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Nck1 is overexpressed in cervical squa-
mous cell carcinoma and associated
with the cancer angiogenesis.

Nck1l promotes the angiogenesis-
inducing capacity of cervical cancer
cells via up-regulation of MMP2.

Nck1 activates the Rac1/PAK1 signaling
to up-regulate MMP2 expression of cer-
vical cancer cells.

Inhibition of Rac1/PAK1 signaling im-
paired the pro-angiogenic role of Nck1
in cervical squamous carcinoma.
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Objective. The study was to explore the roles of Nck1 in the angiogenesis of cervical squamous cell carcinoma
(CSCO).

Methods. mRNA and protein levels were evaluated with real-time quantitative PCR and immunohistochemisty/
western blotting respectively. The cancer microvessel density (MVD) was assayed with CD34 endothelial labeling.
Nck1 gene knock-in (SiHa-Nck1+) and knock-down (SiHa-Nck1-) were achieved by gene transfection and siRNA
respectively. Protein level from cellular supernatant was measured with ELISA. Proliferation, migration and tube for-

ﬁ?((vlvords' mation of the Human Umbilical Vein Endothelial cells (HUVECs) were evaluated by CCK-8 cell viability assay,
Angiogenesis transwell chamber assay and in vitro Matrigel tubulation assay respectively.

MMP2 Results. Nck1 level gradually increased from normal cervical epithelia to high-grade CIN, overexpressed in
Racl CSCC and was associated with cancer MVD. The ability of proliferation, migration and tube formation of HUVECs
zg“é(c] was enhanced in SiHa-Nck1+-treated while decreased in SiHa-NcK1—-treated cells compared to SiHa-control-

treated cells. Mechanistically, RAC1-GTP, p-PAK1 and MMP2 were increased in SiHa-NCK1+ cells and pretreat-
ment with the Rac1 inhibitor (NSC23766) significantly decreased their levels. Furthermore, inhibition of PAK1
reduced MMP2 level in SiHa-Nck1+ cells whereas the level of Rac1-GTP was unaltered. Also, inhibition of
Rac1 or PAK1 impaired angiogenesis-inducing capacity of cancer cells.
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Conclusions. Nck1 promotes the angiogenesis-inducing capacity of CSCC via the Rac1/PAK1/MMP2 signal

pathway.

© 2018 Elsevier Inc. All rights reserved.

1. Introduction

Angiogenesis is one of the key mechanisms responsible for growth,
invasion and metastasis of solid carcinoma [1]. It not only provides the
blood supply [2] for cancer cells but also promotes the metastasis of can-
cer cells into the blood vessels due to the high permeability of the new
microvessels. In addition, angiogenesis in itself is tissue invasive by the
process of endothelial sprouting [3], which facilitates the cancer cells to
spread locally. Accumulating evidence suggests that a variety of pro-
angiogenetic factors are associated with cancer progression, including
cancer invasion [4], lymph node metastasis [5], clinical stages [6] and
drug resistance [7]. Angiogenesis has been demonstrated to correlate
with poor prognosis of cervical cancer [8,9] and some angiogenic mole-
cules are suggested as therapeutic targets [10]. A novel VEGF receptor-2
kinase inhibitor, apatinib, has shown to have anti-cancer effect for a va-
riety of solid tumors [11,12]. Especially, Bevacizumab (a fully human-
ized anti-VEGF antibody) in combination with other drugs constitute
first-line therapy for recurrent/metastatic cervical carcinoma, which
improves the overall survival of the patients [13]. However, some can-
cers are resistant to Bevacizumab [7,14 and 15] such as advanced gyne-
cologic cancers [16]. Therefore, identification of novel angiogenic
molecules is significant for targeting cervical cancer.

Nck1, originally found in human melanoma cells, is an intracellular
signal adaptor protein with Src homology 2 and 3 (SH2 and SH3) do-
mains [17]. Nck1 binds to many tyrosine kinase receptors [18] or
phosphotyrosine docking proteins through SH2 domain and then re-
cruits downstream small G proteins or proline-rich sequences-
containing effecter proteins through the SH3 domain [19], thus trans-
mitting receptor tyrosine kinase signaling to regulate multiple biologi-
cal processes such as cytoskeletal rearrangement, cell proliferation
[20] and migration [21]. Nck1 may function as an oncogene in cancer
development as several studies have revealed that Nck1 can promote
the proliferation and infiltration [22] of liver cancer [19] and breast can-
cer [23].

As a signal adapter protein, Nck1 has been demonstrated to be able
to activate Rac1, a member of the Rho subfamily of small G protein
[24]. Rac1 activation has been shown to regulate angiogenesis through
the Rac1-PAK1 signaling [25], implying Nck1 may play important roles
in cancer angiogenesis. Intriguingly, Nck1 has been recently found to
be differentially expressed between cervical cancer tissue and normal
cervical epithelial tissue [26], indicating Nck1 may also be involved in
the development and progression of cervical cancer. However, the spe-
cific biological function of Nck1 in cervical carcinoma remains unclear.
The present study was designed to investigate the association between
Nck1 and the angiogenesis of CSCC.

2. Materials and methods
2.1. Patients' samples

Specimens used were collected from the Department of Pathology,
First Affiliated Hospital of Sun Yat-sen University, China and were ap-
proved by The Institutional Research Board of Universtiy, Jiangxi Medi-
cal Center. 40 cases of pre-invasive specimens and 50 cases of invasive
specimens from the CSCC patients without radiotherapy and chemo-
therapy before surgery were used in this study. The pre-invasive speci-
mens included 10 cases of CIN I (Cervical Intraepithelial Neoplasia), 15
of CIN Il and 15 of CIN III (including 5 cases of carcinoma in situ). All
the specimens were formalin-fixed and paraffin-embedded, and the

histological diagnosis for all the cases was further confirmed by two
clinical pathologists with hematoxylin and eosin staining. The mean pa-
tient age was 49.7 4 11.68 (ranging from 33 to 75). Nineteen tumors
had parametrial involvement. Lymph node metastasis was present in
25 cases and vascular invasion was found in 26 cases. Fourteen tumors
were > 4 cm in its diameter. Sixteen tumors were of poor differentiation
and 34 tumors were of moderate to high differentiation. According to
the FIGO (International Federation of Gynecology and Obstetrics) stag-
ing, 18 cases belong to FIGO I (7 1A and 11 IB), 11 cases belong to FIGO
IIA and 21 cases belong to FIGO IIB. In addition, another 17 cases of nor-
mal cervical squamous epithelium were selected as control.

2.2. Immunohistochemistry

Immunohistocchemistry were conducted as previously described
[27]. Briefly, after antigen retrieval, dewaxed and rehydrated, sections
were treated with 3% hydrogen peroxide and then 5% bovine serum al-
bumin. After incubation overnight at 4 °C with primary antibody (rabbit
polyclonal anti-Nck1 antibody[Y531], ab32120; abcam), slides were
then incubated with MaxVision™ HRPPolymer IgG complexes
(KIT5150; Maixin-Bio, Shenzhen, China) for 30 min. Then, sections
were incubated with DAB (DAB-0031; Maixin-Bio, Shenzhen, China)
for 1-5 min. The histology was quantified with Image Pro Plus 6.0 to de-
tect the photodensity. Each slide was counted 5 fields and average of in-
tegral optical density (IOD) was indicated as intensity of protein
expression.

2.3. Microvessel density assessment

Microvessel density (MVD) assessment was performed as previ-
ously described [27]. After endothelial labeling by endothelial CD34
(mouse monoclonal, anti-CD34, KIT-0004; Maixin-Bio) the
microvessels were counted. Single endothelial cells, cell clusters,
microvessels separated from adjacent microvessels and branching
structures were all counted as a single vessel. Peritumoral vessels, vas-
cularity in necrosis, sclerotization, and the vessels with thick smooth
muscle or in a diameter larger than 8 erythrocytes were not counted.
All counts were performed in a blind fashion.

2.4. Cell culture and treatment

The human cervical squamous carcinoma cell line SiHa (TCHu113,
cell bank of Chinese Academy of Sciences, Shanghai, China) was rou-
tinely cultured in Dulbecco modified Eagle medium supplemented
with 10% (vol/vol) fetal bovine serum (FBS), 100 IU/mL penicillin G
plus 100 pg/mL streptomycin sulfate. The human umbilical vein endo-
thelial cells (HUVECs; FH0287; FuHeng Biology, Shanghai, China) were
also cultured with endothelial cell growth medium. Nck1 gene transfec-
tion and siRNA were performed according to manufacturer's instruc-
tion. For Nck1 gene transfection (SiHa-Nck1+), 1 pg of pCMV2-Nck1
(Maijie, Nantong, China) and 3 pL of liposome SuperFectinTM II (Pufei
Biotech, Shanghai, China) in 50 pL of serum-free high-sugar medium
were mixed gently to form a transfection complex. For Nck1 gene
knockdown (SiHa-Nck1-), 1 pg siRNA-Nck1(5’-GGCCTTCACTCACTGG
AAA-3') (PPL, Nanjing, China) and 3 pL of liposome SuperFectinTM II
(Pufei Biotech, Shanghai, China) in 50 pL of serum-free medium were
mixed to form a RNAi complex. Both mixture were incubated for
5 min and laid for 25 min at room temperature and then were added
to cells. The SiHa cells transfected with empty plasmid vector (SiHa-
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vec) or scrambled siRNA (SiHa-src) were used as a negative control of
gene transfection and Nck1 siRNA, respectively, and the untransfected
cells were used as a blank control.

2.5. RNA extraction and real-time (RT) quantitative polymerase chain
reaction (qPCR)

The qPCR was performed according to the kit (SYBR® Green Master
Mix in an ABI PRISM® 7500 Sequence Detection System, Applied
Biosystems Inc., Foster City, CA, United States). After total RNA extrac-
tion and cDNA synthesis (primer: NCK1, 5'-TCTAAGTCCTGGTGGCGAG
TTCG-3’,5'-CAGGAGATGCAGAATCTGGCACAC-3’; MMP2, 5'-ATGCAG
TGGGGG. CTTAAGAA-3’, 5-GGTATTGCATGTGCTAGGTAAGC-3’; RB-
actin, 5'-CCTGGCACCCAGCAC. AAT-3', 5'-GGGCCGGACTCGTCATAC-3").
qPCR thermal cycling were: 94 °C for 30 s, 40 cycles of amplifications
at 94 °C for 5 s and then 60 °C for 30 s. Amplification specificity was de-
termined using a melting curve, and results were processed by software
provided with an ABI7500 PCR instrument. Gene expression was quan-
tified using the AACT calculation with CT as the threshold cycle. The

relative levels of target genes, normalized to the sample with the lowest
CT, were given as 24T [28]. The B-actin was used as an internal
control.

2.6. Western blotting

Briefly, after cell lysate preparation and protein content quantifica-
tion, the lysate was loaded into SDS-PAGE for separation and then was
transferred to nitrocellulose filter membrane. Probed with correspond-
ing primary antibodies (rabbit molyclonal anti-Nck1, ab32120, abcam,
USA; rabbit polyclonal anti-MMP2, 10,373-2-AP, ProteinTech, USA; rab-
bit polyclonal anti-PAK1, 21,401-1-AP, ProteinTech; rabbit polyclonal
anti- Phospho-PAK1(Thr423), AF4463, Affinity, USA and Active Racl
pull-Down and Detection kit, 16,118, Thermo Fisher scientific, USA),
the membrane was incubated with a horseradish peroxidase-
conjugated secondary goat antirabbit IgG. The signal was detected
using chemiluminescence EasySee Western Blot kit (Jiangsu KeyGEN
BioTECH Corp., Ltd). B-actin was used as an internal control.

Fig. 1. Nck1 expression in normal cervical epithelia, CIN and CSCC tissues and its correlation with cancer MVD. A, Hematoxylin and eosin staining of CSCC samples (original magnification x200).
B, Hematoxylin and eosin staining of CSCC samples (x400). C, Expression of Nck1 in normal cervical squamous epithelium (x100). D, Expression of Nck1 in normal cervical squamous
epithelium (x200). E, Expression of Nck1 in CIN I (x200). F, Expression of Nck1 in CIN I (x400). G, Expression of Nck1 in CIN II (x200). H, Expression of Nck1 in CIN II (x400). I, Expression
of Nck1 in CIN III (x200). J, Expression of Nck1 in CIN III (x 400). K. Expression of Nck1 in CSCC tissue (x200). L, Expression of Nck1 in CSCC tissue (x400). M, Microvessels labeled by
endothelial CD34 in CSCC tissue (x200). N, Microvessels labeled by endothelial CD34 in CSCC tissue (x400). O, Expression level of Nck1 was positively correlated with the MVD of CSCC, r =

0.7, p < 0.001.
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2.7. MMP2 enzyme linked-immuno-sorbent assay

The ELISA was performed according to a Human MMP2 ELISA Kit
(KE00077, ProteinTech, USA) instruction. After adding the supernatant
of target cells (2 x 10°/mL x 500 pL) and gradient concentration of stan-
dard protein, the ELISA plates were incubated at 37 °C for 90 min and
then biotinylated MMP2 antibody was added and incubated at 37 °C
for 60 min. Followed with Streptavidin-HRP addition and incubation
for 30 min, tetramethyl-benzidine (TMB) reagent was added to develop
the signals at 37 °C in dark for 8 to 14 min. The signals were detected at
A450 nm on an ELISA reader. MMP2 protein was quantified using the
regression equation formula. All experiments were repeated 3 times.

2.8. Cell proliferation assay

Cell Counting Kit-8(ZP328-2, BeiJing zoman Biotechnology Co. Ltd)
was used to measure the HUVEC proliferative activity. Briefly, 3 x 103
cells were plated into 96-well plates. After the indicated time of culture,
CCK-8 reagent was added and absorbance was measured at 450 nm.
Each experiment was done in sextuplicate.

2.9. Cell migration assay

Migratory ability of HUVECs was assessed using a Transwell Perme-
able Supports System (353,097; BD Company, Franklin Lakes, NJ).
Briefly, 1 x 10 “ cells in 100 UL serum-free medium were seeded in the
upper wells of the Transwell chambers, over which a thin layer of extra-
cellular Matrigel was dried. The DMEM (600 L) containing 20% FBS was
added as a chemoattractant into the lower well of the chamber. After
24 h of incubation at 37 °C, the migrated cells contained in the mem-
branes were fixed and subsequently stained with Crystal Violet stain.
The membranes were mounted on glass slides; and migrated cells
were counted at x100 magnification. Each culture condition was con-
ducted in triplicate.

2.10. Endothelial tube formation assay

Matrigel Matrix (ECM625, merck Millipore, USA) was diluted with
serum-free endothelial cell growth medium to the ratio of 1:1 and
then was added to a prechilled 96-well plate (50 pL) to allow to solidify
for 1 h at 37 °C. Cells (1 x 10°) suspended in 100 pL growth medium
containing 5% FBS were seeded on the solidified Matrigel. After 2 h of
routine culture different treatments were added into the desired
wells. With further culture for 10 h, the cells were fixed with 4% parafor-
maldehyde. Then every tube with connected wall of endothelial bundles
was counted as one tube under medium magnification (x20). The mean
value of the 3 areas represents the tube-formation capacity of the endo-
thelial cells.

2.11. Statistical analysis

Data were analyzed with SPSS19 (SPSS, Chicago, IL) and presented
asmean =+ SE. Student ¢-test was applied to compare the mean between
groups. Correlation between Nck1 expression and cancer MVD was an-
alyzed with Spearman correlation test.

3. Results

3.1. Nckl was overexpressed in CSCC and associated with cancer
angiogenesis

The diagnosis of CSCC was confirmed by hematoxylin and eosin
staining (Fig. 1A-B). The carcinoma cells were obviously atypical with
a netlike distribution and keratinization, suggesting an invasive CSCC.
Both normal cervical squamous epithelium (Fig. 1C-D) and CIN I
(Fig. 1E-F) showed weak expression of Nck1 in the basal/prickle cells

respectively, with an 10D of 16,915.88 + 4457.25 vs 19,024.23 +
6226.38.In CIN Il and CIN III (Fig. 1G-]), Nck1 was moderately expressed
in almost whole layers of epithelium and the mean expression level
(43,443.58 4 5476.57) was significantly higher than that of normal ep-
ithelium (p <0.01) and CIN I (p < 0.01). Importantly, cytoplastic and/or
membranous expression of Nckl in the tumor cells (Fig. 1K-L)
(76,290.40 + 1626.37) was significantly higher than that of CIN III (p
<0.01). These results suggested that Nck1 expression was gradually in-
creased from normal cervical squamous epithelia to low-grade CIN and
high-grade CIN and there was an overexpression of Nck1 in CSCC. The
representative cancer microvessels labeled by endothelial CD34 was
shown in Fig. IM-N, and the mean MVD was 196.32 4+ 113.07. More-
over, the Nck1 expression level was found to be positively correlated
with the MVD of CSCC (r = 0.7, p < 0.001; Fig. 10). The relationship be-
tween Nck1 expression and the clinicopathological parameters of CSCC
was summarized in Table 1. Nck1 expression was related with the
parametrial involvement (p = 0.009), lymph node metastasis (p =
0.003), vascular invasion (p = 0.013) and clinical stage (p = 0.004) of
CSCC but not with the patients' age, differentiation degree and tumor
size. These results suggest overexpression of Nck1 may be associated
with the angiogenesis and progression of CSCC.

3.2. Nck1 promoted the angiogenesis-inducing capacity of SiHa cells

To further investigate the association between Nck1 and angiogene-
sis of CSCC, Nck1 gene was manipulated by gene transfection with
pCMV2-Nck1 (SiHa-Nck1+) or siRNA-Nck1 (SiHa-Nckl1-) in SiHa
cells. Nck1 mRNA and protein levels were increased in SiHa-Nck1+
(439.45 4+ 129.16, p < 0.05; 6.03 £ 0.20, p < 0.05, Fig. 2A-B) but de-
creased in SiHa-Nck1— (0.7584 + 0.16555, p < 0.05; 0.337 + 0.058, p
< 0.05, Fig. 2C-D), compared to control SiHa cells. These results con-
firmed the success of knock-in and knock-down of Nck1 in SiHa cells.
Then, the supernatants from SiHa, SiHa-Nck1+ and SiHa-Nck1— were
used to stimulate the HUVECs (H-SiHa-Nck1+, H-SiHa-Nck1— and H-
SiHa-con) to observe their angiogenic functions. As expected, the prolif-
eration (Fig. 2E), migration (Fig. 2F-I) and tabulation (Fig. 2]-M) capac-
ity were enhanced in H-SiHa-Nck1+ (127.24% + 22.03%, p < 0.05; 266

Table 1
Relationship between Nck1 expression and clinicopathologic parameters of CSCC.

parameters n Nck1 expression p Value

Age 0.190
<50 29 98,474.8 &+ 79,006.83
250 21 124,640.0 & 67,170.45

Differentiation 0.087
Moderate to high 34 119,884.0 4 82,178.86
Poor 16 87,322.0 4 48,616.97

Tumor size 0.141
<4 cm 36 118,103.3 £ 78,448.91
>4 cm 14 87,249.4 4+ 58,741.62

Clinical stage 0.004°
FIGOIand ITA 29 83,142.8 & 58,790.32
FIGOII B 21 145,812.8 £ 79,132.00

Parametrial involvement 0.009"
Absent 31 86,225.9 + 57,786.73
Present 19 147,379.2 + 83,539.16

Lymph node metastasis 0.003¢
Absent 25 79,048.0 & 56,997.08
Present 25 139,880.3 + 77,895.85

Vascular invasion 0.013¢
Absent 24 82,820.6 + 64,636.57
Present 26 134,058.2 4 75,098.96

@ Nck1 level in the CSCC of FIGO II B stage was significantly higher than its level in the
CSCC of FIGO I and II A stag, p = 0.004.

b Nck1 level in the CSCC with parametrial involvement was significantly higher than its
level in the CSCC without parametrial involvement, p = 0.009.

€ Nck1 level in the CSCC with lymph node metastasis was significantly higher than its
level in the CSCC without lymph node metastasis, p = 0.003.

4 Nck1 level in the CSCC with vascular invasion was significantly higher than its level in
the CSCC without vascular invasion, p = 0.013.
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=0.025; H-SiHa-Nck1— vs H-SiHa-con, p < 0.001. J, Tube formation of H-SiHa-con. K, Tube formation of H-SiHa-Nck1+-. L, Tube formation of H-SiHa-Nck1—. M, Comparison of the tube formation capacity between H-SiHa-con, H-SiHa-Nck1+ and
H-SiHa-Nck1—, *, H-SiHa-Nck1+ vs H-SiHa-con, p = 0.04; #, H-SiHa-Nck1— vs H-SiHa-con, p = 0.023.
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+ 27, p <0.05; 23.4 4 7.403, p < 0.05,) but decreased in H-SiHa-Nck1-
(77.54% 4+ 13.37%, p < 0.05; 120.33 4 4.726, p < 0.05;12.2 4- 0.84,p <
0.05), compared to H-SiHa-con (102.50% + 15.01%; 175 + 5.292; 16.8
+ 2.049) respectively. These results indicate that Nck1 promotes the
angiogenesis-inducing ability of SiHa cells.

3.3. Nck1 enhanced the angiogenesis-inducing capacity of CSCC via MMP2

Given that Nck1 increased the angiogenesis-inducing ability of the
cancer cells, we hypothesized that angiogenic molecules may involve in
this process. So, we detected VEGF and MMP2 levels in SiHa, SiHa-Nck1
+ and SiHa-Nck1-. As shown, the expression level of VEGF was compara-
ble among the three groups (Fig. 3A). However, the level of MMP2 was
increased in SiHa-Nck+ (1.374 4+ 0.163, p < 0.05) but decreased in
SiHa-Nck1— (0.238 + 0.026, p < 0.05), compared to SiHa cells (0.970 +
0.176, Fig. 3A), suggesting MMP2 is down-stream of Nck1. This was fur-
ther supported by ELISA analysis. Similarly, the supernatant MMP2 level
was also found to be increased in SiHa-Nck1+ (951.53 + 66.88 pg, p <
0.05) but decreased in SiHa-Nck1- (652.47 4+ 56.96 pg, p < 0.05), com-
pared to SiHa cells (757.77 4+ 19.30 pg) (Fig. 3B-C). To further confirm
the role of MMP2 in angiogenesis, the recombinant human MMP2 protein
(ab125181, abcam, USA) was also used to stimulate HUVECs. As shown in
Fig. 3D-F, the proliferation, migration and tube formation capacity of
HUVECs were increased in a concentration-dependent manner. Together,
these results reveal that Nck1-MMP2 mediates enhancement of the
angiogenesis-inducing capacity in cervical squamous carcinoma cells.

3.4. NCK1-induced upregulation of MMP2 was mediated by RAC1-PAK1
signaling

Nck1 has been reported to activate a downstream small G protein-
Rac1 which can further activate PAK1 [25]. So we next determined

Human MMP2

E
Control SiHa-Nck1+ SiHa-Nckl- B IR

)
MMP2 308

Ec-"“
VEGF " m a

o

B-actin

whether this pathway was involved in Nck1-MMP2 signaling. Intrigu-
ingly, Rac1-GTP (activated form of Rac1), p-PAK1 and MMP2 levels
were up-regulated in SiHa-Nck1+ but decreased in SiHa-Nck1—, com-
pared to control cells (Fig. 4A). Specifically, the levels were 0.209 +
0.032 vs 0.0623 + 0.0058, 0.571 =4 0.045 vs 0.024 + 0.006 and 1.016
4 0.129 vs 0.348 £ 0.072 for Rac1-GTP, p-PAK1 and MMP2 respective
in SiHa-Nck1+ vs SiHa-Nck1—. These data indicate that Nck1 initiates
a Rac1-GTP, p-PAK1 and MMP2 cascade signaling. We then examined
how this cascade works. Firstly, Rac1 inhibitor (NSC23766) was used
as Nck1 can activate Rac1 directly. As expected, Rac1 was inhibited
with the inhibitor in the SiHa-Nck1+- (0.043 + 0.022, p <0.05). More in-
terestingly, p-PAK1 (0.218 4 0.016, p < 0.05) and MMP2 (0.504 +
0.001, p < 0.05) levels were also decreased by this inhibitor, compared
vehicle in normal SiHa-Nck1+-. These results demonstrate that Rac1 is
up-stream signal of PAK1and MMP2. To further investigate the se-
quence of PAK1 and MMP2 signaling, SiHa-Nck1+ were pre-treated
with PAK1 inhibitor (IPA-3). With PAK1 signaling inhibition (0.344 +
0.036 vs 0.851 + 0.087, t = 9.323, p < 0.05, Fig. 4B), only MMP2 level
was decreased (0.686 + 0.153 vs 1.374 4+ 0.163, p < 0.05), but not
Rac1-GTP (5.595 + 0.116 vs 5.535 + 0.304, p > 0.05), indicating that
PAK1 is up-stream of MMP2 signaling. Altogether, the cascade of
Nck1-Rac1-PAK1-MMP2 signaling was unveiled.

3.5. Nck1-induced angiogenesis of CSCC is dependent on the activation of
Rac1-PAK1 signaling

Since the Nck1-Rac1-PAK1-MMP2 cascade was identified, we then
asked whether inhibition of Racl or PAK1 can also inhibit Nck1-
induced angiogenesis. Supernatant from Rac1 or PAK1-inhibited SiHa-
Nck1+ was also used to stimulate HUVECs (named H-Nckl1+-
NSC23766 and H-Nck1+-IPA-3). As expected, the proliferation
(Fig. 4C), migration (Fig. 4D-G) and tabulation (Fig. 4H-K) of H-NCK1
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H-SiHa-con, p = 0.03; #, H-SiHa-Nck1— vs H-SiHa-con, p = 0.039. D, Proliferation of HUVECs was increased in a MMP2 concentration-dependent manner. E, Migration of HUVECs
was increased in a MMP2 concentration-dependent manner. F, Tube formation of HUVECs was increased in a MMP2 concentration-dependent manner.



x &
A & & é‘fgﬁ i o
Neki  — i —
e —
Raciopp WG — -
v M-
T i
paki W S —
MMP2 “”‘ _—

HUVECS proliferation rate (% ctrl)

Relative cell number per field

Relative tube number per field

Fig. 4. The role of Rac1/PAK1 signal pathway in Nck1-medaited MMP2 up-regulation and Nck1-induced angigogenesis. A, The levels of Rac1-GTP, p-PAK and MMP2 were significantly higher in SiHa-Nck14 but lower in SiHa-Nck1— than that of normal
SiHa cells (Control) (SiHa-Nck1+ vs Control: p = 0.045, p<0.001 and p = 0.025; SiHa- Nck1— vs Control: p = 0.047; p = 0.008; p = 0.004). The levels of Rac1-GTP, p-PAK1 and MMP2 in SiHa-Nck1+- with NSC23766 (SiHa-Nck1++NSC23766) were
clearly lower than their levels in SiHa-Nck1+ (SiHa-Nck1++NSC23766 vs SiHa-Nck1+, p = 0.003, p = 0.002 and p = 0.012). B, The levels of p-PAK1 and MMP2 in the SiHa-Nck1+ pre-treated with the specific inhibitor of PAK1 (SiHa-Nck1+ +IPA-3)
were significantly lower than that of SiHa-Nck1+ (SiHa-Nck1+ +IPA-3 vs SiHa-Nck1+, p < 0.001 and p = 0.006). C, Comparison of proliferation rate between the HUVECs stimulated with the supernatant from SiHa-Nck1+ (H-Nck1+ ), the SiHa-Nck1
-+ with Rac1 inhibition (H-Nck1 + -NSC23766) and the SiHa-Nck1+ with PAK inhibition (H-Nck1 + —IPA-3); *, H-Nck1 + -NSC23766 vs H-Nck1+, p = 0.01; #, H-Nck1 + -IPA-3 vs H-Nck1+, p = 0.018. D, Migration of H-Nck1+. E, Migration of H-
Nck1 + -NSC23766. F, Migration of H-Nck1 + -IPA-3. G, Migration ability of H-Nck1 + -NSC23766 and H-Nck1 + -IPA-3 was significantly lower than that of H-Nck1+. *, H-Nck1 + -NSC23766 vs H-Nck1+, p = 0.02; #, H-Nck1 + -IPA-3 vs H-Nck1+,
p = 0.01. H, Tube formation of H-Nck1+. I, Tube formation of H-Nck1 + -NSC23766. J, Tube formation of H-Nck1 + -IPA-3. K, The tube formation capacity of H-Nck1 + -NSC23766 and H-Nck1 + -IPA-3 was clearly lower than that of H-Nck1+. *, H-
Nck1 + -NSC23766 vs H-Nck1+, p = 0.07; #, H-Nck1 + -IPA-3 vs H-Nck1+, p = 0.032.

S66-28¢ (6102) ZS1 A30]02uQ 21301092ukD / v 32 DIX d

£6€



394 P. Xia et al. / Gynecologic Oncology 152 (2019) 387-395

+ -NSC23766 (83.90% + 19.22%, p < 0.05; 116.667 & 26.652, p < 0.05;
9.8 4+ 3.27, p <0.05) and H-Nck1 + -IPA-3 (95.34% + 9.26%, p < 0.05;
124.667 & 14.742,p < 0.05; 12.4 4 5.32, p < 0.05) were both decreased,
compared to H-Nck1+ (127.24% + 22.03%; 266 4 27.00; 23.4 £ 7.89).
The results further support that Rac1 and PAK1 are crucial for Nck1
function on promoting the angiogenesis-inducing capacity of SiHa cells.

4. Discussion

Nck1 has been shown to play oncogenic roles in cancers by regulat-
ing growth and invasion of cancer cells [22-24]. Song et al. [26] reported
that there was noticeable expression difference of Nck1 between cervi-
cal cancer and normal cervical epithelial tissue, implying Nck1 may im-
plicate in the development and progression of cervical cancer. However,
the association between Nck1 and cancer angiogenesis remains unclear.

Nck1 expression was found to increase in pre-invasive tissues from
CIN patients and associate with grades of CIN, and the overexpression
of Nck1 was determined in CSCC tissues. Moreover, Nck1 expression
was related to the aggressive clinical behavior, including lymph node
metastasis, parametrial involvement, vascular invasion and clinical
stage. Immunohistochemistry results suggested that Nck1 may involve
in the carcinogenesis and progression of CSCC, consistent with previous
report [26]. With endothelial CD34 labeling, the MVD of CSCC was eval-
uated and the expression of Nck1 was shown to be positively correlated
with the cancer MVD, indicating an association between Nck1 and an-
giogenesis in CSCC.

To verify the association of Nck1 with the angiogenesis of CSCC, the
expression level of Nck1 in the CSCC cells was detected. We found Nck1
modulated endothelial angiogenic functions, such as proliferation, mi-
gration and tube formation. Cancer angiogenesis is generally regulated
by two basic mechanisms, namely, the paracrine effect and the auto-
crine effect. The former is mediated by cancer cell-derived pro-
angiogenic molecules, while the latter is mediated by the endothelial
cell-derived factors. As Nck1 in itself is not a secretory protein, we de-
duced that Nck1 might regulate some downstream paracrine angio-
genic factors. Thus, we further evaluated the levels of two common
angiogenic factors (VEGF and MMP2) in the cancer cells with different
Nck1 levels. The VEGF expression level was comparable between
those cancer cells. Interestingly, MMP2 was up-regulated in the cancers
cells with Nck1 gene transfection while was reduced in the cancer cells
with Nck1 siRNA. To further confirm cancer cell-derived secretion of
MMP2 as a downstream angiogenic effector of Nck1, we used recombi-
nant MMP2 protein to stimulate endothelial cells and found the endo-
thelial angiogenesis ability was increased in a MMP2 dose-dependent
manner. Together, these results suggest that Nck1 promotes the angio-
genesis ability of cervical squamous carcinoma cells in a MMP2-
dependent paracrine pathway. Indeed, a recent study revealed the reg-
ulatory role of Nck1 on MMP14 [25], indicating other angiogenic factors
may involve in this process.

As an intracellular signal adapter [29-31], Nck1 recruits and acti-
vates downstream small G proteins through SH2/SH3 domains. Nck1
has been demonstrated to regulate the activity of Rho family GTPases,
typically activating Rac1 [32]. We also found the activation of Rac1 in
the cancer cells with Nck1 overexpression. PAK1 is the main down-
stream signal of Rac1 and Rac1/PAK1 signaling has also been reported
to be involved in angiogenesis [32]. Therefore, we further observed
whether Rac1/PAK1 signaling also implicated in Nck1-induced angio-
genesis of CSCC. In cancer cells overexpressing Nck1, Rac1 activation
led to increase of p-PAK1 and MMP2 levels and Rac1 inhibition reduced
their levels. Moreover, PAK1 inhibition led to reduction of MMP2 on
Rac1 activation, suggesting Nck1 triggers a Rac1/PAK1 cascade to up-
regulate MMP2. To further confirm the role of Rac1 and PAK1 activation
in Nck1-induced angiogenesis, we also observed the effect of Rac1 and
PAK1 inhibition upon the pro-angiogenic role of Nck1 in the cancer
cells overexpressing Nck1. As expected, inhibition of Rac1 or PAK1 im-
paired Nckl-induced angiogenesis capacity in CSCC. Together, we

demonstrated the Nck1/Rac1/PAK1/MMP2 cascades on angiogenesis
capacity of CSCC. Interestingly, Gonzalez et al. [25] found that Rac1/
Pak1/p38/MMP2 axis regulated the angiogenesis of ovarian cancer and
Zhang et al. [33] described Nck1/STAT3/PAK1/ERK signaling in cancer
metastasis and angiogenesis of colorectal carcinoma. However, all the
studies have limitations on finding relationship between PAK1 and
MMP2. PAK1 activation has been shown to involve in the progression
of cancers [34-37], and has been found to be associated with poor bio-
logical behavior and prognosis of clinical cervical cancer [38]. Therefore,
our results also suggest Nck1 is involved in the progression of CSCC. In
addition, Nck1 may also regulate other biological process of cervical
cancer cells as MMP2 has been reported to play important roles in can-
cer growth [39], invasion and metastasis [40]. Moreover, a recent study
[41] found that a long-chain ncRNA of Nck1 gene (LncRNA NCK1-AS1)
was up-regulated in cervical cancer tissues and promoted proliferation
and invasion of CSCCin vitro. Therefore, Nck1 may regulate the progres-
sion of CSCC through various biological mechanisms except
angiogenesis.

In summary, we identified a novel Nck1/Rac1/PAK1/MMP2 cascade
that is critical for angiogenesis of CSCC. This provides evidence for
novel therapeutic avenue of targeting Nck1 in CSCC.
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