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Abstract: Cancer immunotherapy is fast rising as a prominent new pillar of cancer treatment, harnessing
the immune system to fight against numerous types of cancer. Rho-kinase (ROCK) pathway is involved
in diverse cellular activities, and is therefore the target of interest in various diseases at the cellular
level including cancer. Indeed, ROCK is well-known for its involvement in the tumor cell and tumor
microenvironment, especially in its ability to enhance tumor cell progression, migration, metastasis,
and extracellular matrix remodeling. Importantly, ROCK is also considered to be a novel and effective
modulator of immune cells, although further studies are needed. In this review article, we describe the
various activities of ROCK and its potential to be utilized in cancer treatment, particularly in cancer
immunotherapy, by shining a light on its activities in the immune system.

Keywords: Rho-kinase (ROCK); cancer immunotherapy; ROCK inhibitors; tumor microenvironment
(TME)

1. Introduction

The concept of cancer immunotherapy was first suggested with the plan to harness
the patient immune system toward malignant tumor antigens in order to combat cancer.
This strategy is fast becoming a revolutionary paradigm in cancer treatment, overcoming
immune obstacles such as evasion of immune detection through the increase in immune
checkpoints, and other mechanisms of immunosuppression tumor cells may develop. In
the past few years, cancer immunotherapy has made leaps and bounds due to a better
understanding of immune surveillance and usage of immune checkpoints including cyto-
toxic T-lymphocyte-associated protein 4 (CTLA-4) and programmed cell death protein 1
(PD-1). Discoveries of antibodies blocking such immune checkpoints have resulted in a
dramatic clinical improvement in patients with various cancer types such as melanoma [1],
Hodgkin lymphoma [2], and Merkel cell carcinoma [3]. Moreover, cancer immunotherapy
not only offers a high response rate, but also long-term cancer remission through a persisted
antitumor immunity that can induce antitumor memory against a possible relapse. Due
to the numerous advantages and efficacy of immunotherapy, it is fast becoming a first
line indication for the treatment of cancer. However, immunotherapies based on immune
checkpoint blockade only work in tumors with a T cell-abundant microenvironment, and
poorly immunogenic tumors lacking T cell infiltration usually fail to respond. Therefore,
discovery of other therapeutic strategies is necessary in order for immune-excluded tumors
as well as immune desert tumors to be responsive [4,5]. Kinase signaling pathways are
known to be involved in the regulation of tumor immunity. Targeting kinases in cancer
cells and immune cells, alone or in combination with other therapies, has emerged to be a
promising immunotherapeutic strategy in oncology [6].

Rho-kinase (ROCK) is a downstream effector of the small guanosine triphosphatase
(GTPases), RhoA, B, and C. ROCK is involved in multiple cellular activities by regulating
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the actin cytoskeleton including cell contraction, motility, morphology, and proliferation.
Therefore, ROCK is suggested to be a therapeutic target in numerous diseases such as
cardiovascular diseases, ophthalmic diseases [7], neurological disorders [8], autoimmune
diseases [9], and cancer [10]. Discovery and development of molecular inhibitors that
selectively target ROCK1, ROCK2, or both, carry high clinical value [11]. Recently, two
novel pharmacologic compounds, belumosudil (Rezurock, 2021) and netarsudil (Rocklatan,
2019) that inhibit ROCK with high selectivity and activity, have been approved for clinical
use. Belumosudil was approved for the treatment of chronic graft-versus host disease while
netarsudil, in combination with prostaglandin F,, analogue latanoprost, was approved for
the reduction in elevated intraocular pressure (IOP) in patients with glaucoma or ocular
hypertension. Ripasudil [12] and fasudil [13], both ROCK inhibitors, were each clinically
approved in Japan for glaucoma and cerebral vasospasm, respectively. Additionally, for
cancer treatment, a phase 1 clinical trial using AT13148, the first dual potent ROCK-AKT
kinase (AKT) inhibitor, was completed in 2018 for the treatment of advanced solid tumors.
However the administration route and combinational treatment agents should be further
considered, in its side effects and limited clinical efficacy (NCT01585701) [14] Clinical trials
on ROCK inhibitors have been under way for various indications as described in Table 1.

Table 1. Ongoing clinical trials targeting Rho-kinase in various indications *.

1

Drug NCT Number Indication Phase Status Note
NCT01330979 Open Angle Glaucoma, 2 Completed
NCT01699464 Ocular Hypertension (OH) 2 Completed
Exfoliation Syndrome,
NCT01936389 OH, 2 Unknown
AR-12286 Open Angle Glaucoma
(Verosudil) NCT02174991 2 Unknown
NCT01060579 Glaucoma 2 Completed
NCT02173223 Advanced Glaucoma 2 Unknown
NCT02152774 Chronic Angle-closure 2 Unknown
Glaucoma
NCT00902200 Elevated Intraocular Pressure 2 Completed
NCT01302249 Glaucoma, 2 Completed Latanoprost
NCT01474135 OH 2 Completed Travoprost
Cerebral Vasospasm, Approved in Japan
Cerebral Ischemic Symptoms (June, 1995)
Eg%ggggigg Amyotrophic Lateral Sclerosis ; g;clizﬁm;
NCT00670202 Carotid Stenosis 2 Terminated
Progressive Supranuclear
NCT04734379 Palsy, 2 Recruiting
Fasudil Corticobasal Syndrome
NCT04191954 Retinopathy of Prematurity 2/3 Recruiting
NCT04793659 Dementia 2 Actlve, not
recruiting
NCT00498615 Raynaud’s Disease, 3 Completed
Scleroderma
NCT01823081 Diabetic Macular Edema 3 Completed
ST Segment Elevation, .
NCT03753269 Myocga ] Infartion 4 Not yet recruiting
Atherosclerosis,
NCT00120718 Hypercholesterolemia 2 Completed
NCT03404843 Cardiovascular Diseases 2 Completed
NCT03391219 Retinal Vein Occlusion 2/3 Unknown bevacizumab
Progressive Supranuclear
NCT04734379 Palsy, 2 Recruiting

Sorticobasal Syndrome
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Table 1. Cont.
Drug NCT Number Indication Phase Status Note
Glaucoma, Approved in Japan
OH (September, 2014)
. . Fuchs’ Endothelial Dystrophy,
Ripasudil Fuchs Dystrophy,
NCT03575130 Corneal Endothelial 2 Unknown
Dystrophy,
Corneal Endothelial Cell Loss,
Cornea Guttata
NCT03813056 , . 2 Recruiting
NCT03249337 Fuchs’ Endothelial Dystrophy 4 Recruiting
NCT04621136 Retinopathy of Prematurity 1/2 Recruiting
Open—An%;:_Iglaucoma, Approved (2019) Latanoprost
NCT04057053 | uchs’ Endothelial Dystrophy, Early 1 Completed
Cataract
NCT04752020 Fuchs’ Endothelial Dystrophy Early 1 Recruiting
, Fuchs’ Endothelial Dystrophy,
Netarsudil NCT03248037 Bullous Keratopathy 3 Completed
NCT04620135 Primary Open Angle 3 Completed
NCT03233308 Glaucoma, 2 Completed
NCT04064918 OH Mot Not yet recruitin
Open-Angle Glaucoma, applicable Y &
NCT02558374 OH 3 Completed
NCT02874846 2 Completed
NCT02246764 OH, 3 Completed
Glaucoma
NCT04498169 Corneal Edema 2 Completed
Chronic Graft-Versus-Host
Disease (cGVHD) Approved (2021)
NCT03640481 cGVHD 2 Recruiting
Active, not
KD025 NCT02841995 GVHD 2 recruiting
(Belumosudil) NCT02317627 Psoriasis Vulearis 2 Completed
NCT02106195 & 2 Completed
NCT03907540 Autoimmune Diseases, 1 Completed
Fibrosis
NCT02688647 Idiopathic Pulmonary Fibrosis 2 Completed
Systemic Sclerosis,
NCT03919799 Diffuse Cutaneous Systemic 2 Recruiting
Sclerosis
NCT04166942 Hepatic Impairment 1 Recruiting
AT13148 2 NCT01585701 Advanced Solid Tumor 1 Completed

! Data in this table are based on the advanced search of the Rho-kinase inhibitor except AT13148 on the NIH ClinicalTrials.gov site.
(https://clinicaltrials.gov/, accessed on 19 October 2021) 2 AT13148 is applied to a clinical trial as a novel cyclic adenosine monophosphate
(cAMP)-dependent, cyclic guanosine monophosphate (cGMP)-dependent, and protein kinase C (AGC) inhibitor.

The role of ROCK in various cellular activities naturally indicates its involvement in

multiple steps of tumor progression. ROCK simultaneously controls complex tumor envi-
ronmental components including stromal cells and immune cells. Numerous studies have
explored the potential of ROCK-targeted therapy for cancer treatment due to its multiple
functions in various cell types in the tumor microenvironment (TME). Considering this,
ROCK inhibitors could be a potent therapeutic option. However, beyond the therapeutic
function of ROCK in cancer cells, its influence on immune cells and the corresponding
anti-tumor immune responses remain to be elucidated yet. Therefore, with emerging
interests in cancer immunotherapeutic regimens, understanding the role of ROCK in the
TME is essential for applying ROCK inhibitors in cancer immunotherapy. In this review,
we focus on the biological functions of ROCK in various cell types, demonstrating its
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therapeutic usages as a cancer treatment modality, and suggesting its immunotherapeutic
potential to modulate the immunopathology in the TME.

2. Rho-Kinase (ROCK)

Rho-kinase (ROCK) was originally discovered to specifically bind to GTP-bound RhoA
and act as a serine/threonine kinase [14,15]. Belonging to the AGC protein kinase family,
ROCK consists of a kinase domain at the N-terminus, followed by a coiled-coil region and
a pleckinstrin homology domain at the C-terminus [16]. This COOH terminus of ROCK
acts as an auto-inhibitory region [17]. ROCK has two isoforms, ROCK1 and ROCK2, with
distinct expression patterns, where mRNA of ROCK1 is ubiquitously expressed in most
organs except for brain and muscle tissues, while that of ROCK2 is expressed only in
certain organs such as the brain, heart, muscle, and lung [18]. ROCK can be activated in a
Rho-dependent or independent manner. In a Rho-dependent ROCK activation, activated
Rho GTPase family proteins including RhoA, RhoB, and RhoC interact with ROCK with
different affinities, most likely due to minor differences in their sequences [19]. In a
Rho-independent manner, ROCK1 and ROCK?2 can be activated by cleavage of the auto-
inhibitory C-terminus, mediated by caspase3 and caspase2, respectively [20,21]. ROCK2
can also be directly activated by granzyme B [22]. Negative regulations of ROCK1 by Gem
GTPase and RhoE and ROCK2 by Coroninl1B have also been well characterized [23].

ROCK has been shown to regulate various biological functions as illustrated graphi-
cally in Figure 1. Conventionally, the Rho/ROCK signaling pathway is generally recog-
nized as an important regulator for cell cytoskeleton and polarity [24]. ROCK directly
phosphorylates myosin light chain (MLC) and inactivates myosin phosphatase, regulat-
ing cell contraction in smooth muscle cells as well as non-muscle cells [25]. ROCK also
interacts with specific substrates involved in reorganization of the cell cytoskeleton such as
LIM kinase (LIMK), adducin, and vimentin, which can lead to actin reorganization, focal
adhesion, and stress fiber formation [26,27]. ROCK1 and ROCK2 both show the ability
to distinctly regulate stress fiber disassembly and cell detachment as well as adhesion
complex assembly and keratinocyte turnover [28,29]. They also individually contribute to
the assembly of the fibronectin matrix and myosin II-driven contractility, but not in stress
fibers [30].

Cell cycle
Cellular
—
senescence L Stress fiber

~—==~{ formation

| Focal
| adhesion|™

Actin
reorganization

Figure 1. The Rho/ROCK signaling pathway in cell biology. The Rho/ROCK signaling regulates fundamental cellular

activities including actin reorganization, focal adhesion, and stress fiber formation, altering various cellular states.

Along with its ability to regulate the cell cytoskeleton, the Rho/ROCK signaling
pathway is also involved in cell migration [31]. In endothelial cells, hyaluronan-stimulated
ROCK is activated and consequently increases the phosphorylation of phosphatidyl in-
ositol receptors, stimulating a Ca?* influx to induce cell migration [32]. In human neu-
trophils, ROCK1 was shown to regulate their migration via phosphorylation of MLC
in vitro [33]. Under the stimuli of platelet-derived growth factor and lysophosphatidic
acid, the Rho/ROCK pathway regulated the cell migration of smooth muscle cells either
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with or without the involvement of MLC phosphorylation [34]. The Rho/ROCK signaling
pathway is also closely related to cell death and survival. For instance, the morphological
changes in apoptotic cells heavily requires the interference of ROCK [35]. Furthermore,
along with cytoskeletal regulation, ROCK is also related to cell cycle progression, involving
mitosis, chromosome alignment, and segregation of daughter cells [36]. On a similar note,
both ROCK1 and ROCK2 regulate cell proliferation, and inhibiting them leads to cell cycle
arrest and cellular senescence [37].

3. Targeting ROCK for Cancer Treatment

The role of ROCK in cancer has been widely explored, especially in fields of cancer
development, progression, and metastasis [38,39]. For example, in advanced stages of
breast cancer, ROCK has usually been shown to be overexpressed or of higher activity [40].
High expression of ROCK1 was observed in the metastasis of breast cancer, increasing
the invasiveness of cancer cells. ROCK1 overexpression is also negatively correlated with
the survival rate of breast cancer patients [41]. Likewise, an amplification of ROCK1 and
ROCK?2 expression was observed in pancreatic cancer [42]. In colorectal cancer (CRC),
ROCK polymorphism was shown to correlate with cancer development, again indicating
the contribution of ROCK in cancer growth [43]. Overexpression of ROCK2 was also
observed in hepatocellular carcinoma, intimately associated with tumor microsatellite
formation, further enabling tumor migration and invasion [44].

High expression of ROCK is associated with poor prognosis in medulloblastoma [45]
neuroblastoma [46], and vascular tumors [47]. In medulloblastoma including metastatic
medulloblastoma, mRNA levels of ROCK, especially ROCK2, were highly expressed, which
was associated with the overall survival of patients. ROCK inhibition with RKI-1447
showed less tumorigenicity through the inhibition of ROCK-dependent cell migration
and invasion. Gene expressions illustrated that ROCK inhibition downregulates tumor
necrosis factor o (TNFax) via nuclear factor kappa-light-chain-enhancer of activated B
cells (NF-kB) and epithelial-mesenchymal transition (EMT) signaling associated with
medulloblastoma progression and metastasis [45]. Neuroblastoma patients were found
to harbor somatic mutations in Rho/Rac signaling and high expression levels of ROCK2,
which was associated with poor patient survival. Inhibition of ROCK2 was shown to
significantly suppress tumor invasiveness, differentiation, and growth of neuroblastoma,
either with or without amplification of the MYCN gene, which is a strong oncogenic
driver inducing neoplastic transformation. For example, ROCK2 inhibition using HA1077
induced phosphorylation of Thr58 of MYCN by the dephosphorylation of Ser9 of glycogen
synthase kinase 33 (GSK33), leading to proteosomal degradation of MYCN [46]. Vascular
tumors including hemangiomas and angiosarcomas, also harbor high expression of ROCK
relative to normal cells. Knockdown of ROCK2, but not ROCK1, exhibited tumor growth
inhibition in xenograft animal models due to the contribution of ROCK2 to tumor cell
survival [47]. However, the role of ROCK and the effects of its genetic ablation in cancer
development and progression still needs to be fully uncovered.

As ROCK and its upstream and downstream signaling molecules control the motility,
migration, and survival in various cells, ROCK is involved in the progression and invasive-
ness of cancer cells, and is closely related to the components of the TME including tumor
cells, immune cells, and extracellular matrix (ECM). Based on its various activities, there
are several strategies to involve ROCK in cancer treatment, as illustrated in Figure 2.
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Figure 2. Cancer treatment strategies involving ROCK. ROCK is involved in multiple steps of the cell cycle and DNA damage

response. ROCK further plays an important role in all stages of cancer cell metastasis including the formation of filopodia

and lamellipodia, cytoskeletal reprogramming, EMT process, and the regulation of TME components. ROCK also activates

pro-tumorigenic CAFs and increases the deposition of ECM components. This increase in ECM deposition promotes its

stiffness and rigidity to exert tumor cell progression. Finally, ROCK inhibition combined with other chemotherapeutic

agents can induce a synergistic antitumor effect.

3.1. Cell Cycle Arrest/Cell Death Induction

The role of Rho-kinase in cell proliferation and death is well demonstrated, and nu-
merous studies have investigated the anti-tumor effects of ROCK inhibition in vitro and
in vivo. ROCK regulates actin polymerization and cytoskeletal dynamics, thus, inhibition
of ROCK1 and ROCK?2 reduces actomyosin contractility, and induces phenotypical change
of cells into a flattened morphology. Inhibition of Rho-kinase causes a variety of changes
in cell morphology, shifting it from regular to irregular such as lamellipodia formation
decrease, cell body elongation, and conversion to a spindle-like cellular shape [48-51]. Such
morphological changes decrease tumor cell survival and tumor invasion. For instance,
fasudil, a potent ROCK inhibitor, has been shown to inhibit colony formation and colony
migration of tumor cells while inducing tumor cell death in a Rho-independent man-
ner [48,52]. Similar results were demonstrated with treatment of Y27632 in melanoma cell
lines including cutaneous and ocular melanoma, altering cell morphology such as limiting
lamellipodia formation and decreasing cell invasiveness as well as cell survival in vitro [50].
This led to the prevention of tumor formation of the murine tumor model in vivo [48,50].
In pancreatic ductal adenocarcinoma (PDAC), AT13148 induced morphological changes
from regular to irregular and reduced physical force generation. It also inhibited invasive
behavior of tumor cells, thereby limiting tumor growth in vivo [49].

The Rho/ROCK signaling pathway has been said to involve several stages of cell mito-
sis and cytokinesis, resulting in a close association with the cell cycle [53]. Rho/ROCK is re-
quired for the accumulation of furrow cleavage during cytokinetic processes through phos-
phorylation of downstream proteins. Y27632 and fasudil prolonged ingression and cleavage
furrow formation during cytokinesis [54,55]. Cells lacking in ROCK1 and ROCK2 showed
lower number of division, an increase in both senescence-associated 3-galactosidase and
the percentage of G2/M cell cycle phase, suggesting that cell cycle was blocked and cellular
senescence had been induced. Additionally, ROCK regulates various essential cell cycle
related proteins including CyclinA, Cyclin-dependent kinases regulatory subunit 1 (CKS1),
and Cyclin-dependent kinase 1 (CDK1), indicating that ROCK inhibition can lead to the
suppression of tumor cell progression and tumorigenesis [37]. For example, liposomal
fasudil has shown to prompt the antitumor effect by inducing G2/M phase cell cycle arrest
in hepatocellular carcinoma (HCC) [56].

Along with cell cycle arrest, several ROCK inhibitors were shown to induce apoptosis
in various tumor models [57]. Fasudil and Y27632 were found to induce apoptosis of the
glioblastoma cell line in vitro. Fasudil also induced apoptosis of small cell lung cancer via
reduction in c-myc and cyclin D expression, halting the cell cycle at the G2/M phase [58].
Furthermore, ROCK inhibitors not only induce apoptosis, but also autophagy. An anal-
ysis of Light Chain 3-II (LC3-II) protein levels indicating an increase in autophagosome
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formation, showed fasudil itself to be both an autophagy and apoptosis inducer. However,
combination with another anti-cancer agent clioquinol showed synergistic effects on both
the apoptosis pathway and autophagy, leading to a cytotoxic effect in U87 glioblastoma
cells [59]. Similar effects were demonstrated on esophageal squamous cell carcinoma
(ESCC) cells, where fasudil induced both ESCC cell apoptosis and autophagy. Interestingly,
a combination of fasudil with autophagy inhibitor chloroquine enhanced the proapoptotic
effect of fasudil [60]. This suggests a novel combinatory strategy to synergistically amplify
the anti-cancer quality of fasudil, although further studies are required.

Rho/ROCK has also been proven to regulate DNA damage responses and repair mech-
anisms [61]. In melanoma, ROCK inhibitor treatment induced reactive oxygen species (ROS)
generation by lowering the contractility of cancer cells, leading to DNA damage responses
in vitro [62]. ROCK2 was also shown to be involved in centrosome complex formation with
BRCA2 in breast cancer, indicating the possibility that ROCK2 inhibition may induce DNA
damage [63]. Correspondingly, ablation of ROCK?2 sensitized gemcitabine-induced DNA
damage via prevention of zinc finger E-box-binding homeobox 1 (ZEB1)-adipose tissue
macrophage (ATM)/p-checkpoint kinase 1 (CHK-1) mediated DNA repair [64]. Increased
expression of ROCK2 under the activation of Rho C was also confirmed to be involved
with the DNA repair system in cervical cancer upon treatment with radiotherapy in vitro,
rendering the tumor radioresistant, indicating that ROCK2 inhibition may affect the DNA
damage repair response [65].

3.2. Inhibition of Tumor Metastasis, Invasion, and Migration

The involvement of Rho/ROCK in the metastatic ability of cancer cells is extensively
studied in various ways. In particular, Rho/ROCK is largely involved in the cell migration
process, controlling actomyosin contractility to exhibit an elongated cell morphology and
a protrusive mesenchymal-like mode of migration [66,67]. Inhibition of actomyosin con-
tractile force by ROCK inhibitors leads to changes in cell morphology and impairs cellular
movement, associated with cell migration in prostatic cancer [51] and melanoma [68]. Addi-
tionally, high expressions of ROCK in HCC are associated with migration and invasiveness
of cancer cells, leading to tumor metastasis [44,69,70]. On the other hand, knockdown
of ROCK2 impairs cytoskeleton remodeling through activation of the ROCK- Myosin
light-chain phosphatase 1 (MYPT1) and directional movement by inhibiting formation of
filopodia and lamellipodia in HCC cells [44]. Another study has shown that ROCK-ezrin
promotes HCC invasion. Ezrin phosphorylation at Thr567 promotes membrane ruffling, a
characteristic feature of actively migrating cells to accelerate cell motility and invasiveness
of HCC cells. Since ROCK is an upstream effector of ezrin, ROCK inhibition by either
Y27632 or ROCK-targeted small interfering RNAs reduce Thr567 phosphorylation of ezrin,
thereby limiting cancer cell metastasis [70].

Cancer cell metastasis is regulated by multiple proteins and genomic targets of ROCK
downstream signaling pathways. Oncogenic c-Myc plays a pivotal role in the maintenance
of tumorigenesis and metastasis by regulating microRNAs (miRNAs) such as miR-17-
92 clusters [71-73]. ROCK1 stabilizes and phosphorylates c-Myc via direct interaction,
controlling mRNA and miRNA clustering, and eliciting the metastatic and proliferative
capabilities of prostate cancer [72] and breast cancer cells [71]. Treatment with Y27632
and siRNA molecules to inhibit ROCK mediated its downstream events and effectively
prevented tumor growth and metastasis [71,72]. MLC, which is phosphorylated and
activated by ROCK, controls the actin-myosin contraction and cytoskeletal reprogramming
involved in cell morphology, motility, and metastatic process [74]. Hypoxia-inducible
factors (HIF) directly bind to ROCK1 and phosphorylate MLC to mediate focal adhesion
kinase (FAK) activation and support metastatic behavior of breast cancer cells under
hypoxic conditions [75]. The growth factor endothelin-1 (ET-1)—endothelin type A or B
receptors (ETpAR and ETgR)—drive invadopodia formation to mediate actin-based invasive
protrusion, resulting in cell invasion and metastasis. In epithelial ovarian cancer, the
RhoC-ROCK-LIMK-Coflin pathway plays a key role in this process to mediate actin
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cytoskeleton reorganization and cell invasion due to the fact that the ET-1/ET5R axis
promotes the interaction between (3-arrl and PDZ-RhoGEF which is directly responsible
for the activation of the RhoC-ROCK-LIMK—Coflin pathway [76].

Furthermore, ROCK is also associated with TME components to regulate the metastatic
cascade. Tumor associated macrophages (TAMs) are one of the major contributors in the
metastatic progression of breast cancer. Several studies have demonstrated that migration
response of breast cancer cells due to TAMs was associated with Rho/ROCK signal-
ing [77,78]. Subsequently, breast cancer cells that were ROCK-inhibited through treatment
with Y-27632 or GSK429286A showed diminished migratory and invasive behaviors [78].
In addition, in some cancer types, glucocorticoids (GCs) were shown to regulate tumor cell
progression and metastasis through the GC receptor [79,80]. Moreover, treatments with
synthetic GCs such as dexamethasone or corticosterone promoted adhesion, migration,
and metastasis of melanoma through the ROCK-phosphoinositide 3-kinase (PI3K)-AKT
pathway, independent of Rho GTPases (RhoA, RhoB, and Rho C). ROCK inhibition by
Y27632 abrogated such GC-mediated invasiveness of melanoma cells [80].

Progressive stages of EMT involve cytoskeletal changes and acquisition of migratory
behavior and motility in cancer cells, pushing them to metastasize to other sites. ROCK
plays a pivotal role in this EMT process, regulating microtubules, actomyosin contractility,
and cytoskeletal changes, finally resulting in the loss of epithelial characteristics and the
acquisition of mesenchymal ones [81,82]. A decrease in epithelial markers, an increase in
tight junction formation to regulate cellular movement, and an upregulation of mesenchy-
mal cellular phenotype markers facilitating cell motility such as N-cadherin, Snail, Slug,
ZEB1, and Vimentin are common characteristics of the EMT process. Several studies have
confirmed that inhibition of ROCK can prevent or reverse these changes in EMT mark-
ers [64,83,84]. One study demonstrated that the EMT phenotype in gemcitabine-resistant
pancreatic cancer cells, commonly linked with chemo-resistant cells, were regulated upon
ROCK?2 inhibition [64]. Additionally, potent ROCK inhibition by treatment of GSK126
combined with diosgenein, a natural steroidal saponin, suppressed EMT process-associated
molecules in gastric cancer cells [83]. Meanwhile, transforming growth factor (TGF)-31
is one of the most pivotal signaling agents in promoting EMT by activation of the Smad
complexes and targets gene transcriptional factors including Snail, ZEB, and Twist. Several
studies determined the Rho/ROCK pathway to mediate TGF-31-induced EMT, demon-
strating how ROCK inhibition prevented TGF-p1-induced EMT marker changes and the
corresponding morphological changes [84-87]. Furthermore, activation of the extracellular
signal-regulated kinase (ERK)/p38 pathway as downstream of Rho/ROCK signaling was
found to upregulate supervillin under hypoxic conditions, promoting EMT and metastasis
in HCC [88]. In collagen-abundant pancreatic cancer, ROCK inhibitor AT13148 suppressed
collagen invasion of the tumor by regulating cell motility and contractile force that requires
actin polymerization, without affecting tumor cell proliferation [49].

3.3. ECM Remodeling

The TME consists of various cellular components that not only include cancer cells,
but also vasculature, immune cells, and ECM. ECM supports tumor progression, migration,
and invasion by ECM molecules, interacting with other TME components in autocrine and
paracrine ways [89,90]. ROCK controls actomyosin contractility to drive ECM remodeling
by deposition of ECM components [42,91]. Collagens are one of the most abundant
and major proteins in the ECM, and in tumors, collagen deposition is increased in a
ROCK-dependent way through contractile force generation, driving the deformation of
collagen fibers and tissue stiffness, promoting tumor progression [92,93]. ROCK drives cell
contractility to mediate fibrotic pathologies and fibrosis to stiffen the stroma, while cancer
associated fibroblasts (CAFs) are the main source for the production of such ECM structural
proteins [94]. In PDAC, ROCK1 was found to be overexpressed in tumor tissues and ROCK
inhibition reverted the activated state of the pro-tumorigenic CAFs, accompanied by a
reduction in collagen I expression. Moreover, a combination of fasudil with gemcitabine
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significantly decreased collagen deposition and enhanced anti-tumor efficacy [95]. Such
impairment of collagen matrix by ROCK inhibitors effectively primed the TME of PDAC,
sensitizing the tumor to chemotherapeutic agents such as gemcitabine or abraxane [96].
Another preclinical study also reported that treatment of fasudil primed tumor tissues by
disrupting ECM integrity during ECM deposition and improving the chemotherapeutic
efficacy of gemcitabine and abraxane in pancreatic cancers [96]. In breast cancer, ROCK
downstream pathway protein kinase R-like ER kinase (PERK)-activating transcription
factor 4 (ATF4) produces Creld2 protein, which educates fibroblasts in a paracrine way and
mediates tumor progression through tumor—stroma crosstalk [97]. In multiple myeloma
(MM), stromal cell-derived factor-1 (SDF1) and its receptor chemokine receptor 4 (CXCR4)
induced MM cell adhesion to fibronectin, a ubiquitous ECM glycoprotein through the
Rho/ROCK pathway. Inhibition of ROCK prevented such SDF1-induced adhesion of MM
cells and their homing to the bone marrow [98,99].

3.4. Combinatory Effects with Other Chemotherapeutic Agents

Conventional chemotherapeutic drugs and treatment regimens in oncology show
limited response rate and poor survival. In order to overcome certain chemotherapy
resistance and improve the response rate, a combinatory strategy is necessary. Over the
years, ROCK inhibitors have been suggested as a potential combinational partner to be
used with existing treatments for several cancers. For example, fasudil was administered
as a drug cocktail along with tranilast and temozolomide for neuronal reprogramming to
improve the current most common treatment option for glioblastoma [100]. Furthermore,
in pancreatic cancer, while gemcitabine is the first-line treatment agent, its efficacy is not
ideal due to its limited response rate. Therefore, several studies have demonstrated that
targeting ROCK may improve the sensitivity of gemcitabine in chemo-resistant pancreatic
cancers [64,96,101]. In this manner, targeting ROCK is a possible approach to increasing
drug sensitivity of existing chemotherapeutic agents.

There are further examples of research demonstrating the combinatory potential of
ROCK. Genetic screening has found ROCK to be a promising combinative agent with
EGFR inhibitors to produce synergistic antitumor responses against a triple negative
breast cancer (TNBC) model. This dual inhibition of EGFR and ROCK mediated an
increase in the G2 phase of the cell cycle and a loss of Cyclin A and Cdk2 as well as
p27Kipl. Combined EGFR and ROCK inhibition impaired TNBC cell growth and induced
synergistic pharmacological effects through cell cycle arrest by decreasing Cyclin—-Cdk
complex-mediated phosphorylation of pRb [102]. Another example of ROCK inhibitor
combination was found through a synthetic lethal drug screening, and co-treatment of polo-
like kinase 1 (PLK1) and ROCK inhibitors showed synergistic therapeutic efficacy in KRAS-
mutant cancers. In particular, this combination specifically upregulated the genomic and
protein levels of p21WAF1/CIPL in KRAS-mutant cells, leading to a G2/M cell cycle arrest and
impairing cell survival through apoptosis [103]. In addition, addition of ROCK inhibitors
was suggested as a strategy to overcome the resistance of mitogen-activated protein kinase
(MEK) inhibitors against NRAS mutant melanoma. This combination of MEK inhibitors and
ROCK inhibitors was shown to cooperatively lower the mitogen-activated protein kinase
(MAPK)/ERK downstream signaling pathway and upregulate cyclin-dependent kinase
inhibitors including p16™NK4A p21CIP1 and p27KIP1 a5 well as pro-apoptotic signaling in
protein levels to induce cellular cytostatic and apoptotic response [104]. Another study
interestingly showed that neuronal damage caused by cisplatin through cytokine releases
induced by cisplatin can be prevented upon Y27632 treatment [105]. In conclusion, there
has been multiple studies validating the use of ROCK as a combinatory tool in increasing
drug sensitivity, antitumor responses, or even preventing side effects.
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4. ROCK Regulates Immune Cells
4.1. Dendritic Cells and Macrophages

Dendritic cells (DCs) and macrophages are representative antigen presenting cells,
specializing in the detection, engulfment, and presentation of antigens to mediate adaptive
immune responses. During the engulfment process in phagocytes, Rho activity is down-
regulated and Rho/ROCK signaling acts as a negative regulator for complement receptor
mediated phagocytosis [106]. Correspondingly, Rho/ROCK inhibition in phagocytes medi-
ates apoptotic cell engulfment [107,108]. Moreover, motor protein myosin IXB (Myo9b), an
upstream negative regulator of the Rho/ROCK signaling pathway, affects the chemotaxis
and migratory behavior of macrophages [109] and DCs [110], leading to their loss of func-
tion concerning antigen presentation to T-cells, thereby failing to effectively induce adaptive
immune response [110]. Rho/ROCK signaling also induced morphological changes of
DCs to extend dendrites, which was associated with actin polymerization. Inhibition of
Rho/ROCK augmented the production of interleukin-12 (IL-12) of DCs and when these
DCs were cultured with T cells, there was an increase in interferon-y (IFN-y)-producing
CD4* T cells. Interestingly, there was a significant decrease in IL-2-producing T-cells [111].
In addition, Rho/ROCK is known to be essential for Toll-like receptor 2 (TLR2)-mediated
IL-23 inflammatory immune response in theumatoid arthritis macrophages [112]. M2-like
macrophages are suggested to be linked to macular degeneration, since they are found
to be accumulated in age-related macular degeneration (AMD), but not in normal eyes.
Selective ROCK2 inhibition has been shown to reduce M2-like macrophage subtypes and
choroidal neovascularization. ROCK2 inhibition also upregulated M1 markers with no
effect on macrophage recruitment, drawing attention to the role of ROCK2 in macrophage
plasticity [113]. Another study demonstrated that vascular endothelial growth factor
(VEGF)/chemokine ligand 18 (CCL18) from IL-4/IL-13 induced M2a type macrophage
promoted the invasion of breast cancer cells via the Rho/ROCK signaling pathway, and
this could be attenuated by a ROCK inhibitor [78].

4.2. T-Cells

Rho-kinase signaling has proven to be important in the induction of T-cell immune
dysfunction in abdominal sepsis by regulating sepsis-induced systemic inflammation.
In septic animals, Rho-kinase inhibitor pretreatment not only helped T-cell functionality
by decreasing apoptosis and increasing CD4* T-cell proliferation, but also abrogated the
systemic bacteremia. This indicates that Rho-kinase may be involved in improving host
defenses mediated by T-cells in the case of abdominal sepsis. When cecal ligation and
puncture (CLP) induced apoptosis of splenic CD4" T-cells and the increase in splenic
regulatory T-cells (Treg), Rho-kinase inhibition effectively abolished such effects [114].
Furthermore, regulation of T-cell cytoskeleton is essential for the formation of immune
synapses. Inhibition of ROCK in naive T-cells led to their activation by remodeling actin
through the ROCK/LIMK/ Cofilin signaling pathway [115]. In addition, ROCK expression
in T-cells has been found to be mostly located at the trailing edges of T-cells when they
migrate, regulating the detachment of T-cells [116].

Inhibition of ROCK was shown to alleviate the pathogenesis of immunopathogenic
diseases where T helper 17 cells (T,17) plays a pivotal role [117]. Recent studies have
illustrated the role of ROCK2, but not ROCKI1, in the differentiation of T}, 17 cells, which
mediates inflammatory responses in autoimmune disorders through the janus kinase
(JAK)/signal transducer and activator of transcription (STAT) pathway [118]. ROCK2
has also been established as a regulator of IL-21 and IL-17 secretion of human T-cells
through STATS3, interferon regulatory factor 4 (IRF4), and RAR-related orphan receptor
vt (RORYt) regulation [119,120]. Another study demonstrated that an oral formulation
ROCK2-selective inhibitor, KD025, increased Treg function by increasing STAT5 phospho-
rylation, concluding that ROCK2 is crucial in modulating human immune homeostasis,
and that selective ROCK2 inhibition shifts the T},17/ Treg balance toward the Treg pheno-

type [121].
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4.3. Natural Killer Cells (NK Cells)

Rho-kinase regulates actin dynamics, associated with membrane kinetics to alter
cellular morphology by the formation of membrane protrusion including lamellipodia,
ruffling, and blebs [122]. Use of a ROCK inhibitor converted the killing mode of NK cells
from necrotic mode to death ligand-mediated apoptosis in necrosis sensitive MCF7 cells by
reducing membrane blebs with lamellipodia extension. On the other hand, in SMMC-7721
cells, which have a moderate membrane dynamics with intrinsic apoptosis sensitivity, the
killing mode of NK cells was not affected [123]. The RhoA /ROCK/LIM-kinase pathway
in NK cells involves actin cytoskeletal reorganization and lipid raft polarization to form
immunological synapse of NK cell-target cell, and thereby induce the cytotoxic activation of
NK cells. Incubation of NK cells with a ROCK inhibitor was found to lower their cytotoxic
effect in a concentration-dependent manner [124]. Furthermore, the ROCK-AKT signaling
pathway is also associated with NK cell activity. NK cells treated with ROCK inhibitors
showed PI3K-dependent AKT activation and have enhanced cytotoxic activity against
different cancer cell lines [125].

4.4. Other Immune Cells

Lymphotoxin beta receptor (LTBR) ligands on DCs are crucial in lymph node immune
responses. This signaling between DCs and reticular cells mediates cell survival by modu-
lating podoplanin (PDPN). PDPN regulates integrin-mediated cell adhesion, maintaining
reticular cell survival. In vitro treatment with a Rho-kinase inhibitor blocked PDPN down-
stream effects and disrupted cell survival, which shows that PDPN regulates reticular cell
survival via the Rho-ROCK-ERM pathway that is usually related to cell contractility [126].
Therefore, ROCK plays an important part in maintaining the DC-stromal axis shifting
toward the continuation of immune response and lymphocyte survival.

The relationship between ROCK and monocytes are also well-known. Monocyte
chemoattractant protein-1 (MCP-1) is a key chemokine in the recruitment of monocytes.
While TNF-o has been shown to induce MCP-1 expression in mesangial cells, treatment
of Y-27632 inhibits this TNF-x-dependent monocyte migration [127]. Another recent
study demonstrated the effect of ROCK2 in the recruitment of monocytes. Silencing of
ROCK?2 effectively inhibited the migration and adhesion of monocytes to endothelial cells
by attenuating nuclear factor kB (NFkB)-dependent induction of chemokines and cell
adhesion molecules [128]. Both of these studies establish the key role ROCK plays in the
recruitment of monocytes.

5. ROCK and Cancer Immunotherapy

In the TME, various immune cells are constantly involved in tumor progression and
suppression. Cancer immunotherapy targets these immune cells in the cancer immunity
cycle, blocking each step of cancer development [129]. Thus, it is important to adopt
a proper immunotherapeutic strategy based on the timing, sequence, combination, and
delivery of immunotherapeutic agents [130]. Here, we provide evidence to validate our
opinion of ROCK as an effective immunotherapeutic target to treat cancer in multiple
stages (Figure 3).
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Figure 3. Immunotherapeutic strategies using ROCK inhibitors. ROCK inhibition in antigen presenting cells upregulates

their phagocytic function to eliminate cancer cells and mediates the adaptive immune response. In addition, blockade of

ROCK in cancer cells can maintain enough genomic instability to activate the cGAS/STING pathway and evoke sequential

immune cell responses. ROCK inhibition can also hamper the PD-L1 expression in cancer cells and persist T-cell activation.

YAP nuclear localization is controlled by Rho/ROCK signaling to recruit immunosuppressive cells in the TME. Furthermore,
ROCK inhibitors can alter the TME by restricting the infiltration of MDSCs or M2 type macrophages.

5.1. Regulation of Phagocytosis

Phagocytosis is an initial and fundamental process to detect and eliminate tumor
antigens, provoking an anti-tumor immune response. This process bridges the innate and
adaptive immunity by priming T-cells to recognize tumor cells and have a killing effect. The
elimination of apoptotic cells through phagocytosis was proven to be negatively regulated
by RhoA /ROCK signaling, [131] and blocking the RhoA /ROCK pathway enhanced the
phagocytic activities of macrophages [108]. Accordingly, use of ROCK inhibitor Y27632
increased the phagocytic activity of antigen presenting cells, inducing their tumor cell
uptake and antigen presenting capability, proving that ROCK inhibition can effectively
potentiate the innate immune response [132]. Furthermore, in addition to this capacity of
ROCK inhibitors of enhancing antigen presentation, a combination with immunogenic cell
death (ICD) inducers such as doxorubicin or photodynamic therapy showed a synergistic
effect in suppressing tumor growth. This combination of ‘Eat me” signal increase by
ICD inducers and the augmented phagocytosis by ROCK inhibitors collectively boosted
antitumor immunity, effectively recruiting CD8* T-cells, sensitizing the immune-excluded
or immune desert tumors to improve their response toward immune checkpoint blockade
therapies [132,133].

5.2. Activating Innate Immune System

Genomic instability is one of the key indicators in evaluating immunotherapy re-
sponse [134]. Interference in the DNA repair system causes DNA damage, leading to the
formation of single-stranded or double-stranded DNA (dsDNA) breakage. In particular,
dsDNA activates the cyclic GAMP-AMP synthase (cGAS)/stimulator of interferon genes
(STING) pathway, promoting type I interferon secretion and activating the innate immune
system. Numerous agents such as poly (ADP-ribose) polymerase (PARP) inhibitors have
been developed in an attempt to induce DNA breakage and activate the cGAS/STING
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pathway [135]. Furthermore, activation of the cGAS/STING pathway using a STING
agonist potentiated NK cell immunity through the secretion of IL-15 from DCs activated by
IFN-y from the myeloid cell population [136]. In this fashion, there have been numerous
efforts to induce the cGAS/STING pathway in order to trigger an immune response to
utilize in cancer immunotherapy.

Since it is well-known that ROCK can cause cell cycle arrest and maintain DNA
damage, there seems to be a possible potential in using ROCK inhibitors to interrupt the
DNA repair system. An upstream signaling molecule of ROCK, Rho A, is closely related
to DNA damage response, suggesting the conceivable role of ROCK in the DNA repair
system [137]. However, there is still a lack of evidence and further studies are necessary in
order to prove this hypothesis.

In addition to its ability to retain DNA damage, the role of ROCK in tumor senescence
is also interesting. As mentioned before, the inhibition of ROCK has been proven numerous
times to induce cellular senescence of tumors, and this effect on the immune system is
worth considering. For example, the induction of cellular senescence of KRAS™"* tumors
has been effective in the suppression and elimination of tumor cells due to an increase
in senescence-induced secretory phenotype via NK cells [138]. In a similar way, ROCK
inhibition-induced cellular senescence of tumors may have a potential in invigorating NK
cells to activate a senescence-mediated antitumor immunity.

5.3. PD-L1 Depletion

PD-L1 is an immunotherapeutic target that suppresses T cell activation. PD-L1 expres-
sion on tumor cells and tumor infiltrating immune cells are crucial for tumors in dampening
T-cell responses and thereby escaping the immune system. Therefore, understanding the
regulatory mechanisms of PD-L1 expression and targeting them may offer therapeutic
innovations in cancer immunotherapy. In breast cancer, PD-L1 was shown to be stabilized
by moesin phosphorylation induced by ROCK. Such phosphorylated moesin competes
with E3 ubiquitin ligase to bind with PD-L1, inhibiting its degradation. Naturally, blocking
ROCK in the mechanism has the potential to interfere with PD-L1 stability and upregulate
the immune response in breast cancer [139].

It has also been demonstrated that TGF-3 induces PD-L1 expression to contribute to
the immune evasion of cancer cells. In this axis, Myocardin-related transcription factor-A
(MRTEF-A) plays an immune suppressive function. Rho/ROCK signaling is involved in
the noncanonical pathway to suppress TGF-f3 induced PD-L1 expression, contributing the
translocation of MRTF-A to the nucleus [140].

These results suggest another mechanism of ROCK inhibition as a cancer immunother-
apeutic strategy that can potentiate T-cell activity.

5.4. Overcoming Resistance to Immunotherapy

The RAS signaling pathway is known to be highly active in melanoma, and chemother-
apeutic or immunotherapeutic agents such as BRAF inhibitors, MAPK inhibitors, or MEK
inhibitors targeting this pathway have been actively studied. However, they have been
shown to fail due to chemoresistance mediated by myosin II activation [141]. This leads
to the rapid migration of melanoma and the induction of immunosuppressive secretome
such as IL-1a, modulating the TME by reducing immunosuppressive differentiation of
myeloid cells such as M2-like macrophages [142]. Such resistance can be overcome by
ROCK inhibitors that reduce myosin II activity, leading to DNA damage by generating ROS
in immunotherapy-resistant melanoma and decrease in PD-L1 and Tyeg infiltration [143]. In
addition, melanoma cells pre-treated with ROCK inhibitors have shown suppressed tumor
growth through the increase in the Fas ligand (FasL) and the corresponding infiltration
of CD8* T lymphocytes [144]. Overall, these studies offer another potential of ROCK
inhibitors in melanoma immunotherapy.
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5.5. YAP Inhibition

The hippo signaling pathway plays a critical role in promoting the migration, invasion
and malignancy of cancer cells, therefore bearing a unique tumorigenic capacity. Most of
these activities are mediated by the transcriptional effector yes associated protein (YAP)
and its paralog transcriptional coactivator with PDZ-binding motif (TAZ) through their
interaction with transcriptional factors [145]. ROCK is involved in maintaining the nuclear
localization of YAP, thereby upregulating YAP activity [146]. For example, Rho-signaling
was found to be necessary for human embryonic stem cell survival, since ROCK sustains
the nuclear function of YAP/TAZ [147]. On a similar note, deprivation of ROCK effectively
reduced the expression of YAP in a dose-dependent and time-dependent manner, inhibiting
the growth and metastatic ability of osteosarcoma cells [148].

The hippo signaling pathway not only plays a part in tumor cells, but also has an
immunomodulatory effect and orchestrates a number of immune cells in the TME. Fur-
thermore, YAP also plays a critical part in suppressing anti-tumor immunity, especially
through T-cells. For example, suppression of the hippo pathway was shown to subdue
CD8* T-cell differentiation [149]. In addition, YAP was found to be expressed by activated
CD8" T-cells found in the TME, acting as an immunoinhibitor on these cytotoxic cells [150].
YAP was also found to be upregulated in Treg cells, playing a crucial role in directing
Treg function through the amplification of TGF-f [151] and promoting Treg differentiation
through the upregulation of TGFBR2 expression [152]. Another recent study identified
YAP as a broad suppressor of CD4* and CD8" T-cells, and a critical regulator of T-cell
tumor infiltration and patient survival [153]. YAP is also closely related to other immune
cells. For example, in prostate adenocarcinoma models, MDSCs were recruited to the
TME to promote cancer progression in a YAP-dependent manner [154]. Not only so, in
KRAS:p53-mutant PDAC, YAP promoted the differentiation of MDSCs, making them capa-
ble of impairing T-cell activation [155]. In the case of TAMs, YAP was found to increase
M2 TAM polarization in CRC, and use of a YAP inhibitor suppressed this tumor-initiating
polarization and subsequent tumorigenesis [156]. Due to its relationship with various
immune cells, high YAP expression in tumors is already considered as an indicator of poor
immunologic prognosis, for example, in CRC, due to the effect of YAP on MDSCs and M2
TAM polarization [156,157].

YAP seems to be an important target in improving T-cell response in cancer, further-
more in improving cancer immunotherapy response. Naturally, therapeutic interventions
to prevent such YAP-dependent TME suppressions are currently under research. For
example, YAP was found to regulate tumoral PD-L1 expression at the transcriptional
level in non-small cell lung cancer and BRAFi-resistant melanoma [158,159]. This role
of YAP in promoting PD-L1 in cancer cells provides an avenue of possibility to enhance
PD-L1 immune checkpoint blockade therapy. Indeed, YAP inhibition directly hindered
the expression of PD-L1, providing an effective strategy to overcome gefitinib-resistant
lung adenocarcimoma [160]. The use of verteporfin, a YAP inhibitor, with PD-1 antibodies
resulted in a synergistic reduction in tumor growth, validating the opinion that YAP sup-
pression can boost the efficacy of immunotherapies. In addition, YAP inhibition alone and
in combination with 5-fluorouracil (5-FU) suppressed TAM infiltration, polarization, and
TAM-associated resistance toward 5-FU treatment, resulting in an increase in therapeutic
response in patients [156].

Taking into account the role ROCK plays in the regulation of YAP expression, we
suggest ROCK as an indirect regulator of YAP-mediated immune cell interference. Further-
more, modulation of ROCK may lead to an increase in immune response, and therefore
could become a useful tool in cancer immunotherapy.

6. Conclusions and Perspectives

ROCK contributes to a variety of cytoskeletal-associated functions in cells by regulat-
ing the actin cytoskeleton. In cancer, ROCK plays multiple roles in cell survival, invasion,
metastasis, EMT remodeling, and drug resistance. Therefore, targeting ROCK has become
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a promising approach in controlling tumor progression, leading to the launch of a ROCK
inhibitor to a phase I clinical trial with the indication for cancer. However, most studies on
ROCK in the field of cancer therapy have been focused on the direct effectiveness of ROCK
on cancer cells, rather than its surrounding components. Thus, the specific role of ROCK in
TME components still needs to be elucidated through further studies.

With the emergence of cancer immunotherapy, identifying novel targets to control the
TME in order to evoke anti-cancer immune responses has become imperative. In that sense,
as a modulator of multiple functions in various cells, ROCK is a promising drug target for
cancer immunology. As described, ROCK plays multiple roles in regulating various immune
cells in many diseases. Depending on the immunopathology of the diseases, ROCK may
play contradictory roles. For example, in an immune-inflamed environment, ROCK inhibitors
could induce immunosuppressive cells such as Treg. On the other hand, in an immunosup-
pressive environment such as the TME, ROCK inhibitors could hinder the recruitment of
immunosuppressive cells such as MDSCs or TAMs. Furthermore, discovery of novel small-
molecule inhibitors of ROCK have provided numerous opportunities to study ROCK as a
cancer treatment modality. However, several key requirements need to be met with these
ROCK inhibitors in order to establish their position as a method of cancer treatment including
targetability, selectivity, and activity. For example, targeting one isoform of ROCK or both may
offer different, even conflicting functional roles in cellular activity.

Therefore, a deep insight into the mechanistic properties of ROCK is required. Given
all the above, ROCK is an attractive target for cancer immunotherapy. Further research
supporting the rationale to utilize ROCK inhibitors in appropriate circumstances and in
combination with other therapeutic strategies may provide greater clinical benefits in
immunotherapy resistant patients.

Author Contributions: Conceptualization, SK., S.A.K.,, ].H. and I.-S.K.; Writing—original draft
preparation, S.K. and S.A K.; Writing—review and editing, ].H.; Feedback, I.-5.K. All authors have
read and agreed to the published version of the manuscript.

Funding: This research was funded by grants from the National Research Foundation of Korea (NRF)
funded by the Korean government (2017R1A3B1023418), KU-KIST Graduate School of Converging
Science and Technology Program, National Cancer Center of Korea, and KIST Institutional Programs.

Acknowledgments: All figures were created with Biorender.com accessed on 24 November 2021.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Munhoz, RR,; Postow, M.A. Clinical development of PD-1 in advanced Melanoma. Cancer J. 2018, 24, 7-14. [CrossRef] [PubMed]

2. Ansell, SM. PD-1 Blockade in classic Hodgkin Lymphoma. JCO Oncol. Pr. 2021, 17, 72-73. [CrossRef] [PubMed]

3. Chan, I; Bhatia, S.; Kaufman, H.L.; Lipson, E.J. Inmunotherapy for Merkel cell carcinoma: A turning point in patient care. J.
Immunother. Cancer 2018, 6, 23. [CrossRef] [PubMed]

4. Spranger, S.; Gajewski, T.F. Mechanisms of tumor cell-intrinsic immune evasion. Annu. Rev. Cancer Biol. 2018, 2, 213-228.
[CrossRef]

5. Yang, Y.; Nam, G.-H.; Kim, G.B.; Kim, Y.K.; Kim, I.-S. Intrinsic cancer vaccination. Adv. Drug Deliv. Rev. 2019, 151, 2-22. [CrossRef]

6. Bhullar, K.S.; Lagarén, N.O.; McGowan, E.M.; Parmar, I; Jha, A.; Hubbard, B.P.; Rupasinghe, H.P.V. Kinase-targeted cancer
therapies: Progress, challenges and future directions. Mol. Cancer 2018, 17, 48. [CrossRef]

7. Saha, B.C.; Kumari, R.; Kushumesh, R.; Ambasta, A.; Sinha, B.P. Status of Rho kinase inhibitors in glaucoma therapeutics—An
overview. Int. Ophthalmol. 2021, 1-14. [CrossRef] [PubMed]

8. Niftullayev, S.; Lamarche-Vane, N. Regulators of Rho GTPases in the nervous system: Molecular implication in axon guidance
and neurological disorders. Int. J. Mol. Sci. 2019, 20, 1497. [CrossRef]

9. Pernis, A.B.; Ricker, E.; Weng, C.-H.; Rozo, C.; Yi, W. Rho Kinases in autoimmune diseases. Annu. Rev. Med. 2016, 67, 355-374.
[CrossRef]

10. Clayton, N.S.; Ridley, A J. Targeting Rho GTPase signaling networks in cancer. Front. Cell Dev. Biol. 2020, 8, 222. [CrossRef]

11. Defert, O.; Boland, S. Rho kinase inhibitors: A patent review (2014-2016). Expert Opin. Ther. Pat. 2017, 27, 507-515. [CrossRef]

12. Tanihara, H.; Kakuda, T.; Sano, T.; Kanno, T.; Imada, R.; Shingaki, W.; Gunji, R. Safety and efficacy of Ripasudil in Japanese

patients with Glaucoma or Ocular Hypertension: 3-month interim analysis of ROCK-], a post-marketing surveillance study. Adv.
Ther. 2019, 36, 333-343. [CrossRef]


Biorender.com
http://doi.org/10.1097/PPO.0000000000000299
http://www.ncbi.nlm.nih.gov/pubmed/29360722
http://doi.org/10.1200/OP.20.01020
http://www.ncbi.nlm.nih.gov/pubmed/33439697
http://doi.org/10.1186/s40425-018-0335-9
http://www.ncbi.nlm.nih.gov/pubmed/29566749
http://doi.org/10.1146/annurev-cancerbio-030617-050606
http://doi.org/10.1016/j.addr.2019.05.007
http://doi.org/10.1186/s12943-018-0804-2
http://doi.org/10.1007/s10792-021-02002-w
http://www.ncbi.nlm.nih.gov/pubmed/34453229
http://doi.org/10.3390/ijms20061497
http://doi.org/10.1146/annurev-med-051914-022120
http://doi.org/10.3389/fcell.2020.00222
http://doi.org/10.1080/13543776.2017.1272579
http://doi.org/10.1007/s12325-018-0863-1

Int. J. Mol. Sci. 2021, 22, 12916 16 of 21

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.
25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

Zhao, J.; Zhou, D.; Guo, J.; Ren, Z.; Zhou, L.; Wang, S.; Xu, B.; Wang, R. Effect of Fasudil Hydrochloride, a protein kinase
inhibitor, on cerebral Vasospasm and delayed cerebral Ischemic symptoms after aneurysmal Subarachnoid Hemorrhage-results
of a randomized trial of Fasudil Hydrochloride versus Nimodipine-. Neurol. Med. Chir. 2006, 46, 421-428. [CrossRef]

McLeod, R.; Kumar, R.; Papadatos-Pastos, D.; Mateo, J.; Brown, J.S.; Garces, A.H.I.; Ruddle, R.; Decordova, S.; Jueliger, S.;
Ferraldeschi, R.; et al. First-in-human study of AT13148, a dual ROCK-AKT inhibitor in Patients with Solid Tumors. Clin. Cancer
Res. 2020, 26, 4777-4784. [CrossRef]

Leung, T.; Manser, E.; Tan, L.; Lim, L. A novel serine/threonine kinase binding the Ras-related RhoA GTPase which translocates
the kinase to peripheral membranes. J. Biol. Chem. 1995, 270, 29051-29054. [CrossRef] [PubMed]

Matsui, T.; Amano, M.; Yamamoto, T.; Chihara, K.; Nakafuku, M.; Ito, M.; Nakano, T.; Okawa, K.; Iwamatsu, A.; Kaibuchi, K.
Rho-associated kinase, a novel serine/threonine kinase, as a putative target for small GTP binding protein Rho. EMBO J. 1996, 15,
2208-2216. [CrossRef] [PubMed]

Pearce, L.R.; Komander, D.; Alessi, D.R. The nuts and bolts of AGC protein kinases. Nat. Rev. Mol. Cell Biol. 2010, 11, 9-22.
[CrossRef]

Amano, M.; Chihara, K.; Nakamura, N.; Kaneko, T.; Matsuura, Y.; Kaibuchi, K. The COOH terminus of Rho-kinase negatively
regulates Rho-kinase activity. J. Biol. Chem. 1999, 274, 32418-32424. [CrossRef] [PubMed]

Nakagawa, O.; Fujisawa, K.; Ishizaki, T.; Saito, Y.; Nakao, K.; Narumiya, S. ROCK-I and ROCK-II, two isoforms of Rho-associated
coiled-coil forming protein serine/threonine kinase in mice. FEBS Lett. 1996, 392, 189-193. [CrossRef]

Wheeler, A.P; Ridley, A. Why three Rho proteins? RhoA, RhoB, RhoC, and cell motility. Exp. Cell Res. 2004, 301, 43—49. [CrossRef]
Sapet, C.; Simoncini, S.; Loriod, B.; Puthier, D.; Sampol, J.; Nguyen, C.; Dignat-George, F.; Anfosso, F. Thrombin-induced
endothelial microparticle generation: Identification of a novel pathway involving ROCK-II activation by caspase-2. Blood 2006,
108, 1868-1876. [CrossRef]

Sebbagh, M.; Renvoizé, C.; Hamelin, ].; Riché, N.; Bertoglio, J.; Bréard, J. Caspase-3-mediated cleavage of ROCK I induces MLC
phosphorylation and apoptotic membrane blebbing. Nat. Cell Biol. 2001, 3, 346-352. [CrossRef]

Sebbagh, M.; Hamelin, J.; Bertoglio, J.; Solary, E.; Bréard, J. Direct cleavage of ROCK II by granzyme B induces target cell
membrane blebbing in a caspase-independent manner. J. Exp. Med. 2005, 201, 465-471. [CrossRef] [PubMed]

Julian, L.; Olson, M.E. Rho-associated coiled-coil containing kinases (ROCK). Small GTPases 2014, 5, €29846. [CrossRef] [PubMed]
Amano, M.; Nakayama, M.; Kaibuchi, K. Rho-kinase/ROCK: A key regulator of the cytoskeleton and cell polarity. Cytoskeleton
2010, 67, 545-554. [CrossRef]

Fukata, Y.; Kaibuchi, K.; Amano, M. Rho—-Rho-kinase pathway in smooth muscle contraction and cytoskeletal reorganization of
non-muscle cells. Trends Pharmacol. Sci. 2001, 22, 32-39. [CrossRef]

Ishizaki, T.; Naito, M.; Fujisawa, K.; Maekawa, M.; Watanabe, N.; Saito, Y.; Narumiya, S. p160ROCK, a Rho-associated coiled-coil
forming protein kinase, works downstream of Rho and induces focal adhesions. FEBS Lett. 1997, 404, 118-124. [CrossRef]
Leung, T.; Chen, X.Q.; Manser, E.; Lim, L. The p160 RhoA-binding kinase ROK alpha is a member of a kinase family and is
involved in the reorganization of the cytoskeleton. Mol. Cell. Biol. 1996, 16, 5313-5327. [CrossRef]

Shi, J.; Wu, X,; Surma, M.; Vemula, S.; Zhang, L.; Yang, Y.; Kapur, R.; Wei, L. Distinct roles for ROCK1 and ROCK?2 in the regulation
of cell detachment. Cell Death Dis. 2013, 4, e483. [CrossRef]

Lock, EE,; Ryan, K.R; Poulter, N.S.; Parsons, M.; Hotchin, N.A. Differential regulation of adhesion complex turnover by ROCK1
and ROCK2. PLoS ONE 2012, 7, e31423. [CrossRef]

Yoneda, A.; Ushakov, D.; Multhaupt, H.A.; Couchman, J.R. Fibronectin matrix assembly requires distinct contributions from Rho
Kinases I and -II. Mol. Biol. Cell 2007, 18, 66-75. [CrossRef] [PubMed]

Ridley, A.J. Rho GTPases and cell migration. . Cell Sci. 2001, 114, 2713-2722. [CrossRef] [PubMed]

Singleton, P.A.; Bourguignon, L.Y. CD44v10 interaction with Rho-kinase (ROK) activates inositol 1,4,5-triphosphate (IP3) receptor-
mediated Ca2+ signaling during hyaluronan (HA)-induced endothelial cell migration. Cell Motil. Cytoskelet. 2002, 53, 293-316.
[CrossRef] [PubMed]

Niggli, V. Rho-kinase in human neutrophils: A role in signalling for myosin light chain phosphorylation and cell migration. FEBS
Lett. 1999, 445, 69-72. [CrossRef]

Ai, S;; Kuzuya, M.,; Koike, T.; Asai, T.; Kanda, S.; Maeda, K.; Shibata, T.; Iguchi, A. Rho-Rho kinase is involved in smooth muscle
cell migration through myosin light chain phosphorylation-dependent and independent pathways. Atherosclerosis 2001, 155,
321-327. [CrossRef]

Shi, J.; Wei, L. Rho kinase in the regulation of cell death and survival. Arch. Immunol. Ther. Exp. 2007, 55, 61-75. [CrossRef]
[PubMed]

David, M.; Petit, M.; Bertoglio, J. Cell cycle regulation of Rho signaling pathways. Cell Cycle 2012, 11, 3003-3010. [CrossRef]
Kiimper, S.; Mardakheh, F; McCarthy, A.; Yeo, M.; Stamp, G.W.; Paul, A.; Worboys, J.; Sadok, A.; Jorgensen, C.; Guichard, S.; et al.
Rho-associated kinase (ROCK) function is essential for cell cycle progression, senescence and tumorigenesis. eLife 2016, 5, €12203.
[CrossRef]

Wei, L.; Surma, M.; Shi, S.; Lambert-Cheatham, N.; Shi, J. Novel insights into the roles of Rho Kinase in cancer. Arch. Immunol.
Ther. Exp. 2016, 64, 259-278. [CrossRef] [PubMed]

Gokmen-Polar, Y. Roles of Rho/ROCK in cancer signaling. In Predictive Biomarkers in Oncology; Springer: Cham, Switzerland,
2018; pp. 207-212. [CrossRef]


http://doi.org/10.2176/nmc.46.421
http://doi.org/10.1158/1078-0432.CCR-20-0700
http://doi.org/10.1074/jbc.270.49.29051
http://www.ncbi.nlm.nih.gov/pubmed/7493923
http://doi.org/10.1002/j.1460-2075.1996.tb00574.x
http://www.ncbi.nlm.nih.gov/pubmed/8641286
http://doi.org/10.1038/nrm2822
http://doi.org/10.1074/jbc.274.45.32418
http://www.ncbi.nlm.nih.gov/pubmed/10542285
http://doi.org/10.1016/0014-5793(96)00811-3
http://doi.org/10.1016/j.yexcr.2004.08.012
http://doi.org/10.1182/blood-2006-04-014175
http://doi.org/10.1038/35070019
http://doi.org/10.1084/jem.20031877
http://www.ncbi.nlm.nih.gov/pubmed/15699075
http://doi.org/10.4161/sgtp.29846
http://www.ncbi.nlm.nih.gov/pubmed/25010901
http://doi.org/10.1002/cm.20472
http://doi.org/10.1016/S0165-6147(00)01596-0
http://doi.org/10.1016/S0014-5793(97)00107-5
http://doi.org/10.1128/MCB.16.10.5313
http://doi.org/10.1038/cddis.2013.10
http://doi.org/10.1371/journal.pone.0031423
http://doi.org/10.1091/mbc.e06-08-0684
http://www.ncbi.nlm.nih.gov/pubmed/17065553
http://doi.org/10.1242/jcs.114.15.2713
http://www.ncbi.nlm.nih.gov/pubmed/11683406
http://doi.org/10.1002/cm.10078
http://www.ncbi.nlm.nih.gov/pubmed/12378540
http://doi.org/10.1016/S0014-5793(99)00098-8
http://doi.org/10.1016/S0021-9150(00)00585-2
http://doi.org/10.1007/s00005-007-0009-7
http://www.ncbi.nlm.nih.gov/pubmed/17347801
http://doi.org/10.4161/cc.21088
http://doi.org/10.7554/eLife.12203
http://doi.org/10.1007/s00005-015-0382-6
http://www.ncbi.nlm.nih.gov/pubmed/26725045
http://doi.org/10.1007/978-3-319-95228-4_15

Int. J. Mol. Sci. 2021, 22, 12916 17 of 21

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

Lee, M.-H.; Kundu, ].K.; Chae, J.-I; Shim, J.-H. Targeting ROCK/LIMK/ cofilin signaling pathway in cancer. Arch. Pharmacal Res.
2019, 42, 481-491. [CrossRef] [PubMed]

Bottino, J.; Gelaleti, G.B.; Maschio, L.B.; Jardim-Perassi, B.V.; de Campos Zuccari, D.A.P. Inmunoexpression of ROCK-1 and
MMP-9 as prognostic markers in breast cancer. Acta Histochem. 2014, 116, 1367-1373. [CrossRef] [PubMed]

Vennin, C.; Rath, N.; Pajic, M.; Olson, M.E,; Timpson, P. Targeting ROCK activity to disrupt and prime pancreatic cancer for
chemotherapy. Small GTPases 2020, 11, 45-52. [CrossRef] [PubMed]

Sari, I.; Berberoglu, B.; Ozkara, E.; Oztuzcu, S.; Camci, C.; Demirytirek, A.T. Role of Rho-Kinase gene Polymorphisms and protein
expressions in colorectal cancer development. Pathobiology 2013, 80, 138-145. [CrossRef]

Wong, C.C.-L.; Wong, C.-M.; Tung, EK.-K.; Man, K.; Ng, I.O.-L. Rho-kinase 2 is frequently overexpressed in hepatocellular
carcinoma and involved in tumor invasion. Hepatology 2009, 49, 1583-1594. [CrossRef] [PubMed]

Dyberg, C.; Andonova, T.; Olsen, T.K.; Brodin, B.; Kool, M.; Kogner, P,; Johnsen, J.I.; Wickstrom, M. Inhibition of Rho-associated
Kinase suppresses Medulloblastoma growth. Cancers 2019, 12, 73. [CrossRef] [PubMed]

Dyberg, C.; Fransson, S.; Andonova, T.; Sveinbjornsson, B.; Lannerholm-Palm, J.; Olsen, TK.; Forsberg, D.; Herlenius, E.;
Martinsson, T.; Brodin, B.; et al. Rho-associated kinase is a therapeutic target in neuroblastoma. Proc. Natl. Acad. Sci. USA 2017,
114, E6603-E6612. [CrossRef] [PubMed]

Amaya, C.N.; Mitchell, D.C.; Bryan, B.A. Rho kinase proteins display aberrant upregulation in vascular tumors and contribute to
vascular tumor growth. BMC Cancer 2017, 17, 485. [CrossRef] [PubMed]

Ying, H.; Biroc, S.L.; Li, W.-W,; Alicke, B.; Xuan, J.-A.; Pagila, R.; Ohashi, Y.; Okada, T.; Kamata, Y.; Dinter, H. The Rho kinase
inhibitor fasudil inhibits tumor progression in human and rat tumor models. Mol. Cancer Ther. 2006, 5, 2158-2164. [CrossRef]
[PubMed]

Rath, N.; Munro, J.; Cutiongco, M.F,; Jagielto, A.; Gadegaard, N.; McGarry, L.; Unbekandt, M.; Michalopoulou, E.; Kamphorst, J.J.;
Sumpton, D.; et al. Rho kinase inhibition by AT13148 blocks pancreatic ductal Adenocarcinoma invasion and tumor growth.
Cancer Res. 2018, 78, 3321-3336. [CrossRef] [PubMed]

Routhier, A.; Astuccio, M.; Lahey, D.; Monfredo, N.; Johnson, A.; Callahan, W.; Partington, A.; Fellows, K.; Ouellette, L.; Zhidro,
S.; et al. Pharmacological inhibition of Rho-kinase signaling with Y-27632 blocks melanoma tumor growth. Oncol. Rep. 2010, 23,
861-867. [PubMed]

Somlyo, A.V,; Bradshaw, D.; Ramos, S.; Murphy, C.; Myers, C.E.; Somlyo, A.P. Rho-Kinase inhibitor retards migration and in vivo
dissemination of human prostate cancer cells. Biochem. Biophys. Res. Commun. 2000, 269, 652-659. [CrossRef]

Abe, H.; Kamai, T.; Hayashi, K.; Anzai, N.; Shirataki, H.; Mizuno, T.; Yamaguchi, Y.; Masuda, A.; Yuki, H.; Betsunoh, H.; et al. The
Rho-kinase inhibitor HA-1077 suppresses proliferation/migration and induces apoptosis of urothelial cancer cells. BMC Cancer
2014, 14, 412. [CrossRef] [PubMed]

Chircop, M. Rho GTPases as regulators of mitosis and cytokinesis in mammalian cells. Small GTPases 2014, 5, €29770. [CrossRef]
[PubMed]

Kosako, H.; Yoshida, T.; Matsumura, F,; Ishizaki, T.; Narumiya, S.; Inagaki, M. Rho-kinase/ROCK is involved in cytokinesis
through the phosphorylation of myosin light chain and not ezrin/radixin/moesin proteins at the cleavage furrow. Oncogene 2000,
19, 6059-6064. [CrossRef] [PubMed]

Madaule, P; Eda, M.; Watanabe, N.; Fujisawa, K.; Matsuoka, T.; Bito, H.; Ishizaki, T.; Narumiya, S. Role of citron kinase as a target
of the small GTPase Rho in cytokinesis. Nat. Cell Biol. 1998, 394, 491-494. [CrossRef] [PubMed]

Zhao, Y.; Zhang, Y.; Mehdiabad, M.V.; Zhou, K.; Chen, Y.; Li, L.; Guo, J.; Xu, C. Enhanced anti-tumor effect of liposomal Fasudil
on hepatocellular carcinoma in vitro and in vivo. PLoS ONE 2019, 14, €0223232. [CrossRef] [PubMed]

Deng, L.; Li, G,; Li, R; Liu, Q.; He, Q.; Zhang, J. Rho-kinase inhibitor, fasudil, suppresses glioblastoma cell line progression
in vitro and in vivo. Cancer Biol. Ther. 2010, 9, 875-884. [CrossRef] [PubMed]

Huo, Z.; Su, Y;; Dong, Y.; Zheng, Y.; Zhang, Q.; Duan, Y.; Wang, G. Rho-kinase inhibition by Fasudil promotes tumor maturation
and apoptosis in small-cell lung cancer. Am. J. Transl. Res. 2020, 12, 4354—4370. [PubMed]

He, M.; Luo, M,; Liu, Q.; Chen, J.; Li, K.; Zheng, M.; Weng, Y.; Ouyang, L.; Liu, A. Combination treatment with fasudil
and clioquinol produces synergistic anti-tumor effects in U87 glioblastoma cells by activating apoptosis and autophagy. .
NeuroOncology 2016, 127, 261-270. [CrossRef]

Xie, E-].; Zheng, Q.-Q.; Qin, J.; Zhang, L.-L.; Han, N.; Mao, W.-M. Autophagy inhibition stimulates apoptosis in Oesophageal
Squamous cell Carcinoma treated with Fasudil. J. Cancer 2018, 9, 1050-1056. [CrossRef]

Magalhaes, Y.T.; Farias, ].O,; Silva, L.E.; Forti, EL. GTPases, genome, actin: A hidden story in DNA damage response and repair
mechanisms. DNA Repair 2021, 100, 103070. [CrossRef]

Herraiz, C.; Calvo, E; Pandya, P.; Cantelli, G.; Rodriguez-Hernandez, I.; Orgaz, J.; Kang, N.; Chu, T.; Sahai, E.; Sanz-Moreno,
V. Reactivation of p53 by a cytoskeletal sensor to control the balance between DNA damage and tumor dissemination. J. Natl.
Cancer Inst. 2016, 108, djv289. [CrossRef] [PubMed]

Wang, H.-F,; Takenaka, K.; Nakanishi, A.; Miki, Y. BRCA2 and Nucleophosmin coregulate centrosome amplification and form a
complex with the Rho effector kinase ROCK2. Cancer Res. 2011, 71, 68-77. [CrossRef]

Zhou, Y.; Zhou, Y.; Wang, K; Li, T.; Zhang, M.; Yang, Y.; Wang, R.; Hu, R. ROCK2 Confers acquired gemcitabine resistance in
pancreatic cancer cells by Upregulating transcription factor ZEB1. Cancers 2019, 11, 1881. [CrossRef] [PubMed]


http://doi.org/10.1007/s12272-019-01153-w
http://www.ncbi.nlm.nih.gov/pubmed/31030376
http://doi.org/10.1016/j.acthis.2014.08.009
http://www.ncbi.nlm.nih.gov/pubmed/25218053
http://doi.org/10.1080/21541248.2017.1345712
http://www.ncbi.nlm.nih.gov/pubmed/28972449
http://doi.org/10.1159/000341395
http://doi.org/10.1002/hep.22836
http://www.ncbi.nlm.nih.gov/pubmed/19205033
http://doi.org/10.3390/cancers12010073
http://www.ncbi.nlm.nih.gov/pubmed/31888022
http://doi.org/10.1073/pnas.1706011114
http://www.ncbi.nlm.nih.gov/pubmed/28739902
http://doi.org/10.1186/s12885-017-3470-7
http://www.ncbi.nlm.nih.gov/pubmed/28709411
http://doi.org/10.1158/1535-7163.MCT-05-0440
http://www.ncbi.nlm.nih.gov/pubmed/16985048
http://doi.org/10.1158/0008-5472.CAN-17-1339
http://www.ncbi.nlm.nih.gov/pubmed/29669760
http://www.ncbi.nlm.nih.gov/pubmed/20127030
http://doi.org/10.1006/bbrc.2000.2343
http://doi.org/10.1186/1471-2407-14-412
http://www.ncbi.nlm.nih.gov/pubmed/24908363
http://doi.org/10.4161/sgtp.29770
http://www.ncbi.nlm.nih.gov/pubmed/24988197
http://doi.org/10.1038/sj.onc.1203987
http://www.ncbi.nlm.nih.gov/pubmed/11146558
http://doi.org/10.1038/28873
http://www.ncbi.nlm.nih.gov/pubmed/9697773
http://doi.org/10.1371/journal.pone.0223232
http://www.ncbi.nlm.nih.gov/pubmed/31581236
http://doi.org/10.4161/cbt.9.11.11634
http://www.ncbi.nlm.nih.gov/pubmed/20364104
http://www.ncbi.nlm.nih.gov/pubmed/32913511
http://doi.org/10.1007/s11060-015-2044-2
http://doi.org/10.7150/jca.23388
http://doi.org/10.1016/j.dnarep.2021.103070
http://doi.org/10.1093/jnci/djv289
http://www.ncbi.nlm.nih.gov/pubmed/26464464
http://doi.org/10.1158/0008-5472.CAN-10-0030
http://doi.org/10.3390/cancers11121881
http://www.ncbi.nlm.nih.gov/pubmed/31783584

Int. J. Mol. Sci. 2021, 22, 12916 18 of 21

66.

67.

68.
69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

Pranatharthi, A.; Thomas, P.; Udayashankar, A.H.; Bhavani, C.; Suresh, S.B.; Krishna, S.; Thatte, J.; Srikantia, N.; Ross, C.R.;
Srivastava, S. RhoC regulates radioresistance via crosstalk of ROCK2 with the DNA repair machinery in cervical cancer. J. Exp.
Clin. Cancer Res. 2019, 38, 1-24. [CrossRef] [PubMed]

Friedl, P; Alexander, S. Cancer invasion and the microenvironment: Plasticity and reciprocity. Cell 2011, 147, 992-1009. [CrossRef]
[PubMed]

Friedl, P.; Wolf, K. Plasticity of cell migration: A multiscale tuning model. J. Cell Biol. 2010, 188, 11-19. [CrossRef] [PubMed]
Sadok, A.; McCarthy, A.; Caldwell, J.; Collins, I.; Garrett, M.D.; Yeo, M.; Hooper, S.; Sahai, E.; Kiimper, S.; Mardakheh, F,; et al. Rho
Kinase inhibitors block melanoma cell migration and inhibit metastasis. Cancer Res. 2015, 75, 2272-2284. [CrossRef] [PubMed]
Genda, T.; Sakamoto, M.; Ichida, T.; Asakura, H.; Kojiro, M.; Narumiya, S.; Hirohashi, S. Cell motility mediated by rho and
rho-associated protein kinase plays a critical role in intrahepatic metastasis of human hepatocellular carcinoma. Hepatology 1999,
30, 1027-1036. [CrossRef] [PubMed]

Chen, Y.; Wang, D.; Guo, Z.; Zhao, ].; Wu, B.; Deng, H.; Zhou, T.; Xiang, H.; Gao, F; Yu, X,; et al. Rho Kinase phosphorylation
promotes ezrin-mediated metastasis in hepatocellular Carcinoma. Cancer Res. 2011, 71, 1721-1729. [CrossRef]

Liu, S.; Goldstein, R.H.; Scepansky, E.M.; Rosenblatt, M. Inhibition of Rho-associated kinase signaling prevents breast cancer
metastasis to human bone. Cancer Res. 2009, 69, 8742-8751. [CrossRef] [PubMed]

Zhang, C.; Zhang, S.; Zhang, Z.; He, ].; Xu, Y,; Liu, S. ROCK has a crucial role in regulating prostate tumor growth through
interaction with c-Mye. Oncogene 2013, 33, 5582-5591. [CrossRef]

Li, Y.; Choi, P; Casey, S.C.; Dill, D.L.; Felsher, D.W. MYC through miR-17-92 suppresses specific target genes to maintain survival,
autonomous proliferation, and a neoplastic state. Cancer Cell 2014, 26, 262-272. [CrossRef] [PubMed]

Kosla, J.; Patikova, D.; Plachy, J.; Tolde, O.; Bicanova, K.; Dvofak, M.; Rosel, D.; Brabek, J. Metastasis of aggressive amoeboid
sarcoma cells is dependent on Rho/ROCK/MLC signaling. Cell Commun. Signal. 2013, 11, 51. [CrossRef] [PubMed]

Gilkes, D.M.; Xiang, L.; Lee, S.J.; Chaturvedi, P.; Hubbi, M.; Wirtz, D.; Semenza, G.L. Hypoxia-inducible factors mediate
coordinated RhoA-ROCKI1 expression and signaling in breast cancer cells. Proc. Natl. Acad. Sci. USA 2014, 111, E384-E393.
[CrossRef] [PubMed]

Semprucci, E.; Tocci, P.; Cianfrocca, R.; Sestito, R.; Caprara, V.; Veglione, M.; di Castro, V.; Spadaro, F.; Ferrandina, M.G.; Bagnato,
A.; et al. Endothelin A receptor drives invadopodia function and cell motility through the 3-arrestin/PDZ-RhoGEF pathway in
ovarian carcinoma. Oncogene 2016, 35, 3432-3442. [CrossRef] [PubMed]

Allen, S.; Chen, Y.-C.; Madden, ].M.; Fournier, C.L.; Altemus, M.A.; Hiziroglu, A.B.; Cheng, Y.-H.; Wu, Z.F,; Bao, L.; Yates, J.;
et al. Macrophages enhance migration in inflammatory breast cancer cells via RhoC GTPase signaling. Sci. Rep. 2016, 6, 39190.
[CrossRef] [PubMed]

Little, A.C.; Pathanjeli, P, Wu, Z.; Bao, L.; Goo, L.E.; Yates, J.; Oliver, C.R.; Soellner, M.B.; Merajver, S.D. IL-4/1L-13 Stimulated
macrophages enhance breast cancer invasion Via Rho-GTPase regulation of synergistic VEGF/CCL-18 signaling. Front. Oncol.
2019, 9, 456. [CrossRef] [PubMed]

Obradovic, M.; Hamelin, B.; Manevski, N.; Couto, J.P; Sethi, A.; Coissieux, M.-M.; Muenst, S.; Okamoto, R.; Kohler, H.; Schmidyt,
A.; et al. Glucocorticoids promote breast cancer metastasis. Nat. Cell Biol. 2019, 567, 540-544. [CrossRef] [PubMed]

Huang, G.-X.; Wang, Y.; Su, J.; Zhou, P; Li, B.; Yin, L.-].; Lu, J. Up-regulation of Rho-associated kinase 1/2 by glucocorticoids
promotes migration, invasion and metastasis of melanoma. Cancer Lett. 2017, 410, 1-11. [CrossRef] [PubMed]

Jansen, S.; Gosens, R.; Wieland, T.; Schmidt, M. Paving the Rho in cancer metastasis: Rho GTPases and beyond. Pharmacol. Ther.
2018, 183, 1-21. [CrossRef] [PubMed]

Datta, A.; Deng, S.; Gopal, V.; Yap, K.; Halim, C.; Lye, M.; Ong, M.; Tan, T.; Sethi, G.; Hooi, S.; et al. Cytoskeletal dynamics in
Epithelial-Mesenchymal transition: Insights into therapeutic targets for cancer metastasis. Cancers 2021, 13, 1882. [CrossRef]
[PubMed]

Liu, S.;; Rong, G.; Li, X.; Geng, L.; Zeng, Z.; Jiang, D.; Yang, J.; Wei, Y. Diosgenin and GSK126 produce synergistic effects on
Epithelial-Mesenchymal transition in gastric cancer cells by mediating EZH2 via the Rho/ROCK signaling pathway. OncoTargets
Ther. 2020, 13, 5057-5067. [CrossRef]

Jung, J.; Yang, K.; Kim, H.-J; Lee, Y.-].; Kim, M.; Choi, Y.-H.; Kang, ].L. RhoA-dependent HGF and c-Met mediate Gas6-Induced
inhibition of Epithelial-Mesenchymal transition, migration, and invasion of lung alveolar epithelial cells. Biomololecules 2019, 9,
565. [CrossRef] [PubMed]

Zhang, H; Liu, X.; Liu, Y,; Yi, B.; Yu, X. Epithelial-mesenchymal transition of rat peritoneal mesothelial cells via Rhoa/Rock
pathway. Vitr. Cell. Dev. Biol. Anim. 2010, 47, 165-172. [CrossRef]

Bhowmick, N.A.; Ghiassi, M.; Bakin, A.; Aakre, M.; Lundquist, C.A.; Engel, M.E.; Arteaga, C.L.; Moses, H.L. Transforming
growth factor-p1 mediates Epithelial to Mesenchymal Transdifferentiation through a RhoA-dependent mechanism. Mol. Biol.
Cell 2001, 12, 27-36. [CrossRef] [PubMed]

Ungefroren, H.; Witte, D.; Lehnert, H. The role of small GTPases of the Rho/Rac family in TGF-p-induced EMT and cell motility
in cancer. Dev. Dyn. 2018, 247, 451-461. [CrossRef]

Chen, X.; Zhang, S.; Wang, Z.; Wang, F.; Cao, X.; Wu, Q.; Zhao, C.; Ma, H.; Ye, F; Wang, H.; et al. Supervillin promotes epithelial-
mesenchymal transition and metastasis of hepatocellular carcinoma in hypoxia via activation of the RhoA /ROCK-ERK/p38
pathway. J. Exp. Clin. Cancer Res. 2018, 37, 128. [CrossRef] [PubMed]


http://doi.org/10.1186/s13046-019-1385-7
http://www.ncbi.nlm.nih.gov/pubmed/31488179
http://doi.org/10.1016/j.cell.2011.11.016
http://www.ncbi.nlm.nih.gov/pubmed/22118458
http://doi.org/10.1083/jcb.200909003
http://www.ncbi.nlm.nih.gov/pubmed/19951899
http://doi.org/10.1158/0008-5472.CAN-14-2156
http://www.ncbi.nlm.nih.gov/pubmed/25840982
http://doi.org/10.1002/hep.510300420
http://www.ncbi.nlm.nih.gov/pubmed/10498656
http://doi.org/10.1158/0008-5472.CAN-09-4683
http://doi.org/10.1158/0008-5472.CAN-09-1541
http://www.ncbi.nlm.nih.gov/pubmed/19887617
http://doi.org/10.1038/onc.2013.505
http://doi.org/10.1016/j.ccr.2014.06.014
http://www.ncbi.nlm.nih.gov/pubmed/25117713
http://doi.org/10.1186/1478-811X-11-51
http://www.ncbi.nlm.nih.gov/pubmed/23899007
http://doi.org/10.1073/pnas.1321510111
http://www.ncbi.nlm.nih.gov/pubmed/24324133
http://doi.org/10.1038/onc.2015.403
http://www.ncbi.nlm.nih.gov/pubmed/26522724
http://doi.org/10.1038/srep39190
http://www.ncbi.nlm.nih.gov/pubmed/27991524
http://doi.org/10.3389/fonc.2019.00456
http://www.ncbi.nlm.nih.gov/pubmed/31214501
http://doi.org/10.1038/s41586-019-1019-4
http://www.ncbi.nlm.nih.gov/pubmed/30867597
http://doi.org/10.1016/j.canlet.2017.09.005
http://www.ncbi.nlm.nih.gov/pubmed/28923399
http://doi.org/10.1016/j.pharmthera.2017.09.002
http://www.ncbi.nlm.nih.gov/pubmed/28911825
http://doi.org/10.3390/cancers13081882
http://www.ncbi.nlm.nih.gov/pubmed/33919917
http://doi.org/10.2147/OTT.S237474
http://doi.org/10.3390/biom9100565
http://www.ncbi.nlm.nih.gov/pubmed/31590238
http://doi.org/10.1007/s11626-010-9369-0
http://doi.org/10.1091/mbc.12.1.27
http://www.ncbi.nlm.nih.gov/pubmed/11160820
http://doi.org/10.1002/dvdy.24505
http://doi.org/10.1186/s13046-018-0787-2
http://www.ncbi.nlm.nih.gov/pubmed/29954442

Int. J. Mol. Sci. 2021, 22, 12916 19 of 21

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

111.

112.

Henke, E.; Nandigama, R.; Ergiin, S. Extracellular matrix in the tumor microenvironment and its impact on cancer therapy. Front.
Mol. Biosci. 2020, 6, 160. [CrossRef] [PubMed]

Winkler, J.; Abisoye-Ogunniyan, A.; Metcalf, K.].; Werb, Z. Concepts of extracellular matrix remodelling in tumour progression
and metastasis. Nat. Commun. 2020, 11, 5120. [CrossRef]

Kiimper, S.; Marshall, C.J. ROCK-driven Actomyosin contractility induces tissue stiffness and tumor growth. Cancer Cell 2011, 19,
695-697. [CrossRef]

Wyckoff, ].B.; Pinner, S.E.; Gschmeissner, S.; Condeelis, J.S.; Sahai, E. ROCK- and Myosin-dependent matrix deformation enables
protease-independent tumor-cell invasion in vivo. Curr. Biol. 2006, 16, 1515-1523. [CrossRef] [PubMed]

Samuel, M.; Lopez, ].I.; McGhee, E.J.; Croft, D.R.; Strachan, D.; Timpson, P.; Munro, J.; Schroder, E.; Zhou, J.; Brunton, V.G.; et al.
Actomyosin-mediated cellular tension drives increased tissue stiffness and (3-Catenin activation to induce epidermal Hyperplasia
and tumor growth. Cancer Cell 2011, 19, 776-791. [CrossRef] [PubMed]

Street, C.A.; Bryan, B.A. Rho kinase proteins—pleiotropic modulators of cell survival and apoptosis. Anticancer. Res. 2011, 31,
3645-3657. [PubMed]

Whatcott, C.J.; Ng, S.; Barrett, M.T.; Hostetter, G.; Von Hoff, D.D.; Han, H. Inhibition of ROCK1 kinase modulates both tumor
cells and stromal fibroblasts in pancreatic cancer. PLoS ONE 2017, 12, e0183871. [CrossRef] [PubMed]

Vennin, C.; Chin, V.T,; Warren, S.C.; Lucas, M.C.; Herrmann, D.; Magenau, A.; Melenec, P.; Walters, S.N.; del Monte-Nieto, G.;
Conway, ].R.W.; et al. Transient tissue priming via ROCK inhibition uncouples pancreatic cancer progression, sensitivity to
chemotherapy, and metastasis. Sci. Transl. Med. 2017, 9. [CrossRef] [PubMed]

Boyle, S.; Poltavets, V.; Kular, J.; Pyne, N.T.; Sandow, J.].; Lewis, A.C.; Murphy, K.J.; Kolesnikoff, N.; Moretti, P.A.B.; Tea, M.N.;
et al. ROCK-mediated selective activation of PERK signalling causes fibroblast reprogramming and tumour progression through
a CRELD2-dependent mechanism. Nat. Cell Biol. 2020, 22, 1-14. [CrossRef]

Azab, A K.; Azab, E; Blotta, S.; Pitsillides, C.M.; Thompson, B.; Runnels, ].M.; Roccaro, A.M.; Ngo, H.T.; Melhem, M.R.; Sacco,
A.; et al. RhoA and Racl GTPases play major and differential roles in stromal cell-derived factor-1-induced cell adhesion and
chemotaxis in multiple myeloma. Blood 2009, 114, 619-629. [CrossRef] [PubMed]

Federico, C.; Alhallak, K.; Sun, J.; Duncan, K.; Azab, E; Sudlow, G.P,; De La Puente, P.; Muz, B.; Kapoor, V.; Zhang, L.; et al. Tumor
microenvironment-targeted nanoparticles loaded with bortezomib and ROCK inhibitor improve efficacy in multiple myeloma.
Nat. Commun. 2020, 11, 1-13. [CrossRef]

Gao, L.; Huang, S.; Zhang, H.; Hua, W.; Xin, S.; Cheng, L.; Guan, W.; Yu, Y.; Mao, Y.; Pei, G. Suppression of glioblastoma by a
drug cocktail reprogramming tumor cells into neuronal like cells. Sci. Rep. 2019, 9, 1-14. [CrossRef]

Takeda, H.; Okada, M.; Suzuki, S.; Kuramoto, K.; Sakaki, H.; Watarai, H.; Sanomachi, T.; Seino, S.; Yoshioka, T.; Kitanaka,
C. Rho-associated protein kinase (ROCK) inhibitors inhibit survivin expression and sensitize pancreatic cancer stem cells to
Gemcitabine. Anticancer. Res. 2016, 36, 6311-6318. [CrossRef]

Iskit, S.; Lieftink, C.; Halonen, P.; Shahrabi, A.; Possik, P.A.; Beijersbergen, R.L.; Peeper, D.S. Integrated in vivo genetic and
pharmacologic screening identifies co-inhibition of EGRF and ROCK as a potential treatment regimen for triple-negative breast
cancer. Oncotarget 2016, 7, 42859-42872. [CrossRef]

Wang, J.; Hu, K.; Guo, J.; Cheng, E; Lv, J.; Jiang, W.; Lu, W,; Liu, J.; Pang, X.; Liu, M. Suppression of KRas-mutant cancer through
the combined inhibition of KRAS with PLK1 and ROCK. Nat. Commun. 2016, 7, 11363. [CrossRef] [PubMed]

Vogel, C.J.; Smit, M.A.; Maddalo, G.; Possik, P.A.; Sparidans, R.W.; Van Der Burg, S.H.; Verdegaal, E.M.; Heck, A.].R.; Samatar,
A.A,; Beijnen, ].H,; et al. Cooperative induction of apoptosis in NRAS mutant melanoma by inhibition of MEK and ROCK.
Pigment. Cell Melanoma Res. 2015, 28, 307-317. [CrossRef] [PubMed]

Zhu, Y,; Howard, G.A,; Pittman, K.; Boykin, C.; Herring, L.E.; Wilkerson, E.M.; Verbanac, K.; Lu, Q. Therapeutic effect of Y-27632
on Tumorigenesis and Cisplatin-induced peripheral sensory loss through RhoA-NF-«B. Mol. Cancer Res. 2019, 17, 1910-1919.
[CrossRef]

Park, S.-Y.; Kim, I.-S. Harnessing immune checkpoints in myeloid lineage cells for cancer immunotherapy. Cancer Lett. 2019, 452,
51-58. [CrossRef]

Tosello-Trampont, A.-C.; Nakada-Tsukui, K.; Ravichandran, K.S. Engulfment of Apoptotic cells is negatively regulated by
Rho-mediated signaling. . Biol. Chem. 2003, 278, 49911-49919. [CrossRef] [PubMed]

Kim, S.-Y;; Kim, S.; Bae, D.-]; Park, S.-Y.; Lee, G.-Y,; Park, G.-M.; Kim, L.-S. Coordinated balance of Racl and RhoA plays key roles
in determining phagocytic appetite. PLoS ONE 2017, 12, e0174603. [CrossRef]

Hanley, PJ.; Xu, Y.; Kronlage, M.; Grobe, K.; Schon, P; Song, J.; Sorokin, L.; Schwab, A.; Bahler, M. Motorized RhoGAP myosin
IXb (Myo9b) controls cell shape and motility. Proc. Natl. Acad. Sci. USA 2010, 107, 12145-12150. [CrossRef]

Xu, Y.; Pektor, S.; Balkow, S.; Hemkemeyer, S.A.; Liu, Z.; Grobe, K.; Hanley, PJ.; Shen, L.; Bros, M.; Schmidt, T.; et al. Dendritic cell
motility and T cell activation requires regulation of Rho-cofilin signaling by the Rho-GTPase activating protein myosin IXb. J.
Immunol. 2014, 192, 3559-3568. [CrossRef]

Kobayashi, M.; Azuma, E.; Ido, M.; Hirayama, M.; Jiang, Q.; Iwamoto, S.; Kumamoto, T.; Yamamoto, H.; Sakurai, M.; Komada, Y.
A Pivotal role of Rho GTPase in the regulation of morphology and function of Dendritic cells. J. Immunol. 2001, 167, 3585-3591.
[CrossRef] [PubMed]


http://doi.org/10.3389/fmolb.2019.00160
http://www.ncbi.nlm.nih.gov/pubmed/32118030
http://doi.org/10.1038/s41467-020-18794-x
http://doi.org/10.1016/j.ccr.2011.05.021
http://doi.org/10.1016/j.cub.2006.05.065
http://www.ncbi.nlm.nih.gov/pubmed/16890527
http://doi.org/10.1016/j.ccr.2011.05.008
http://www.ncbi.nlm.nih.gov/pubmed/21665151
http://www.ncbi.nlm.nih.gov/pubmed/22110183
http://doi.org/10.1371/journal.pone.0183871
http://www.ncbi.nlm.nih.gov/pubmed/28841710
http://doi.org/10.1126/scitranslmed.aai8504
http://www.ncbi.nlm.nih.gov/pubmed/28381539
http://doi.org/10.1038/s41556-020-0523-y
http://doi.org/10.1182/blood-2009-01-199281
http://www.ncbi.nlm.nih.gov/pubmed/19443661
http://doi.org/10.1038/s41467-020-19932-1
http://doi.org/10.1038/s41598-019-39852-5
http://doi.org/10.21873/anticanres.11227
http://doi.org/10.18632/oncotarget.10230
http://doi.org/10.1038/ncomms11363
http://www.ncbi.nlm.nih.gov/pubmed/27193833
http://doi.org/10.1111/pcmr.12364
http://www.ncbi.nlm.nih.gov/pubmed/25728708
http://doi.org/10.1158/1541-7786.MCR-19-0024
http://doi.org/10.1016/j.canlet.2019.03.018
http://doi.org/10.1074/jbc.M306079200
http://www.ncbi.nlm.nih.gov/pubmed/14514696
http://doi.org/10.1371/journal.pone.0174603
http://doi.org/10.1073/pnas.0911986107
http://doi.org/10.4049/jimmunol.1300695
http://doi.org/10.4049/jimmunol.167.7.3585
http://www.ncbi.nlm.nih.gov/pubmed/11564770

Int. J. Mol. Sci. 2021, 22, 12916 20 of 21

113.

114.

115.

116.

117.

118.

119.

120.

121.

122.

123.

124.

125.

126.

127.

128.

129.

130.

131.

132.

133.

134.

135.

136.

137.

Park, S.Y.; Lee, SW.; Lee, W.S.; Rhim, B.Y.; Lee, S.J.; Kwon, S.M.; Hong, K.W.; Kim, C.D. RhoA /ROCK-dependent pathway is
required for TLR2-mediated IL-23 production in human synovial macrophages: Suppression by cilostazol. Biochem. Pharmacol.
2013, 86, 1320-1327. [CrossRef] [PubMed]

Zandi, S.; Nakao, S.; Chun, K.-H.; Fiorina, P,; Sun, D.; Arita, R.; Zhao, M.; Kim, E.; Schueller, O.; Campbell, S.; et al. ROCK-
Isoform-specific polarization of Macrophages associated with age-related macular degeneration. Cell Rep. 2015, 10, 1173-1186.
[CrossRef]

Hasan, Z.; Palani, K.S.H.; Zhang, S.; Lepsenyi, M.; Hwaiz, R.; Rahman, M.; Syk, L; Jeppsson, B.; Thorlacius, H. Rho Kinase
regulates induction of T-cell immune dysfunction in abdominal Sepsis. Infect. Immun. 2013, 81, 2499-2506. [CrossRef]
Thauland, T.J.; Hu, K.H.; Bruce, M.A ; Butte, M.]. Cytoskeletal adaptivity regulates T cell receptor signaling. Sci. Signal. 2017, 10,
eaah3737. [CrossRef]

Smith, A.; Bracke, M.; Leitinger, B.; Porter, J.; Hogg, N. LFA-1-induced T cell migration on ICAM-1 involves regulation of
MLCK-mediated attachment and ROCK-dependent detachment. J. Cell Sci. 2003, 116, 3123-3133. [CrossRef]

Zhou, W,; Yang, Y.; Mei, C.; Dong, P; Mu, S.; Wu, H.; Zhou, Y.; Zheng, Y.; Guo, F; Yang, J.-Q. Inhibition of Rho-Kinase
downregulates Th17 cells and ameliorates hepatic fibrosis by Schistosoma japonicum infection. Cells 2019, 8, 1262. [CrossRef]
Chen, W.; Nyuydzefe, M.S.; Weiss, ].M.; Zhang, J.; Waksal, S.D.; Zanin-Zhorov, A. ROCK2, but not ROCK1 interacts with
phosphorylated STAT3 and co-occupies TH17/TFH gene promoters in TH17-activated human T cells. Sci. Rep. 2018, 8, 1-10.
[CrossRef] [PubMed]

Flynn, R.; Paz, K.; Du, J.; Reichenbach, D.K.; Taylor, P.A.; Panoskaltsis-Mortari, A.; Vulic, A.; Luznik, L.; MacDonald, K.; Hill,
G.; et al. Targeted Rho-associated kinase 2 inhibition suppresses murine and human chronic GVHD through a Stat3-dependent
mechanism. Blood 2016, 127, 2144-2154. [CrossRef]

Jagasia, M.; Lazaryan, A.; Bachier, C.R.; Salhotra, A.; Weisdorf, D.]J.; Zoghi, B.; Essell, J.; Green, L.; Schueller, O.; Patel, J.; et al.
ROCK?2 inhibition with Belumosudil (KD025) for the treatment of chronic graft-versus-host disease. J. Clin. Oncol. 2021, 39,
1888-1898. [CrossRef]

Zanin-Zhorov, A.; Weiss, ].M.; Nyuydzefe, M.S.; Chen, W.; Scher, ].U.; Mo, R.; Depoil, D.; Rao, N.; Liu, B.; Wei, J.; et al. Selective
oral ROCK2 inhibitor down-regulates IL-21 and IL-17 secretion in human T cells via STAT3-dependent mechanism. Proc. Natl.
Acad. Sci. USA 2014, 111, 16814-16819. [CrossRef] [PubMed]

Warner, H.; Wilson, B.; Caswell, P.T. Control of adhesion and protrusion in cell migration by Rho GTPases. Curr. Opin. Cell Biol.
2019, 56, 64-70. [CrossRef]

Zhu, Y,; Xie, J.; Shi, J. Racl/ROCK-driven membrane dynamics promote natural killer cell cytotoxicity via granzyme-induced
necroptosis. BMC Biol. 2021, 19, 1-14. [CrossRef]

Lou, Z.; Billadeau, D.D.; Savoy, D.N.; Schoon, R.A.; Leibson, PJ. A role for a RhoA/ROCK/LIM-Kinase pathway in the regulation
of Cytotoxic Lymphocytes. J. Immunol. 2001, 167, 5749-5757. [CrossRef] [PubMed]

Lee, G.; Karunanithi, S.; Jackson, Z.; Wald, D. Small molecule screening identifies Rho-Associate protein kinase (ROCK) as a
regulator of NK Cell Cytotoxicity against cancer. Blood 2019, 134, 3607. [CrossRef]

Kumar, V.; Dasoveanu, D.C.; Chyou, S.; Tzeng, T.-C.; Rozo, C.; Liang, Y.; Stohl, W.; Fu, Y.-X; Ruddle, N.H,; Lu, T.T. A
dendritic-cell-stromal axis maintains immune responses in Lymph Nodes. Immunity 2015, 42, 719-730. [CrossRef]

Matoba, K.; Kawanami, D.; Ishizawa, S.; Kanazawa, Y.; Yokota, T.; Utsunomiya, K. Rho-kinase mediates TNF-x-induced MCP-1
expression via p38 MAPK signaling pathway in mesangial cells. Biochem. Biophys. Res. Commun. 2010, 402, 725-730. [CrossRef]
Takeda, Y.; Matoba, K.; Kawanami, D.; Nagai, Y.; Akamine, T.; Ishizawa, S.; Kanazawa, Y.; Yokota, T.; Utsunomiya, K. ROCK2
Regulates monocyte migration and cell to cell adhesion in vascular endothelial cells. Int. J. Mol. Sci. 2019, 20, 1331. [CrossRef]
[PubMed]

Chen, D.S.; Mellman, I. Oncology meets immunology: The cancer-immunity cycle. Immunity 2013, 39, 1-10. [CrossRef]

Kwon, M,; Jung, H.; Nam, G.-H.; Kim, I.-S. The right Timing, right combination, right sequence, and right delivery for Cancer
immunotherapy. J. Control. Release 2021, 331, 321-334. [CrossRef]

Nam, G.-H,; Lee, E.J.; Kim, Y.K.; Hong, Y.; Choi, Y.; Ryu, M.-].; Woo, J.; Cho, Y.; Ahn, D.J.; Yang, Y.; et al. Combined Rho-kinase
inhibition and immunogenic cell death triggers and propagates immunity against cancer. Nat. Commun. 2018, 9, 1-15. [CrossRef]
Kim, S.; Kim, S.A.; Nam, G.-H.; Hong, Y.; Kim, G.B.; Choi, Y.; Lee, S.; Cho, Y.; Kwon, M.; Jeong, C.; et al. In situ immunogenic
clearance induced by a combination of photodynamic therapy and rho-kinase inhibition sensitizes immune checkpoint blockade
response to elicit systemic antitumor immunity against intraocular melanoma and its metastasis. J. Immunother. Cancer 2021, 9,
e001481. [CrossRef]

Mouw, K.W.; Goldberg, M.S.; Konstantinopoulos, P.A.; D’Andrea, A.D. DNA Damage and repair biomarkers of immunotherapy
response. Cancer Discov. 2017, 7, 675-693. [CrossRef] [PubMed]

Reislédnder, T.; Groelly, EJ.; Tarsounas, M. DNA Damage and cancer immunotherapy: A STING in the tale. Mol. Cell 2020, 80,
21-28. [CrossRef]

Nicolai, C.J.; Wolf, N.; Chang, I.-C.; Kirn, G.; Marcus, A.; Ndubaku, C.O.; McWhirter, S.M.; Raulet, D.H. NK cells mediate
clearance of CD8 + T cell-resistant tumors in response to STING agonists. Sci. Immunol. 2020, 5, 1-14. [CrossRef] [PubMed]
Cheng, C.; Seen, D.; Zheng, C.; Zeng, R.; Li, E. Role of small GTPase RhoA in DNA damage response. Biomolecules 2021, 11, 212.
[CrossRef]


http://doi.org/10.1016/j.bcp.2013.08.017
http://www.ncbi.nlm.nih.gov/pubmed/23973526
http://doi.org/10.1016/j.celrep.2015.01.050
http://doi.org/10.1128/IAI.00126-13
http://doi.org/10.1126/scisignal.aah3737
http://doi.org/10.1242/jcs.00606
http://doi.org/10.3390/cells8101262
http://doi.org/10.1038/s41598-018-35109-9
http://www.ncbi.nlm.nih.gov/pubmed/30413785
http://doi.org/10.1182/blood-2015-10-678706
http://doi.org/10.1200/JCO.20.02754
http://doi.org/10.1073/pnas.1414189111
http://www.ncbi.nlm.nih.gov/pubmed/25385601
http://doi.org/10.1016/j.ceb.2018.09.003
http://doi.org/10.1186/s12915-021-01068-3
http://doi.org/10.4049/jimmunol.167.10.5749
http://www.ncbi.nlm.nih.gov/pubmed/11698448
http://doi.org/10.1182/blood-2019-131947
http://doi.org/10.1016/j.immuni.2015.03.015
http://doi.org/10.1016/j.bbrc.2010.10.093
http://doi.org/10.3390/ijms20061331
http://www.ncbi.nlm.nih.gov/pubmed/30884801
http://doi.org/10.1016/j.immuni.2013.07.012
http://doi.org/10.1016/j.jconrel.2021.01.009
http://doi.org/10.1038/s41467-018-04607-9
http://doi.org/10.1136/jitc-2020-001481
http://doi.org/10.1158/2159-8290.CD-17-0226
http://www.ncbi.nlm.nih.gov/pubmed/28630051
http://doi.org/10.1016/j.molcel.2020.07.026
http://doi.org/10.1126/sciimmunol.aaz2738
http://www.ncbi.nlm.nih.gov/pubmed/32198222
http://doi.org/10.3390/biom11020212

Int. J. Mol. Sci. 2021, 22, 12916 21 of 21

138.

139.

140.

141.

142.

143.

144.

145.

146.

147.

148.

149.

150.

151.

152.

153.

154.

155.

156.

157.

158.

159.

160.

Ruscetti, M.; Leibold, J.; Bott, M.].; Fennell, M.; Kulick, A.; Salgado, N.R.; Chen, C.-C.; Ho, Y.-J.; Sanchez-Rivera, FJ.; Feucht, J.;
et al. NK cell-mediated cytotoxicity contributes to tumor control by a cytostatic drug combination. Science 2018, 362, 1416-1422.
[CrossRef]

Meng, F; Su, Y.; Xu, B. Rho-associated protein kinase-dependent moesin phosphorylation is required for PD-L1 stabilization in
breast cancer. Mol. Oncol. 2020, 14, 2701-2712. [CrossRef] [PubMed]

Du, E; Qi, X,; Zhang, A.; Sui, F; Wang, X.; Proud, C.G; Lin, C.; Fan, X,; Li, ]. MRTF-A-NF-kB/p65 axis-mediated PDL1
transcription and expression contributes to immune evasion of non-small-cell lung cancer via TGF-3. Exp. Mol. Med. 2021, 53,
1366-1378. [CrossRef]

Orgaz, J.L.; Sanz-Moreno, V. What does not kill you makes you stronger: Surviving anti-cancer therapies by cytoskeletal
remodeling and Myosin II reactivation. Mol. Cell. Oncol. 2020, 7, 1735911. [CrossRef] [PubMed]

Georgouli, M.; Herraiz, C.; Molist, E.C.; Fanshawe, B.; Maiques, O.; Perdrix, A.; Pandya, P; Rodriguez-Hernandez, I; Ilieva, KM,;
Cantelli, G.; et al. Regional activation of Myosin II in cancer cells drives tumor progression via a secretory cross-talk with the
immune microenvironment. Cell 2019, 176, 757-774.e23. [CrossRef]

Orgaz, J.; Molist, E.C.; Sadok, A.; Perdrix-Rosell, A.; Maiques, O.; Rodriguez-Hernandez, I.; Monger, J.; Mele, S.; Georgouli, M.;
Bridgeman, V.; et al. Myosin II reactivation and Cytoskeletal remodeling as a Hallmark and a vulnerability in melanoma therapy
resistance. Cancer Cell 2020, 37, 85-103.e9. [CrossRef]

Teiti, L; Florie, B.; Pich-Bavastro, C.; Gence, R.; Lajoie-Mazenc, I.; Rochaix, P.; Favre, G.; Tilkin-Mariamé, A.-F. In vivo effects in
melanoma of ROCK inhibition-induced FasL overexpression. Front. Oncol. 2015, 5, 156. [CrossRef] [PubMed]

Han, Y. Analysis of the role of the Hippo pathway in cancer. |. Transl. Med. 2019, 17, 1-17. [CrossRef]

Calvo, F; Ege, N.; Grande-Garcia, A.; Hooper, S.; Jenkins, R.P.; Chaudhry, S.I; Harrington, K.; Williamson, P.; Moeendarbary, E.;
Charras, G.; et al. Mechanotransduction and YAP-dependent matrix remodelling is required for the generation and maintenance
of cancer-associated fibroblasts. Nat. Cell Biol. 2013, 15, 637-646. [CrossRef] [PubMed]

Ohgushi, M.; Minaguchi, M.; Sasai, Y. Rho-signaling-directed YAP/TAZ activity underlies the long-term survival and expansion
of human embryonic stem cells. Cell Stem Cell 2015, 17, 448-461. [CrossRef]

Zucchini, C.; Manara, M.C.; Cristalli, C.; Carrabotta, M.; Greco, S.; Pinca, R.S.; Ferrari, C.; Landuzzi, L.; Pasello, M.; Lollini, P--L.;
et al. ROCK2 deprivation leads to the inhibition of tumor growth and metastatic potential in osteosarcoma cells through the
modulation of YAP activity. J. Exp. Clin. Cancer Res. 2019, 38, 1-14. [CrossRef]

Thaventhiran, ].E.D.; Hoffmann, A.; Magiera, L.; de la Roche, M.; Lingel, H.; Brunner-Weinzierl, M.; Fearon, D.T. Activation of
the Hippo pathway by CTLA-4 regulates the expression of Blimp-1 in the CD8+ T cell. Proc. Natl. Acad. Sci. USA 2012, 109,
E2223-E2229. [CrossRef]

Lebid, A.; Chung, L.; Pardoll, D.M.; Pan, E. YAP Attenuates CD8 T cell-mediated anti-tumor response. Front. Immunol. 2020, 11,
580. [CrossRef]

Ni, X,; Tao, J.; Barbi, J.; Chen, Q.; Park, B.V.; Li, Z.; Zhang, N.; Lebid, A.; Ramaswamy, A.; Wei, P.; et al. YAP Is essential for
treg-mediated suppression of antitumor immunity. Cancer Discov. 2018, 8, 1026-1043. [CrossRef] [PubMed]

Fan, Y.;; Gao, Y.; Rao, ].; Wang, K.; Zhang, F; Zhang, C. YAP-1 Promotes Tregs differentiation in Hepatocellular Carcinoma by
enhancing TGFBR2 transcription. Cell. Physiol. Biochem. 2017, 41, 1189-1198. [CrossRef]

Stampouloglou, E.; Cheng, N.; Federico, A.; Slaby, E.; Monti, S.; Szeto, G.L.; Varelas, X. Yap suppresses T-cell function and
infiltration in the tumor microenvironment. PLoS Biol. 2020, 18, €3000591. [CrossRef]

Wang, G.; Lu, X.; Dey, P,; Deng, P.; Wu, C.C,; Jiang, S.; Fang, Z.; Zhao, K.; Konaparthi, R.; Hua, S.; et al. Targeting YAP-dependent
MDSC infiltration impairs tumor progression. Cancer Discov. 2016, 6, 80-95. [CrossRef] [PubMed]

Murakami, S.; Shahbazian, D.; Surana, R.; Zhang, W.; Chen, H.; Graham, G.; White, S.M.; Weiner, L.M.; Yi, C. Yes-associated
protein mediates immune reprogramming in pancreatic ductal adenocarcinoma. Oncogene 2017, 36, 1232-1244. [CrossRef]
[PubMed]

Huang, Y.-J.; Yang, C.-K.; Wei, P.-L.; Huynh, T.-T.; Whang-Peng, J.; Meng, T.-C.; Hsiao, M.; Tzeng, Y.-M.; Wu, A.T,; Yen, Y.
Ovatodiolide suppresses colon tumorigenesis and prevents polarization of M2 tumor-associated macrophages through YAP
oncogenic pathways. J. Hematol. Oncol. 2017, 10, 1-17. [CrossRef]

Pollard, J.W. Tumour-educated macrophages promote tumour progression and metastasis. Nat. Rev. Cancer 2004, 4, 71-78.
[CrossRef]

Miao, J.; Hsu, PC.; Yang, Y.-L.; Xu, Z.; Dai, Y.; Wang, Y.; Chan, G.; Huang, Z.; Hu, B,; Li, H.; et al. YAP regulates PD-L1 expression
in human NSCLC cells. Oncotarget 2017, 8, 114576-114587. [CrossRef]

Kim, M.H.; Kim, C.G.; Kim, S.K,; Shin, S.J.; Choe, E.-A ; Park, S.-H.; Shin, E.-C.; Kim, J. YAP-Induced PD-L1 Expression drives
immune evasion in BRAFi-resistant melanoma. Cancer Immunol. Res. 2018, 6, 255-266. [CrossRef]

Lee, B.S.; Park, D.I; Lee, D.H.; Lee, J.E.; Yeo, M.K.; Park, YH.; Lim, D.S.; Choi, W.; Yoo, G.; Kim, H.-B.; et al. Hippo effector
YAP directly regulates the expression of PD-L1 transcripts in EGFR-TKI-resistant lung adenocarcinoma. Biochem. Biophys. Res.
Commun. 2017, 491, 493-499. [CrossRef] [PubMed]


http://doi.org/10.1126/science.aas9090
http://doi.org/10.1002/1878-0261.12804
http://www.ncbi.nlm.nih.gov/pubmed/32941674
http://doi.org/10.1038/s12276-021-00670-3
http://doi.org/10.1080/23723556.2020.1735911
http://www.ncbi.nlm.nih.gov/pubmed/32391428
http://doi.org/10.1016/j.cell.2018.12.038
http://doi.org/10.1016/j.ccell.2019.12.003
http://doi.org/10.3389/fonc.2015.00156
http://www.ncbi.nlm.nih.gov/pubmed/26236689
http://doi.org/10.1186/s12967-019-1869-4
http://doi.org/10.1038/ncb2756
http://www.ncbi.nlm.nih.gov/pubmed/23708000
http://doi.org/10.1016/j.stem.2015.07.009
http://doi.org/10.1186/s13046-019-1506-3
http://doi.org/10.1073/pnas.1209115109
http://doi.org/10.3389/fimmu.2020.00580
http://doi.org/10.1158/2159-8290.CD-17-1124
http://www.ncbi.nlm.nih.gov/pubmed/29907586
http://doi.org/10.1159/000464380
http://doi.org/10.1371/journal.pbio.3000591
http://doi.org/10.1158/2159-8290.CD-15-0224
http://www.ncbi.nlm.nih.gov/pubmed/26701088
http://doi.org/10.1038/onc.2016.288
http://www.ncbi.nlm.nih.gov/pubmed/27546622
http://doi.org/10.1186/s13045-017-0421-3
http://doi.org/10.1038/nrc1256
http://doi.org/10.18632/oncotarget.23051
http://doi.org/10.1158/2326-6066.CIR-17-0320
http://doi.org/10.1016/j.bbrc.2017.07.007
http://www.ncbi.nlm.nih.gov/pubmed/28684311

	Introduction 
	Rho-Kinase (ROCK) 
	Targeting ROCK for Cancer Treatment 
	Cell Cycle Arrest/Cell Death Induction 
	Inhibition of Tumor Metastasis, Invasion, and Migration 
	ECM Remodeling 
	Combinatory Effects with Other Chemotherapeutic Agents 

	ROCK Regulates Immune Cells 
	Dendritic Cells and Macrophages 
	T-Cells 
	Natural Killer Cells (NK Cells) 
	Other Immune Cells 

	ROCK and Cancer Immunotherapy 
	Regulation of Phagocytosis 
	Activating Innate Immune System 
	PD-L1 Depletion 
	Overcoming Resistance to Immunotherapy 
	YAP Inhibition 

	Conclusions and Perspectives 
	References

