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Inhibiting the Rho/ROCK pathway - the potential anti-cancer
properties may not have been fully realised



Abstract

The Rho/ROCK pathway is involved in many important cellular processes that
have made it an object of intense study in cancer medicine, however, ROCK
inhibitors are yet to make an appearance in the clinical setting. Their
performance as an anti-cancer therapy has been heterogeneous in pre-clinical
studies, but they have been shown to be effective vasodilators in the treatment of
hypertension and post-ischaemic stroke vasospasm. The review provides a
deeper understanding of the various roles Rho/ROCK plays in angiogenesis,
tumour vascular tone and the tumour microenvironment and explores how
ROCK inhibitors may be effective vascular normalising agents. ROCK inhibitors
have the potential to enhance the delivery and efficacy of chemotherapy agents
and improve the effectiveness of radiotherapy. Inhibition of the Rho/ROCK
pathway may have under-appreciated effects which a comprehensive

understanding of, may allow us to use these agents to our best advantage.

Highlights

* We explore the heterogeneity of the anti-proliferative effects of ROCK
inhibitors

* The Rho/ROCK pathway is critical in many aspects of angiogenesis

* ROCK inhibitors may be effective vascular normalising and provascular
agents

* The Rho/ROCK signalling is critical in the tumour microenvironment

* ROCK inhibitors may increase the delivery and efficacy of chemotherapeutic

agents
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Cancer is now one of the leading causes of death worldwide, accounting for 8.2
million deaths in 2012 [1]. Although therapies for advanced disease are
improving, overall, therapeutic options for patients are limited. In general,
efficacy of chemotherapeutic agents is limited by adverse effects caused by their
effects on normal tissues. Therefore, adjunctive treatments which specifically
improve the delivery of cytotoxic therapies to the tumour may be of high value.
Further, the efficacy of adjunctive therapies needs to be examined with regard to
the effects on both tumour cells and the surrounding microenvironment.

The Rho/ROCK signalling pathway has been studied in both the fields of cancer
and cardiovascular research. Its involvement in cellular proliferation and
invasion make it an attractive target in cancer medicine however the full
potential of ROCK inhibitors as anti-cancer therapies may not have been fully
appreciated. The effects of the Rho/ROCK pathway on the vascular system have
been extensively studied in the treatment of vascular disorders. Inhibition of
Rho signalling within the hypoxic and abnormal tumour vasculature may lead to
an improved anti-tumour efficacy of cytotoxic agents through the normalisation
of the vascular supply to tumours. Moreover, the effects of ROCK inhibition on
other key components of the tumour microenvironment, including activated
(myo)fibroblasts, immune cells and extracellular matrix (ECM), may have an
additional therapeutic value. This review summarises our current
understanding of the diverse and complex roles of aberrant Rho/ROCK signalling
in tumour development and progression, highlighting new avenues for the
utilisation of ROCK inhibitors as anti-cancer therapy, increasingly in the context

of modulating the tumour microenvironment.

The Rho family of small GTPases regulate a diverse array of cellular processes,
including cytoskeletal dynamics, cell polarity, membrane transport and gene
expression, which are integral in the growth and metastatic potential of cancer
cells. The three best characterised members of this family are Rho (A, B & C),
Rac (1, 2 & 3) and Cdc42[2]. They cycle between a GTP-bound active state and
GDP-bound inactive state which is mediated by guanine nucleotide exchange
factors (GEFs) and GTPase-activating proteins (GAPs)[3, 4]. In their active state,

they act on one of over 60 downstream targets which include Rho-associated



coiled-coil containing protein kinase (ROCK), mDia, PAK4-6, Par6 and WASP|5].
Although these members of the Rho-GTPase family all have distinct functions,
they broadly regulate the polarization, migration, proliferation and survival of
cells [2, 6]. ROCK, a downstream effector of Rho, has specific inhibitors including
Y-27632 and Fasudil, which prevent activation of ROCK by competing with ATP
for binding to the kinase [7-9]. Interestingly, fasudil has been shown to be safe
for use in humans for the treatment of cerebral vasospasm with an acceptable

side effect profile, making it an attractive drug for study [10].

Exploring the effects of inhibiting Rho/ROCK in cancer: the pre-clinical

evidence

Numerous studies have thus far investigated the therapeutic efficacy of
Rho/ROCK inhibition in various in vitro and in vivo models of cancer
(summarised in Table 1). What can be ascertained from Table 1, is that blocking
Rho-ROCK signalling in cancers cells can effectively reduce cellular proliferation,
invasion, angiogenesis in vitro and reduce tumour growth and metastasis
formation in vivo. What is interesting to note, however, is that the effects on
proliferation are heterogeneous, with several studies reporting no effects at all
[11-16], one study reporting an anti-proliferative effect of fasudil only when
used at a high concentration [17], and one study only reporting anti-proliferative
effects when combined with cisplatin [18]. Even more intriguing, is that of the
studies reporting no effects on cellular proliferation in vitro, some report an
effect on cellular invasion [11-14] and several go on to demonstrate an effect on
the metastasis formation [11, 13, 14, 16] or average tumour size in vivo [15].
This disparity may be partially explained by the critical role RhoA plays in
cellular invasion [19], but perhaps this is more reflective of the complex
involvement Rho-ROCK has in cellular processes in cancer that cannot be
accurately recapitulated in simple 2D assays. A deeper understanding of
Rho/ROCK signalling activation in vivo is necessary to fully characterise the

importance of inhibiting this pathway in cancer medicine.



The Rho/ROCK pathway is critical in angiogenesis and inhibition may
result normalisation of tumour vasculature

Sustained angiogenesis is one of the hallmarks of tumour progression [20]. It is
well documented that in response to tissue hypoxia, angiogenesis is constantly
stimulated resulting in a highly abnormal vasculature [21, 22]. These vessels are
immature, tortuous, have increased permeability and lead to intra-tumoural
hypoxia, which can mediate resistance to anticancer therapies [23]. Moreover,
hypoxia can lead to a more aggressive phenotype of cancer cell, which are more
likely to metastasize.  Angiogenesis is a complex process, which is largely
controlled by VEFG and its membrane receptors. To begin the angiogenic
process, endothelial cells (ECs) lose junctional integrity and increase
permeability [24, 25]. There is degradation of the basement membrane and
remodeling of the extracellular matrix (ECM) [26, 27], to allow ECs to migrate,
proliferate and ultimately undergo morphogenesis in order for new vessels to
develop.

The Rho/ROCK pathway has been shown to be an integral part of VEGF mediated
angiogenesis and can not only be implicated in VEGF signalling, but also in many
of the processes necessary for angiogenesis to occur. The Rho-ROCK pathway
has been shown to be critical in VEGF induced angiogenesis [28]. It has been
shown that adherin junctions between ECs need to be loosened in order for EC
migration and proliferation to occur [29]. Rho/ROCK signalling acts via p-MLC to
breakdown intracellular junctions and thereby increases vascular permeability
[30]. In order for ECs to invade surrounding tissue and form new vessels, the
basement membrane [31] and ECM must be disrupted via MMP secretion.
Rho/ROCK activation has been shown to stimulate MMP-9 secretion [32] and is
also linked to the MMP expression of tumours [33]. Once the BM and ECM are
disrupted, EC migration and tube formation can occur. van Nieuw Amerongen et
al [34] used HUVECs to show that not only does VEGF-induced changes in the EC
cytoskeleton depend on RhoA, but also that growth of hMVECs into a fibrin
matrix in response to VEGF is inhibited by Y-27632, suggesting that the
Rho/ROCK pathway is necessary for ingrowth of ECs. Bryan et al [35] showed
that disruption of the Rho/ROCK pathway inhibits VEGF-mediated changes to
the cytoskeleton in ECs and also that ECs treated with Y-27632 failed to



assemble into recognisable vessel structures, highlighting the importance of the
Rho/ROCK pathway in vasculogenesis. Hoang and Uchida [36, 37] both showed
that inhibiting Rho/ROCK prevented ECs from forming organized vascular
structures in a matrix. As the Rho/ROCK pathway has been established as being
critical to multiple steps in angiogenesis, many studies have attempted to
elucidate the importance of its involvement in the cancer setting. Croft et al [38]
used a conditionally active form of ROCK II in colon carcinoma cells to show that
increased ROCK signalling promoted increased tumour angiogenesis and tumour
cell invasion in vivo. Using HUVEC and glioma cell co-culture techniques,
Nakabayashi et al [17] showed that the ROCK inhibitor HA1077 suppressed
tumour-induced angiogenesis and the migration of HUVEC cells through a
transwell plate. Moreover, the same group also showed that the growth of T98G
glioma xenografts was significantly inhibited when tumour-bearing mice were
treated daily with HA1077 [17]. ROCK inhibitors also showed significant
promise as anti-angiogenic agents in additional in vivo models, specifically
HA1077 in Nakajima et al [12] used Lewis lung carcinoma cells to show that
administration of the ROCK inhibitor Wf-536, reduced the number of
spontaneous metastases and impaired angiogenesis in vivo. Somlyo et al [39]
showed that mice bearing xenotransplants of PC3 cells had a reduction in
tumour volume and increased survival when treated with Wf-536 combined
with marimastat (MMP inhibitor). ROCK inhibitors have not been used in human
trials per se however, much clinical data exists regarding the effects of VEGF
inhibitors on various cancer subtypes. Using the modest effects that have been
demonstrated thus far to guide us, perhaps employing a strategic use of ROCK

inhibitors will allow us to fully realise their potential.

Rho/ROCK Inhibitors as vascular normalising agents

Clinical use of anti-angiogenic agents has generated disappointing results when
used as monotherapy [40], but more success has been had when these agents are
combined with cytotoxic chemotherapy. Some explanation for this may be that
continual VEGF inhibition results in the accumulation of resistance mechanisms

[41-44], and that excessive reduction in tumour vasculature renders it inefficient



for drug delivery [45]. VEGF inhibition can increase tumour oxygenation when
used in a transient manner, a process called vascular normalisation [46-48].
Exploiting this process to improve the efficacy of standard cytotoxic therapies is
attractive. Several pre-clinical and clinical studies have explored this concept
thus far: In several in vivo solid tumour models, pre-treatment of tumour-breaing
mice with a VEGF neutralizing antibody prior to radiation, lead to significant
inhibition of tumour growth compared to radiation alone [49]. Lee et al [50]
concluded that blocking VEGF in glioblastoma or colon adenocarcinoma
compensates for hypoxia induced radiation resistance. They showed that using
an anti-VEGF antibody resulted in greater tumour growth delay when combined
with radiation, than radiation alone. Falcon et al [51] demonstrated that PDGF-B
blockade on Lewis lung carcinoma tumours increased tumour vessel efficiency in
vivo. They also showed that the combination of imatanib with cyclophosphamide
improves the delivery of cyclophosphamide to the tumour and the tumour
burden was reduced in vivo. The Rho/ROCK pathway has been specifically
tested: Arder et al [52] in vivo induction of dominant negative Rho (RhoBN19) to
show that inhibiting Rho decreased tumour cell survival after irradiation and
moreover, tumours had improved oxygenation and decreased vessel density.
The critical aspect of optimal timing of administration of combinations involving
anti-VEGF therapies and cytotoxic agents was further explored by Winkler et al
[53]. Treatment of glioblastoma xenografts with a VEGFR2 monoclonal resulted
in a significant reduction in tumour hypoxia on day 2 that was almost abolished
on day 5 and increased again on day 8. Further, radiation therapy produced a
synergistic effect when given on days 4-6. This suggests that after VEGFR
blockade, there is an initial increase in tumour oxygenation during which, the
effects of radiation therapy are increased, but with continual VEGFR blockade,
the tumour becomes hypoxic and this synergism with radiation is lost. Several
randomised trials have shown that the addition of bevacizumab to
chemotherapy and radiotherapy improves progression free survival in patients
with central nervous system malignancies [54, 55], and a phase I trial specifically
testing the vascular normalisation strategy have shown this holds considerable
promise in patient care. Here, patients with rectal cancer receiving neoadjuvant

chemotherapy plus radiation, were exposed to the VEGF inhibitor, bevacizumab.



Interestingly, bevacizumab treatment led to normalisation of the tumour
vasculature, increased tumour cell apoptosis and resulted in a complete
pathological response in two patients [56]. Therefore, Rho/ROCK pathway
inhibitors may be particularly useful as vascular normalising agents, increasing
the effectiveness of conventional cytotoxic therapies by affecting the VEGF

signalling pathway.

Rho/ROCK inhibitors have the potential to act as provascular agents

In addition to normalising the tumour vasculature, a provascular strategy has
been explored where transient vasodilation improves blood supply and exposure
of tumour cells to circulating chemotherapeutics and/or sensitises cells to
radiation. Because most vasodilators dilate both the tumour and systemic
vasculature, there can be unpredictable effects on the tumour vasculature. If the
tumour vessels are in series with the systemic circulation, systemic vasodilation
can increase tumour blood flow, however if the tumour vasculature is in parallel,
then systemic vasodilation will cause a reduction in tumour blood flow (vascular
steal phenomenon) [57]. An ideal provascular agent, therefore, would be one
that preferentially targets the tumour vascular bed. There have been a number
of studies that have shown some success with this strategy, suggesting the idea
has merit. Gallez and Sonveaux [58, 59] both demonstrated that it is possible to
increase tumour blood flow using vasodilators. Jordan and Sonveaux [60, 61]
used pre-clinical in vivo models to show that administration of nitric oxide not
only increased tumour blood flow, but sensitised tumours to the effects of
radiation. Wood et al [62] showed that calcium channel blockers used at small
doses increased radiosensitivity of tumous, however when used in high doses,
actually reduced tumour perfusion. A systematic review of clinical trials
assessing the effects of improving tumour oxygenation to radiosensitise
tumours, suggests there may be clinical benefit with an odds ratio of 0.77 [63].
In terms of improving the delivery of chemotherapy, Masunaga [64] described an
increased cellular uptake of cisplatin when tumour bearing mice were injected
with nicotinamide. Martinive [65] also showed that using an endothelin-1

receptor antagonist improved access of cyclophosphamide to the tumour



compartment. With this strategy in mind, it would be interesting to explore the
vasodilatory effects of ROCK inhibitors. ROCK inhibitors reduce vasospasm via
reduction in smooth muscle contraction and down regulation of endothelial
nitric oxide synthase, leading to their use in the treatment of ischaemic stroke
[10, 66, 67], with significant efficacy in reducing post stroke cerebral vasospasm
and showing an acceptable side effect profile. ROCK inhibitors have been shown
to normalise smooth muscle contraction and suppress vascular lesion formation,
making them a therapy of interest in hypertension, pulmonary hypertension,
hypertensive vascular disease and ischaemic heart disease [68], [69]. It is
possible therefore, that Rho-ROCK inhibitors can act as provascular agents,
improving tumour blood flow and increasing exposure of cells to chemotherapy

and/or sensitising cells to the effects of radiation.

The importance of the Rho/ROCK pathway in the tumour

microenvironment

A deeper understanding of the effects of the tumour microenvironment on the
behaviour of cancer cells is interestingly being gained. The interplay between
tumour cells, stromal cells and ECM affect cancer initiation, progression,
metastasis and also, chemoresistance [70]. Rho GTPases have been shown to be
implicit in a number of stromal processes that contribute to the invasiveness and
metastatic potential of cancer cells. It has been long understood that the
presence of high density stroma in breast tissue confer an increased risk of
developing breast cancer. Women with high mammographic densities have
increased proliferation of stromal or epithelial tissue on histological examination
and this has been correlated with an increased risk of breast cancer. It was
further hypothesised that interactions between the stroma and epithelium
ultimately lead to cancer formation [71]. In an effort to better understand this
phenomenon, Lisanti et al [72] conducted genome-wide transcriptional profiling
of low density (LD) breast fibroblasts, compared with high density (HD) breast
fibroblasts. This revealed several key processes including stress response,
inflammation, stemness and signal transduction. The authors postulated that the

presence of HD fibroblasts could be considered a pre-cancerous phenotype and



that Rho GTPases (along with JNK1, iNOS, FGF-R, EGF-R and PDGF-R) were
identified as a key biological processes here [72]. Further work in breast cancer
has shown that breast cancer cells grown in a 3D floating matrix differentiate
into tubular structures, however if the same matrix is attached to the dish, the
cells do not differentiate, but proliferate and spread [73]. In the same study,
differentiation could be disrupted by increasing the density of the matrix.
Interestingly, it was also shown that tubulogenesis required contraction of the
3D matrix which was dependent on the Rho-ROCK pathway and that RhoA
activity was found to be down-regulated in differentiated cells [73]. Following
on from this work, it was shown that p190RhoGAP-B mediates down regulation
of RhoA activity and ductal morphogenesis. RhoA activity was reduced at cell-
cell adhesions versus activity at cell-ECM adhesions [74]. The stromal
compartment of tumours has long been thought to contribute to the aggressive
phenotype of cancers, and cancer associated fibroblasts (CAFs) have been shown
to provide tumour cells with proliferative and anti-appototic signals affecting
angiogenesis and ECM remodelling. Cadamuro et al [75] showed that PDGF-D
plays a major role in CAF recruitment and acts on the Rho/ROCK pathway to
promote fibroblast migration. Also, it has been shown that an increase in
palladin expression of CAFs is associated with increased growth and metastasis
of PC cells by increasing their ability to remodel the ECM and thereby promotes
tumour invasion [76]. Gaggioli et al [77] demonstrated that SCC cells required
fibroblasts to invade a 3D organotypic matrix. They went on to show that
inhibition of Rho/ROCK in fibroblasts (not in the SCC cells) reduced invasion of
the SCC cells. This suggests that the presence of fibroblasts is necessary for
cancer cell invasion and that the Rho/ROCK pathway is critical here. Similarly,
Sanz-Moreno et al [78] demonstrated a role for cytokine signaling through
GP130-IL6ST/JAK1 to regulate ROCK dependent actomyosin contraction, which
drives matrix remodeling by CAFs and migration of melanoma cells. In vivo, cells
must breach the endothelial barrier to metastasise [79]. The process of
intercalation is where cancer cells first adhere to ECs, open the EC junctions,
stimulate EC retraction and then insert into the endothelial monolayer. It has
been shown that Cdc42 depletion impairs intercalation in PC3 cells and also that

Cdc42, RAC1 and RhoA impair EC junction opening. Mice injected with Cdc42



depleted PC3 cells developed significantly less metastasis, highlighting the
importance of the RhoGTPases in intercalation [80]. It is clear that the Rho-
ROCK pathway is critically important in the functioning of the tumour
microenvironment, particularly in the processes which must be undertaken for a

cell to move through the ECM and metastasise.

Conclusion

The Rho/ROCK pathway has been a popular field of study for cancer researchers,
but unfortunately, despite ROCK inhibitors being demonstrated to be safe for
human use, these drugs have not yet made it to the clinic. These agents have
well documented effects on cellular proliferation, however their effects on cell
invasion, tumour growth and metastasis appear to be more robust. Taking this
into account, a more broad view of how the Rho-ROCK pathway affects cellular
function in the cancer cell is required, to elucidate how these drugs may be most
effectively used to treat cancer. In addition to their effects on cellular
proliferation and movement, these agents modulate angiogenesis and vascular
tone and thus could potentially improve the delivery and efficacy of standard
cytotoxic therapies. The Rho/ROCK pathway is also important in regulating the
dynamic cross-talk between tumour cells and their microenvironment which
may also be therapeutically exploited to inhibit metastasis formation. Finally,
the therapeutic potential of ROCK inhibitors as an adjunct to cytotoxic
chemotherapy is yet to be realised and systematically examined. Further
understanding of Rho pathway modulating in the various tumour compartments
will determine whether the inhibitors to Rho GTPase signalling are best used for
newly diagnosed or recurrent tumours and will establish the optimum
combinations with radiation, cytotoxic chemotherapy, and other targeted
molecular compounds. Importantly, these agents may improve the delivery of
chemotherapy to the tumour, perhaps enhancing efficacy, reducing the effective

dose required or overcoming some of the chemoresistance mechanisms.



Study Cells used Inhibitor Effect on Effect on Effects on In vivo Additional
used proliferation | invasion angiogenesis
Abe [81] Bladder cancer cells | HA-1077 ¥ ¥ V¥ migration
UM-UC3
Deng 2010 Human GBM T98G Fasudil ¥ ¥ Reduction in tumour growth, invasion
[82] and prolonged survival
Genda 1999 Human HCC PLC- Dominant Dominant negative transfected cells Dominant negative
[83] PRF-5 & HepG2 negative } } had a reduced number of metastases | transfected cells had
p160 ROCK reduced cell motility
Horiuchi 2008 Ovarian SKOV3, Y-27632, v Reduction in number of metastatic
[84] OVCAR3 Lovastatin N sites when treated with Lovastatin
Igishi 2003 Lung carcinoma Y-27632 W when Y-
[85] A549 27632 given )
prior to
cisplatin
Itoh 1999 [11] Rat hepatoma MM1 | Y-27632 No effect Reduced incidence of tumour
% dissemination, number of metastases
and volume of ascites
Lane 2008 [86] | Human breast MDA- | Y-27632; No difference in tumour volume when
MB-231 Knock down ) ¥ knockdown cells were injected into
of ROCK | & mice
I
Liu 2009 [87] Human breast MCF- | Y-27632 No effect on tumour weight but
7, MDA-MB-231 & v Vv reduction in number of metastases
SUM 1315
Nakabayashi Human glioma Fasudil Reduced at Reduction in average tumour volume
2011 [17] T98G & UBTMG 100uM - v
Nakajima 2003 | Mouse Lewis lung W£-536 No effect ¥ ¥ Reduced angiogenesis
[12] cancer
Nakajima 2003 | Mouse melanoma W£-536 No effect ¥ Reduction in number of metastases.
[13] B16BL6 & B16F10 Synergistic effect seen with paclitaxel
Nakajima 2003 | Human W£-536 Reduction in HGF
[88] fibrosarcoma ¥ induced
Ht1080 ° hyperpermeability of
ECV304 cells
Ogata 2009 Human ovarian Fasudil No effect VY LPA Reduction in tumour burden and
[14] Caov-3 & SKOV3ip1 induced ascites (SKOV3ip1)
invasion
Ohta 2012 [18] | Human cancer Fasudil, Knockdown of ROCK
A2780 (cis Y-27632 v oin | & Il increased
sensitive) & combination - antiproliferative
A2780CP (cis with cisplatin effects of cisplatin
resistant)
Pille 2005[89] | Human breast MDA- | anti-RhoA/C ¥ ¥ 0 Reduction in tumour volume and
MB-231 siRNA vascularisation
Routhier 2010 | Mouse B16F1, Y-27632 No effect Reduction in average tumour volume
[15] Human uveal UvMel (7 (B16F1 cells)
1.3,1.5& 270
Somlyo 2000 Human prostate Y-27632 No effect ¥ Reduction in number and size of
[16] PC3 . tumours, increased survival
Somlyo 2003 Human prostate W£-536 No effect on in vivo growth alone.
[39] PC3 ) ) ¥ When combined with Marimastat,
reduced tumour volume with or
without paclitaxel
Takamura Human HCC Li7 Y-27632 Reduction in number of metastases
2001 [90] ) )
Ueno 2011 Clear renal cell A- Knock down ) ¥
[91] 498, 769-P of ROCK1 -
Voorneveld HCT116, HT29 Y-27632 Reduction in number of metastases V¥ migration
[92] colorectal cancer - - formed
cells
Xue 2008 [33] Murine HCC Y-27632 Reduction in number and size of Treated tumours had
CB0140C12 - v tumours. reduced MMP-9
staining
Yang 2010 Human lung 95D Fasudil ¥ ¥ Reduced adhesion
[93] demonstrated
Ying 2006 [94] | Breast MDA-MB- Fasudil Reduction in peritoneal
231, fibrosarcoma dissemtination (MM1), lung seeding
HT1080, rat v N (HT1080) and increase in number of
hepatoma MM1 tumour free mice (MDA-MB-231)
Zhang [95] Prostate cancer Y-27632 ¥ Reduction in size of tumours and
PC 3 cells . number of metastases formed
Zhu 2011 [96] Lung cancer A549 Fasudil ¥ ¥
Zohrabian Human GBM LN-18 | Y-27632 ¥

2009 [97]
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