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Activation of the ROCK1/MMP-9 pathway is associated with
the invasion and poor prognosis in papillary thyroid carcinoma
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Abstract. Rho-associated protein kinase 1 (ROCK1), a serine/
threonine kinase, has previously been shown to be over-
expressed in various types of human malignant tumors and
to play an important role in cancer development and progres-
sion. Although ROCKI1 has gained growing prominence as
an important protein kinase in cancer biology, its potential as
a predictive biomarker and a therapeutic target in papillary
thyroid carcinoma (PTC) remains unknown. In the present
study, ROCK1 expression was examined in 356 formalin-
fixed, paraffin-embedded papillary thyroid carcinoma tissues
using immunohistochemistry, and its clinical implications and
prognostic significance were analyzed. Our results showed
that ROCK1 expression was significantly increased in PTC
compared with normal tissues, and was significantly associ-
ated with tumor size, lymphatic metastasis, distant organ
metastasis, extrathyroid invasion, vascular invasion and
tumor, node and metastasis (TNM) stage. Patients with strong
ROCKI1 expression had lower overall survival, disease-free
survival, lymph node recurrence-free survival and distant
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recurrence-free survival rates than those with weak expression.
Furthermore, overexpression of ROCK1 in papillary thyroid
carcinoma cells was found to increase their invasiveness.
Silencing ROCK1 by siRNA, however, caused an inhibition
of cell invasion. Knockdown of ROCK1 decreased the volume
and weight of the xenograft tumors, while overexpression of
ROCKI showed a proliferative tendency with significantly
greater tumor volume and weight in vivo. Moreover, the upreg-
ulation of ROCKI1 increased the expression of MMP-9, and
levels of MMP-9 positively correlated with the ROCK1 levels
in PTC tissues, implicating that MMP-9 may be involved in
the mechanism of ROCK1 in the development and progression
of PTC. These data suggest that ROCK1 might be a potential
prognostic marker and therapeutic target for the treatment of
PTC.

Introduction

Papillary thyroid carcinoma (PTC) is the most common thyroid
carcinoma, accounting for approximately 80% of all thyroid
malignant tumors (1-4). Despite highly curable and presenting
a 10-year survival rate more than 90%, lymph node metas-
tasis, especially in the neck, occurs in 20-50% of all tumor
patients and regional recurrence is found in 5-20% of patients
who have undergone total thyroidectomy (3,5,6). Moreover,
PTC is prone to spread through lymphatic ducts, resulting
in recurrence, metastases and even death (3). Recurrent PTC
mainly refers to local and distant recurrence, including recur-
rence of primary tumor, lymph node metastases, invasion of
the esophagus and trachea, invasion of muscles, nerves and
distant metastases. Many factors could affect the recurrence of
thyroid cancer, and 20% PTC patients relapse after treatment
and require reoperation (7-9). Consequently, analyzing the
molecular characteristics of PTC and exploring new targets
for therapy have been major clinical concerns.
Rho-associated protein kinase 1 (ROCK1), a serine/threo-
nine kinase, affects cell invasion by changing the status of
the cytoskeleton (10). Recent studies have shown that ROCK1
overexpression was found in a variety of tumors. ROCK1 plays
an important role in the regulation of cell morphology, adhe-
sion and motility. Its inhibitors are capable of reducing cancer
cell migration, proliferation and invasion (11-13). ROCK1
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overexpression is related to tumor metastasis, and its inhibi-
tion was suggested to be a novel approach for treating breast
cancer (14). However, the function of ROCK1 in PTC remains
elusive.

Tumor recurrence and distant metastasis are two major
factors that are responsible for poor survival of cancer
patients (15,16). The degradation of the extracellular matrix
(ECM) is necessary for the initiation and development of
tumor metastasis (17). This process is mainly influenced by
the activity of matrix metalloproteinases (MMPs), which are
enzymes that degrade structural components of the ECM,
molecules of cell-cell and cell-ECM interactions. MMPs can
release and activate growth factors and cytokines, facilitating
tumor invasion and the metastatic processes, with many
human tumors characterized by increased concentrations of
MMPs (18-20). MMP-9, as one of the major MMPs, is present
at high levels in malignant tumors and related to high numbers
of distant metastases and poor prognosis (21,22). However,
the relationship between ROCK1 and MMP-9 in PTC has not
been reported.

In the present study, we examined the ROCKI1 expression
in human PTC and investigated the biological role of ROCK1
in promoting the progression of PTC. The results showed
that ROCK1 was overexpressed in both PTC tissues and cell
lines, and was correlated inversely with the clinical outcomes.
Furthermore, we found that ROCK1 promoted the xenograft
tumor growth and the invasion of thyroid cancer cells through
activating the expression of MMP-9. In addition, levels of
MMP-9 positively correlated with the ROCK1 levels in PTC
tissues. Taken together, our data suggest that ROCK1 might be
a potential prognostic marker, and play an important role in
the progression of PTC by upregulating MMP-9, which may
be a potential therapeutic target for the treatment of PTC.

Materials and methods

Cell cultures and siRNA transfection. TPC-1 and K1 cell lines
were obtained from the American Type Culture Collection
(ATCC; Manassas, VA, USA) and maintained in 90% RPMI-
1640 medium (Invitrogen, Carlsbad, CA, USA) supplementing
with 10% fetal bovine serum (FBS) at 37°C with 5% CO,
according to the standard protocols. The cells were transfected
with Lipofectamine 2000 (Invitrogen) using siRNA (Shanghai
GenePharma, Co., Ltd., Shanghai, China) according to the
manufacturer's instructions. siRNA sequences of sense strands
are as follows: siROCK1-1, 5-GAAGCGAAUGACUUAUU
ATT-3' and siROCK1-2, 5'-UAAGUAAGUCAUUCGCUUC
TT-3'. In addition, MMP-9 inhibitor (Abcam, Cambridge, MA,
USA) was used for invasion assays.

Patients and tissue specimens. Paraffin-embedded PTC
specimens (=356) including 137 male patients and 219 female
patients, who were histopathologically diagnosed at Sun
Yat-sen Memorial Hospital of Sun Yat-sen University from
January 2003 to July 2007, were evaluated in the present study.
The male to female ratio was 1:1.60. Ages ranged from 16 to
79 years, and the median age was 43.7 years. Fifty-six patients
(15.73%) showed Hashimoto's thyroiditis (HT). The diameter
of most tumors was <4 cm, the proportion of which was 70.51%
(153/217) in the weak ROCK1 expression group and 29.49%
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Table I. Clinicopathological features of patients with weak and
strong ROCK1 expression in PTC.

ROCK1

expression
No.of —mM8
patients Weak Strong

Clinical features (356) (175) (181) y* P-value
Age (years)

<45 194 101 93 1439 0.2303
=45 162 74 88

Sex

Male 137 67 70 0.006 0.9400
Female 219 108 111

Hashimoto's thyroiditis

No 300 154 146 3.613 0.0573
Yes 56 21 35

Tumor size (cm)

<4 217 153 64 1014 <0.0001*
=4 139 22 117

Lymphatic metastasis

No 140 126 14 1540 <0.0001*
Yes 216 49 167

Distant organ

metastasis

No 258 149 109 27.70 <0.0001°
Yes 98 26 72

Extrathyroid invasion

No 176 126 50 70.09 <0.0001*
Yes 180 49 131

Vascular invasion

No 252 147 105 29.06 <0.0001°
Yes 104 28 76

TNM stage

I+ 228 133 95 21.36 <0.0001*
I+IV 128 42 86

PTC, papillary thyroid carcinoma; ROCKI1, Rho-associated protein
kinase 1; TNM, tumor-node-metastasis. "P<0.05, statistical difference.
P-values were calculated by the y test.

(64/217) in the strong ROCK1 expression group; 216 patients
(60.67%) suffered lymph node metastasis and 98 patients
(27.53%) had distant organ metastasis. Moreover, 50.56% (180
cases) of the patients presented extrathyroid invasion, and
29.21% (104 cases) of the patients were found with vascular
invasion, 228 patients (64.04%) had stage I-1I disease based on
the tumor, node, metastasis (TNM) staging system (23), and
the remaining 128 patients (35.96%) had stage III-IV disease.
The primary tumors of PTC and their corresponding adjacent
non-cancerous tissues were collected for assays. Clinical
information of the samples is presented in detail in the Table I.
The study was performed in accordance with the policies of
the Institutional Research Ethics Committee of Sun Yat-sen
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Memorial Hospital. Informed consents were obtained from the
patients by BioBank, and the patients' personally identifiable
information such as names, addresses and contact information
were removed.

Immunohistochemistry. Immunohistochemistry (IHC)
staining for ROCK1 was performed on 356 human PTC
and the matched adjacent non-cancerous tissues. Briefly,
paraffin-embedded sections (4 ym thick) were deparaffinized,
rehydrated, and microwave-heated for 15 min in 0.01 mol/l
citric buffer (pH 6.0) for antigen retrieval. Then, 3% hydrogen
peroxide was applied to block endogenous peroxidase activity.
After 30 min of blocking with normal serum (Invitrogen), the
primary rabbit anti-ROCK1 antibody (1:100 dilution; Abcam),
or the corresponding control isotype IgG for antibody used
were applied and incubated overnight at 4°C. Slides were
washed three times for 5 min each with phosphate-buffered
saline (PBS). The biotinylated secondary antibody and the
streptavidin-biotin complex were each incubated for 60 min
at room temperature. After rinsing with PBS, the slides
were immersed for 10 min in DAB (3,3-diaminobenzidine)
(Sigma-Aldrich, St. Louis, MO, USA) solution (0.4 mg/ml,
with 0.003% hydrogen peroxide), then monitored under a
microscope. The reaction was terminated by immersing the
slides in distilled water. Slides were then counterstained with
hematoxylin, dehydrated and coverslipped.

Scoring of IHC staining. ROCK1-positive staining is local-
ized in the cytoplasm of thyrocyte. The quantitative analysis
of THC staining analysis was performed for ROCKI1 protein
expression level in the tissue specimens. Two experienced
investigators scored independently all the slides by the method
previously described (24). Scores considered both the propor-
tion of positive staining tumor cells and the staining intensity.
The proportion of staining is graded as: 0, no positive tumor
cells; 1, <10% positive; 2, 10-50% positive, and 3, >50% posi-
tive. The intensity of staining is determined as: 0, no staining;
1, weak staining; 2, moderate staining and 3, strong staining.
The staining index (SI) is calculated as the product of staining
intensity and percentage of positive tumor cells, resulting in
scores of 0, 1, 2, 3, 4, 6 and 9. Cut-off values for ROCKI1 are
chosen based on a measurement of heterogeneity using the
log-rank test with respect to disease-free survival (DFS). We
identified the optimal cut-off as: the SI score of =4 was consid-
ered as strong ROCK1 expression, and <3 as weak ROCK1
expression.

IHC staining for protein expression in tumor and adja-
cent non-cancerous tissues was quantitatively analyzed with
the AxioVision Rel.4.6 computerized image analysis system
assisted with the automatic measurement program (Carl Zeiss,
Oberkochen, Germany). Briefly, to assess the mean optical
density (MOD), which represents the strength of staining
signals by measuring per positive pixels, we evaluated the
stained sections at x200 magnification and ten representative
staining fields of each section were analyzed.

RNA extraction and PCR assays. The fresh tissue specimens
were collected with liquid nitrogen, and RNA was extracted
using the TRIzol reagent and a reverse transcription kit
(Invitrogen). The primers for quantitative real-time PCR assay
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were ROCKI1-F, 5'-CAAATGAAGGTGAATGTAGAAA-3'
and ROCKI1-R: 5-GCAGGAAAGTGGTAGAGTGT-3';
MMP-9-F, 5'-GCCTGGCACATAGTAGGCCC-3' and
MMP-9-R, 5"TCTCTCAGCCGGCATC-3'; GAPDH-F, 5-GA
CTCATGACCACAGTCCATGC-3' and GAPDH-R, 5'-AGA
GGCAGGGATGATGTTCTG-3'. All primers were synthe-
sized by Shanghai Generay Biotech, Co., Ltd, (Shanghai,
China). The PCR reaction conditions were as follows: initial
denaturation for 2 min at 94°C, 35 cycles of denaturation for
30 sec, annealing for 30 sec at 94°C, and extension for 1 min at
72°C, followed by 10 min at 72°C. Expression data were
normalized to the housekeeping gene GAPDH as a loading
control.

Western blot analysis. Protein extracts were separated through
12% sodium dodecyl sulfate polyacrylamide gel electropho-
resis, transferred to nitrocellulose membranes, probed with
rabbit polyclonal antibodies against MMP-9 (1:1,000 dilution;
Abcam), then incubated with peroxidase-conjugated goat anti-
rabbit Ig secondary antibody (Oncogene Research Products,
Cambridge, MA, USA) and visualized using chemilumines-
cence (Amersham, Arlington Heights, IL, USA).

Transduction with retroviral vectors. Ectopic expression of
ROCKI in thyroid cancer cells was achieved using retroviral
vectors. Briefly, ROCK1 cDNA was cloned into retroviral
transfer plasmid pMSCV to generate ROCK1 expression vector,
co-transfecting in 293FT cells by using standard calcium
phosphate transfection method as previously described (25).
Thirty-six hours after the cotransfection, supernatants were
collected and incubated with TPC-1 and K1 cells for 24 h for
following assay.

Invasion assay. Cell invasion assays were performed in vitro
as the method previously described (26). Transwell inserts for
24-well plates (Corning Costar, Cambridge, MA, USA) were
coated with prediluted Matrigel (BD Biosciences, Bedford,
MA, USA) and allowed to gel at 37°C for 30 min. Cells were
seeded at a density of 3x10° per insert and the lower chamber
of the Transwell was filled with 500 ul Dulbecco's modified
Eagle's medium (DMEM) supplemented with 10% fetal bovine
serum (FBS). After 24 h of incubation, cells remaining on the
upper surface of the Transwell membrane were removed by a
cotton bud. Cells were quantified as the number of cells found
in 6 random microscope fields in three independent inserts.

Tumor implantation. Thyroid cancer K1 cells were inoculated
into the mammary fat pads of female nude mice. Mice were
examined by palpation for tumor formation for more than 60
days. After tumors were detected, tumor size was measured
every 7 days by calipers, and tumor volume was calculated
as: Volume (mm?) = Length x Width? x 0.5 every 7 days for
8 weeks. The animals were sacrificed when xenografts reached
~1.5 cm in diameter and tumor engrafts were harvested,
weighed and used for IHC staining. Tumor formation were
determined by microscopic examination.

Statistical analysis. The statistical analyses were performed
using the Statistical Package for Social Sciences software for
Windows Version 13.0 (SPSS, Inc., Chicago, IL, USA). The
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Figure 1. ROCKI1 expression is correlated with PTC metastasis. (A and B) Representative images of immunohistochemistry (IHC) staining in formalin-fixed
and paraffin-embedded normal adjacent tissues and papillary thyroid carcinoma tissues. (C and D) Representative images of IHC staining in PTC tissues
without lymphatic metastasis and PTC with lymphatic metastasis. (E and F) ROCK1 mRNA expression was detected by qRT-PCR assay in PTC samples
compared with normal adjacent samples, and PTC tissues with lymph node metastasis compared with PTC without. “P<0.01, ““P<0.001 from the Student's
t-test; IHC, magnification, x200; scale bars, 100 gm. LNM, lymph node metastasis; IHC, immunohistochemistry; ROCK1, Rho-associated protein kinase 1.
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Figure 2. ROCKI1 expression is associated with PTC stages. (A) Representative images from IHC assays of paraffin-embedded specimens of different stages
of PTC tissue specimens and their adjacent non-cancerous tissues. Stage I (n=61), stage II (n=167), stage III (n=88) and stage IV (n=40). (IHC, magnification,
x200 and x400; scale bars, 100 ym and 50 pm). (B) Comparative quantification of the MOD of ROCKI staining among normal tissues and PTC specimens
of different stages. (C) Verification of mRNA expression of ROCK1 in stages I-IV PTC tumors using qRT-PCR assay. "P<0.05, “P<0.01, ""P<0.001 from the
Student's t-test; IHC, immunohistochemistry; PTC, papillary thyroid carcinoma; ROCK1, Rho-associated protein kinase 1; MOD, mean optical density.

Chi-squared test was used to analyze the associations between
ROCKI1 expression and the clinicopathological features of
PTC. Kaplan-Meier analysis was used for overall survival
(OS), disease-free survival (DFS), lymph node recurrence-free
survival (LNRFS) and distant recurrence-free survival (DRFS)
calculations. OS was calculated as the time from the date of

diagnosis to the date of death or the date of the last follow-up
(if death did not occur). DFS was calculated as the time from
the date of surgery to the date of the first recurrence or metas-
tasis after surgery (in patients with recurrence or metastasis) or
to the date of the last follow-up (in patients without recurrence
and metastasis). LNRFS was defined as the time from the date
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Figure 3. ROCKI1 overexpression reduces patient's survival. (A and B) Strong ROCK1 expression was markedly associated with a reduced overall survival
and disease-free survival (P<0.0001). (C and D) Overall survival of PTC patients with strong ROCK1 expression was significantly decreased compared to
those with weak expression in either stages I+II subgroup (P=0.0408) or stages III+IV subgroup (P=0.0484). (E and F) ROCKI1 expression in PTC patients
was significantly correlated with LN-RFS (P<0.0001) and DRFS (P<0.0001). P-values were calculated with the log-rank test. OS, overall survival; DFS,
disease-free survival; LN-RFS, lymph node recurrence-free survival; DRFS, distant recurrence free survival; PTC, papillary thyroid carcinoma; ROCKI1,

Rho-associated protein kinase 1.

of surgery to the date of lymph node relapse, and DRFS was
defined as the time from the date of surgery to the date of
distant recurrence. The prognostic significance of clinical and
pathologic characteristics was determined using the univariate
Cox regression analysis. Cox proportional hazards models
were fitted for multivariate analysis. The correlation between
ROCKI1 and MMP-9 mRNA expression was determined using
the Pearson's correlation test. Continuous data were compared
using the Student's t-test. All statistical tests were two-tailed.
Errors were SD of averaged results and P-values <0.05 were
accepted as a significant difference.

Results

ROCK]1 expression is correlated with PTC metastasis.
Among 356 tumor samples, 50.84% (181/356) of cases show
strong ROCK1 expression, and 49.16% (175/356) show weak
expression (Table I). The diameter of most tumors is <4 cm,
the proportion of which is 70.51% (153/217) in the weak
ROCKI1 expression group and 29.49% (64/217) in the strong
ROCKI1 expression group. There is a significant association
between strong ROCK1 expression and tumor size (P<0.0001),
lymphatic metastasis (P<0.0001), distant organ metastasis
(P<0.0001), extrathyroid invasion (P<0.0001), vascular inva-
sion (P<0.0001) and TNM stage (P<0.0001). However, no
association was found between the ROCKI1 expression and
other clinicopathological features. According to the data,
ROCKI expression in tumors might be useful for identifying
the malignancy of PTC. Immunostaining results also show a
significantly higher level of ROCKI1 expression in PTC tissues
compared with adjacent tissues (Fig. 1A and B). Moreover,
these data further indicate that the ROCK1 protein expres-
sion is remarkably stronger in PTC with lymphatic metastasis
than in those without lymphatic metastasis (Fig. 1C and D).
To confirm these observations, we investigated the mRNA

expression of ROCKI1 in 125 cases of PTC tissues, and their
normal adjacent tissues, 128 cases of PTC with lymph node
metastasis, and 97 cases of PTC without lymph node metas-
tasis using QRT-PCR analysis. The results indicate that ROCK1
mRNA expression is significantly higher in PTC tissues than
normal adjacent tissues, and greatly higher in PTC tissues with
lymph node metastasis than in those without metastasis (Fig. 1E
and F). These findings suggest that elevated ROCK1 expression
contributes to the invasiveness and metastasis of PTC.

ROCKI expression is associated with PTC stages. The expres-
sion pattern of ROCKI1 in 356 cases of paraffin-embedded
PTC tissues includes 61 stage I, 167 stage II, 88 stage 111,
and 40 stage I'V. As shown in Fig. 2A, ROCKI1 expression is
upregulated in all stages of PTC comparing with that in normal
tissues. Notably, the ROCK1 expression is localized mainly in
the cytoplasm of cancer cells. Moreover, comparative quantifi-
cation of the MOD of ROCKI1 staining among normal tissues
and PTC specimens of different stages are summarized in
Fig. 2B. The MOD of ROCKI staining increases while PTC
progresses from lower stages to higher (P<0.05). Furthermore,
quantitative analysis verified that mRNA expression of
ROCKI1 in stages I-IV tumors was significantly higher than
that in normal tissue, and also increases from lower stages
to higher, by qRT-PCR assays (P<0.05; Fig. 2C). Taken as a
whole, these data support the notion that the progression of
PTC is associated with increased ROCK1 expression.

ROCK]I overexpression reduces patient's survival. Kaplan-
Meier analysis using the log-rank test was performed to
calculate the relationship between the ROCKI1 expression
and the survival rate in PTC patients. The results show that
strong expression of ROCKI1 is markedly associated with
reduced overall survival and disease-free survival (P<0.0001;
Fig. 3A and B). The median survival time is significantly
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Table II. Univariate Cox regression analysis of disease-free
survival in relation to clinicopathological features.
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Table III. Multivariate Cox regression analysis of disease-free
survival in relation to clinicopathological features.

PTC (N=356)
Clinical features HR (95% CI) P-value
Age (years) 0.457
<45 1
=45 0.463 (0.125-2.835)
Tumor size (cm) 0.028*
<4 1
>4 2.605 (1.764-3.879)
Lymphatic metastasis <0.001*
No 1
Yes 6.223 (0.834-9.431)
Distant organ metastasis 0.027*
No 1
Yes 2.856 (1.210-12.081)
Extrathyroid invasion 0.003*
No 1
Yes 1472 (1.414-1.898)
Vascular invasion <0.001*
No 1
Yes 2.235(1.114-11.797)
ROCKI1 expression <0.001*
Weak 1
Strong 4.541 (1.349-8.782)
TNM stage 0.001*
I+1I 1
MI+1V 4.893 (1.806-13.785)

PTC (N=356)
Clinical features HR (95% CI) P-value
Tumor size (cm) 0.032*
<4 1
>4 1.275 (1.021-1.592)
Lymphatic metastasis <0.001*
No 1
Yes 2.380 (1.361-4.142)
Distant organ metastasis 0.002*
No 1
Yes 4.284 (1.697-10.931)
Extrathyroid invasion <0.001*
No 1
Yes 1.557 (1.229-2.204)
Vascular invasion 0.009*
No 1
Yes 2.237 (1.209-4.516)
ROCKI1 expression <0.001*
Weak 1
Strong 2.895 (1.697-5.126)
TNM stage <0.001*
I+1I 1
I+1v 1.553 (1.275-1.903)

PTC, papillary thyroid carcinoma; HR, hazard ratio; CI, confidence
interval; ROCK1, Rho-associated protein kinase 1; TNM, tumor-node-
metastasis. "P<0.05, statistically difference.

PTC, papillary thyroid carcinoma; HR, hazard ratio; CI, confidence
interval; ROCK1, Rho-associated protein kinase 1; TNM, tumor-node-
metastasis. "P<0.05, statistically difference.

shorter in the patients with strong ROCK1 expression than
those with weak ROCK1 expression. Moreover, the cumula-
tive 8-year survival rate is only 86.18% (156/181) in the strong
ROCKI1 expression group, whereas it is 96.57% (169/175) in
the weak ROCK1 expression group.

To further validate these findings, we next assessed the
prognostic significance of ROCK1 expression in different
subgroups of PTC patients stratified according to the TNM
stage. Notably, strong ROCKI1 expression is significantly
correlated with shorter overall survival time in different PTC
subgroups. Overall survival of patients with strong ROCK1
expression is significantly decreased compared to those
with weak ROCKI1 expression in either stages I+II subgroup
(N=228; P=0.0408, log-rank; Fig. 3C) or stages III+IV
subgroup (N=128; P=0.0484, log-rank; Fig. 3D). Collectively,
the data suggest that the level of ROCKI1 expression strongly
and significantly correlates with the prognosis of PTC and the
disease outcome.

We also observed that ROCKI1 expression in PTC patients
is significantly correlated with LN-RFS (P<0.0001) and DRFS
(P<0.0001; Fig. 3E and F). Lymph node recurrence and distant
metastasis are responsible for poor survival of PTC patients.
PTC displays an indolent course and shows a 10-year survival
rate of ~90% (27). Our results may suggest a potential prog-
nostic role of ROCKI1 for PTC patients.

We next performed a univariate Cox regression analysis
for disease-free survival (DFS). As shown in Table II, DFS is
strongly correlated with ROCK1 expression (P<0.001) besides
with tumor size (P=0.028), lymphatic metastasis (P<0.001),
distant organ metastasis (P=0.027), extrathyroid invasion
(P=0.003), vascular invasion (P<0.001) and TNM stage
(P<0.001).

Furthermore, ROCK1 expression was also demonstrated as
a useful prognostic biomarker for PTC patients by multivariate
analysis (Table III) including tumor size (HR, 1.275; 95% CI,
1.021-1.592; P=0.032), lymphatic metastasis (HR, 2.380; 95%
CI, 1.361-4.142; P<0.001), distant organ metastasis (HR, 4.284;
95% CI, 1.697-10.931; P=0.002), extrathyroid invasion (HR,
1.557; 95% CI, 1.229-2.204; P<0.001), vascular invasion (HR,
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Figure 4. ROCK1 promotes invasiveness on PTC cell lines. (A and B) ROCK1 overexpression efficiently promoted TPC-1 and K1 thyroid cancer cell invasion
as demonstrated by using the invasion assay. (C and D) Knockdown of ROCK1 expression by specific siRNA markedly inhibited the invasive capability of
TPC-1 and K1 thyroid cancer cells. “"P<0.001 from the Student's t-test; scale bars, 20 um. ROCK1, Rho-associated protein kinase 1; PTC, papillary thyroid
carcinoma.
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Figure 5. ROCK1 promotes thyroid cancer K1 cells growth in vivo. The nude mice were subcutaneously injected with 1x10° thyroid cancer K1 cells with
lenti-ROCK1, ROCKI1 shRNA or negative control, respectively. (A) Representative images of the tumors on week 8 are shown. (B) Xenograft assay revealed
that knockdown of ROCK1 decreased the volume of the xenograft tumors, while overexpression of ROCK1 showed a proliferative tendency with significantly
greater tumor volume ("P<0.05, “P<0.01). (C) Knockdown of ROCK1 decreased the weight of the xenograft tumors, while overexpression of ROCK1 showed
a proliferative tendency with significantly greater tumor weight ("P<0.05, “P<0.01). (D) Representative images of immunohistochemical detection of Ki-67
staining in K1 xenograft tumors from control, lenti-ROCK1 or ROCK1 shRNA-treated mice, respectively (IHC, magnification, x200; scale bars, 100 ym).
ROCKI1, Rho-associated protein kinase 1; PTC, papillary thyroid carcinoma; MMP-9, matrix metalloproteinase-9.

2.237;95% CI, 1.209-4.516; P=0.009), TNM stage (HR, 1.553;
95% CI, 1.275-1.903; P<0.001). Collectively, these data suggest
that ROCK1 might serve as a previously unappreciated prog-
nostic predictor of the long-term survival of PTC patients.

ROCK]I promotes invasiveness on PTC cell lines. To inves-
tigate whether and how ROCKI1 impacts on the aggressive

nature of PTC cells, TPC-1 and K1 thyroid cancer cells were
engineered to overexpress ROCK1 and tested for their ability
of invasion. As shown in Fig. 4A and B, the invasion assay
demonstrated that ROCK1 overexpression efficiently promoted
PTC cells invasion (P<0.001). To further confirm the role of
ROCKI1 in cancer cell invasion, we knocked down ROCK1
expression by specific siRNA, and the invasive capability of
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Figure 6. ROCK1 may promote PTC invasion through MMP-9. (A and C) ROCKI1 overexpression significantly increased the expression of MMP-9 by using

western blot analysis and gqRT-PCR assay (""P<0.001). (B and D) Knockdown of ROCK1 expression markedly decreased the protein and mRNA level of

ok

MMP-9 by using western blot analysis and qRT-PCR assay (""P<0.001). (E) Invasion assays were performed in the presence, or absence of the MMP-9
inhibitor (30 gmol/1) (""P<0.001). (F) ROCK1 and MMP-9 mRNA expression level studied by gRT-PCR increased from stages I to IV with similar patterns in
PTC tissues. Stage I (n=8), stage II (n==8), stage III (n=8) and stage IV (n=8). (G) Levels of MMP-9 positively correlated with the ROCK1 levels in PTC tissues

(n=32,r=0.9567, P<0.0001).

TPC-1 and K1 thyroid cancer cells was markedly inhibited
(P<0.001) (Fig. 4C and D), suggesting that ROCK1 plays a role
in PTC invasion.

ROCK1 promotes tumor growthinvivo.To determine if ROCK1
is involved in tumor growth in vivo, we used tumor implanta-
tion model to assess tumor growth using thyroid cancer K1
cells. The nude mice were subcutaneously injected with 1x10°
thyroid cancer K1 cells with lenti-ROCK1, ROCK1 shRNA
or negative control, respectively. Representative images of the
xenograft tumors on week 8 are shown in Fig. 5A. Our data
revealed that knockdown of ROCKI1 decreased the volume of
the xenograft tumors, while overexpression of ROCK1 showed
a proliferative tendency with significantly greater tumor
volume (P<0.05; Fig. 5B). We also observed similar results
on tumor weight in mice injected with thyroid cancer K1
cells with lenti-ROCK1 and ROCK1 shRNA compared with
control mice (P<0.05; Fig. 5C). Noteworthy, our data indicated
that IHC detection of Ki-67 staining in K1 xenograft tumors
showed similar patterns (Fig. 5D). Together, these data suggest
that inhibiting ROCK1 activity might be an effective approach
for treating PTC.

ROCKI may promote PTC invasion through MMP-9. To
understand the mechanism by which ROCK1 enhances cancer

cell invasion, we analyzed MMP-9 expression in ROCK1-
overexpressed cells by in vitro assays. ROCK1 overexpression
significantly increased the expression of MMP-9 protein
(Fig. 6A), indicating a possible correlation between MMP-9
and ROCK1. Moreover, qRT-PCR showed that ectopic expres-
sion of ROCKI resulted in MMP-9 mRNA overexpression
(Fig. 6C). In contrast, the knockdown of ROCKI1 expression
markedly decreased both protein and mRNA level of MMP-9
(Fig. 6B and D). When MMP-9 expression was suppressed by
a specific inhibitor, the effect of ROCK1 in enhancing PTC
cell invasion was blocked as shown in Fig. 6E, suggesting that
MMP-9 is necessary for ROCK1 promoting PTC cell invasion.

In agreement, ROCK1 and MMP-9 mRNA expression level
studied by qRT-PCR increased from stages I-IV with similar
patterns in PTC tissues (Fig. 6F). Levels of MMP-9 positively
correlated with the ROCKI1 levels in PTC tissues (Fig. 6G;
r=0.9567, P<0.0001). Collectively, our results confirm that
ROCKI1 promotes cell invasion in PTC through the upregula-
tion of MMP-9.

Discussion
To the best of our knowledge, for the first time, our results

confirmed that ROCKI is overexpressed in PTC, and that the
ROCKI overexpression is significantly associated with the
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clinical and pathological features, as well as the prognosis, of
PTC. Consistent with this, we have demonstrated that ROCK1
might promote the invasiveness of cancer cells, possibly
through upregulating MMP-9. This study also demonstrated
the role of ROCKI1 in invasion malignant tumors. Moreover,
ROCKI1 may be a powerful predictor of the outcome of papil-
lary thyroid cancer patients.

ROCKI1 enhanced the invasion of cancer cells and direct
phosphorylation of myosin light chain, which leads to increased
cell migration and invasion (28-30). ROCK1 overexpression
has been reported in several cancer types. Based on their onco-
genic activity, ROCK1 was examined as therapeutic targets in
various tumors, such as lung tumors (13,31), glioblastoma (32),
osteosarcoma (33,34), prostate (35,36), breast (37,38), ovarian
cancer (39), hepatocellular carcinoma (40) and bladder
cancer (41). Moreover, ROCK1 was indicated as an indepen-
dent predictor of patients survival.

However, the influence of ROCK1 in PTC has remained
unknown. Evidence in support of a connection such as
provided by the present study, includes positive results of
ROCKI detection in tumor tissues paired with non-tumorous
tissue, and in a cohort of 356 PTC specimens and two PTC
cell lines. Further support for a possible role of ROCKI1 in
PTC pathogenesis derived from the analysis that revealed a
strong correlation of ROCKI1 expression with the IHC staging
and inversely, with the survival of the disease. Moreover,
our results suggest that a strong ROCK1 expression might
be associated with tumor size, lymphatic metastasis, distant
organ metastasis, extrathyroid invasion, vascular invasion and
TNM stage, further implying an involvement of ROCK1 in the
incidence and development of PTC. In addition, we demon-
strated an association between strong ROCK1 expression
and the prognosis of patients with PTC using Kaplan-Meier
survival curves. Our findings indicate that a strong expression
of ROCKI1 indicates worse OS, DFS, LN-RFS and DRFS. At
the same time, our univariate and multivariate analysis using
Cox proportional hazards regression model showed that strong
expression of ROCK1 was related to PTC patient prognosis.
Knockdown of ROCKI1 decreased the volume and weight of
the xenograft tumors, while overexpression of ROCK1 showed
a proliferative tendency with significantly greater tumor
volume and weight in vivo. Based on these results, our data not
only suggest that ROCKI1 is likely to be biologically involved
in the progression of PTC, but also might represent a valuable
independent prognostic biomarker for the disease.

While this study has provided strong evidence for the
upregulation of ROCKI1 expression in PTC, the molecular
mechanism underlying the observed ROCK1 upregulation is
yet to be elucidated. Multiple steps are involved in the inva-
sion of PTC cells, including cancer cell attachment to ECM,
degradation of ECM components and subsequent infiltration
into adjacent normal tissue (42). The accomplishment of this
process, as shown by several lines of research, is largely attrib-
utable to the activation of MMPs. Among the MMPs, a subset
called gelatinases, consisting of MMP-2 and MMP-9, has gained
the most attention in studies on the acquisition of invasive and
metastatic tumor properties, as they degrade collagen IV, the
major component of the basement membrane (18,43).

Furthermore, MMP-9 is of special interest since its basal
expression is normally low, whereas it is highly expressed in
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most human cancers in response to various growth factors and
cytokines (43,44). It has been shown that MMP-9-deficient
exhibit impaired metastasis formation and tumor growth. In
this respect, upregulation of MMP-9 expression in various
types of human cancers contributes to tumor progression,
invasion and metastasis (18,45,46). In addition, there are more
evidence demonstrating that MMP-9 was overexpressed in
various types of tumors when compared to normal tissue,
including in papillary thyroid cancer (47,48). On the other
hand, emerging evidence indicate that the upregulation of
ROCKI protein enhanced invasion of cells of various types of
tumors. To the best of our knowledge, however, the connection
of ROCK1 and MMP-9 and their impact on the outcome of
PTC patients have not been studied. This study first demon-
strates the pathological role of ROCKI1 in enhancing MMP-9
expression and mediating the invasive phenotype of thyroid
cancer cells. Moreover, levels of MMP-9 positively correlated
with the ROCK1 levels in PTC tissues.

In conclusion, to the best of our knowledge, this is the first
report on the relationship between ROCKI1 and prognosis in
patients with PTC. This study indicates that ROCKI is an
independent prognostic marker for human PTC and that its
strong expression contributes to papillary thyroid carcinoma
progression by enhancing MMP-9 expression and tumor
invasion. These results, together with the correlation between
ROCK1/MMP-9 pathway and metastasis in papillary thyroid
carcinoma patients, point towards the importance of targeting
ROCKI1 as a novel approach for the treatment of papillary
thyroid carcinoma.
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