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Abstract. Rho-associated protein kinase 1 (ROCK1), a member
of the ROCK family, serves an important function in cell migra-
tion and invasion in neoplasms. ROCKI1 has been found to be
overexpressed in several types of cancers. However, the role
of ROCKI1 in non-small-cell lung cancer (NSCLC) is poorly
understood. In the present study, ROCK1 was found to be over-
expressed in NSCLC cells and tissues, and it was associated with
poor survival of NSCLC patients. Subsequently, ROCK1 knock-
down NSCLC cell lines were established using shRNA. ROCK1
knockdown significantly reduced the migration and invasion
ability in the cell monolayer scratching and Transwell assays.
ROCKI1 knockdown was also found to markedly inhibit cell
adhesion ability. Moreover, the phosphorylation of focal adhesion
kinase (FAK) was inhibited by ROCKI1 knockdown, reducing
NSCLC cell migration and invasion ability. This mechanistic
study revealed that ROCK1 significantly enhanced cell migration
and invasion by inhibiting the phosphatase and tensin homolog
(PTEN)/phosphoinositide 3-kinase (PI3K)/FAK pathway. More
importantly, the interruption of the PTEN/PI3K/FAK pathway
markedly rescued the inhibition of cell migration and invasion
mediated by ROCK1 knockdown. Taken together, these results
suggest a novel role for ROCKI in cell migration and invasion
by inhibiting cell adhesion ability, and indicate that ROCK1 may
be of value as a therapeutic target for the treatment of NSCLC.

Introduction

Lung cancer is a leading cause of cancer-related mortality
worldwide (1,2). Lung cancer is generally subdivided into
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non-small-cell lung cancer (NSCLC) and small-cell carcinoma
(SCLC) (3). The majority (60-80%) of NSCLC patients have
advanced or metastatic disease at diagnosis (4). Despite
the progress in the treatment and prevention of NSCLC, its
prognosis is poor. Surgical resection is a radical treatment, but
its success rate is poor for metastatic tumors (5). Lung cancer
constitutes a major public health concern, and further study
of the molecular mechanisms underlying the migration and
invasion of NSCLC may provide novel insights into NSCLC
treatment.

Rho-associated protein kinase (ROCK), which consists of
ROCKI1 and ROCK2, is involved in regulating the movement
of cells by acting on the cytoskeleton (6,7). It was recently
reported that ROCKI1 plays a key role in regulating cell
motility, angiogenesis and migration (8). In addition, ROCK1
has been reported to be overexpressed in several solid tumors,
including glioblastoma (9), melanoma (10), osteosarcoma (11)
and hepatocellular carcinoma (12). According to published
reports, overexpression of ROCK1 has been commonly asso-
ciated with more highly metastatic and invasive phenotypes
in human cancers. ROCK1 was also found to phosphory-
late regulatory myosin light chains (MLCs) and facilitate
actin-myosin contractility (13). In addition, it was reported that
ROCKI1 modulates cell motility via integrin 1-activated FAK
signaling (14).

Previous studies demonstrated that focal adhesion kinase
(FAK), a key regulator of cell adhesion and migration, is
overexpressed in several diverse cancers, including lung cancer
and multiple myeloma (15,16). Activation/phosphorylation of
FAK was reported in epithelial and endothelial cells during
the wound healing process, suggesting that cell migration
was regulated by FAK (17). In addition, the ROCK inhibitor
reduced the activation of FAK, which is known to be involved
in cell adhesion (18). Furthermore, connexin 43 was reported to
exert a prominent antitumor effect on migration and invasion of
glioblastoma cells by targeting phosphatase and tensin homolog
(PTEN) and FAK (19). In addition, the PTEN/phosphoinositide
3-kinase (PI3K)/nuclear factor-k B/FAK pathway was reported
to be a novel mechanism involved in gastric cancer growth and
invasion (20).

PTEN is a tumor suppressor that inhibits cell migration
and proliferation (21,22). Phosphorylation of PTEN by ROCK
was shown to stimulate its phosphatase activity (23,24). PTEN
has been reported to weaken the tyrosine phosphorylation
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of FAK (21). In addition, PTEN may negatively regulate
the PI3K/AKT pathway, which plays an important role in
several biological processes (25,26). However, the mechanism
through which ROCKI1 regulates the phosphorylation status of
PTEN/PI3K/AKT and its role in the regulation of migration
and invasion of human lung cancer cells remain elusive.

The present study was designed to investigate the role of
ROCKI in NSCLC cell migration and invasion and examine
the correlation between ROCK1 expression in clinical NSCLC
tissues and prognosis. ROCK1 knockdown NSCLC cell lines
were established using shRNA and adhesion and migration
abilities were compared. Cell monolayer scratching Transwell
assays were also used to determine the effect of ROCK1
knockdown on cell migration and invasion. The aim was to
determine whether ROCKI is a potential therapeutic target
and an effective predictive biomarker for NSCLC patients.

Materials and methods

Tissues. The data analysis was performed in accordance
with protocols approved by the Ethics Committee of the
Institutional Review Board of the Army Medical University,
and all specimens were collected after obtaining written
informed consent from all the patients. Samples of human
lung tumor tissues and paired adjacent normal tissues were
collected from 30 patients with lung adenocarcinoma at the
Southwest Hospital (Chongqing, China) between June 2011
and June 2013. A series of data were recorded as follows:
Patient sex, age, tumor size, clinical stage, and lymph node
metastasis. The pathological diagnosis was performed
according to the criteria set by the American Joint Committee
on Cancer (27).

Cell culture. WI-38, NCI-H1299, A549, NCI-H226 and
SK-MES-1 cells were purchased from the American Type
Culture Collection and cultured in Dulbecco's modified
Eagle's medium (DMEM; Thermo Fisher Scientific, Inc.)
supplemented with 10% fetal bovine serum (FBS; Lonsera)
and 100 U/ml penicillin/streptomycin in an atmosphere with
5% CO, at 37°C. Cells were digested and passaged every
2 days.

Plasmids and establishment of stable cell lines. The human
ROCKI shRNA (5-CCGGGCACCAGTTGTACCCGATTT
ACTCGAGTAAATCGGGTACAATCTGGTGCTTTTTG-3')
and control shRNA plasmid (sc-108060) were purchased
from Santa Cruz Biotechnology, Inc. The human PTEN
shRNA (5'-CCGGCCACAAATGAAGGGATATAAACT
CGAGTTTATATCCCTTCATTTGTGGTTTTT-3') was a gift
from Professor Todd Waldman (plasmid no. 25639, Addgene
Inc.; http://n2t.net/addgene:25639). For gene silencing,
the plasmids were cotransfected with lentiviral packaging
vectors (pLP1, pLP2 and VSVG) (K4975, Invitrogen; Thermo
Fisher Scientific, Inc.) into actively growing 293FT cells
via Lipofectamine 3000 (L3000015, Invitrogen; Thermo
Fisher Scientific, Inc.). After the 48-h transfection, lenti-
virus was collected from the supernatant and used to infect
target cells (A549 and NCI-H1299 cells). Stable cell lines
were selected by 5 yg/ml puromycin (P9620, Sigma-Aldrich;
Merck KGaA).
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Immunohistochemistry (IHC). A tissue microarray containing
samples from 30 lung adenocarcinoma patients was subjected
to THC staining to detect ROCK1 expression. IHC was imple-
mented as the standard procedure. An anti-ROCK1 antibody
(1:1,000; rabbit; ab45171; Abcam) was used. The expression of
ROCKI1 was evaluated according to the immunoreactive score
(IRS) described by Remmele and Stegner (28). In brief, 0, 1, 2,
3 or 4 was used to describe 0, 1-25, 26-50, 51-75, and 76-100%
positive cells, respectively. In addition, O, 1, 2 or 3 were
assigned to negative, weak, moderate and strong staining
intensity of positive cells, respectively. The IRS was indicated
as the arithmetic product of the positive cell proportion and
the staining intensity. The range of IRS was 1-12 (29,30).

Analysis of microarray data. The Oncomine cancer micro-
array database (http:/www.oncomine.org) was used to study
the expression of ROCK1 in NSCLC samples (GSE19188).
Gene expression data were obtained from the NCBI Gene
Expression Omnibus (GEO) database (accession nos.:
GSE19188, GSE30219 and GSE3141). ROCKI1 expression
data were log-transformed and median-centered per array,
and the standard deviation was normalized to one per array.
Patient data and gene expression datasets were obtained
from the R2 microarray analysis and visualization platform
(http://hgserverl.amc.nl). All prognosis analyses were
performed online, and all the data and P-values (log-rank test)
were downloaded. The univariate survival analysis within the
NSCLC dataset of GSE19188, GSE30219 and GSE3141 was
performed using the Kaplan-Meier analysis module of the R2
microarray analysis and visualization platform.

Western blotting. Prepared cells were extracted and lysed with
RIPA lysis buffer (P0013B, Beyotime Biotechnology) supple-
mented with PMSF (1 mM). Proteins were then treated with
the Enhanced BCA Protein Assay Reagent (PO009, Beyotime
Biotechnology) prior to quantifying the protein concentra-
tion by a microplate reader. Subsequently, equal amounts of
total protein (15-60 pg) were separated by 10% SDS-PAGE
and transferred to PVDF membranes (162-0177, Bio-Rad
Laboratories, Inc.). The membranes were blocked with 5%
bovine serum albumin at room temperature for 2 h, and then
incubated with primary antibodies overnight at 4°C. The
following antibodies were used: Anti-PTEN (1:500; mouse;
sc-7974; Santa Cruz Biotechnology, Inc.), anti-GAPDH
(1:2,000; mouse; sc-47724; Santa Cruz Biotechnology, Inc.),
anti-p-FAK (1:1,000; rabbit; 381143; ZENBIO), anti-p-FAK
(1:1,000; rabbit; 3283s; Cell Signaling Technology, Inc.),
anti-FAK (1:1,000; rabbit; 3285s; Cell Signaling Technology,
Inc.), anti-p-PTEN (1:1,000; rabbit; 9554s; Cell Signaling
Technology, Inc.), anti-p-PI3K (1:500; rabbit; 4228s; Cell
Signaling Technology, Inc.), anti-PI3K (1:1,000; rabbit; 4257s;
Cell Signaling Technology, Inc.), anti-p-AKT (1:1,000; rabbit;
4060s; Cell Signaling Technology, Inc.), anti-AKT (1:500;
rabbit; 9272s; Cell Signaling Technology, Inc.), anti-ROCK1
(1:1,000; rabbit; ab45171; Abcam) and anti-actin (1:10,000;
mouse; 1978; Sigma-Aldrich; Merck KGaA). After washing
with TBST three times, the membranes were incubated
with the appropriate secondary antibody (1:5,000) for 2 h at
room temperature and bands were observed by an enhanced
chemiluminescence kit (170-5061, Bio-Rad Laboratories,
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Inc.). Densitometric analysis was performed by Quantity One
software (Bio-Rad Laboratories, Inc.). The results represent
three independent experiments.

Immunofluorescence. The cells were counted and cultured in
24-well plates with glass coverslips. When the cells reached
~70% confluency, they were fixed with Immunol Staining Fix
Solution (Beyotime Biotechnology) for 15 min, permeated
with 0.1% Triton X-100 in PBS for 5 min and blocked with
5% non-fat dry milk in PBS for 30 min. Subsequently, the
cells were incubated with Alexa Fluor 555 Phalloidin (8953s,
Cell Signaling Technology, Inc.) for 30 min. After washing in
PBS, the cells were incubated with anti-p-FAK (381143, rabbit,
ZENBIO, 1:50) overnight at 4°C. The cells were treated with
Alexa Fluor 488 anti-rabbit secondary antibody (Santa Cruz
Biotechnology, Inc.) for 1 h in the dark and then counter-
stained with DAPI (Sigma-Aldrich; Merck KGaA) for 5 min.
Finally, the fluorescence of the labeled cells was visualized by
a laser-scanning confocal microscope (LSM780NLO, Zeiss
GmbH).

Cell monolayer scratching assay. The cells were grown in
6-well plates with DMEM supplemented with 10% FBS until
the formation of a ~95% confluent monolayer. A 1-ml pipette
tip was used to scratch the bottom of the plates in a straight
line. After washing with PBS, the wounds were monitored
at 0 and 48 h using the Cell Imaging System (Zeiss GmbH).
The migration capacity of the cells was measured as cells
covered the wounds at 48 h compared with O h. The results
represent three independent experiments.

Transwell assay. The lower chambers of a Transwell insert
(3422, Corning, Inc.) were filled with DMEM supplemented
with 30% FBS. A total of 5,000 cells in serum-free DMEM
were seeded in the upper chambers. After a 48-h incubation,
the membranes were fixed with 4% formaldehyde for 15 min.
The cells remaining on the upper surface of the membrane
were carefully wiped with cotton swabs, and the cells that
migrated to the bottom of the filter were stained with a 1%
crystal violet solution (Beyotime Biotechnology). Each well
was then filled with PBS and examined under a microscope
(CKX41, Olympus Corporation). The number of invading cells
was counted in three randomly selected fields.

Cell adhesion assays. In the attachment assays, the cells were
counted and plated into a 12-well plate (5x10° per well) and
incubated for 10-180 min. At each time point, the non-adherent
cells were discarded. The adherent cells were gently washed
with PBS, trypsinized and counted. In the detachment assays,
1 ml of cells (1x10° cells/ml) was added to each well of a 12-well
plate and incubated for 24 h. Then, each well was trypsinized
(1 ml trypsin was diluted in 19 ml PBS) for varying lengths of
time (20-180 sec). The non-adherent cells suspended in media
were aspirated, and each well was washed gently with PBS.
The remaining adherent cells were digested and counted. Each
experiment was repeated three times individually.

Statistical analysis. The data are presented as the mean =+ stan-
dard deviation. The statistical analysis was performed using
GraphPad Prism version 6.0 (GraphPad Software, Inc.).
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Chi-squared tests were performed to evaluate the significance
of the associations between ROCKI1 and clinicopathological
parameters. The statistical evaluation was performed by
Student's t-test. One-way ANOVA was used for multiple
comparisons followed by the Bonferroni method. The results
were considered statistically significant at "P<0.05, “P<0.01
and “*P<0.001.

Results

High ROCK]I expression predicts poor survival in NSCLC
patients. To investigate the role of ROCKI in the develop-
ment of NSCLC, we examined the expression of ROCKI1 in
NSCLC. First, the levels of ROCK1 were measured in NSCLC
tissues from 30 patients and adjacent normal tissues by THC.
The results demonstrated that the expression of ROCKI in
NSCLC was significantly higher compared with that in adja-
cent normal tissues (“P=0.0035, Fig. 1A and B). Subsequently,
the correlation between ROCKI1 expression and different
clinicopathological factors in NSCLC was analyzed. The
results revealed that the expression of ROCK1 was significant
positively correlated with tumor size (“P=0.0038), lymph node
metastasis (“P=0.0012) and clinical stage (""P=1.17E-05)
(Table I). Moreover, the expression of ROCK1 mRNA in
NSCLC was evaluated using the publicly available Oncomine
database (www.oncomine.org). The NSCLC microarray
expression dataset was analyzed, and the results demonstrated
that the expression of ROCK1 mRNA was significantly
higher in NSCLC compared with that in non-tumor tissues
in the microarray study. The fold increase in ROCK1 mRNA
levels in lung adenocarcinoma and large-cell lung carcinoma
were 1.158 and 1.179, respectively, in a microarray dataset
(GSE19188) (Fig. 1C and D). The Kaplan-Meier analysis
from the R2 microarray analysis and visualization platform
(http://r2.amc.nl) indicated that NSCLC patients with high
ROCKI1 expression had worse survival compared with those
with lower ROCK1 expression in three datasets (GSE19188,
GSE30219 and GSE3141) (Fig. 1E-G). Subsequently, the
ROCKI1 expression levels were measured in several NSCLC
cell lines (NCI-H1299, A549, NCI-H226 and SK-MES-1) and
WI38 human embryonic lung fibroblasts. ROCK1 was found to
be highly expressed in the abovementioned NSCLC cell lines
compared with its levels in WI38 cells (“P<0.01 and "P<0.05,
Fig. 1H and I). Collectively, these data indicate that a higher
ROCKI1 expression level predicts worse survival in NSCLC.
In addition, monitoring ROCK1 expression may provide new
prognostic, diagnostic and therapeutic strategies for NSCLC
treatment.

ROCKI promotes cell migration and invasion. Subsequently,
to further investigate the functional effect of ROCKI on cell
migration and invasion in NSCLC, ROCK1 was knocked
down in A549 and NCI-H1299 NSCLC cells by shRNA, and
the results are shown in Fig. 2A. The scratch migration assay
demonstrated that ROCK1 knockdown decreased wound
closure in A549 and NCI-H1299 cells (“P<0.01, Fig. 2B and C),
indicating that ROCK1 knockdown inhibited cell migration.
The Transwell assay also revealed that ROCK1 knockdown
inhibited A549 and NCI-H1299 cell invasion ("'P<0.01,
Fig. 2D and E). In addition, the effects of ROCK1 on NSCLC
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Figure 1. ROCKI1 is overexpressed in NSCLC, and higher expression of ROCK1 predicts worse survival. The expression of ROCK1 was measured in lung
adenocarcinoma tissues and cells. (A) Representative immunohistochemical images of ROCK1 in lung adenocarcinoma and adjacent normal tissues. Scale
bars: 100 ym. (B) Expression level of ROCKI1 in lung adenocarcinoma and adjacent normal tissues (n=30, “P=0.0035). (C and D) The expression of ROCK1
is upregulated in NSCLC tissues compared with non-tumor tissues. All the data (fold change and P-values) were calculated from Oncomine (Www.oncomine.
org). (E-G) The survival analysis was performed by the Kaplan-Meier method in the GSE19188 (n=83, "P=0.016), GSE30219 (n=293, ‘P=0.033) and GSE3141
datasets (n=106, ‘P=0.043). (H-I) The expression level of ROCK1 was detected by western blotting in NSCLC cell lines (NCI-H1299, A549, NCI-H226 and
SK-MES-1) and human embryonic lung fibroblasts WI38. The relative densities of ROCK1 were normalized to GAPDH by densitometric analysis using
Quantity One software ("P<0.05, “P<0.01, vs. the WI-38 group). The results represent three independent experiments. ROCK1, Rho-associated protein

kinase 1; NSCLC, non-small-cell lung cancer.
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Table I. Correlation between ROCK1 expression and clinico-
pathological factors of lung cancer patients.

High ROCK1 Low ROCKI1

Clinicopathological  expression expression
factors (n=19) (n=11) P-value
Sex 0.0470*
Male 8 3
Female 11 8
Age, years 0.5769
=60 10 6
<60 9 5
Tumor size, cm 0.0038°
=3 13 6
<3 6 5
Clinical stage 1.17E-05¢
I 0 5
II-111 19 6
Lymph node 0.0012°
metastasis
Yes 13 7
No 6 4

P<0.05,"P<0.01, °P<0.001. ROCK1, Rho-associated protein kinase 1.

cell adhesion were investigated. The cellular attachment and
detachment rates in control and ROCK1 knockdown cell lines
were measured on fibronectin-coated surfaces. ROCK1 knock-
down cells displayed slower attachment compared with control
cells ("P<0.01 and "P<0.05, Fig. 2F and G). Consistent with
previous results, ROCK1 knockdown significantly decreased
the cell detachment rates after trypsinization compared
with that in control cells (""P<0.001, Fig. 2H and I). These
results suggest that ROCK1 knockdown decreased A549 and
NCI-H1299 cell adhesion. Taken together, these results suggest
that ROCK1 knockdown not only decreases the migratory and
invasive abilities, but also suppresses the adhesive ability of
NSCLC cells.

ROCKI-mediated lamellipodia formation is dependent on
FAK activation. It has been reported that FAK, an adhe-
sion-associated protein, plays an important role in cancer cell
migration and invasion (31,32). We next investigated whether
ROCKI1 knockdown affected the expression of FAK. The
western blot analysis demonstrated that ROCK1 knockdown
significantly decreased the phosphorylation of FAK (activated
form), while the expression level of FAK was not affected by
ROCKI1 (""P<0.001, Fig. 3A and B). Furthermore, an immu-
nofluorescence assay was performed to determine whether
ROCKI1 knockdown could affect the subcellular localization
of FAK. The results demonstrated that ROCK1 knockdown
significantly reduced the colocalization of p-FAK with actin
in A549 and NCI-H1299 cells (Fig. 3C), which is character-
istic of lamellipodia (33), suggesting that ROCK1 knockdown
inhibited lamellipodia formation in NSCLC cells. Taken
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together, these findings support that ROCK1 affects migration
and invasion of NSCLC cells through inhibiting lamellipodia
formation via dephosphorylation/inactivation of FAK.

ROCKI promotes cell migration and invasion via PI3K
pathway targeting FAK in NSCLC. Recent studies have
reported that FAK is involved in regulating migration and
invasion through the PI3K pathway (34,35). We next exam-
ined the effects of ROCK1 on the expression and activation
of PI3K. As shown in Fig. 4A, ROCK1 knockdown resulted
in a significant decrease of p-PI3K ("*P<0.001); however,
there was no significant difference in the expression of PI3K
(Fig. 4A and B). To further confirm the role of the PI3K
pathway in ROCKI1-mediated migration and invasion, a
specific PI3K inhibitor, LY294002, was used. Pretreatment
with LY294002 further reduced the dephosphorylation of
AKT (an important substrate of PI3K) mediated by ROCK1
knockdown ("“P<0.001, Fig. 4C and D). In addition, pretreat-
ment with LY294002 also significantly decreased the
ROCKI1 knockdown-mediated dephosphorylation of FAK
("P<0.01 and ""P<0.001, Fig. 4C and D). Furthermore, the
Transwell and scratch migration assays demonstrated that
pretreatment with LY294002 significantly enhanced the
inhibition of cell invasion and wound closure mediated by
ROCKI1 knockdown (“P<0.01 and "“"P<0.001, Fig. 4E-H).
Taken together, these findings indicate that the PI3K/FAK
pathway is involved in ROCK1-mediated cell migration and
invasion in NSCLC.

ROCKI regulates PTEN-dependent migration and invasion
through the PI3K/FAK pathway. PTEN is a negative regulator
of the PI3K/AKT pathway, and ROCKI1 plays a key role in
the control of PTEN activation (26,35-37). The present study
first examined the effects of ROCK1 knockdown on PTEN
activation, and found that ROCK1 knockdown significantly
increased the level of p-PTEN (the activated form of PTEN),
but did not affect the expression of PTEN (Fig. 4A). PTEN was
further knocked down by shRNA to confirm its pivotal role
in ROCKI1-mediated cell migration and invasion (Fig. 5A).
The results of the western blot assay indicated that knocking
down PTEN also caused a downregulation of p-PTEN and
reversed ROCK1 knockdown-induced p-PTEN activation in
both A549 and NCI-H1299 cells (""P<0.001, Fig. 5B and C).
PTEN knockdown also significantly increased the expres-
sion of p-PI3K and p-FAK, and blocked further reduction
of p-PI3K and p-FAK mediated by the ROCK1 knockdown
("P<0.01 and ""P<0.001, Fig. 5B, D and E). Furthermore, the
Transwell and scratch migration assays demonstrated that
PTEN knockdown promoted invasion and wound closure
in A549 and NCI-H1299 cells, and PTEN knockdown also
reversed ROCK1 knockdown-mediated inhibition of cell inva-
sion and wound closure (“P<0.01 and ""P<0.001, Fig. 5F-I).
Taken together, these findings suggest that PTEN plays a
crucial role in ROCK 1-regulated PI3K/FAK pathway activa-
tion and subsequent cell migration and invasion.

Discussion

Tumor metastasis indicates aggressiveness and poor prog-
nosis in NSCLC. It is crucial to investigate the mechanisms
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Figure 2. ROCK1 promotes the migration and invasion of NSCLC A549 and NCI-H1299 cells. (A) ROCK1 knockdown efficiency of the shRNA was measured
by western blotting. (B and C) The role of ROCK1 in A549 and NCI-H1299 cell migration was evaluated by the wound healing assay. The wound closure
distance was measured in 3 randomly selected fields. Scale bars: 200 ym. (D and E) The Transwell assay was employed to evaluate the effects of shROCK1
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sec). The remaining adherent cells were digested and counted. Each experiment was repeated three times. All data are presented as the mean + standard
deviation ("P<0.05, “P<0.01, “"P<0.001). ROCK1, Rho-associated protein kinase 1; NSCLC, non-small-cell lung cancer.
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Figure 3. ROCKI1 regulates the phosphorylation of FAK in NSCLC cells. (A and B) The expression levels of FAK and p-FAK were detected by western blot-
ting after ROCK1 knockdown. The relative protein expression was analyzed by Quantity One software (““P<0.001). The results represent three independent
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FAK, focal adhesion kinase.

underlying NSCLC metastasis. The present study provided
evidence that ROCKI1 is involved in NSCLC cell migration
and invasion. It was demonstrated that ROCK1 knockdown
reduced the ability of migration and invasion in A549 and
NCI-H1299 cells. It was also observed that ROCKI1 induced
the activation/phosphorylation of the adhesion-related
protein FAK in NSCLC. To better characterize this
gene, we further investigated the possible mechanism of
ROCKI-related cell migration and invasion in A549 and
NCI-H1299 cells.

FAK, also referred to as PTK2 protein tyrosine 2, is
encoded by the PTK?2 gene in humans (38). FAK is an important
tyrosine kinase that plays key roles in cell adhesion, cell cycle
progression, cell motility and migration (39,40). Increased
expression of FAK has been observed in several human tumors,
and incremental expression of FAK is correlated with poor
prognosis (41-43). Cell adhesion and migration are regulated
by the activation/phosphorylation of FAK (32,44). In addition,
the activation/phosphorylation of FAK was reported to be
controlled by the RhoA/ROCKI1/MLC signaling pathway in
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Figure 5. PTEN is an important intermediate regulator in ROCK1-mediated PI3K/FAK pathway activation. (A) The PTEN knockdown efficiency of the
shRNA was measured by western blotting. (B) Stable cell lines (shROCK1, shPTEN and shROCKI1 + shPTEN) were prepared and analyzed for the expres-
sion of p-PTEN, p-PI3K and p-FAK by western blotting. The relative expression of (C) p-PTEN, (D) p-PI3K and (E) p-FAK was analyzed by Quantity One
software (“P<0.01, “"P<0.001). The results represent three independent experiments. (F-G) Invasion of A549 and NCI-H1299 cells was measured by the

Ak

Transwell assay, and the invading cells were analyzed in three independent experiments (" P<0.001). (H-I) Furthermore, migration was measured by the cell
monolayer scratching assay, and the wound closure was measured at three randomly selected fields (“P<0.01). PTEN, phosphatase and tensin homolog; PI3K,
phosphoinositide 3 kinase; ROCK 1, Rho-associated protein kinase 1; FAK, focal adhesion kinase.

breast cancer cells (45). Consistently with these studies, the
findings of the present demonstrated that the phosphorylation of

FAK is necessary for ROCK 1-mediated cell adhesion based on
the following data: First, knockdown of ROCKI1 significantly
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Figure 6. Mechanism of ROCK1 promoting tumor cell migration, invasion and progression in NSCLC. ROCKI reduces the activation/phosphorylation of
PTEN and then phosphorylates PI3K/AKT, resulting in FAK phosphorylation and leading to accelerated cell migration/invasion and promotion of NSCLC
progression. ROCK1, Rho-associated protein kinase 1; NSCLC, non-small-cell lung cancer; PTEN, phosphatase and tensin homolog; PI3K, phosphoinositide

3 kinase; FAK, focal adhesion kinase.

decreased the adhesion ability of A549 and NCI-H1299 cells.
Second, knockdown of ROCKI1 significantly decreased the
expression of activated/phosphorylated FAK. Third, knock-
down of ROCKI1 also decreased lamellipodia formation, with
a decrease in colocalization of p-FAK and actin on the surface
of the cell membrane compared with shCon cells. Therefore,
these data suggest that ROCK1-mediated cell adhesion is
dependent on FAK activation/phosphorylation.

These results also provide more detailed information
on the molecular mechanisms through which ROCKI1
induces migration and invasion in NSCLC cells through the
PTEN/PI3K/FAK pathway. ROCK is involved in a wide range
of basic cellular functions, such as apoptosis, contraction,
proliferation, adhesion and migration (46). It was recently
demonstrated that ROCK1 is highly expressed in glioblas-
toma (9), melanoma (10), osteosarcoma (11) and hepatocellular
carcinoma (12). Moreover, ROCK1 may be of value as a

potential target for cancer therapy (47). Furthermore, several
studies reported that PTEN, a well-known tumor suppressor, is
the core downstream substrate of ROCK1, which is involved in
regulating cancer cells (25,48.,49). In addition, the PI3K/AKT
pathway was reported to be downstream of PTEN, which
is involved in the regulation of cell migration and inva-
sion (50,51). Based on these results, it may be hypothesized
that the PTEN/PI3K/AKT signaling pathway acts downstream
of ROCKI, ultimately leading to the activation/phosphoryla-
tion of FAK and, subsequently, the promotion of cell adhesion,
migration and invasion. Knockdown of ROCK1 was found
to induce PTEN activation and PI3K/AKT inactivation.
Pretreatment with a PI3K inhibitor, LY294002, enhanced
the ROCK1 knockdown-mediated inactivation of AKT, the
dephosphorylation of FAK, and the inhibition of cell migra-
tion and invasion. In addition, further knockdown of PTEN
attenuated the ROCK1 knockdown-mediated activation of



PTEN, inactivation of PI3K, and dephosphorylation of FAK,
as well as inhibition of cell migration and invasion. These
results suggest that ROCK1-mediated NSCLC cell adhesion,
migration and invasion occur through inactivation of PTEN
and activation of the PI3K/FAK pathway.

In conclusion, the results of the present study demonstrated
that ROCK1 is highly expressed in NSCLC cells and tissues,
and is associated with poor survival. In addition, ROCK1
plays an important role in the occurrence and development of
NSCLC through regulating cancer cell migration and inva-
sion. In summary, these results suggest a hierarchy of events
in ROCKI1-induced cell migration and invasion, in which
ROCKI reduces the activation/phosphorylation of PTEN
and then phosphorylates PI3K/AKT, resulting in FAK phos-
phorylation and leading to accelerated cell migration/invasion,
thereby promoting NSCLC progression (Fig. 6). The present
study may enable a better understanding of the role of ROCK1
in NSCLC tumorigenesis and cancer aggressiveness, and
suggests that ROCK1 may be a potential therapeutic target for
NSCLC treatment.
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