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Abstract

In a variety of normal and pathological cell types, Rho-kinases I and II (ROCKI/II) play a pivotal 

role in the organization of the nonmuscle and smooth muscle cytoskeleton and adhesion plaques as 

well as in the regulation of transcription factors. Thus, ROCKI/II activity regulates cellular 

contraction, motility, morphology, polarity, cell division, and gene expression. Emerging evidence 

suggests that dysregulation of the Rho-ROCK pathways at different stages is linked to 

cardiovascular, metabolic, and neurodegenerative diseases as well as cancer. This review focuses 

on the current status of understanding the multiple functions of Rho-ROCK signaling pathways 

and various modes of regulation of Rho-ROCK activity, thereby orchestrating a concerted 

functional response.
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Introduction

A hallmark of small GTPases, including Rho proteins, is the ability to undergo 

conformational changes in response to alternate binding of GDP and GTP. They act as 

molecular switches in the cell by cycling between a GDP-bound inactive state and a GTP-

bound active state (Wittinghofer and Vetter, 2011). With a few exceptions (Jaiswal et al., 

2013b), the conformational state and localization of Rho GTPases is regulated by three kinds 

of interacting molecules, guanine nucleotide exchange factors (GEFs), GTPase-activating 

proteins (GAPs), and guanine nucleotide dissociation inhibitors (Dvorsky and Ahmadian, 

2004).

Rho GTPases, in their activated states, regulate cellular structures by controlling the 

dynamics of microfilaments and microtubules through the binding and activation of their 

specific downstream effector proteins (Bishop and Hall, 2000; Dvorsky and Ahmadian, 

2004). For RhoA, two classes of effector molecules have been described so far. These are 

scaffold proteins such as Rhophilin, Rhotekin, Kinectin, and Diaphanous (Dia), as well as 

serine/threonine protein kinases like protein kinase C-related kinase (PRK1, also called 

PKNα), citron kinase, and the Rho-associated coiled-coil kinases I (ROCKI, also called 

ROKβ/p160ROCK) and II (ROCKII, also known as ROKα/Rho-kinase) (Amano et al., 

2010; Zou and Teitelbaum, 2010; Rath and Olson, 2012). Although both isoforms are 

ubiquitously expressed, ROCKI expression is enriched in the lung, liver, spleen, kidneys, 

and testes, whereas ROCKII is more prominent in the brain and heart (Morgan-Fisher et al., 

2013). Although ROCKI and ROCKII share many downstream targets, some functional 

differences have been reported, such as the inhibition of pressure overload-induced cardiac 

fibrosis in ROCKI null mice (Zhang et al., 2006) or the ability to bind myosin; the 

regulatory subunit of myosin phosphatase binds ROCKII but not ROCKI, yet both can 

regulate myosin phosphatase and regulatory light-chain phosphorylation (Wang et al., 2009). 
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For convenience, we do not distinguish between the ROCK isoforms and generally refer to 

ROCK in this review.

More than 8000 articles on Rho-ROCK are currently available in the PubMed database, 

including approximately 900 reviews. Here, we summarize the current knowledge about the 

crucial role of the Rho-ROCK pathways in human diseases and therapeutic strategies to 

interfere with their functions. In this review, we will point out various, in part reciprocal, 

control mechanisms orchestrating a concerted functional response as collectively shown in 

Figure 1.

Functional repertoire and molecular pathways

Following activation by Rho, ROCK becomes a regulator, especially of cytoskeletal 

remodeling, for example, actin filament stabilization, assembly of the actin network and the 

actomyosin fibers, actin-membrane linkage, and microtubule dynamics through the 

phosphorylation of a number of downstream target proteins (Figure 1).

Smooth muscle and nonmuscle myosin II actomyosin ATPase activity and myosin cross-

bridge cycling are regulated by Ca2+-calmodulin-activated myosin light-chain kinase 

(MLCK) phosphorylation of the regulatory myosin light chain (MLC20) and its 

dephosphorylation by myosin phosphatase (MLCP). At constant agonist-induced MLCK 

activity, the extent of MLC20 phosphorylation and contraction can be modulated through 

concomitant activation of RhoA/ROCK signaling, which regulates MLCP activity to Ca2+-

sensitize or Ca2+-desensitize contraction (Somlyo and Somlyo, 2003). Indeed, one of the 

best investigated ROCK functions is the inhibitory phosphorylation of the myosin 

phosphatase-targeting subunit isoform 1 (MYPT1) at both Thr696 and Thr853 (Kimura et 

al., 1996; Somlyo and Somlyo, 2003; Loirand et al., 2006; Nunes et al., 2010; Walsh, 2011). 

This leads to an increase in MLC20 phosphorylation to promote contraction of smooth 

muscle and the formation of contractile actomyosin stress fibers in cultured cells (Somlyo 

and Somlyo, 2004). ROCK also inhibits MLCP activity by indirectly phosphorylating 

CPI-17, a potent inhibitor of the catalytic subunit of type 1 protein phosphatase (PP1c) that 

is not dependent on the phosphorylation of MYPT1 (Eto et al., 1995; Koyama et al., 2000). 

ROCK has been shown to directly phosphorylate MLC20 (Amano et al., 1996), but this 

contribution to total MLC20 phosphorylation in vivo is not clear.

ROCK controls the stabilization of actin filaments by phosphorylating LIM (LIN-11, ISL1, 

and MEC-3) kinases 1 and 2 at conserved threonines localized in their respective activation 

loops. LIM kinases phosphorylate cofilin, thereby inhibiting cofilin-mediated actin filament 

disassembly. Another ROCK substrate is adducin, a membrane skeletal phosphoprotein that 

associates with and promotes the association of spectrin with actin filaments, thereby 

increasing the contractile response (Kimura et al., 1998). The phosphorylation of formin 

homology domain protein 1 (FHOD1), a major endothelial formin leads to the formation of 

stress fibers (Takeya et al., 2008). ROCK activates ezrin/radixin/moesin proteins (ERMs) 

through phosphorylation in the actin-binding domain (Matsui et al., 1998), which in turn 

directly cross-link the actin cytoskeleton to the plasma membrane and allow the recruitment 

of multiple signaling proteins.
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During cytokinesis, Rho and ROCK are involved in both the progression of the cleavage 

furrow formation and the disassembly of intermediate filaments such as vimentin and glial 

fibrillary acidic protein (GFAP) through the phosphorylation of their head domains, which 

ensures furrow completion (Goto et al., 1998; Yasui et al., 1998; Amano et al., 2010). Other 

ROCK substrates are the microtubule-associated proteins Tau and MAP2, which modulate 

microtubule structure and dynamics (Amano et al., 2010). By controlling these events, 

ROCK directly contributes to a number of cytoskeleton-mediated processes, including 

adhesion, contraction, polarity, cytokinesis, motility, permeability, phagocytosis, and neurite 

retraction (Somlyo and Somlyo, 2003; Tan et al., 2011; Tonges et al., 2011).

Further downstream effects of the Rho-ROCK pathway include the negative regulation of 

endothelial NO synthase (eNOS) and therefore the suppression of NO production in the 

endothelium, leading to an increase in vascular tone (Rikitake and Liao, 2005). ROCK 

directly phosphorylates eNOS at Thr495, thereby inhibiting its enzymatic activity (Sugimoto 

et al., 2007). In addition, Rho-ROCK signal transduction also regulates eNOS gene 

expression by affecting its mRNA stability (Eto et al., 2001). An indirect effect of ROCK on 

NO production is achieved by the negative regulation of the PI3K-Akt-eNOS-mediated 

signaling cascade. Here, phosphatase activity of phosphatase and tensin homologue (PTEN) 

is stimulated through phosphorylation (Li et al., 2005). Accumulated evidence also suggests 

that ROCK plays a pivotal role in the regulation of insulin- and PI3K-dependent 

translocation of glucose transporter 4 (GLUT4) to the plasma membrane, for example, in 

skeletal muscles (Lee et al., 2009). ROCK activation is essential for the normal action of 

insulin on glucose uptake, most likely due to ROCK-mediated phosphorylation and 

inhibition of insulin receptor substrate 1 (IRS-1) (Begum et al., 2002; Furukawa et al., 

2005). A targeted disruption of ROCK causes insulin resistance in vivo (Lee et al., 2009).

In addition, Rho-ROCK signaling plays an important function in gene expression, cell cycle 

progression, proliferation, differentiation, and apoptosis (Olson, 2008; Fukasawa, 2011; 

Street and Bryan, 2011; David et al., 2012). ROCK regulates the level of the cell cycle 

regulatory proteins, e.g., by elevating cyclin D1 and reducing p27Kip1 protein levels (Croft 

and Olson, 2006). Another remarkable link of ROCK to cell cycle progression has been 

implicated by the interaction between ROCK and the multifaceted nucleolar phosphoprotein 

nucleophosmin (NPM-1). Following phosphorylation by cyclin-dependent kinase 2 (CDK2)/

cyclin E, NPM-1 tightly associates with and activates ROCK, a critical event for the timely 

initiation of centrosome duplication and the coupling of centrosome duplication and DNA 

replication during S-phase (Ma et al., 2006; Hanashiro et al., 2011). Interestingly, Morgana 

(also called cysteine- and histidine-rich domain-containing protein 1), which is strongly 

downregulated in breast and lung cancer samples, directly binds ROCK in a complex with 

heat shock protein 90 (HSP90) and thereby inhibits centrosome duplication and 

tumorigenesis (Ferretti et al., 2010).

The selectivity of Rho/ROCK inhibition in human diseases

The strong interest in the Rho-ROCK pathway for drug targeting is based on the observation 

that the abnormal activation of this pathway plays a crucial role in numerous and diverse 

human diseases. These include tumor invasion, angiogenesis, and metastasis (Narumiya et 

Amin et al. Page 4

Biol Chem. Author manuscript; available in PMC 2017 August 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



al., 2009; Baranwal and Alahari, 2011; Mardilovich et al., 2012; Morgan-Fisher et al., 2013; 

Schofield and Bernard, 2013); cardiovascular disorders such as coronary vasospasm, 

cerebral cavernous malformation, hypertension, atherosclerosis, pulmonary hypertension, 

cardiac hypertrophy, and stroke (Shimokawa and Rashid, 2007; Olson, 2008; Nunes et al., 

2010; Satoh et al., 2011; Shi et al., 2011; Zhou et al., 2011; Noma et al., 2012; Wang and 

Liao, 2012); insulin resistance, metabolic diseases, and diabetic nephropathy (Komers, 2011; 

Zhou and Li, 2012; Richardson et al., 2013); and neurodegenerative disorders (Mueller et 

al., 2005; Schmandke and Strittmatter, 2007; Salminen et al., 2008; Tonges et al., 2011). 

Advances in understanding the role of Rho-ROCK signaling in various human disorders 

originate from extensive experimental studies using predominantly different 

pharmacological inhibitors (Somlyo, 1997; Uehata et al., 1997; Olson, 2008; Hahmann and 

Schroeter, 2010; Miyamoto et al., 2010; Zhou and Liao, 2010; Tonges et al., 2011; 

Mardilovich et al., 2012) and also to some extent from other independent tools, including the 

use of bacterial toxins and dominant negative variants of Rho GTPases (Bishop and Hall, 

2000). Moreover, ROCK inhibitors have been shown to be useful tools for cultivation of 

human embryonic stem cells and induced pluripotent stem cells (Rizzino, 2010; Ohgushi 

and Sasai, 2011).

The activation process of the Rho-ROCK pathway underlies several different regulatory 

mechanisms: (i) posttranslational lipid modification and translocation of Rho to the cellular 

membrane, (ii) receptor-dependent GEF-catalyzed GDP/GTP exchange of Rho, (iii) 

allosteric mode of ROCK activation upon direct association with Rho, and (iv) ATP-

dependent phosphorylation of various ROCK substrates. Interference with any of the above 

processes has been proven to inhibit Rho-ROCK-stimulated cellular responses (Mardilovich 

et al., 2012). The most frequently used pharmacological inhibitors for the Rho-ROCK 

pathway can be categorized into three classes, including substances inhibiting ROCK 

[ROCK inhibitors (RIs)], geranylgeranyl transferase 1 (GGTase), or 3-hydroxy-3-

methylglutaryl-coenzyme A (HMG-CoA) reductase (also known as statins). An issue of 

debate, however, is that in many studies, these compounds, especially statins and GGTase 

inhibitors (GGTIs), have been often regarded as ‘specific’ inhibitors of the Rho-ROCK 

activity, which is actually rather improper.

Y-27632 and fasudil (also known as HA-1077) are by far the most widely used ROCK 

inhibitors that target its ATP-binding site of the kinase domain and competitively inhibit 

phosphorylation of various substrates (Uehata et al., 1997; Somlyo, 1997; Suzuki et al., 

1999; Mueller et al., 2005; Liao et al., 2007; Hahmann and Schroeter, 2010; Miyamoto et 

al., 2010; Mardilovich et al., 2012). A systematic in vitro analysis of Y-27632 and fasudil 

targets has revealed that they also inhibit PRK2/PKNγ, another Rho-regulated kinase, 

almost as potently as ROCK itself (Davies et al., 2000). Y-27632 had a minimal effect on 

other kinases in this screen of a large panel of protein kinases. However, at high 

concentrations, Y-27632 inhibits several other serine/threonine-specific protein kinases with 

wide cellular functions, including ERK2, GSK3β, JNK1α, p38α, PKA, PKBα, PKCα, and 

S6K1 (Davies et al., 2000). Therefore, the judicious use of low concentrations of Y-27632 

and fasudil as well as the evaluation of the activity of these possible off-target kinases is 

important. Of note, fasudil is known as a prodrug, which has to be metabolized to 
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hydroxyfasudil in vivo that then displays a more potent inhibitory effect than its precursor 

fasudil (Rikitake et al., 2005).

Subcellular localization of Rho proteins to different cellular membranes, which is known to 

be critical for their biological activity, is achieved by posttranslational modifications at a 

distinct cysteine residue in the C-terminal CAAX motif (C is cysteine, A is any aliphatic 

amino acid, and X is any amino acid) (Roskoski, 2003; Roberts et al., 2008). Thus, Rho 

proteins serve as substrates for isoprenyl-transferring enzymes, such as GGTase 1 and in a 

few cases also farnesyl transferase (FTase). A covalent and irreversible attachment of a 20-

carbon geranylgeranyl or a 15-carbon farnesyl moiety by these enzymes to the cysteine 

residue of the CAAX motif, which is present in more than 100 proteins, is necessary for 

eukaryotic cell growth, differentiation, and morphology (Lane and Beese, 2006). These two 

lipids are synthesized from the activated cholesterol precursors, farnesylpyrophosphate 

(FPP) and geranylgeranylpyrophosphate (GGPP) by the mevalonate pathway. Two post-

prenylation enzymatic steps are critical for proper localization, including proteolytic 

cleavage of the AAX residues by the protease Rce1 and methylation of the terminal 

isoprenylcysteine by the methyltransferase ICMT (Winter-Vann and Casey, 2005).

Geranylgeranylation is required for Rho protein functions and is thus a prerequisite for their 

involvement in pathogenesis of human diseases. This prompted the development of potential 

GGTase 1 inhibitors (GGTIs) (Gelb et al., 2006; Triola et al., 2012). By preventing 

geranylgeranylation, GGTIs are able to inhibit proliferation and induce apoptosis in various 

biological systems (Sebti and Hamilton, 2000a; Khwaja et al., 2006) and to interfere with 

the progression of atherosclerosis via the inhibition of plaque angiogenesis (Park et al., 

2006). GGTIs have been shown to block subcellular localization and consequently the 

signaling function of several Rho proteins, including RhoA, Cdc42, and Rac1 (Sebti and 

Hamilton, 2000b; Joyce and Cox, 2003; Khan et al., 2011). Importantly, the fact that a range 

of geranylgeranylated proteins besides Rho proteins, for example, the γ-subunits of 

heterotrimeric G proteins represent substrates of GGTase 1 (Marrari et al., 2007), scale down 

the selectivity spectrum of GGTIs (Konstantinopoulos et al., 2007).

Major recent efforts focused on blocking prenylation of Ras oncogenes have been first 

directed to the development of FTase inhibitors (FIs) (Blum et al., 2008; Mardilovich et al., 

2012). By blocking the FTase activity, Ras was instead geranylgeranylated. This stimulated 

the development of dual-targeting FTase and GGTase 1 inhibitors, such as AZD3409, which 

has been shown to inhibit farnesylation to a higher extent than geranylgeranylation (Appels 

et al., 2011). However, the inhibition of both farnesylation and geranylgeranylation could not 

be correlated with the antiproliferative activity of this drug (Appels et al., 2011).

In addition, it was recently shown that protein geranylgeranylation is required for the 

dimerization and activation of the epidermal growth factor receptor, a key player in a 

signaling pathway, whose activity is upregulated in more than 30% of human cancers (Zhao 

et al., 2010). Another example is geranylgeranylation of Rab27B, which has been shown to 

be required for breast cancer growth, invasion, and metastasis (Hendrix et al., 2010). Thus, 

geranylgeranyl pyrophosphate (GGPP) synthase has emerged as a new therapeutic target that 

has been suggested to provide another platform for interfering with protein prenylation in 
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cells (Wiemer et al., 2011). Cellular GG-PP depletion, by inhibiting this enzyme, affects all 

geranylgeranylated proteins, including also the regulatory functions of Rab proteins in 

vesicle trafficking (Stenmark, 2009). Rab GTPases consisting of at least 60 different family 

members are modified by GGTase 2, which recognizes C-terminal CCXX, CC, or CXC 

motifs (Brunsveld et al., 2006; Itzen and Goody, 2011). It will be interesting to see whether 

GG-PP synthase inhibitors will develop also into widely used drugs comparable to the 

HMG-CoA reductase inhibitors (statins).

Statins are clinically approved for the treatment of hypercholesterolemia (Faiz et al., 2012; 

Raper et al., 2012). However, increasing clinical and experimental evidence demonstrates a 

variety of beneficial effects beyond the reduction of serum cholesterol (Lopez-Pedrera et al., 

2012). These cholesterol-independent ‘pleiotropic’ effects are mediated by the depletion of 

crucial isoprenoid intermediates of the cholesterol biosynthetic pathway, namely FPP and 

GGPP. Statin treatment has been shown to abrogate membrane localization of small 

GTPases and interfere with, among others, Rho-ROCK signaling in various types of cells 

and diseases, including cancer (Riganti et al., 2008; Wiemer et al., 2009; Roy et al., 2011; 

Mardilovich et al., 2012), diabetes (Zhou and Li, 2011), cardiovascular disease (Reddy et al., 

2005; Nakamura et al., 2006; Zhou and Liao, 2009; Zhou et al., 2011; Lopez-Pedrera et al., 

2012), endothelial dysfunction (Tesfamariam, 2006; Noma et al., 2012), pulmonary 

hypertension (Oka et al., 2008; Antoniu, 2012), heart failure and ischemic stroke (Sawada 

and Liao, 2009; Miyamoto et al., 2010), bronchial asthma (Chiba et al., 2010), Alzheimer 

disease (Tang, 2005), and kidney disease (Fried, 2008). To what extent Rho-ROCK activity 

is inhibited in these respective patients upon statin therapy is unclear. It is a fact that 

inhibition of HMG-CoA reductase and consequently the depletion of GGPP and FPP may 

conceivably compromise diverse cellular functions and processes controlled by the families 

of Ras, Rho, and Rab GTPases; the γ subunits of the heterotrimeric G proteins involved in 

signaling by G-protein-coupled receptors (GPCRs); and many other prenylated proteins 

(Figure 1).

It is important to note that targeting protein prenylation in human diseases, despite the large 

number of different prenylated proteins, has reached an immense area of applications, 

ranging from cancer and cardiovascular diseases to also very rare genetic disorders, for 

example, Hutchinson-Gilford progeria syndrome (Resh, 2012; Young et al., 2013). The 

usefulness of such a clinical approach remains in many cases a matter of debate. In this 

context, it is important to note that statins have negative side effects on mood states, 

including depression, anxiety, anger, hostility, fatigue, confusion, skeletal muscle pain, and 

vigor (While and Keen, 2012).

Control mechanisms regulating the activity of the Rho-ROCK pathway

As discussed above, the Rho-ROCK pathway is involved in multiple biochemical and 

pathobiochemical processes, and not surprisingly, Rho and ROCK proteins are subjected to 

several regulatory mechanisms that influence their activation, thereby controlling the kinase 

activity of ROCK. The first step is a proper subcellular localization of these proteins that is 

highly dependent on the cell type and consequently on the controlled process, ranging from 

changes in contractility, permeability, motility, proliferation, to apoptosis.
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The activity of Rho proteins is controlled through the activation of various cell surface 

receptors, including tyrosine kinase receptors, GPCRs, and cell-cell and cell-matrix adhesion 

molecules, such as cadherins and integrins (Wettschureck and Offermanns, 2002; Iden and 

Collard, 2008; Tybulewicz and Henderson, 2009; Zou and Teitelbaum, 2010; Litosch, 2011; 

Raptis et al., 2011; Momotani and Somlyo, 2012). Receptor signaling recruits and activates a 

large variety of the Dbl family proteins (so-called RhoGEFs), which have been recently 

classified on the basis of their selectivity for different Rho proteins as substrate into distinct 

subfamilies (Jaiswal et al., 2013a). In this regard, multiple Rho-selective members of the Dbl 

family have been reported to specifically link G-protein-coupled signals to Rho activation, 

including AKAP13/Lbc, Dbl, GEFH1/Lfc, LARG, p63, p115, and PRG (Jin and Exton, 

2000; Diviani et al., 2001; Loirand et al., 2006; Vanni et al., 2007; Wirth et al., 2008; Meiri 

et al., 2009; Momotani et al., 2011; Momotani and Somlyo, 2012; Mikelis et al., 2013; 

Takefuji et al., 2013). Dbl proteins catalyze the GDP/GTP exchange of the three Rho 

isoforms, RhoA, RhoB, and RhoC, and therefore act as positive regulators (Jaiswal et al., 

2011, 2013a; Rossman et al., 2005).

The interaction of the active (GTP-bound) Rho isoforms with a large and functionally 

diverse number of effectors is the basis for signal transduction into different pathways 

(Bishop and Hall, 2000; Karnoub et al., 2004). It is very likely that different RhoGEFs 

contribute to directing Rho signaling to these different pathways (Wirth et al., 2008; 

Momotani et al., 2011). In addition to the competition of multiple effectors in binding to a 

single GTPase, the utilization of multiple contact sites adds another level of complexity 

toward comprehending the molecular mechanisms underlying RhoA-mediated effector 

activation (Blumenstein and Ahmadian, 2004). The most common mechanism of effector 

activation by RhoA appears to be the disruption of intramolecular autoinhibitory interactions 

to release functional domains within the effector protein. The activity of the kinase domain 

of ROCK, for example, has been proposed to be autoinhibited by a segment at the C-

terminus of ROCK, encompassing a Rho-binding domain (RBD) (Dvorsky et al., 2004) and 

a split PH domain that is bisected by a cysteine-rich C1 domain (PHn-C1-PHc) (Amano et 

al., 1999). Under resting conditions, inactive ROCK may exist in a tetrameric state (Chen et 

al., 2002; Doran et al., 2004). Activated RhoA has been shown to bind to three different 

domains in the central coiled-coil region of ROCK, such as the RBD, the Rho-interacting 

domain (RID), and the homology region 1 (HR1) (Blumenstein and Ahmadian, 2004). 

Therefore, it has been proposed that Rho-mediated activation of ROCK may operate through 

an allosteric binding mechanism. Accordingly, Rho might successively associate with RBD, 

RID, and HR1, inducing a conformational change that displaces the autoinhibitory C-

terminus, generating ROCK dimers. The activity of the released kinase domain is most 

probably further potentiated via transphosphorylation and other components, including 

arachidonic acid binding and lipid membrane binding via the unconventional C-terminal 

PHn-C1-PHc (Somlyo and Somlyo, 2000; Riento and Ridley, 2003; Wen et al., 2008; 

Morgan-Fisher et al., 2013). ROCK is a substrate of proteases, such as granzyme B or 

caspases 3 and 8, which cleave off the PH domain and generate a constitutively active 

ROCK (Morgan-Fisher et al., 2013). ROCK cleavage by caspase-3 during apoptosis 

generates a truncated active form and induces MLC phosphorylation and apoptotic 

membrane blebbing (Coleman et al., 2001). Caspase-8-mediated ROCK cleavage leads to 
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the remodeling of the actin cytoskeleton, resulting in an amoeboid-shaped cell associated 

with cell migration and in enhanced invasiveness of tumor cells in response to constitutively 

active PI3K signaling, which regulates cell proliferation, growth and mobility, and signaling 

through the cell death ligands, TRAIL and CD95L (Ehrenschwender et al., 2010).

In contrast to activating upstream regulators, there are only a few signaling pathways known 

that negatively control Rho-ROCK-mediated cellular processes through the activation of 

inactivating regulatory molecules, including the Rho GTPase-activating proteins (RhoGAPs) 

(Ligeti et al., 2012). p190RhoGAP, for example, antagonizes the Rho-ROCK-mediated 

regulation of actomyosin contractility by stimulating GTP hydrolysis and reducing the 

activity of RhoA in tumor cells. This mechanism has been shown to depend on the 

association of p190RhoGAP with Rnd3/RhoE, a Rho-related GTP-binding protein (Jaiswal 

et al., 2013b), which is controlled by the assembly of the DDR1-Par3/Par6 complex 

(Hidalgo-Carcedo et al., 2011). p190RhoGAP has been also shown to be an integral 

component in the Rac1-induced inactivation of Rho signaling (Nimnual et al., 2003; 

Herbrand and Ahmadian, 2006). Contrary to Rho-induced cell contractility, Rac promotes 

rather cellular protrusion and thus counteracts Rho signaling. In this regard, the reciprocal 

balance between these GTPases determines morphology and migratory behavior of cells 

(Heasman and Ridley, 2008). Recently, a cAMP-mediated PKA-independent signaling 

through the Epac/Rap1 pathway has been shown to induce a significant relaxation of RhoA-

mediated smooth muscle contraction (Zieba et al., 2011). In this context, the Rap1-activated 

RhoGAPs, such as RA-RhoGAP or ARAP3, have been suggested to downregulate RhoA 

activity in the smooth muscle (Zieba et al., 2011). Moreover, blocking Rho-ROCK 

interaction and signaling by directly targeting Rho protein is another mechanism. 

Phosphorylation of the cell cycle inhibitor p27Kip1 by p90 ribosomal S6 kinase (RSK1) 

downstream of Ras, has been shown to directly bind RhoA and inhibit Rho-ROCK pathway 

(Larrea et al., 2009). Vaccinia virus utilizes its F11L protein to interfere with the Rho 

interaction with ROCK. This virus blocks stress fiber formation of the host cells through its 

F11L protein, reported to directly bind RhoA and inhibit RhoA-mediated ROCK activation 

(Valderrama et al., 2006).

Rho-ROCK signaling can be specifically abrogated by the inhibition of the kinase domain of 

ROCK. This Ras-dependent mechanism includes a link between C-Raf and ROCK (Niault 

and Baccarini, 2010). Accordingly, the N-terminal regulatory domain of C-Raf binds 

physically to the kinase domain of ROCK and directly inhibits its enzymatic activity. ROCK 

inhibition by C-Raf has been proposed to be necessary for the development and maintenance 

of Ras-induced epidermal tumors. In addition, B-Raf has been shown to positively control 

Rnd3/RhoE expression, which in turn regulates the cross-talk between the RAF/MEK/ERK 

and Rho/ROCK signaling pathways and contributes to oncogene-mediated reorganization of 

the actin cytoskeleton (Klein et al., 2008). Rnd3/RhoE induces stress fiber disassembly by 

directly binding ROCK and inhibiting it from phosphorylating downstream targets (Riento et 

al., 2003). ROCK can in turn phosphorylate Rnd3/RhoE as well as p190RhoGAP to 

downregulate GAP activity, leading to a further increase in RhoA activity (Madigan et al., 

2009). Gem and Rad are other GTP-binding proteins that act as negative regulators of the 

Rho-ROCK pathway (Ward et al., 2002). Gem binds to the coiled-coil region of ROCK 

independently of RhoA and modifies the substrate specificity of ROCK. Taken together, 
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RhoA, RhoB, and RhoC associate with and activate ROCK, whereas other GTP-binding 

proteins inhibit ROCK either directly, as has been found for Rnd3/RhoE and Gem, or 

indirectly, as has been reported for Rac and Ras signals.

Conclusion

RhoA-ROCK has emerged as a central signal-integrating node that senses and responds to 

extracellular and intracellular cues and thus regulates a wide range of fundamental cell 

functions such as contraction, motility, proliferation, and apoptosis. Abnormal activation of 

the RhoA-ROCK pathway has been observed in cancer, neurodegenerative diseases, and 

notably in major cardiovascular disorders, including hypertension, atherosclerosis, cerebral 

cavernous malformations leading to stroke, postangioplasty restenosis, pulmonary 

hypertension, and cardiac hypertrophy. Great effort has been expended over the past years in 

the development of pharmacological inhibitors interfering with RhoA-ROCK signal 

transduction. A large number of studies have shown that statins, GGTIs, FIs, and RIs are 

valuable tools for elucidating the physiological and pathophysiological roles of pathways 

and processes involving prenylated proteins, such as RhoA, B, and C and protein kinases, 

including ROCK.

Despite almost 20 years of intensive research on therapeutic-relevant small GTPase 

signaling, only two approaches for drug design have been thoroughly exploited, which are 

kinase and prenylation inhibitors. A common problem with kinase inhibitors is their 

tendency toward nonselectivity because the majority of these inhibitors interact with highly 

conserved proteins domains, in particular the catalytic domain. For known reasons, the 

structure-function relationship of the kinase domains has been very well investigated in the 

last decade, and other mechanisms have been largely disregarded. Targeting protein 

prenylation in human diseases, despite the large number of different prenylated proteins, has 

been mostly described for Ras and Rho proteins. There is, therefore, an urgent need for 

alternative approaches that specifically target Rho-ROCK signal transduction. Although 

ROCK belongs to one of the best investigated small GTPase effectors in both fundamental 

and clinical research, the molecular basis of its regulation has remained a matter of 

speculation. Thus, it is required to identify new mechanisms, which may offer great potential 

for defining new drug target sites and for attempting a novel strategy for more selective 

therapeutic intervention.

It is of major importance to note that apart from Rho isoforms, which bind to and activate 

ROCK, there are, in addition to the RhoGEFs and RhoGAPs, also Rnd3/RhoE, Gem, C-Raf, 

p27Kip1, F11L, Morgana, NPM-1, and the Gγ subunits as well as Rac and Ras isoforms that 

directly or indirectly control the activity of Rho-ROCK signaling pathways (Figure 1). Thus, 

understanding the mechanisms underlying the negative regulation of Rho-ROCK signaling 

could lead to the development of novel therapeutic approaches for the treatment of these 

diseases. In addition, one has to take into account the fact that the function of these negative 

regulators, except for Rad, also depends on prenylation. Rnd3 and Ras proteins are 

farnesylated, whereas RhoA, RhoC, and the Rac isoforms as well as Gγ proteins are 

geranylgeranylated. RhoB exists in two populations that are either farnesylated or 

geranylgeranylated. It is therefore crucial that future studies examining associations between 
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prenylation inhibitors and various ROCK-associated human diseases also focus on small 

GTPases other than only the Rho isoforms.
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Figure 1. Regulation, functions, and inhibition of the Rho-ROCK-controlled cellular processes
Broad ranges of ROCK substrates are responsible for diverse cellular functions, which are 

controlled both positively and negatively by multiple mechanisms. As indicated, statin, 

GGTI, and FTI treatments as therapeutic strategies abrogate membrane localization of 

various proteins, including Rho, Rac, Ras, Rnd, and Gγ subunit, and thus interfere with the 

Rho-ROCK signaling in various types of cells and diseases. Solid arrows are known direct 

signal cascades, whereas dashed line arrows indicate the putative ones.
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