
Cell Cycle 12:10, 1492–1500; May 15, 2013; © 2013 Landes Bioscience

 Extra ViEw

1492 Cell Cycle Volume 12 issue 10

Keywords: Rho kinase, isoform, actin 
cytoskeleton, detachment, cell-matrix 
and cell-cell adhesion, stress fibers,  
doxorubicin, serum starvation

Abbreviations: DAPI, Diamidino-2-
phenylindole; DMEM, Dulbecco’s modi-
fied Eagle’s medium; FBS, fetal bovine 
serum; FAK, focal adhesion kinase; F14, 
focal adhesion kinase inhibitor 14; MEF, 
mouse embryonic fibroblast; MLC2, 
myosin light chain 2; MYPT1, myosin 
light chain phosphatase 1; MTT, methyl-
thiazole tetrazolium; PARP, poly(ADP-
ribose) polymerase; PBS, phosphate-
buffered saline; ROCK, Rho-associated 
coiled coil-containing protein kinase; 
siRNA, small interfering ribonucleic 
acid; WT, wild type

Submitted: 04/04/13

Accepted: 04/13/13

http://dx.doi.org/10.4161/cc.24699

*Correspondence to: Lei Wei;  
Email: lewei@iupui.edu

The homologous Rho kinases, 
ROCK1 and ROCK2, are involved 

in stress fiber assembly and cell adhe-
sion and are assumed to be func-
tionally redundant. Using mouse 
embryonic fibroblasts (MEFs) derived 
from ROCK1−/− and ROCK2−/− mice, 
we have recently reported that they 
play different roles in regulating doxo-
rubicin-induced stress fiber disassem-
bly and cell detachment: ROCK1 is 
involved in destabilizing the actin cyto-
skeleton and cell detachment, whereas 
ROCK2 is required for stabilizing the 
actin cytoskeleton and cell adhesion. 
Here, we present additional insights 
into the roles of ROCK1 and ROCK2 
in regulating stress-induced impairment 
of cell-matrix and cell-cell adhesion. 
In response to doxorubicin, ROCK1−/− 
MEFs showed significant preservation of 
both focal adhesions and adherens junc-
tions, while ROCK2−/− MEFs exhibited 
impaired focal adhesions but preserved 
adherens junctions compared with the 
wild-type MEFs. Additionally, inhibi-
tion of focal adhesion or adherens junc-
tion formations by chemical inhibitors 
abolished the anti-detachment effects 
of ROCK1 deletion. Finally, ROCK1−/− 
MEFs, but not ROCK2−/− MEFs, also 
exhibited preserved central stress fibers 
and reduced cell detachment in response 
to serum starvation. These results add 
new insights into a novel mechanism 
underlying the anti-detachment effects 
of ROCK1 deletion mediated by reduced 
peripheral actomyosin contraction and 
increased actin stabilization to promote 
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cell-cell and cell-matrix adhesion. Our 
studies further support the differential 
roles of ROCK isoforms in regulat-
ing stress-induced loss of central stress 
fibers and focal adhesions as well as cell 
detachment.

Introduction

Rho-associated coiled coil-containing 
protein kinase (ROCK) is one of the best-
characterized effectors of small GTPase 
RhoA and belongs to the AGC (protein 
kinase A/protein kinase G/protein kinase 
C) family of serine/threonine kinases.1-4 
The ROCK family contains two mem-
bers, ROCK1 and ROCK2, that share 
65% overall identity and 92% identity in 
the kinase domain. Due to the high degree 
of sequence homology, ROCK1 and 
ROCK2 are believed to share more than 
30 immediate downstream substrates and 
are assumed to be functionally redun-
dant and involved in modulating actin 
cytoskeleton organization, stress fiber 
formation and cell adhesion.5-13 ROCK 
can increase myosin light chain (MLC) 
phosphorylation through direct effect on 
MLC or indirectly by inactivating MLC 
phosphatase (MYPT1), resulting in the 
stimulation of actomyosin contractil-
ity.14,15 ROCK stabilizes actin filaments 
through LIM kinases activation, result-
ing in cofilin phosphorylation and thereby 
inhibiting its actin-depolymerization 
activity.16,17 Both ROCK/MYPT1/MLC 
and ROCK/LIM kinase/cofilin pathways 
are heavily involved in stress fiber assem-
bly and cell adhesion.
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resulting in enhanced cell-cell adhesion, 
and also by increased actin stabilization 
leading to enhanced cell-matrix adhesion.

Results and Discussion

ROCK1 or ROCK2 deletion has no 
significant effect on cell adhesion rate 
under normal condition. Stress fibers are 
prominent bundles of actin and myosin 
filaments seen in many cell types and play 
important roles in numerous cell activities 
such as contraction, adhesion, movement, 
survival, etc. They can be broadly divided 
into thick and dense stress fibers, which 
are located in the peripheral portion of 
the cell (“cortical actin”), and stress fibers, 
which are located in the central portion 
of the cell (“central stress fibers”). Stress 
fibers terminate directly on focal adhe-
sions where several adhesion-related pro-
teins that connect the cell membrane to 
the underlying substrate are accumulated. 
Previous studies using ROCK inhibitors 
and/or ROCK dominant active/negative 
mutants support that ROCK activity is 
required for stress fiber organization and 
focal adhesion formation through pro-
moting both myosin activity and actin 
polymerization.14-17,20

We recently reported that the architec-
ture of the actin cytoskeleton in ROCK1−/− 
or ROCK2−/− MEF cells was largely 
similar compared with the WT MEFs at 
baseline condition, absent of cytotoxic 
stress, although we detected a significant 
reduction in the number of cells with cor-
tical ring formation in ROCK1−/− MEFs 
(1.89% vs. 4.62% in WT cells) and a 
significant increase in the number of 
cells with periphery membrane folding 
in ROCK2−/− MEFs (10.2% vs. 4.32% 
in WT cells).19 To further characterize 
ROCK isoform function in regulating cell 
adhesion, we examined cell adhesion rates 
of WT, ROCK1−/− and ROCK2−/− MEFs 
under baseline condition (Fig. 1). MEFs 
were plated onto substratum from 5–120 
min followed by gentle wash to remove 
unbound cells. The remaining adher-
ent and viable cells were measured by 
methylthiazole tetrazolium (MTT) assay. 
The cell adhesion rate reached 90% after 
plating for 60 min for WT, ROCK1−/− 
and ROCK2−/− MEFs, and no significant 
increase was observed beyond the 120 

Here, we further showed ROCK iso-
form functions in regulating the stress-
induced impairment of cell-cell and 
cell-matrix adhesion. ROCK1−/− MEFs dis-
played significant preservation of F-actin 
to free G-actin ratio, focal adhesions and 
cadherin junctions in response to doxo-
rubicin, while ROCK2−/− MEFs exhibited 
impaired focal adhesions but preserved 
adherens junctions compared with the 
wild-type (WT) MEFs. In addition, the 
inhibition of cell-matrix or cell-cell inter-
actions by focal adhesion kinase (FAK) 
inhibitor 14 (F14), or EGTA abolished the 
anti-detachment effects of ROCK1 dele-
tion. Finally, ROCK1−/− MEFs, but not 
ROCK2−/− MEFs, exhibited preserved cen-
tral stress fibers and reduced cell detach-
ment under another cell stress condition, 
serum starvation. These results add new 
insights into a novel mechanism underly-
ing the anti-detachment effects of ROCK1 
deletion, which are mediated by reduced 
peripheral actomyosin contraction, 

Regardless of structural similarities 
and possible functional redundancy of 
the two ROCK isoforms, a growing body 
of evidence supports that they possess 
unique functions, particularly in patho-
logical processes (reviewed in refs. 11 
and 18). Using mouse embryonic fibro-
blasts (MEFs) derived from ROCK1−/− and 
ROCK2−/− mice, we recently demonstrated 
that ROCK1 is involved in destabilizing 
actin cytoskeleton and cell detachment 
through regulating MLC2 phosphoryla-
tion and peripheral actomyosin contrac-
tion, whereas ROCK2 is required for 
stabilizing actin cytoskeleton and cell 
adhesion through regulating cofilin phos-
phorylation in response to cytotoxic stress 
induced by doxorubicin, a chemothera-
peutic drug.19 These results support a novel 
concept that ROCK1 and ROCK2 can 
differently regulate stress fiber disassembly 
and cell adhesion under stress conditions.

Figure 1. Effects of rOCK1 or rOCK2 deletion 
on cell adhesion rate. wt and ROCK1−/− cells 
(A) and wt and ROCK2−/− cells (B) were 
seeded at a density of 1 × 105/well in 10% FBS 
DMEM and left to adhere for the indicated 
times. after removal of unattached cells, 
attached cell viability was measured by Mtt 
assay. assays were performed in triplicate. 
attached cell viability was expressed as 
percentage of the cells attaching for 120 min. 
No significant difference on cell adhesion 
rate was detected among wt, ROCK1−/− and 
ROCK2−/− cells. Error bars represent standard 
deviation *p < 0.05 vs. wt under the same 
condition.

Figure 2. rOCK1 deletion preserves cell 
F-actin content in response to doxorubicin. 
wt and ROCK1−/− MEFs with or without 3 
μM doxorubicin for 4 h. G- and F-actin were 
separated by ultracentrifuge followed by 
western blot of supernatants (G-actin) and 
pellets (F-actin). representative western blots 
(A) were analyzed for F/G-actin ratios (B). 
*p < 0.05 vs. control of the same genotype; 
#p < 0.05 vs. wt under the same treatment 
condition.
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polymerization contribute to the anti-
detachment effects of ROCK1 deletion. 
To further support this concept, we inves-
tigated the effect of ROCK1 deletion 
on F-actin to free G-actin ratio (Fig. 2). 
Cells were treated with 3 μM doxorubi-
cin for 4 h and fractionated cell extracts 
containing F-actin and nonpolymerized 

folding and a trend toward increased cell 
detachment. In addition, ROCK1−/− MEFs 
exhibited reduced MLC phosphorylation 
but preserved cofilin phosphorylation, 
whereas ROCK2−/− MEFs showed reduced 
phosphorylation of both MLC and 
cofilin, suggesting that reduced acto-
myosin contraction and preserved actin 

min time point, which was considered 
to be 100%. ROCK1−/− MEFs showed a 
trend toward increased cell adhesion rate 
compared with WT MEFs, but this dif-
ference was not significant (Fig. 1A). A 
trend toward reduced cell adhesion rate 
was noticed in ROCK2−/− MEFs (Fig. 1B). 
These results indicate that ROCK1−/− and 
ROCK2−/− MEFs exhibit subtle differ-
ences in cell adhesive tendency at baseline, 
which is consistent with the mild differ-
ences in the architecture of actin cyto-
skeleton among ROCK1−/−, ROCK2−/− and 
WT MEFs.19

These observations on the architec-
ture of actin cytoskeleton at baseline 
condition are in agreement with previ-
ous studies characterizing ROCK1−/− or 
ROCK2−/− MEFs.21 It is worth noting 
that small interfering ribonucleic acids 
(siRNA)-based gene silencing studies may 
induce more prominent changes in the 
actin cytoskeleton than those observed in 
ROCK1- or ROCK2-deficient MEFs at 
baseline. For example, ROCK2 siRNA-
transfected cells showed increased periph-
ery membrane folding and disruption of 
central stress fibers, a phenomenon which 
is more prominent than that observed in 
ROCK2−/− cells at baseline,19 and this may 
be attributed to unknown compensatory 
mechanisms in ROCK2−/− cells. Previous 
siRNA-based studies have also shown that 
ROCK1 and ROCK2 have functional dif-
ferences in regulating actin cytoskeleton 
in a variety of cell types.21-29 Future studies 
with conditional deletion of ROCK1 or 
ROCK2 in MEFs are needed to determine 
immediate vs. long-term consequences of 
isoform deletion on actin cytoskeleton 
organization.

ROCK1 and ROCK2 play differ-
ent roles in cell detachment induced 
by doxorubicin. The subtle differences 
between WT cells and ROCK1- or 
ROCK2-deficient MEFs observed at base-
line can be amplified under stress condi-
tions.19 ROCK1−/− MEFs, under cytotoxic 
stress induced by doxorubicin, exhibited 
improved actin cytoskeleton stability 
characterized by attenuated periphery 
actomyosin ring formation, and preserved 
central stress fibers, resulting in reduced 
cell detachment compared with the WT 
MEFs. In contrast, ROCK2−/− MEFs 
showed increased periphery membrane 

Figure 3. rOCK1 deletion, but not rOCK2 deletion, reduces doxorubicin-induced impairment of 
focal adhesion formations. representative images of focal adhesion formation revealed by p-FaK 
staining (green) of individual wt, ROCK1−/− and ROCK2−/− cells at baseline and after treatment with 
3 μM doxorubicin for 16 h. rhodamine-phalloidin staining for F-actin (red), and DaPi staining 
for nuclei (blue) are shown in merged images. typical focal adhesions are indicated with white 
arrows. Bar, 50 μm.

Figure 4. rOCK1 or rOCK2 deletion reduces doxorubicin-induced impairment of adherens junc-
tion formations. representative images of adherens junction formations revealed by β-catenin 
staining (green) of adjacent wt, ROCK1−/− and ROCK2−/− cells. rhodamine-phalloidin staining for 
F-actin (red) and DaPi staining for nuclei (blue) are shown in merged images. Overlapping cell-cell 
contacts are indicated with white arrows. adherens junctions are indicated with arrow heads. 
Bar, 50 μm.
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reduced central stress fibers and increased 
formation of cortical rings (Fig. 3). 
However, ROCK1−/− MEFs showed pre-
served p-FAK staining at focal adhesions 
associated with preserved central stress 
fibers (Fig. 3). These results support pre-
served F-actin/G-actin ratio in ROCK1−/− 
MEFs compared with WT MEFs (Fig. 2). 
Together, these results reveal a non-redun-
dant role for ROCK1 and ROCK2 in the 
regulation of focal adhesions: ROCK1 is 
involved in destabilizing focal adhesions 
under stress conditions, whereas ROCK2 
is required for focal adhesion formation 
under both normal and stress conditions, 
consistent with their differential roles 
in the regulation of central stress fiber 
disassembly.

Both ROCK1 and ROCK2 are 
involved in stress-induced disruption of 
cell-cell adhesion. We have also exam-
ined the effects of ROCK1 or ROCK2 
deletion on cell-cell adhesion under both 
baseline and doxorubicin treatment condi-
tions by immunofluorescence staining for 
β-catenin, a key component of adherens 
junctions (Fig. 4). As expected, β-catenin 
was localized at the cell membrane with 
more intense and punctate staining in 
the area of cell-cell contacts representing 
adherens junctions. In untreated cells, 
β-catenin staining revealed similar pat-
terns with overlapping cell borders among 
adjacent cells (Fig. 4). In response to doxo-
rubicin treatment, a substantial loss of 
normal cell-cell contacts associated with 
cell shrinkage was observed in WT MEFs. 
In contrast, adherens junctions were well 
preserved in ROCK1−/− and to a less degree 
also in ROCK2−/− MEF cells (Fig. 4). The 
preservation of adherens junctions is likely 
linked to the reduced cortical ring forma-
tion and MLC phosphorylation observed 
in both ROCK1−/− and ROCK2−/− MEFs.19

Inhibition of cell-cell or cell-matrix 
adhesion abolishes the anti-detachment 
effects of ROCK1 deletion. We have 
validated the contributions of enhanced 
cell-matrix and cell-cell interactions to 
the anti-detachment effects of ROCK1 
deletion using chemical inhibitors F14 
and EGTA (Fig. 5). F14 (IC

50
 = 1 μM) 

targets the tyrosine 397 activation domain 
of FAK and prevents FAK activation.31 
EGTA, a calcium chelator, induces disas-
sembly of adherens junctions.32 Treatment 

evaluate individual role of ROCK1 and 
ROCK2 in regulating actin cytoskeleton 
organization, we examined focal adhe-
sion formations, which are located along 
and at both ends of the central stress 
fibers and also at the leading edge of the 
cell. Immunofluorescence staining was 
performed for activated FAK (p-FAK-
Tyr925), a key component of focal adhe-
sions, under baseline condition and after 
doxorubicin treatment (Fig. 3). At base-
line, both ROCK1−/− and WT MEFs 
showed comparable p-FAK staining. In 
contrast, substantially reduced p-FAK 
staining was noticed in ROCK2−/− MEFs, 
especially at the ends of the stress fibers, 
consistent with a mild increase in periph-
ery membrane folding19 and a trend of 
reduction of adhesion rate (Fig. 1B). This 
is likely due to the reduced actomyosin 
contraction and actin polymerization 
mediated by reduced phosphorylation of 
both MLC and cofilin in ROCK2−/− MEFs 
under baseline condition.19

After 16 h treatment with 3 μM doxo-
rubicin, p-FAK staining was significantly 
reduced in the WT MEFs, consistent with 

G-actin were prepared and analyzed for 
G- and F-actin contents. As shown in 
Figure 2B, ROCK1−/− MEFs exhibited a 
trend toward increased F to G-actin ratio 
at baseline condition. Doxorubicin treat-
ment induced a decrease in F to G-actin 
ratio in WT MEFs but not in ROCK1−/− 
MEFs. These results further highlight 
that ROCK1 deficiency can preserve 
F-actin stability.

Although our results suggest that 
reduced MLC phosphorylation and 
increased cofilin phosphorylation con-
tribute to the increased actin cytoskeleton 
stability due to ROCK1 deletion,19 addi-
tional proximal ROCK effectors may also 
be involved, as more than 30 immediate 
ROCK downstream substrates have been 
identified, and most of them are involved 
in regulating actin cytoskeleton organi-
zation.5-13,30 Future studies are needed to 
dissect the mechanisms underlying the iso-
form specificity in the regulation of stress-
induced central stress fiber disassembly.

ROCK1 and ROCK2 play different 
roles in regulating focal adhesions under 
normal and stress conditions. To further 

Figure 5. Disruptions of cell-matrix and cell-cell interactions by F14 and EGta abolish the protec-
tive effects of rOCK1 deletion in response to doxorubicin. Mtt assay performed with wt and 
ROCK1−/− MEFs with 1 μM doxorubicin and/or 1 μM F14 (A) or 2 mM EGta (B) for 16 h. Cell viability 
was expressed as percentage of control cells without treatment. *p < 0.05 vs. control of the same 
genotype; #p < 0.05 vs. wt under the same treatment condition. ¶p < 0.05 vs. the same genotype 
under doxorubicin only condition.
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In addition to cell detachment, we 
also examined if ROCK1 deletion inhib-
its apoptosis of attached cells induced by 
serum starvation. As expected, a signifi-
cant increase in caspase-3 activation was 
detected for serum-starved WT MEFs 
after 4 h of serum starvation, but it was 
attenuated in ROCK1−/− MEFs (Fig. 7A). 
In addition to serum starvation, cell 
detachment from the extracellular matrix 
is also a potent apoptotic inducer.45 We 
observed that the expression levels of 
cleaved caspase-3 and cleaved poly(ADP-
ribose) polymerase (PARP), which is a 
nuclear caspase-3 substrate, were sig-
nificantly increased in floating WT cells 
compared with the attached cells after 4 
or 8 h of serum starvation (Fig. 7B). The 
level of cleaved caspase-3 reached at least 
15-fold higher in the floating cells com-
pared with the level in attached cells after 
8 h of serum starvation (Fig. 7B), indicat-
ing that cell detachment is a more pre-
dominant trigger of apoptosis than serum 
starvation. Like in doxorubicin-induced 

performed environmental stresses in cell 
biology aimed at dissecting the mecha-
nisms of cell proliferation, differentia-
tion and survival.42,43 It is known that cell 
detachment can be induced upon serum 
starvation in many cell types. Serum 
starvation inhibits cell growth, causes 
cellular rounding up and finally leads to 
cell detachment and subsequent death 
by apoptosis.44 As expected, a significant 
increase in cell detachment was detected 
for serum-starved WT MEFs, but it was 
delayed for ROCK1−/− MEFs (Fig. 6). 
Bright field photography (Fig. 6A), phal-
loidin staining for F-actin (Fig. 6B) and 
cell counting (Fig. 6C) showed a time-
dependent increase in cell detachment 
upon serum starvation of the WT cells, 
while a significant reduction was observed 
in ROCK1−/− cells. Again, cell detach-
ment was not reduced in ROCK2−/− cells 
(Fig. 6D). These results indicate that only 
ROCK1 deletion, but not ROCK2 dele-
tion has anti-detachment effects after 
serum starvation.

with 1 μM F14 treatment did not show 
significant effect on cell detachment 
at baseline condition, but significantly 
increased cell detachment in doxorubicin-
treated WT and ROCK1−/− MEFs to a sim-
ilar degree (Fig. 5A). On the other hand, 
the treatment with 2 mM EGTA increased 
cell detachment similarly in WT and 
ROCK1−/− cells at baseline and after doxo-
rubicin treatment (Fig. 5B). Together, 
these data indicate that inhibition of cell-
matrix or cell-cell interactions abolished 
the anti-detachment effects of ROCK1 
deletion, further supporting the notion 
that the beneficial effects of ROCK1 dele-
tion are mediated through preserved cell-
matrix and cell-cell adhesion.

Depending on the cell type and the 
apoptotic stimulus, inhibition of ROCK 
activity by ROCK inhibitors can act either 
as a pro-apoptotic or as a pro-survival 
regulator. Our findings with ROCK1- or 
ROCK2-deficient MEFs in the preserva-
tion of adherens junctions share some 
similarity with the pro-survival effects of 
ROCK inhibitors in preventing apoptosis 
through enhancing cell-cell interactions in 
some contexts, including embryonic stem 
cells grown in suspension culture condi-
tions.33-35 On the other hand, the pro-
apoptotic effects of ROCK inhibitors were 
mainly observed in the adhesion-depen-
dent and differentiated cells,36-38 most 
likely due to the loss of focal adhesions as 
observed in ROCK2-deficient MEFs. It is 
worth noting that enhanced cell-matrix 
and cell-cell interactions due to ROCK1 
deletion observed in MEFs may repre-
sent a mechanism underlying the in vivo 
protections observed in ROCK1-deficient 
mice in the context of heart failure and 
stressed erythropoiesis.39-41 Future studies 
are needed to evaluate the roles of ROCK1 
and ROCK 2 in other cell types relevant 
to the pathogenesis in various disease 
models, including cardiovascular diseases, 
metabolic disorders and cancers.

ROCK1 deletion, but not ROCK2 
deletion, inhibits cell detachment 
induced by serum starvation. As ROCK1 
deletion inhibited cell detachment and 
apoptosis induced by doxorubicin, it is 
important to determine if these protec-
tive effects of ROCK1 deletion can be 
extended to other stress conditions. Serum 
starvation is one of the most frequently 

Figure 6. rOCK1 deletion, but not rOCK2 deletion, reduces serum starvation-induced cell detach-
ment. (A) representative image of bright field photography of wt and ROCK1−/− cells before and 
after 8 h of serum starvation showing starvation-induced cell detachment. Bar, 400 μm. (B) repre-
sentative images of rhodamine-phalloidin staining for F-actin (red) and DaPi staining (blue) of wt 
and ROCK1−/− cells before and after 8 h of serum starvation showing starvation-induced disruption 
of central stress fibers and cell shrinkage. Bar, 100 μm. (C and D) Floating and attached cells were 
separately collected from wt and ROCK1−/− cells or from wt and ROCK2−/− cells at indicated time 
points after serum starvation. Floating cell ratio was expressed as percentage of total cells (float-
ing plus attached cells) under indicated condition. *p < 0.05 vs. control of the same genotype; #p < 
0.05 vs. wt under the same treatment condition.
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(DAPI) for counterstaining the nuclei. 
The fluorescent images were taken with a 
Leica DM5500B microscope (objectives: 
HCX PL FUOTAR 20.0 × 0.50, HCX 
PL FUOTAR 40 × 0.75) equipped with 
a DFC300FXR2 camera and analyzed 
with the Leica AF6000 software. For indi-
vidual cells, focal adhesion formations can 
be visualized by p-FAK or β-catenin stain-
ing. For grouped cells, cadherin junction 
formations can be visualized by β-catenin 
staining.

Protein analysis. Following serum 
starvation at indicated time points, 
attached cells were harvested and ana-
lyzed for caspase activation by western 
blot analysis as previously described.19 
The blots were then probed with primary 
antibodies to ROCK1 (sc-5560), ROCK2 
(sc-5561, Santa Cruz Biotechnology), 
cleaved caspase-3 (#9661) and PARP 
(#9542, Cell Signaling). After blotting 
with corresponding secondary antibodies 
conjugated with horseradish peroxidase, 
the membranes were developed with ECL 
western blotting or SuperSignal West Pico 
Chemiluminescent Substrate (Thermo 
Scientific), and the blots were visualized 

drugs at indicated times and dosages. 
These drugs include pan-ROCK inhibitor 
Y27632 (Enzo Life Sciences); doxorubicin 
(Sigma), F14 (Santa Cruz Biotechnology). 
For serum starvation experiment, cells at 
90% confluency were switched to serum-
free DMEM and then incubated for indi-
cated times.

Fluorescence imaging. Phalloidin 
staining of F-actin was performed as pre-
viously described.19 For visualizing focal 
adhesion and cadherin junction forma-
tions, MEF cells were seeded on gelatin 
coated glass coverslips. The cells were fixed 
with 4% paraformaldehyde in phosphate-
buffered saline (PBS) for 15 min and per-
meabilized with 0.2% Triton X-100 for 1 h. 
After blocking with 5% goat serum in PBS 
for 1 h, the cells were incubated with rabbit 
polyclonal antibodies to p-FAK (#3284; 
Cell Signaling) or β-catenin (Ab16051, 
Abcam) overnight followed by incuba-
tion with Alexa Fluor 488 goat anti-rabbit 
IgG (A-11034), and rhodamine phalloidin 
(R-415, Life Technologies). The cover-
slips were then mounted with Vectashield 
mounting media (Vector Laboratories) 
containing Diamidino-2-phenylindole 

cell detachment,19 ROCK1 deficiency did 
not reduce the levels of cleaved caspase-3 
in floating cells (data not shown), further 
supporting that ROCK1 deficiency has no 
significant inhibitory effect on apoptosis 
occurring after MEF detachment.

Materials and Methods

Cell culture and treatments. ROCK1- 
or ROCK2-deficient MEF cells were 
prepared from ROCK1−/− or ROCK2−/− 
embryos as previously described.19 All 
animal experiments were conducted in 
accordance with the National Institutes 
of Health “Guide for the Care and Use of 
Laboratory Animals” (NIH Publication 
No. 85–23, revised 1996) and were 
approved by the Institutional Animal 
Care and Use Committee at Indiana 
University School of Medicine. Cells were 
cultured in Dulbecco’s modified Eagle’s 
medium (DMEM; Life Technologies) 
supplemented with 10% fetal bovine 
serum (FBS; Atlanta Biologicals) and 
penicillin-streptomycin in a humidified 
incubator with 5% CO

2
 at 37°C. Cells at 

90% confluency were treated with various 

Figure 7. rOCK1 deletion inhibits apoptosis induced by serum starvation in attached cells. (A) representative image (left panel) of western blot of 
full-length and cleaved rOCK1 and cleaved caspase-3 in cell lysates from attached wt and ROCK1−/− MEFs before and after 4 or 8 h of serum starvation. 
Quantitative analysis (right panel) of immunoreactive bands of cleaved capsase-3 (n = 4–6 for each condition), expressed as percent change relative to 
wt cells after 8 h of serum starvation. *p < 0.05 vs. control of the same genotype; #p < 0.05 vs. wt under the same treatment condition. (B) represen-
tative image (left panel) of western blot of full-length and cleaved ParP, cleaved caspase-3 in cell lysates from attached or floating wt cells after 4 
or 8 h of serum starvation. Densitometry analysis (right panel) of immunoreactive bands of cleaved caspase-3. Expression of cleaved caspase-3 was 
expressed as fold change relative to attached cells after 8 h of serum starvation. *p < 0.05 vs. 8 h attached cells.
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and preserved actin polymerization, 
which, in turn, result in increased cen-
tral stress fiber stability and cell-matrix/
cell-cell interactions under stress con-
ditions. In addition, these studies have 
shown that ROCK1 vs. ROCK2 deletion 
produce different effects on actin stress 
fiber disassembly, leading to the differ-
ent consequences on cell detachment 
under stressed conditions. ROCK2 dele-
tion results in reduced MLC phosphory-
lation, reduced actomyosin contraction 
and preserved cell-cell interactions, which 
are shared beneficial effects with ROCK1 
deletion. However, ROCK2 deletion also 
leads to reduced cofilin phosphorylation, 
reduced central stress fiber stability and 
focal adhesion formation, which differ 
from ROCK1 deletion and impair cell 
adhesion. Consequently, ROCK1 dele-
tion, but not ROCK2 deletion, inhibits 
cell detachment induced by doxorubicin 
or serum starvation. A model to sum-
marize all of these findings is schemed in  

for the indicated times and unattached 
cells were then aspirated. The remaining 
cells were gently washed three times to 
remove unbound or loosely attached cells. 
Viability of attached cells was determined 
by MTT assay as previously described.19 
The samples were prepared in triplicates. 
At least three independent experiments 
were analyzed.

Statistical analysis. Data are reported 
as mean ± SE. Comparisons between 
groups were analyzed by Student’s t-test 
or ANOVA as appropriate, with p < 0.05 
considered as significant.

Conclusion

Our studies, with isoform-selective dele-
tions of ROCK, support a novel mecha-
nism underlying the anti-detachment 
effects of ROCK1 deletion, which is medi-
ated through reduced MLC phosphoryla-
tion but preserved cofilin phosphorylation, 
leading to reduced actomyosin contraction 

by using a Fujifilm LAS-4000 Imager. 
All blots were normalized to GAPDH 
(10R-G109a, Fitzgerald Industries 
International) or to actin (sc-1616; Santa 
Cruz Biotechnology).

Measurement of F-actin/G-actin 
ratio. Determination of the amount 
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Figure 8. In this model, actomyosin con-
traction and actin polymerization both 
promote stress fiber formation and focal 
adhesion formation resulting in cell adhe-
sion at normal condition, but they play 
opposite roles in cortical ring formation 
and central stress fiber disruption under 
stress conditions, which leads to cell 
detachment and apoptosis.

During the last decade, the ROCK 
family has attracted significant interest as 
a promising target for the treatment of a 
wide range of human diseases, including 
cardiovascular disorders, neurologic disor-
ders, metabolic disorders and cancers.5-12 
Most of the studies have been performed 
with non-isoform selective pharmaco-
logical inhibitors, which therefore inhibit 
ROCK1 and ROCK2 with equal potency 
and also have non-selective effects.46-48 
Since ROCK pan-inhibitors are able to 
reduce phosphorylation of both MLC and 
cofilin, treatment with these inhibitors 
can’t prevent (or could even exaggerate) 
cell detachment induced by doxorubi-
cin, which is a shared characteristic with 
ROCK2 deletion in MEFs.19 Future 
studies are needed, with specific target-
ing of ROCK1 and ROCK2 via genetic 
and chemical approaches, to determine 
whether the beneficial and detrimental 
effects of ROCK pan-inhibitors in experi-
mental and clinical studies are mediated 
by inactivation of individual or both 
ROCK isoforms.
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