breaking the positive feedback loop.
There has been an appreciation that the stiff tissue surround-
ing tumours is not merely a passive by-product, but is actually
an active participant in tumour growth and progression [69].
Deposition and modification of extracellular matrix compo-
nents, such as collagen, can lead to activation of signal transduc-
tion pathways that promote tumour cell growth, proliferation and
survival [70]. One pathway that is activated is the Rho—ROCK
signalling axis, which leads to increased actomyosin bundling
and contractile force generation in an attempt to balance the
external forces experienced with internal cytoskeletal structural
reinforcement [71]. To determine how ROCK activation would
affect homeostasis and cancer in mouse skin—an epithelial tissue
known to be influenced by mechanical force—we expressed an
oestrogen-regulated conditionally active form of ROCK2 under the
transcriptional regulation of the cytokeratin 14 promoter [72,73].
We found that ROCK activation was sufficient to promote signifi-
cant collagen deposition and elevated tissue stiffness, resulting in
increased basal keratinocyte proliferation and epidermal thick-
ening (Fig 3). These responses to tissue stiffness were mediated
by a signalling pathway that led to stabilization and activation
of the transcription promoting function of p-catenin. Inhibition of
either LIM kinases or myosin ATPase, which act downstream from
ROCK to drive actomyosin contraction, was sufficient to reverse
the effects of ROCK activation, indicating that cytoskeletal con-
tractile force generation was the key ROCK-induced cellular
response. In addition, inhibition of focal adhesion kinase (FAK)—
which acts in response to integrin activation, ultimately leading to
B-catenin accumulation and activation—or lysyl oxidase—which
cross-links collagen to increase extracellular matrix stiffness—
also blocked hyperproliferation and epidermal thickening. When
ROCK was activated in the context of a two-stage chemical car-
cinogenesis skin cancer model, there were more benign papil-
lomas that grew faster and progressed more rapidly to become
invasive carcinoma relative to controls. Conversely, application of
the ROCK inhibitor Y27632 reduced papilloma number, growth
and progression to malignancy. The implications of these find-
ings are that in some cancers internal and external forces might
be engaged in a positive-feedback mechanical autocrine loop
that results in ever-increasing tissue stiffness in regions surround-
ing tumours. Drugs that break this mechanical autocrine loop
might have beneficial effects by reducing the stiffness of tumour-
associated tissue. For example, this could include blocking of
collagen cross-linking to reduce external stiffness, or inhibit-
ing actomyosin contractility—for example, by ROCK and LIMK

EMBO reports VOL 13 | NO 10 | 2012 903



904 EMBO reports

review

Epithelial cells

ROCK signalling in cancer

High ROCK activity

= Rounded cell shape

= Proliferation

= Collagen deposition

= Tissue stiffness

= Migration & invasion

Collagen Fibroblast

Fig 3 | ROCK actions on epithelial tumour growth and progression. ROCK activation results in several changes at the cellular level: cells round up, lose cell-cell

contacts and might be more able to become disseminated. Moreover, pathways leading to modifications in the microenvironment are activated—for example,

increased collagen deposition promoting elevated tissue stiffness. These cell and non-cell-autonomous responses occur during the transition of normal cells

to cancer cells and eventually promote tumour growth and metastasis. ROCK, Rho-associated coiled-coil protein kinase.

inhibitors—to reduce internal cellular tension. Alternatively, inhi-
bition of pathways activated by external tissue stiffness, such as
FAK and PI3K, could also have beneficial effects independently of
cell-autonomous factors. Clinical trials are under way in which the
production of extracellular matrix proteins in pancreatic cancer
will be targeted with Hedgehog antagonists to reduce stromal des-
moplasia and increase delivery of cytotoxic agents such as gemcit-
abine (www.clinicaltrials.gov; [74]). Therefore, a further possible
benefit of breaking the mechanical autocrine loop that results in
elevated collagen deposition could be improved responses to
standard chemotherapeutics.

ROCK contributes to K-Ras-induced lung cancers

One attractive property of potential cancer drug targets is a selec-
tive requirement in cancer cells over normal cells. Screening
of siRNA libraries for genes necessary for growth and survival of
non-small-cell lung cancer cells expressing mutant K-Ras, but not
for cells expressing wild-type K-Ras, identified the transcription
factor GATA2 as an essential factor [75]. Sequencing of genomic
DNA associated with GATA2 in K-Ras-expressing cells identi-
fied ROCK1 and EPHA3—which acts as an ephrin receptor and
Rho pathway activator—as transcriptional targets that promote
increased MLC phosphorylation. Interestingly, although ROCK
activation was sufficient to restore viability when GATA2 was
repressed, treatment with ROCK inhibitors or siRNA-mediated
knockdown of ROCK1 on their own did not affect cell survival.
When combined with proteasome inhibition, treatment with
ROCK inhibitors was effective in killing cells. Proteasome inhibi-
tors, for example bortezomib, have been evaluated and rec-
ommended for the treatment of progressive multiple myeloma
(www.nice.org.uk/TA129), and ROCK inhibitors—for example
fasudil—have been used safely for several years in Japan for the
treatment of subarachnoid haemorrhage after a head trauma [11].
Therefore, it should be possible for combination trials to be under-
taken on non-small-cell lung cancer patients with mutant K-Ras by
using readily available compounds.

ROCK in haematological malignancies

Advances in molecular medicine led to the identification of acti-
vating mutations and translocations in tyrosine kinases (TK), such
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as KIT, FLT3 and BCR-ABL, that drive haematological malignan-
cies [76]. These results spurred development of molecularly targeted
tyrosine kinase inhibitors (TKIs), such as imatinib mesylate, that have
proven to be effective in the treatment of chronic myeloid leukaemia
(CML). However, one issue with TKI therapies is the emergence of
resistance and consequent relapse over time, often due to selection
for secondary mutations that confer TKI insensitivity. In addition,
cessation of TKI administration in best-responding patients leads to
relapse in about 60% of the patient population. This indicates that
although therapy might be effective at reducing the bulk of malig-
nant cells and alleviating symptoms whilst allowing for re-growth of
normal bone marrow, CML stem cells that can re-establish disease
are intrinsically TKI resistant.

Although TKIs have proven to be a major therapeutic advance,
combination therapies are more likely to overcome problems of
drug resistance and relapse due to the difficulty in killing CML
stem cells. Combination therapies might be comprised of multiple
inhibitors against related target classes, for example the combina-
tion of imatinib mesylate plus dasatinib [77], or different points
of action, for example imatinib mesylate plus histone deacetyl-
ase inhibitors [78]. Rho and ROCK regulation of the actomyosin
cytoskeleton might also be a target for treatment of oncogenic
TK-driven malignancies, either alone or in combination with
TKIs [79]. Rho and ROCK are activated in several blood cancers
including CML [79] and AML [80]. In fact, a chromosomal trans-
location that resulted in the activation of the LARG RhoGEF was
implicated as the cause of AML in one case [80]. Chromosomal
translocations [81] or epigenetic silencing [82,83] that result
in reduced activity of the ARHGAP26 Rho GTPase accelerating
protein 26 (RhoGAP), which diminishes RhoA activity, have also
been reported in numerous AML patients. These findings suggest
that Rho, or ROCK activation downstream from Rho, might con-
tribute to haematological malignancies and would therefore be
potential chemotherapeutic targets. Consistently, inhibition of Rho
with the Clostridium botulinum C3 ADP-ribosylase exoenzyme
induced apoptosis and/or decreased proliferation of BaF and K562
CML cell lines expressing oncogenic BCR-ABL [84], in oncogenic
KIT or FLT3 tyrosine kinase-expressing 32D myeloid cells [79]
and in cells isolated from a CML patient [85]. When the murine
myeloid 32D cell line was oncogenically transformed by active
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Sidebar A | In need of answers

(i)  What tumour types are most likely to benefit from ROCK
inhibitor treatment?

(ii) What biomarker could be used to associate ROCK with a specific
cancer, ROCK expression levels, ROCK substrate phosphorylation
or both?

(iii) Would selective ROCK?2 inhibition be adequate for any potential
therapeutic benefits? Would ROCK?2 inhibitors have fewer adverse
effects than pan-ROCK inhibitors? Would it be desirable to retain
some level of ROCK1 inhibition?

(iv) What pharmacodynamic biomarkers would be informative for ROCK
inhibitors to ensure they hit their target?

(v) IfROCK inhibitors are to be used for sustained periods of therapy,
what are the potential chemoresistance liabilities?

KIT, BCR-ABL or FLT3, ROCK substrate phosphorylation was ele-
vated and constitutive growth of oncogene-bearing cells was sensi-
tive to ROCK inhibition [79]. Cells expressing a pan-TKI resistant
BCR-ABL T315] mutant were sensitive to ROCK inhibition.
Primary haematopoietic progenitor cells that were made cytokine-
independent by oncogene expression also showed reduced
proliferation when treated with ROCK inhibitors. Interestingly,
knockdown of MLC had the same effect as ROCK inhibition, con-
sistent with ROCK acting through MLC. The survival of mice trans-
planted with leukaemic cells was prolonged by ROCK inhibition.
Importantly, imatinib mesylate synergized with ROCK inhibitors to
kill CD34-positive CML stem cells from human patients [86], sug-
gesting that these drug combinations might overcome the issues
with relapse occurring after TKI administration. One of the most
intriguing observations is that expression of active ROCK alone,
in transplanted cells, was sufficient to induce myeloproliferative
disease with pronounced splenomegaly and hepatomegaly [79].
These results indicate that the ROCK-regulated actomyosin cyto-
skeleton makes essential contributions to the survival and growth
of TK-driven haematological malignancies, and suggest that inhibi-
tors of ROCK or other downstream actomyosin regulators could be
effective therapeutics as single agents or in combination with TKIs.
Since imatinib has been recommended as a first-line treatment of
CML (http://guidance.nice.org.uk/TA251), and the ROCK inhibitor
fasudil has been used safely for some years in Japan [11], it should
be possible to test this combination in clinical trials.

Concluding remarks

Despite the initial early promise and marked interest in ROCK as a
potential cancer therapeutic target, ROCK inhibitors have not yet
progressed to clinical use (Sidebar A). One limitation has been a
lack of clarity as to the most relevant tumour types. Most of the data
on ROCK expression in cancer are anecdotal, in fact some stud-
ies have made use of invalidated antibody reagents that might not
be specific. Progress will be made with the rigorous validation
of ROCK1 and ROCK2 selective antibodies, the development of
phosphorylation-specific antibodies that inform kinase activation
status, and systematic evaluation of their immunoreactivity in nor-
mal compared with tumour tissue (Fig 4). There are many ROCK
inhibitors that could potentially be used for cancer therapies [87].
The well-established ROCK inhibitor Y27632 is effective in vitro
and has become the gold standard for basic research, but it is not
selective nor was it optimized for properties necessary for in vivo
use. Similarly, fasudil is not highly selective, but does have the
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Fig 4| ROCK signalling: potential for diagnosis and treatment of cancer.
Although there are no standard therapies using ROCK inhibition for cancer
treatment, there are possible approaches for the translation of our knowledge of
ROCK signalling into clinical use. Antibodies can be used to evaluate tumour
types suitable for therapy. The development of optimized inhibitors blocking
ROCK signalling proteins themselves and proteins in parallel or downstream
pathways, in tumour cells as well as stromal cells, could be useful for treatment in
the future. Furthermore, combination therapies as well as targeting the collagen
in the extracellular matrix (ECM) might help to increase therapeutic efficiency.
CML, chronic myeloid leukaemia; LIMK, LIN-11, Isl1 and MEC-3 domain
kinase; MRCK, myotonic dystrophy kinase-related Cdc42-binding kinase;
ROCK 1/2, Rho-associated coiled-coil protein kinase 1/2.

advantage of having been used safely in humans for a number of
years in Japan. Progress in basic and pre-clinical research will be
made with new optimized inhibitors, possibly by using those with a
marked selectivity for ROCK2 over ROCK1.

There has been an emerging realization that the use of molec-
ularly targeted agents rapidly leads to resistance through several
mechanisms, one being compensation by other participants in
the cognate signalling network. Intuitively, it seems probable that
ROCK2 selective inhibitors could result in elevated signalling
through ROCK1 to compensate, possibly due to elevated ROCK1
expression or increased Rho activity. Additionally, increased sig-
nalling by downstream kinases, such as LIM kinases [88], or by
kinases that have similar functions in actomyosin regulation,
such as MRCK, could compensate for ROCK inhibition. Targeting
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of multiple points in a signalling cascade has been one strategy
adopted for cancers driven by activation of the Ras—Raf-MEK—ERK
pathway to avoid or delay the development of resistance [89],
therefore a similar approach could be used by concomitantly tar-
geting ROCK and LIM kinases (Fig 4). The combined inhibition of
ROCK and MRCK kinases was found to be more effective in block-
ing actomyosin-mediated cell activities [29,90], and could help
to avoid the development of resistance to ROCK inhibitors. Other
drug combinations might produce greater anti-cancer effects by
blocking completely independent targets that both have essential
functions—for example, ROCK and proteasome inhibitors in non-
small-cell lung cancer and ROCK and TKls in CML—which might
also help avoid or delay resistance to single agents (Fig 4). Further
hypothesis-driven mechanistic studies, as well as unbiased screen-
ing efforts are needed to identify additional potential combina-
tions with ROCK inhibitors that might ultimately lead to effective
cancer treatments.

Finally, there seems to be considerable promise in targeting
the tumour microenvironment as an alternative or complement
to only treating the tumour cells (Fig 4). There is a great deal of
interest in developing inhibitors for the collagen cross-linking
lysyl oxidase to reduce extracellular matrix rigidity [91], whilst
existing inhibitors that target Hedgehog signalling show promise
in reducing the dense fibrotic stroma in pancreatic cancers [92].
Evidence indicates that blocking actomyosin contraction through
ROCK inhibition, or cytokine signalling, could also have ben-
eficial effects by reducing mechanical feedback loops that
promote increased extracellular matrix protein deposition and
tissue stiffness [67,68,73].
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