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Abstract

Gastric cancer is one of the most frequent and lethal malignancies worldwide because of high frequency of metastasis. Tumor cell motility and invasion play fundamental roles in cancer metastasis. Recent studies have revealed that the Rho/Rho-associated protein kinases (ROCK) pathway plays a critical role in the regulation of cancer cell motility and invasion. In addition, the Rho/ROCK pathway plays important roles in invasion and metastasis on the basis of its predominant function of cell cytoskeletal regulation in gastric cancer. According to the current understanding of tumor motility, there are two modes of tumor cell movement: mesenchymal and amoeboid. In addition, cancer cell movement can be interchangeable between the mesenchymal and amoeboid movements under certain conditions. Control of cell motility through the actin cytoskeleton creates the potential for regulating tumor cell metastasis. In this review we discuss Rho GTPases and ROCK signaling and describe the mechanisms of Rho/ROCK activity with regard to motility and metastasis in gastric cancer. In addition, we provide an insight of the therapeutic potential of targeting the Rho/ROCK pathway.
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INTRODUCTION

Gastric cancer is one of the most common and lethal malignancies worldwide[1,2]. The poor prognosis associated with gastric cancer is mainly related to lymph node and peritoneal metastasis, the major causes of tumor recurrence in gastric cancer. The invasion of cancer cells into the lymphatic vessels or peritoneal cavity facilitates secondary growth in distant organs. Cell motility is vital for the several steps involved in cancer metastasis such as invasion, intravasation, and extravasation. 

The ability of cancer cells to invade into surrounding tissue is one of the hallmarks of cancer, which requires increased cell motility driven by remodeling of the cytoskeletal system and cell contact with the extracellular matrix (ECM)[3]. The Rho family of small GTPases (Rho, Rac, and Cdc42) play well-characterized roles in the regulation of actin cytoskeleton organization and dynamics[4]; furthermore, Rho GTPases act as important regulators of cellular homeostasis[5-7]. Rho-associated protein kinases (ROCK, also known as Rho kinase) belong to a family of serine/threonine kinases modulated by interactions with Rho GTPases to promote actin-myosin-mediated contractile force generation by phosphorylating a variety of downstream target proteins; thus, controlling cell motility and metastasis[8-11]. ROCK signaling plays crucial roles in a range of human diseases and is now considered as a potential target for the treatment of several diseases, including diabetic nephropathy[12], as well as diseases of the central nervous and the cardiovascular system[13-15]. 

Accumulating evidence suggests that Rho/ROCK activity is associated with dissemination of various tumors to distant organs, including mammary[16], ovarian[17] and hepatocellular[18] cancers. However, the involvement of Rho GTPases in gastric cancer is not well understood. Herein, we review the evidences supporting a positive association between Rho/ROCK and gastric cancer motility. In addition, we discuss the potential for the application of Rho/ROCK in therapy targeting gastric cancer.

OVERVIEW OF RHO/ROCK PATHWAY

The general roles of Rho/ROCK signaling has been previously reviewed[19,20]. Figure 1 presents an overview of the Rho/ROCK signaling pathway. Rho GTPases, members of the Ras superfamily of small GTP-binding proteins, are divided into three major classes: Rho, Rac, and Cdc42. The three Rho GTPases RhoA, RhoB and RhoC have the potential to interact with the same downstream effectors[21]. In contrast, RhoE has been said to show the inhibitory potential[22]. Specific functions of the isoforms of the Rho family are summarized in Table 1[23]. Upstream signals stimulate dissociation and the binding of GTP, which leads to conformational change in the effector-binding region of GTPase resulting in interaction with downstream targets[24]. Rho GTPases act as molecular switches to translate extracellular signals into intracellular changes in the actin cytoskeleton[25]. The activity of Rho GTPases is usually controlled by three types of interaction molecules, guanine nucleotide exchange factors (GEFs), GTPase-activating proteins (GAPs), and guanine nucleotide dissociation inhibitors (GDIs). Their activity is regulated by nucleotide binding or subcellular localization[4,19] (Figure 1). Rho GDIs protect Rho GTPases from ubiquitination[26] or degradation[27].

GTPases bind to effector molecules that activate downstream targets. ROCKs were originally isolated as downstream targets of RhoA[28-30]. ROCK is a serine/threonine kinase that phosphorylates downstream targets involved in cytoskeletal rearrangement. The ROCK family comprises ROCK1 (also known as ROCKI, p160ROCK or ROK) and ROCK2 (also known as ROCKII, ROK or Rho kinase)[31]. These proteins were originally isolated as RhoA-GTP interacting proteins, which share 65% overall identity and 92% identity particularly in their kinase domains[8]. Active RhoA-GTP interacts with the C-terminal domain of ROCK that promote the formation of stress fibers and focal adhesions, cell junctions and cell cycles[10,31]. 

The ROCK family elevates myosin and mediates muscle contraction, in addition to neurite retraction driven by actomyosin contraction through phosphorylation of two major substrates: myosin light chain (MLC) and myosin phosphatase 1 (MYPT1)[32]. Intermediate filaments, ezrin/radixin/moesin (ERM) family proteins, collapsing response mediator protein 2 (CRMP2), calponin and adducin have been identified as downstream targets of ROCK proteins[33]. Tau and MAP2 modulate the microtubule structure and dynamics[34]. Activated myosin connects the actin filaments to form stress fibers that generate actomyosin forces to facilitate cell movement. LIM kinase (LIMK) is another important downstream effector of Rho[35]. LIMK phosphorylates cofilin and blocks cofilin-mediated actin filament disassembly[36] Therefore, cofilin is often referred to as the terminal effector of the cell signaling cascades that regulate the cytoskeletal rearrangement (Figure 1). Recently, differences in activity between the two isoforms (ROCK1 and 2) have been obseved (Table 1)[37,38]. A recent study has shown that ROCK1 mediated destabilization of actin cytoskeleton through regulating MLC2 phosphorylation In contrast, ROCK2 played a role for stabilizing actin cytoskeleton via cofilin[39]. Firstly, ROCK1 protein is mainly found in organs such as liver, kidney, and lung, whereas ROCK2 protein is mainly expressed in muscle and brain tissue. Several paper showed the inhibitory effect of RhoE on ROCK1, but not ROCK2 activity[22,40]. Activity of MLC and MYPT was affected after silencing ROCK Ⅰ, but not ROCK Ⅱ[41]. LIM kinase is downstream of p21-activated kinase[42] and is not phosphorylated by full-length ROCK1[36].

EXPRESSION AND FUNCTION OF RHO/ROCK IN GASTRIC CANCER

Rho/ROCK activity is regulated by both protein regulator signaling and cell surface receptors. The Rho subfamily (RhoA, RhoB and RhoC) share 85% amino acid identity. Despite of this similarity, the three isoforms have different cellular functions[43] (Table 1). Rho was found to be activated in various cancers, such as breast, colon, and lung cancer, as well as metastatic melanoma[43-46]. Overexpression of RhoA signaling elements has been detected in several human tumors, including those of the urinary tract, and cervicx[47-49]. Rho overexpression also contributes to malignant phenotype in gastric cancer[49]. Enhanced expression of RhoC was revealed to be correlated with a motile and invasive phenotype of gastric cancer cells[50-52]. In contrast, RhoB significantly inhibited the proliferation, migration, and invasion of gastric cancer cells[53]. Interestingly, gastric cancer cells with a high expression of RhoA are resistant to chemotherapeutic drugs, such as taxol or vincristine, implying that treatment strategies aimed at inactivation of RhoA may have potential in improving the efficacy of these chemotherapeutic drugs[54]. Additionally, RhoGDI is involved in gastric tumor growth and metastasis, suggesting it to be a useful marker for tumor progression in gastric cancer[55].

Scirrhous gastric cancer, is a diffusely infiltrating Borrmann type 4 carcinoma (also known as linitis plastica-type carcinoma) has a worse prognosis than other types of gastric cancer[56], reflecting their rapid and progressive invasion and frequent metastasis to the peritoneum[57,58]. Our previous study described that the expression level of active RhoA was higher in scirrhous-type gastric cancer cell line, OCUM-2MD3 and MKN-45 than in an intestinal-type gastric cancer cell line, MKN-74[59]. Shinto et al[60] revealed that TGF- significantly upregulated the activity of RhoA and myosin phosphorylation in diffuse-type gastric cancer cells. 

Somatic mutations in RHO genes (RHOA, RHOB, and RHOC) have been found in certain solid cancers, including those in the breast, lung, ovary, and intestine[5,61]. In addition, somatic mutations in ROCK genes have been identified in certain cancers. ROCK was overexpressed in testicular and bladder cancers[62,63]. Furthermore, mutations have been identified in the ROCK2 gene in gastric cancer[64]. On the other hand, application of MicroRNA-148a resulted in suppression of tumor cell invasion and metastasis by downregulating ROCK1 in gastric cancer, suggesting that ROCK1 may be closely related with metastatic process in this type of malignancy[65]. 

ROLES OF RHO/ROCK PATHWAY IN MOTILITY AND METASTASIS OF GASTRIC CANCER

Roles in cell behavior

The Rho/ROCK pathway plays multiple roles in the distant metastasis of cancer cells[24,34,66-68]. Zhang et al[69] found that selective suppression of RhoA by small interfering RNA (RNAi) or a pharmacologic inhibitor reduced the proliferation of gastric cancer cells. RhoC stimulates the proliferation of gastric cancer cells through recruitment of IQ-domain GTPase-activating protein 1 (IQGAP1)[70]. Lin et al[71] reported that IL-6 induces AGS gastric cancer cell invasion through activation of the c-Src/RhoA/ROCK signaling pathway. High expression of RhoA is correlated with lymph node metastasis, tumor stage, histologically diffuse type, and poor survival of patients with gastric cancer. RhoA RNAi caused a decrease in ROCK1 expression but an increase in caspase-3/cleaved-caspase-8[72]. miR-10b is a Twist-induced microRNA which stimulate camcer cell invasion by the upregulation of RhoC and AKT phosphorylation through HOXD10[73]. In contrast, one of the Rho GTPase family member RhoE inhibits RhoA signaling in part by binding to the ROCK1[22]. RhoE also increased hypoxia-induced epithelial-mesenchymal transition (EMT) of cancer cells through hypoxia-inducible factor (HIF)-1a signaling[74].

Cancer cell motility

Several studies have established the role of Rho/ROCK signaling in tumor cell motility[75]. Directed cell movement consists of cycles of five processes: membrane protrusion at the leading edge, adhesion of protrusions to the substrate, translocation of the cell body, tail deadhesion from the substrate, and retraction of the trailing edge[76] (Figure 2). Reorganization of the actin cytoskeleton is involved in these processes which is regulated by Rho GTPases[77]. Among a various responses, reorganization of actin cytoskeleton is the most studied. Cdc42, Rac, and Rho are key regulators of actin assembly and control the formation of filopodia, lamellipodia, and stress fibers[24]. Activated Rac and Cdc42 induce reorganization of the actin cytoskeleton at the leading edge[78]: localized actin polymerization at the leading edge pushes the membrane forward in finger-like structures known as filopodia and in sheet-like structures known as lamellipodia. These structures generate the locomotive force in migrating cells. On the other hand, Rho regulates the assembly of contractile actomyosin filaments[79]. Rho has always been assumed to act at the rear of migrating cells for inducing tail detachment, but active Rho has recently been found to localize in membrane ruffles and lamellipodia under certain conditions. Thus, during cell movement, Rac and Cdc42 stimulate formation of protrusions at the leading edge, whereas Rho induces retraction at the trailing edge (Figure 2). This coordinated reorganization permits cell movement toward a target.

It was recently demonstrated that cancer cells display two different modes of cell motility: EMT and amoeboid transition[80,81] (Figure 3). In the case of epithelial tumors, cells move in groups through the extracellular matrix and maintain cell–cell adhesions in sheet-like structures (Figure 3A). As epithelial cancer cells advances, the function of cadherin is suppressed and they move as single cells[82]. This transition from collective to individual motility is termed EMT[83]. When cultured in three-dimensional matrices, cancer cells that undergo individual cell movement similar to that of dedifferentiated epithelial tumor cells exhibit two typical morphologies: an elongated and a rounded morphology. These two forms use different motility mechanisms, which are termed as mesenchymal and amoeboid movements. This review primarily discusses the single-cell motility strategies of tumor cells, referred to as amoeboid and mesenchymal. With respect to the mesenchymal movement, the elongated morphology of cells is dependent on integrin-mediated adhesion[84]. Mesenchymal movement requires degradation of the ECM, similar to collective movement (Figure 3B). Elongated cells are polarized, creating an obvious frontal extension comprising of one or more leading pseudopodes, and form integrin-dependent adhesions with the substrate. In addition, matrix-degrading proteases such as the matrix metalloproteinase (MMP) and serine protease families (PA/PAR) accumulate at the leading edge of moving cells, which causes localized proteolysis[85]. Elongated cells form a pathway and overcome tissue boundaries by degradation of the ECM. In contrast, cells with amoeboid movement migrate in an integrin-independent manner (Figure 3C). When rounded cells migrate through the ECM, they change their shape and squeeze themselves into the gaps. This amoeboid movement is arguably primitive and in some ways the most effective form of cell movement that does not require degradation of the ECM, which is observed in hematopoietic stem cells, leukocytes, and certain tumor cells[86-88].

The amoeboid movement of the rounded cells is driven by actomyosin-based cortical contraction (stiffening and contracting of the cell cortex) along the plasma membrane. Actin–myosin contractility for bleb retraction is provided by signaling through Rho/ROCK[88-90]. The enhanced contractility of cells that use amoeboid-like invasive strategies enables them to squeeze through gaps in ECM fibers and adapt their shape to the preexisting spaces, or to exert sufficient force to deform the surrounding ECM. RhoA is important in both amoeboid and mesenchymal movement. RhoA-ROCK signaling is proposed to induce actomyosin-based cortical contractility leading to amoeboid movement through blebbing. Epithelial cells expressing constitutively active RhoA can detach from epithelial sheets and acquire a rounded, bleb-associated mode of motility[91]. Although it is known that Rho/ROCK plays a critical role in promoting adaptation to the cellular environment, the regulation of RhoA in determining morbility is beginning to be unraveled. Phosphoinositide-dependent protein kinase 1 has been identified as a regulator of amoeboid cell motility through maintenance of ROCK1 activity, and it prevents inhibition of ROCK1 through RhoE[40]. In addition, Smurf1[92], EphA2[93], and loss of p53[94] have been identified as positive regulators of mesenchymal-amoeboid transition (MAT). 

The amoeboid and mesenchymal types of movement are mutually interchangeable: MAT or amoeboid–mesenchymal transition (AMT)[95]. Whereas remodeling of the ECM is required for mesenchymal movement, in the presence of protease inhibitors, cancer cells change to amoeboid and pass through the ECM[85,88]. This ability leads to difficulty in repression of cancer cell invasion by protease inhibitors. To regulate cancer cell motility, both mesenchymal and amoeboid movement must be repressed simultaneously. If cell–ECM interactions are weakened, mesenchymal movement can change to amoeboid movement (Figure 3B and C). Known mechanisms leading to MAT are the abrogation of pericellular proteolysis by protease inhibitors, strengthening of the Rho/ROCK signal pathways, and weakening of integrin–ECM interactions by antagonists. These transitions are associated with P-MLC2 levels, actin localization, RhoA activity, or membrane blebbing[95]. 

Both mesenchymal and amoeboid movements are based on reorganization of the actin cytoskeleton, but their requirements for Rho and Rac signaling differ. A siRNA screen for Rho-GEFs and Rho-GAPs has revealed specificities in the activation of RhoA and Rac that directly affect mesenchymal and amoeboid movement[96]. With respect to mesenchymal movement, membrane protrusions at the leading edge are formed in a Rac-dependent manner. Inactivation of Rac induces a rounded phenotype. This effect has also been observed with the inactivation of either NEDD9 or DOCK3, both of which mediate the activation of Rac[97]. In contrast, Rho signaling is not essential for mesenchymal movement[88]. In regard to amoeboid migration, the actin cytoskeleton is reorganized along the plasma membrane, causing dynamic membrane blebbing along the cell surface[88]. This cortical actin reorganization is dependent on Rho/ROCK signaling[98]. Inhibitors of Rho/ROCK signaling suppress the formation of membrane blebs and inhibit amoeboid migration.

The common features of scirrhous gastric cancer include rapidly progressive motility and invasion, and a high frequency of metastasis to the peritoneum[58]. Scirrhous gastric cancer cells proliferate with fibrosis when the cancer cells invade the submucosa containing abundant stromal cells. The proliferative and invasive ability of scirrhous gastric cancer cells is closely associated with the growth factors produced by organ-specific fibroblasts. Threrfore, fibroblasts are a key determinant in the malignant progression of gastric cancer[99,100]. Scirrhous gastric cancer cells with high peritoneal metastatic ability exihited ameboid types of cell movement. Inhibition of Rho/ROCK signaling by ROCK inhibitor, Y-27632, induced an elongated morphology and increased the invasive ability of scirrhous gastric cancer cells. The fact that Rac1 inhibitor reduced the invasive ability of ROCK inhibitor suggests that the invasive ability of scirrhous gastric cancer cells is related to Rac activity. Y-27632 converted scirrhous gastric cancer cells from rounded to elongated shape, suggesting that inhibition of the RhoA/ROCK pathway is associated with AMT[59]. Thus, mesenchymal and amoeboid movements are dependent on Rac and Rho signaling, respectively. Furthermore, the balance between these signaling systems may determine the type of cell migration. The inhibition of proteases, particularly MMPs, can change the mode of migration from mesenchymal to amoeboid, whereas inhibition of ROCK may alter it from amoeboid to mesenchymal. Although it is known that the amoeboid movement is clearly Rho/ROCK-dependent, there is an indication that Rho signaling is implicated in the mesenchymal process. Interestingly, a recent study showed that vincristine-treated gastric cancer cells activated GEF-H1/RhoA/ROCK/MLC signaling and promoted MAT[101]. 

THERAPEUTIC ASPECTS OF TARGETING RHO/ROCK

Despite the poor mortality of patients with gastric cancer, only trastumab is available for molecular targeting therapy against gastric cancer[102]. Several preclinical and clinical studies have utilized inhibitors of Rho/ROCK signaling for anticancer therapeutics in prostate, lung, melanoma, glioblastoma, and several other tumor types with remarkable success[103-106]. The fact that Rho/ROCK is highly expressed in advanced gastric cancer suggests that its inhibition could be a potential therapeutic target for metastatic gastric cancer. Aberrant activation of ROCK may contribute to disastrous physiological consequences such as blood vessel constriction and extensive retraction of neuritis[107,108].

The most frequently used inhibitors of the Rho-ROCK pathway can be categorized into three classes: those inhibiting ROCK (RIs), geranylgeranyl transferase-1 (GGTIs), and 3-hydroxy-3-methylglutaryl-Coenzyme A (HMG-CoA) reductase[11]. Several ROCK inhibitors are currently the subject of clinical trials. For instance, fasudil (HA1077), a potent adenosine triphosphate (ATP) competitor for ROCK, has become prominent in the treatment of human diseases by ROCK inhibitors[109,110]. Other ROCK inhibitors such as Wf-536, H1152, and RKI-1447 have all been revealed to reduce tumor progression in hepatocellular cancer[111,112] and lung cancers[113], melanoma[114], and breast cancers[115], but no clinical report has utilized these inhibitors in gastric cancer.

Despite the interest in ROCK as a cancer therapeutic target, ROCK inhibitors have not yet progressed to clinical use. Because a common problem with kinase inhibitors is their tendency toward non-selectivity, there is an urgent need for alternative approaches to specifically target Rho/ROCK signaling pathways. Selective phosphorylation-specific antibodies for ROCK2 or ROCK1 may represent a new type of optimized inhibitor. The ROCK inhibitor, Y27632 and fasudil are not yet optimized for in vivo use[11]. However, these problems associated with inhibitors may be overcome by research using inactive RhoA expressing cells[116], siRNA targeting RhoA[117] and ROCK knockout mice[118,119]. Several groups have identified miRNAs targeting the RhoGTPase pathways in various cancer cell models, yielding a new source of knowledge regarding the underlying mechanisms regulating these pathways[120].

MAT, the likelihood of escape by cells that can switch between motility modes, makes it difficult to regulate the motility of all cancer cells by a single strategy. Rho/ROCK signaling contributes to amoeboid motility by promoting integrin, a protease-independent mode of tumor cell invasion. Our study implies that combined inhibition of ROCK and Rac restored the enhanced invasion of scirrhous gastric cancer cell lines[59]. These data suggest that drug combinations may produce greater anticancer effects by completely blocking the independent targets[121]. The combined inhibition of ROCK and MRCK kinases was found to be more effective in blocking actomyosin-mediated cell activities than either in isolation[122]. Further mechanistic studies as well as unbiased screen​ing efforts are needed to identify additional potential agents among ROCK inhibitors. 

CONCLUSION

In this review, we described the role of Rho GTPases and its effector protein as well as ROCK in gastric cancer progression and metastasis. The Rho/ROCK pathway is important in the regulation of pathways leading to enhanced malignancy of gastric cancer. Reorganization of the actin cytoskeleton plays a central role in the motility of cancer cells. A single tumor cell’s invasive strategy follows either a mesenchymal or amoeboid pattern, and certain cell types can use both modes of invasiveness and undergo transition between them. Inhibition of actin polymerization by Rho/ROCK inhibitors is a good candidate for cancer therapy. To completely elucidate the details of cancer cell motility, it is important to investigate more precisely the mechanisms underlying regulation of the actin cytoskeleton.

Although Rho GTPases- or ROCK-based therapy appear to have a potential role in gastric cancer therapy, the results of further clinical trials are still pending. Thus, it is necessary to identify new mechanisms that may offer great potential for defining new drug target sites, and to attempt use of a novel strategy for more selective therapeutic intervention. Several questions remain to be completely answered with regard to the optimization of Rho/ROCK target therapy, as outlined below: (1) what are the precise underlying mechanisms involved in MAT and AMT? Although MAT in response to protease inhibitors or integrin antagonists has been proposed to be a key event in the dissemination of invasive cells, the identification of factors regulating this conversion is still in its infancy; (2) can we identify response biomarkers to Rho/ROCK inhibition? The optimal patient subgroup that would benefit from single-agent ROCK inhibitory treatment remains to be determined. Further efforts to better define the molecular determinants of Rho/ROCK therapy response would be needed to unleash the complete impact of the targeted therapeutics; (3) what tumor types are most probable to benefit from Rho/ROCK inhibitory treatment? Accordingly, Rho/ROCK activation during amoeboid movement is believed to be relatively high, suggesting that Rho/ROCK is closely correlated with the progression and dedifferentiation of gastric cancer. Thus, it is vital to investigate more precisely the effect of Rho/ROCK inhibition in relation to the types of gastric cancer; and (4) if ROCK inhibitors are to be used for sustained periods of therapy, what are the potential chemoresistance liabilities?

It is believed that the clarification of these questions will provide an insight into how gastric cancer cells are integrated with various signaling pathways, which includes Rho/ROCK pathway. Till date, investigations of the signaling that govern these events in gastric cancer have only just begun, and new findings may contribute to the identification of new antimetastatic therapeutic targets for gastric cancer treatment. 
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FIGURE LEGENDS

Figure 1  Presents an overview of the Rho/Rho-associated protein kinases signaling pathway. MYPT1: Myosin phosphatase 1; MLC: Myosin light chain; ERM: Ezrin/radixin/moesin; ROCK: Rho-associated protein kinases; LIMK: LIM kinase.
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Figure 2  Reorganization of the actin cytoskeleton is involved in these processes which is regulated by Rho GTPases.
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Figure 3  Cancer cells display two different modes of cell motility: epithelial-mesenchymal transition and amoeboid transition. A: cells move in groups through the extracellular matrix and maintain cell–cell adhesions in sheet-like structures; B: Mesenchymal movement requires degradation of the extracellular matrix (ECM), similar to collective movement; C: Cells with amoeboid movement migrate in an integrin-independent manner. 
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Table 1  Characteristics of Rho/Rho-associated protein kinases substrates


Protein�
Localization�
Function�
Effector proteins�
Ref.�
�
Rho�
�
�
�
�
�
   RhoA�
Cytoplasm  �
Regulation of the actin polymerization, basement membrane disassembly and cortical contractility�
ROCK and mDia1�
[23,60]�
�
�
Plasma membrane�
Regulation of membrane bleb production�
�
�
�
�
�
Regulation of the turnover of cell–extracellular matrix adhesions at the cell rear�
�
�
�
   RhoB�
Endosomes�
Regulation of the adhesive properties and wound healing in fibroblast�
p76RBE and DIAPH1 (diaphanous homolog 1)�
[23]�
�
�
Lysosomes�
Retardation of growth factor receptor trafficking�
�
�
�
�
�
Negative regulation of cell survival �
�
�
�
�
�
Inhibition of metastasis�
�
�
�
   RhoC�
Cytoplasm�
Promotion of metastasis (invasion)�
ROCK and mDia1�
[23,24]�
�
�
Plasma membrane�
Regulation of actin polymerization within invadopodia protrusions�
�
�
�
ROCK�
�
�
�
�
�
   ROCK1�
Plasma membrane�
Destabilization of the actin cytoskeleton through regulating MLC phosphorylation�
MLC and RhoE�
[38,39]�
�
�
�
Regulation of cell migration by leading and trailing edges of motile cells�
�
�
�
   ROCK2�
Cytoplasm  �
Stabilization of the actin cytoskeleton through regulating cofilin activity�
LINK and Cofilin�
[37,39]�
�
�
Plasma membrane�
Regulation of myosin Ⅱ–dependent phagocytosis�
�
�
�
�
�
Negative regulation of cell migration�
�
�
�
ROCK: Rho-associated protein kinases; MLC: Myosin light chain.
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