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ABSTRACT
Oral squamous cell carcinoma (OSCC), which accounts for nearly 90% of head 

and neck cancers, is characterized by poor prognosis and a low survival rate. VEGF-A 
is the most established angiogenic factor involved in the angiogenic-regulated tumor 
progression. WISP-1/CCN4 is an extracellular matrix-related protein that belongs to 
the Cyr61, CTGF, Nov (CCN) family and regulates many biological functions, such as 
angiogenesis. Previous studies indicated the role of WISP-1 in tumor progression. 
However, the angiogenic property of WISP-1 in the cancer microenvironment has 
never been discussed. Here, we provide novel insights regarding the role of WISP-1 in 
the angiogenesis through promoting VEGF-A expression. In this study, the correlation 
of WISP-1 and VEGF-A was confirmed by IHC staining of specimens from patients 
with OSCC. In vitro results indicated that WISP-1 induced VEGF-A expression via 
the integrin αvβ3/FAK/c-Src pathway, which transactivates the EGFR/ERK/HIF1-α 
signaling pathway in OSCC. This pathway in turn induces the recruitment of endothelial 
progenitor cells and triggers the neovascularization in the tumor microenvironment. 
Our in vivo data revealed that tumor-secreted WISP-1 promoted the angiogenesis 
through VRGF expression and increased angiogenesis-related tumor growth. Our 
study offers new information that highlights WISP-1 as a potential novel therapeutic 
target for OSCC.
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INTRODUCTION

Oral cancer is the one of the most common cause of 
cancer-related death. More than 90% of oral malignancies 
are oral squamous cell carcinomas (OSCC) [1–3]. About 
half of the patients with OSCC present with lymph nodes 
metastasis at the time of diagnosis. OSCC has poor 
prognosis and reduced survival rates [4]. To date, current 
therapy remains inadequate and prognosis is poor, with 
the 5-year survival rate being approximately 50% [5, 6].

Cancer cells have the potential for extreme high 
and unlimited growth [7]. A hypoxic microenvironment is 
common and leads to local and systemic cancer progression, 
resistance to therapy, and poor outcome [8, 9]. Among 
the hypoxia-regulated genes, the vascular endothelial 
growth factor-A (VEGF-A) is a crucial regulatory factor 
of angiogenesis in the adaptation of cells to a hypoxic 
microenvironment [10]. VEGF-A is a multifunctional 
cytokine. Its biological function is dominantly associated 
with endothelial cells and promotes angiogenesis. 
Increasing levels of VEGF-A expression are discussed in 
many different cancers, including OSCC [11, 12].

WNT1-inducible signaling pathway protein 1 
(WISP-1/CCN4) is a cysteine-rich protein that belongs 
to the Cyr61, CTGF, Nov (CCN) family of matricellular 
proteins, which have developmental functions [13, 14]. 
CCN proteins are mostly secreted and are associated to the 
extracellular matrix (ECM), which has been demonstrated 
to play important roles in tumor development, including 
tumor survival, proliferation, migration, and invasion [15, 
16]. They may connect signaling pathways and facilitate 
crosstalk between the epithelium and stroma [13]. It has 
been reported that overexpression of WISP-1 in normal 
rat kidney fibroblasts promotes their transformation 
[17]. WISP-1 is expressed in developing breast tumors 
in transgenic mice [18]. Moreover, increasing evidence 
suggests that WISP-1 enhances tumorigenesis and 
metastasis in many types of cancer [19, 20]. These data 
suggest that WISP-1 plays a critical role during cancer 
development and metastasis.

A previous study indicates that VEGF-A is the 
most important angiogenic factor while participating 
in tumorigenesis [21]. Correlation between VEGF-A 
expression and OSCC progression has been previously 
discussed [11, 12]. Moreover, our previous work showed 
that WISP-1 is associated with OSCC cell migration [22]. 
Many members of the CCN family have been proposed 
to exert angiogenic functions [23, 24], but WISP-1 was 
never reported as one of them. Here, we provide evidence 
that WISP-1 promotes OSCC tumorigenesis through 
VEGF-A-promoted angiogenesis. WISP-1 expression was 
correlated with VEGF-A expression and tumor stage in 
OSCC specimens. Treatment of OSCC cells with WISP-1  
induced VEGF-A expression and promoted endothelial 
progenitor cells (EPCs) recruitment, contributing to 
neovascularization. We also demonstrated the involvement 

of the integrin αvβ3/focal adhesion kinase (FAK)/c-Src/
epidermal growth factor receptor (EGFR)/extracellular 
signal-regulated kinase (ERK)/hypoxia inducible factor 
1 (HIF-1) α signaling pathway in the VEGF-A-promoted 
angiogenesis. Pretreatment with VEGF-A neutralizing 
antibody dramatically reduced this effect. The role of 
WISP-1 in the VEGF-A-promoted angiogenesis was also 
confirmed using the chick chorioallantoic membrane assay 
(CAM) and mouse xenograft in vivo models. In summary, 
our present work indicates that WISP-1 affects OSCC 
tumorigenesis through VEGF-A-promoted angiogenesis.

RESULTS

Clinical significance of WISP-1 and VEGF-A 
expression in specimens from patients with 
OSCC

Our previous study showed that WISP-1 is 
associated with OSCC cells migration [22]. To investigate 
the role of WISP-1 in the OSCC angiogenesis, we first 
examined the expression profile of WISP-1 and VEGF-A 
in specimens from patients with OSCC using two 
submitted microarray datasets (GSE3524 and GSE2280) 
that contain information from 47 patients with OSCC. 
As shown in Figure S1A and 1B, WISP-1 and VEGF-A 
expression levels were higher in tumor specimens than 
in normal tissues. Moreover, their expression levels were 
also higher in metastatic tumors than in primary tumors 
(Figure S1C and 1D). Thus, WISP-1 high expression 
maybe correlated with the angiogenesis in OSCC. To 
evaluate the correlation between WISP-1 and VEGF-A, 
WISP-1 and VEGF-A IHC was performed on tissue 
specimens obtained from 60 patients with OSCC. The 
IHC results indicated that WISP-1 and VEGF-A were 
nearly undetectable in normal tongue epithelial cells, 
but were associated with higher clinical pathologic 
grade, and expression patterns of WISP-1 and VEGF-A 
were correlated with tumor stage (Figure 1A–1C). The 
quantitative data also showed that WISP-1 expression 
was correlated with VEGF-A expression in human OSCC 
specimens (Figure 1D). Moreover, our result indicated 
that OSCC cell lines (SCC4 and SAS) and OSCC tumor 
specimens showed highly expression of VEGF-A protein 
compared with normal specimens (Figure S2). These 
results suggest that WISP-1 is associated with VEGF-A 
expression and tumor progression in patients with OSCC.

WISP-1 regulates angiogenesis by increasing 
VEGF-A expression in OSCC cells

Overexpression of VEGF-A has been investigated 
in many different cancers, including OSCC [11, 12]. 
Our IHC result indicated that WISP-1 expression is 
correlated with VEGF-A expression in human OSCC 
specimens. However, it is important to determine whether 
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WISP-1 promotes VEGF-A expression in OSCC. Our 
results showed that WISP-1 increased VEGF-A expression 
and secretion in OSCC cells SCC4 (Figure 2A and 2B) 
as well as another OSCC cell line SAS (Figure S3A). 
Moreover, a time-dependently increasing VEGF-A protein 
expression after WISP-1 treatment has been also 
certified by western blot (Figure S3B). Previous studies 
indicate that tumor could recruit EPCs to the tumor 
microenvironment, inducing their differentiation into 
endothelial cells and contributing to neovascularization 
[25]. Transwell migration assay indicated that CM 
collected from WISP-1-treated OSCC cells increased 
EPCs migration. In addition, pretreatment with a VEGF-A 
neutralizing antibody but not IgG isotype antibody 
abolished this effect (Figure 2C), indicating that EPCs may 
be recruited to the tumor microenvironment by WISP-1-
regulated VEGF-A expression in OSCC cells. We also 
examined the angiogenic function of the recruited EPCs, 
and the data indicated that CM collected from WISP-
1-treated OSCC cells increased EPCs tube formation, 
which was inhibited by VEGF-A neutralizing antibody 
treatment but not IgG isotype antibody (Figure 2D). 
The angiogenic role of WISP-1 has also been improved 
in HUVEC cells (Figure S3C). However, when we 
directly treated WISP-1 alone with EPCs, it didn’t induce 
tube formation (Figure S4). These data indicated the 

WISP-1-promoted angiogenesis in OSCC was VEGF-A 
dependent. Cell surface receptors are key mediators to 
coordinate cell response to extracellular signals. Our 
previous studies indicate that integrin αvβ3 play a crucial 
role in WISP-1 signaling regulation in different cancer, 
and the results showed that pretreatment with integrin 
αvβ3 antibody could abolish WISP-1-promoted cell 
migration in SCC4 cells. [22, 26]. Therefore, we suggested 
that integrin αvβ3 may regulate VEGF-A expression by 
WISP-1 treatment. As expected, pretreatment of OSCC 
cells with an integrin αvβ3 antibody inhibited WISP-1-
induced VEGF-A expression (Figure 2E and 2F). These 
results reveal that WISP-1 promotes VEGF-A expression 
through integrin αvβ3, which in turn regulates the 
angiogenesis within the OSCC microenvironment.

WISP-1 promotes VEGF-A expression in OSCC 
cells and contributes to the angiogenesis through 
the FAK/c-Src signaling pathway

Our data indicate that WISP-1 elicits signal 
transduction through integrin αvβ3. We therefore analyzed 
signal pathways that are known to be regulated by 
integrin receptors in OSCC cells. FAK/c-Src dual kinase 
complex, the common signal modulator downstream of 
integrin, functions to promote cell motility, cell cycle, 

Figure 1: Clinical significance of WISP-1 and VEGF-A in specimens from patients with OSCC. Tumor specimens were 
immunostained (IHC) with anti-WISP-1 and anti-VEGF-A antibodies. The staining intensity was scored 1–5. (A) IHC photographs.  
(E = epithelial, T = tumor, S = stroma). (B–D) Quantitative results and correlation between WISP-1, VEGF-A, and OSCC clinical grade.
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Figure 2: WISP-1 regulates the angiogenesis by raising VEGF-A expression in OSCC cells. (A–B) SCC4 cells were 
incubated with WISP-1 (0–20 ng/mL) for 24 h, VEGF-A expression was measured by qPCR, ELISA, and western blot. (C–D) SCC4 
cells were incubated with WISP-1 (0–20 ng/mL) for 24 h, and the CM was collected. EPCs were pre-treated for 30 min with IgG control 
antibody or VEGF-A antibody (1 μg/mL) and incubated with CM for 6 h and cell capillary-like structure formation in EPCs was examined 
by tube formation assay (C) EPCs were incubated with CM for 24 h, and cell migration was examined using the transwell assay (D) 
(E–F) SCC4 cells were incubated with the integrin αvβ3 antibody for 30 min, followed by stimulation with WISP-1 (20 ng/mL) for 24 h. 
VEGF-A expression was examined by western blot, qPCR, and ELISA. Data are expressed as mean ± SEM *P < 0.05 compared to control;  
#P < 0.05 compared to the WISP-1 treated group.
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and cell survival. It has recently been implicated in 
tumor progression processes such as angiogenesis and 
metastasis [27]. Pretreatment with FAK inhibitor or 
FAK siRNA transfection reversed the WISP-1-induced 
VEGF-A expression in OSCC cells (Figure 3A and 
3B). Furthermore, EPC migration and tube formation, 
which were induced by WISP-1-treated OSCC cells 
CM, were also abolished (Figure 3C and 3D). Similarly, 
pretreatment of OSCC cells with c-Src inhibitor or cSrc 
siRNA transfection confirmed the involvement of c-Src 
in WISP-1-induced VEGF-A expression and subsequent 
angiogenesis function in EPCs (Figure 3E–3H). Finally, 
pretreatment of OSCC cells with WISP-1 increased the 
phosphorylation of FAK and c-Src signaling proteins 
(Figure 3I). We also demonstrated the role of the integrin 
αvβ3/FAK/c-Src axis in OSCC cells using an integrin 
αvβ3 antibody and FAK inhibitor. Pretreatment with 
integrin αvβ3 antibody or FAKi block downstream signal 
proteins FAK or c-Src activation respectively (Figure 3J–
3K). These results indicate that WISP-1 regulates VEGF-A 
expression in OSCC cells and contributing to angiogenesis 
through the FAK/c-Src signaling pathway.

WISP-1 elicits EGFR transactivation and 
downstream effector ERK activation, in turn 
promoting VEGF-A expression and angiogenesis 
in OSCC cells

WISP-1 is an ECM-associated protein, which 
interacts with the integrin family of cell-surface receptors. 
A previous study reported that integrin, the most important 
cell-surface receptor without intrinsic enzymatic activity, 
could elicit EGFR transactivation in order to generate 
further cellular responses [28]. Moreover, enormous 
reports indicate that Src protein play a crucial role in 
EGFR transactivation [29, 30] and other study shows that 
integrin β3 elicits Src-mediated EGFR transactivation 
[31]. However, whether CCN protein could elicit signal 
transduction through the integrin/EGFR transactivation 
axis has never been discussed. Pretreatment with an EGFR 
inhibitor or EGFR siRNA transfection reversed the WISP-
1-induced VEGF-A expression in OSCC cells (Figure 4A 
and 4B) as well as EPC migration and tube formation 
(Figure 4C and 4D). We also determined whether ERK, 
the canonical effector downstream of EGFR, was involved 
in WISP-1-induced VEGF-A expression. The involvement 
of ERK in WISP-1-induced VEGF-A expression and 
subsequent angiogenesis function in EPCs was examined 
by EKR inhibitor pretreatment or siRNA transfection 
in OSCC cells (Figure 4E–H). The activation of EGFR 
and ERK was also confirmed by increase in the levels 
of phosphorylated EGFR and ERK proteins in WISP-1-
treated OSCC cells (Figure 4I). At last, we identified that 
the integrin αvβ3/FAK/c-Src signaling cascade mediated 
EGFR transactivation, and in turn ERK activation (Figure 
4J–4K). These results indicate that WISP-1 regulates 

VEGF-A expression in OSCC and promoting angiogenesis 
through integrin αvβ3/FAK/c-Src mediated EGFR 
transactivation and ERK signaling pathway.

WISP-1 promotes VEGF-A expression in OSCC 
cells and the angiogenesis through the HIF1-α 
signaling pathway

Hypoxia is common feature in OSCC and 
contributes to tumor-related angiogenesis. HIF1-α is 
proposed as a central role in the adaptation to a hypoxic 
microenvironment [32]. Many reports have documented 
that HIF-1α is the canonical transcription factor involved 
in VEGF-A expression [33]. Here, we provide evidence 
that WISP-1 induces VEGF-A expression through HIF1-α 
activation. WISP-1 treatment directly increased HIF-1α 
protein accumulation in a time-dependent manner (Figure 
5A, upper panel). However, mRNA expression of HIF-1α 
was invariable (Figure 5A, lower panel). This phenomenon 
revealed that WISP-1 treatment improved HIF-1α protein 
stability in OSCC cells. HIF-1α inhibitor pretreatment or 
siRNA transfection reversed the WISP-1-induced VEGF-A 
expression in OSCC cells (Figure 5B and 5C). As expected, 
EPCs migration and tube formation, induced by WISP-1-
treated OSCC cells CM, were also abolished (Figure 5D 
and 5E). HIF-1α activation was further evaluated by ChIP 
assay analysis. The results indicated that pretreatment of 
OSCC cells with FAK, Akt, EGFR, and ERK inhibitors 
decreased HIF-1α binding to its DNA binding site (Figure 
5F). These results indicate that WISP-1 regulates VEGF-A 
expression in OSCC and promoting angiogenesis through 
the HIF-1α transcription factor activation.

Knockdown of WISP-1 expression decreases 
VEGF-A expression and inhibits angiogenesis in 
OSCC cells

Our results indicated that WISP-1 promoted 
VEGF-A expression and enhanced angiogenesis by 
recruiting EPCs and increasing tube formation in the 
microenvironment. Thus, we investigated the role of 
WISP-1 in vivo. To confirm its regulatory role in VEGF-A 
expression, we utilized OSCC cells stably expressing a 
WISP-1 shRNA. Knockdown of WISP-1 expression in 
OSCC cells didn’t affect cell proliferation (Figure 6A). 
Results showed that WISP-1 and VEGF-A expression 
levels were decreased in WISP-1 shRNA transfected 
OSCC cells (Figure 6B and 6C). CM collected from 
OSCC cells stably expressing a control-shRNA promoted 
EPC cell migration and tube formation, while CM 
collected from OSCC cells stably expressing WISP-1 
shRNA decreased EPC cell migration and tube formation 
(Figure 6D and 6E). Finally, the role of WISP-1, in vivo, 
was examined by chick embryo chorioallantoic membrane 
(CAM) assay. As expected, CM collected from OSCC 
cells stably expressing a control shRNA enhanced CAM 
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angiogenesis, while CM from WISP-1 shRNA cells 
completely reduced angiogenesis in CAMs (Figure 6F). 
The results of the in vivo Matrigel plug formation assay 
by subcutaneous implantation in mice showed that 
Matrigel mixed with CM from control-shRNA transfected 
SCC4 cells increased blood vessel growth, while CM 

from WISP-1 shRNA transfected SCC4 cells reduced 
neovascularization (Figure 6G, upper panel). CD31 
IHC and hemoglobin content assay indicated a decline 
in vascular formation in Matrigel (Figure 6G, lower 
panel). These results indicate that WISP-1 promotes the 
angiogenesis in vivo.

Figure 3: FAK/Src signaling pathway is involved in WISP-1-promoted VEGF-A expression and contributing to 
angiogenesis. (A–B) SCC4 cells were pre-treated with a FAK inhibitor (FAKi; 1 μM) for 30 min or transfected with FAK siRNAs for 
24 h, followed by WISP-1 (20 ng/mL) stimulation for 24 h. VEGF-A expression was examined by western blot, qPCR, and ELISA. (C–D) 
SCC4 cells were pre-treated with a FAK inhibitor (FAKi; 1 μM), followed by WISP-1 (20 ng/mL) stimulation for 24 h. CM was collected. 
EPCs were incubated with CM for 6 h and capillary-like structure formation in EPCs was examined by tube formation assay (C) EPCs were 
incubated with CM for 24 h and cell migration was examined by transwell assay (D) (E–H) SCC4 cells were treated with a Src inhibitor 
(pp2; 1 μM) for 30 min or transfected with Src siRNAs for 24 h, followed by WISP-1 (20 ng/mL) stimulation for 24 h. Assay procedure was 
performed as in (A–D) (I) SCC4 cells were incubated with WISP-1 (20 ng/mL) for the indicated times, and FAK and c-Src phosphorylation 
was determined by western blot. (J–K) SCC4 cells were incubated with an integrin αvβ3 antibody or FAKi for 30 min, followed by 
stimulation with WISP-1 (20 ng/mL) for 60 min, and FAK (J) and c-Src (K) phosphorylation was determined by western blot. Data are 
expressed as the mean ± SEM *P < 0.05 compared with control; #P < 0.05 compared with the WISP-1-treated group.
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Knockdown of WISP-1 decreases angiogenesis-
related tumor growth in vivo

To evaluate whether WISP-1 contributes to VEGF-A 
expression and in turns to promote angiogenesis which 
inducing tumor growth in vivo, the control-shRNA and 
WISP-1 shRNA stable SCC4 cell lines were implanted 

in a mouse xenograft model. Bioluminescence images 
indicated that control-shRNA transfected SCC4 cells 
profoundly induced tumor mass formation, but WISP-1 
knockdown reduced tumor growth in mice (Figure 6H 
and Figure S5A–S5C). The angiogenesis level was 
quantified by examining the plug hemoglobin content and 
indicated that WISP-1 knockdown impeded OSCC-related 

Figure 4: EGFR transactivation is involved in WISP-1-induced VEGF-A expression and contributing to 
angiogenesis. (A–D) SCC4 cells were pre-treated with an EGFR inhibitor (AG1478; 1 μM) for 30 min or transfected with EGFR siRNAs 
for 24 h, followed by WISP-1 (20 ng/mL) stimulation for 24 h. The assay procedures were performed as described in Figure 3A–3D. (E–H) 
SCC4 cells were treated by an ERK inhibitor (U0126; 1 μM) for 30 min or transfected with ERK siRNAs for 24 h, followed by WISP-1 
(20 ng/mL) stimulation for 24 h. The assay procedures were performed as described in Figure 3A–3D. (I) SCC4 cells were incubated with 
WISP-1 (20 ng/mL) for the indicated times and EGFR and ERK phosphorylation was determined by western blot. (J–K) SCC4 cells were 
incubated with the integrin αvβ3 antibody, FAKi, PP2, or AG1478 for 30 min, followed by stimulation with WISP-1 (20 ng/mL) for 60 min, 
and EGFR (J) and ERK (K) phosphorylation was determined by western blot. Data are expressed as the mean ± SEM *P < 0.05 compared 
with control; #P < 0.05 compared with the WISP-1-treated group.
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Figure 5: WISP-1 promotes VEGF-A expression in OSCC and contributing to angiogenesis through the HIF1-α 
signaling pathway. (A) SCC4 cells were stimulated by WISP-1 (20 ng/mL) for the indicated times (0, 2, and 4 h). HIF1-α expression 
level was measured by western blot and qPCR. (B–E) SCC4 cells were pre-treated with HIF1-α inhibitor (1 μM) for 30 min or transfected 
with HIF1-α siRNAs for 24 h, followed by WISP-1 (20 ng/mL) stimulation for 24 h. The assay procedures were performed as described 
in Figure 3A–3D. (F) SCC4 cells were incubated with FAKi, PP2, AG1478, or U0126 for 30 min, followed by stimulation with WISP-1 
(20 ng/mL) for 60 min. Chromatin immunoprecipitation (ChIP) assays were performed using an anti- HIF1-α antibody. One percent of 
the precipitated chromatin was analyzed to verify equal loading (input). Data are expressed as the mean ± SEM. *P < 0.05 compared with 
control; #P < 0.05 compared with the WISP-1-treated group.
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Figure 6: WISP-1 knockdown in OSCC decreases VEGF-A expression and angiogenesis-related tumor growth 
in vivo. (A) SCC4 cells stably expressing shRNA constructs or control shRNA were seeded as monolayers and counted daily. Cells 
(103) were plated in 6 well plates and grown for 2 days. Cells were trypsinized, and cell numbers was counted. (B–C) WISP-1 and 
VEGF-A mRNA and protein expression in SCC4 cells stably expressed a control shRNA or a WISP-1 shRNA was examined by 
western blot, qPCR, and ELISA. (D–E) EPCs were incubated with CM collected from control-shRNA and WISP-1-shRNA transfected 
SCC4 cells for 24 h and cell migration or tube formation were examined. (F) PBS, VEGF-A, control shRNA/SCC4 CM, and WISP-1 
shRNA/SCC4 CM mixed in Matrigel were placed on chick chorioallantoic membranes. CAMs in each group were photographed on 
developmental day 12. (G) Mice were subcutaneously injected with Matrigel mixed with PBS, control shRNA/SCC4 CM or WISP-1 
shRNA/SCC4 CM for seven days. Plugs excised from the mice were photographed and stained with CD31. (H) Control shRNA and 
WISP-1 shRNA SCC4 cells were mixed with Matrigel and injected into the flank of the mice for 28 days. Tumor growth was monitored 
using the IVIS Imaging System. Tumor growth was quantified by fluorescent imaging from week 0–6. (I) Tumors were paraffin 
embedded, and sections were immunostained using the WISP-1, VEGF-A, and CD31 antibodies. (E = epithelial, T = tumor, S = stroma). 
(J) Diagrammatic model for the role of WISP-1 in OSCC. (1) WISP-1 induces VEGF-A expression and secretion in OSCC cells through 
the integrin αvβ3/FAK/c-Src pathway, which transactivates the EGFR/ERK/HIF1-α signal pathway. (2) The WISP-1-induced secretion 
of VEGF-A subsequently recruiting EPCs to OSCC tumor microenvironment and promoting neoangiogenesis. Data represent the mean 
± SEM *P < 0.05 compared to control shRNA/SCC4.
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angiogenesis in vivo (Figure S5D). Hemoglobin content 
also positively correlated with tumor volume (Figure 
S5E). Finally, WISP-1 and CD31 IHC results confirmed 
that WISP-1-promoted the angiogenesis in OSCC tumors 
(Figure 6I). In summary, these data revealed that WISP-1 
promotes the angiogenesis and tumor growth in vivo.

DISCUSSION

The concept of angiogenesis in the tumor 
microenvironment is extremely important in many tumors, 
including OSCC. Tumor must develop new blood vessels 
in order to continue to expand and metastasize. VEGF-A 
has been implicated as a pivotal target in anti-angiogenic 
therapy [34]. The effect of WISP-1 on OSCC cell 
migration ability has been previously discussed [22]. Here, 
we provide novel insights on the role of WISP-1 in the 
tumor angiogenesis. The IHC results on clinical specimens 
from patients with OSCC showed that WISP-1 and 
VEGF-A expression levels were positively correlated with 
tumor stage in OSCC. Additionally, WISP-1 regulated 
VEGF-A expression through the integrin αvβ3/FAK/c-Src 
mediated EGFR transactivation/ERK/HIF1-α signaling 
pathway in OSCC cells (Figure 6J). In summary, our study 
using clinical specimens, cellular experiments, and animal 
models suggest that WISP-1 regulates VEGF-A expression 
and induces angiogenesis in OSCC.

The ECM-associated proteins that belong to the 
CCN family play critical roles in skeletal development, 
wound healing, fibrosis, and cancer. CCN1, CCN2, and 
CCN3 have been associated with angiogenesis [35]. 
However, the role of WISP-1/CCN4 in angiogenesis 
has not been discussed yet. Our results revealed that 
WISP-1 induced VEGF-A expression, which in turn 
promotes angiogenesis in the OSCC microenvironment 
(Figure 2A and 2B). Our data suggest that angiogenesis-
promoted feature of WISP-1 as well as other CCN 
family proteins through regulation of VEGF-A 
expression. The multifunctional roles of the CCN family 
may provide opportunities to develop novel targets for 
OSCC therapy.

Integrin αvβ3 is known to exert both pro- and anti-
angiogenic function [36]. The role of integrin αvβ3 in 
angiogenesis is defined by its interaction with different 
receptors or ligands. A previous study indicates that 
binding of integrin αvβ3 to Cyr61/CCN1, another member 
of the CCN family, could promote angiogenesis [37]. In 
this report, we show evidence that WISP-1, as Cyr61, 
activates integrin αvβ3. Our data indicated that WISP-1 
promotes VEGF-A expression, which, in turn, regulates 
the angiogenesis by integrin αvβ3 (Figure 2E and 2F). 
Consistent with our previous study, WISP-1 increases 
cell migration by integrin αvβ3 dependent pathway 
[22]. These results showed the pivotal role of integrin 

αvβ3 in WISP-1 signal transduction. However, the direct 
interaction between integrin αvβ3 and CCN proteins 
should be further investigated in the future.

Integrins can elicit signal transduction and change 
cell function through the recruitment and activation of 
signaling proteins such as non-receptor tyrosine kinases, 
FAK and c-Src that form a dual kinase complex. The 
highly activated FAK-Src complex is found in many 
tumors and activates signals, leading to tumor growth 
and metastasis [27]. Moreover, a novel role for the FAK-
Src complex in angiogenesis has been shown in a mouse 
model [38]. Another study shows that the FAK/Src kinase 
complex activates ERK signaling and regulates VEGF-A 
secretion in breast cancer [39]. Our data are in agreement 
with previous studies. Through binding to integrin αvβ3, 
WISP-1 activated the FAK/Src signaling cascade to 
regulate VEGF-A expression (Figure 3). Interestingly, 
we identify a novel signal transduction pathway by 
which WISP-1/integrin αvβ3 interaction elicits EGFR 
transactivation through FAK/Src activation (Figure 4). 
Integrin has been shown to elicit EGFR transactivation in 
order to generate further cellular responses [28]. However, 
the role of a CCN protein in this pathway has never been 
reported. Our results bring novel insights on the CCN 
family proteins signaling.

Until the 1960s, preliminary evidence revealed that 
tumor-related angiogenesis was mediated by secreted 
factors produced by cancer cells and promotes tumor 
progression [40, 41]. Among the numerous factors 
involved in the angiogenesis, VEGF-A is the most 
prominent. VEGF-A expression has been correlated with 
OSCC progression [11, 12]. Our previous study also 
showed the role of WISP-1 in OSCC cell migration and 
tumor progression [22]. Here, we provide novel evidence 
that suggests the angiogenic role of WISP-1 in OSCC. 
Integrin αvβ3, the most crucial cell surface receptor for 
the CCN family protein, is thought to be involved in 
pathological angiogenesis because it is highly expressed 
on activated and proliferating endothelial cells, but nearly 
undetectable on quiescent endothelial cells [36]. However, 
some studies indicate a double-edged effect of integrin 
through binding to various receptors or ligands [37]. The 
present study clearly indicates the role of the WISP-1/
integrin αvβ3 pathway in the angiogenic function through 
regulation of VEGF-A expression.

In accordance with our previous investigation [22], 
WISP-1 promotes both migration ability and angiogenesis 
effect of OSCC. The pivotal molecular events for tumor 
spread such as cell migration and neoangiogenesis take 
place in the invasive front of the OSCC [42]. Our reports 
reveal the important role of WISP-1 in OSCC metastasis. 
CTGF, another member of CCN family, has been used in 
clinical treatment of pancreatic cancer in a Phase I clinical 
trial [43, 44]. Therefore, blocking of WISP-1 function may 
serve as novel therapeutic targets in OSCC treatment.
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MATERIALS AND METHODS

Materials

Anti-mouse and anti-rabbit IgG-conjugated 
horseradish peroxidase, rabbit polyclonal antibodies specific 
for p-FAK, FAK, p-c-Src, c-Src, p-EGFR, EGFR, p-ERK, 
ERK, HIF1-α, β-actin, CD31, and WISP-1 were purchased 
from Santa Cruz Biotechnology (Santa Cruz, CA); VEGF-A 
antibody was purchased from Abcam (Cambridge, MA, 
USA). Recombinant human VEGF-A was purchased from 
R&D Systems (Minneapolis, MN, USA). Dulbecco’s 
modified Eagle’s medium (DMEM), F-12 medium, fetal 
bovine serum (FBS) and all other cell culture reagents were 
from Gibco-BRL Life Technologies (Grand Island, NY, 
USA). ON-TARGETplus siRNAs were purchased from 
Dharmacon Research (Lafayette, CO, USA). All other 
chemicals were from Sigma-Aldrich (St Louis, MO, USA). 
The efficacy of all inhibitors were provided in supplementary 
information (Figure S6). The methods of Transwell 
migration assay, Western blot analysis, Quantitative real-time 
PCR, Enzyme-linked immunosorbent assay, Tube formation, 
Establishment of the WISP-1 knockdown SCC4 cell line 
and Chick chorioallantoic membrane assay are provided in 
Supplementary Information.

Cell culture

The human OSCC cell line SCC4, an epithelial-type 
cell line derived from a squamous carcinoma of human 
tongue, was purchased from Bioresource Collection and 
Research Center (BCRC, Hsinchu, Taiwan). The human 
OSCC cell line SAS was kindly provided by Dr. Shun-Fa 
Yang, Chung Shan Medical University. Cells were cultured 
in complete medium containing DMEM/F-12 medium 
supplemented with penicillin, streptomycin, and 10% FBS 
at 37°C in a 5% CO2 atmosphere. Human Umbilical Vein 
Endothelial Cells (HUVEC) were purchased form American 
Type Culture Collection (ATCC, VA, USA). Cells were 
culture in complete medium containing F-12K medium 
supplemented with 0.1 mg/ml heparin; 0.03–0.05 mg/ml 
endothelial cell growth supplement (ECGS), penicillin, 
streptomycin, and 10% FBS at 37°C in a 5% CO2 atmosphere.

Data retrieval from online Gene expression 
omnibus (GEO) databases

OSCC gene expression profile data from 47 patients 
with OSCC were downloaded from the GEO database 
(GSE3524, GSE2280). WISP-1 and VEGF-A expression 
values were collected independently.

Endothelial progenitor cell culture

Protocol for EPC culture was approved by the 
Institutional Review Board of Mackay Medical College, 
New Taipei City, Taiwan (reference number P1000002). 

All subjects gave informed written consent before 
enrolling in our study. Peripheral blood (80 mL) was 
obtained from healthy donors, and mononuclear cells 
were isolated using the Ficoll-Paque PLUS centrifuge 
(Amersham Biosciences, Uppsala, Sweden), according 
to manufacturer’s instructions. CD34-positive progenitor 
cells were isolated from mononuclear cell fraction by 
CD34 MicroBead kit and MACS Cell Separation System 
(Miltenyi Biotec, Bergisch Gladbach, Germany). EPCs 
were maintained and characterized as described previously 
[45]. Briefly, human CD34-positive EPCs were cultured 
in MV2 complete medium that contained MV2 basal 
medium and growth supplement (PromoCell, Heidelberg, 
Germany) and was also supplemented with 20% defined 
FBS (HyClone, Logan, UT, USA). Cultures were seeded 
on 1% gelatin-coated plasticware and maintained at 37°C 
in a humidified 5% CO2 atmosphere.

Chromatin immunoprecipitation

Chromatin immunoprecipitation (ChIP) assays 
were performed as described [46]. Chromatin 
was prepared and incubated with an anti-HIF1-α 
antibody. DNA was extracted from the immuno-
precipitates, purified, and resuspended in H2O. Immuno 
pre cipitated DNA was amplified by PCR using the 
following primers: 5′-CCTTTGGGTTTTG CCAGA-3′ 
and 5′-CCAAGTTTGTGGAGCTGA-3′ [47]. PCR 
products were resolved by 1.5% agarose gel electropho-
resis and visualized by UV light.

Animal model and imaging

Experimental procedures were approved by the 
Institutional Animal Care and Use Committee. Male 
nu/nu mice (6–8 weeks of age) were subcutaneously 
injected with 5 × 105 OSCC cells resuspended in 
100 μL of medium. Tumor growth, local invasion, and 
metastasis were monitored using the IVIS Imaging System 
(PerkinElmer Inc, MA, USA).

Immunohistochemistry (IHC)

Human oral cancer tissue array (OR601a) was 
purchased from Biomax (Odenton, MD) in the form of 
5 μm sections of paraffin-embedded tissue on glass slides. 
Sections (5-μm thick) of paraffin-embedded tissue were 
placed on glass slides, rehydrated, incubated with 3% 
hydrogen peroxide to quench endogenous peroxidase 
activity, and then blocked in 3% BSA/PBS. Sections 
were incubated with the primary mouse polyclonal anti-
human WISP-1 and VEGF-A antibodies at a 1:50 dilution 
and incubated at 4°C overnight. After three PBS washes, 
sections were incubated with a 1:50 dilution of biotin-
labeled goat anti-mouse IgG secondary antibody. Bound 
antibodies were detected using the ABC Kit (Vector 
Laboratories, Burlingame, CA, USA). Slides were 
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stained with the chromogen diaminobenzidine, washed, 
counterstained with Delafield’s hematoxylin, dehydrated, 
treated with xylene, and mounted.

For the WISP-1, VEGF-A, and CD31 IHC assays 
on the in vivo xenograft model tissues, and plug, tumor 
samples collected from euthanized mice were fixed in 4% 
paraformaldehyde in PBS for at least 72 h, dehydrated 
in increasing concentrations of ethanol, then embedded 
in paraffin. Serial sections of 5-μm thickness were cut 
longitudinally and incubated with anti-WISP-1 (1:50), 
anti-VEGF-A (1:50), or anti-CD31 antibody (1:50) at 
4°C overnight. After three PBS washes, sections were 
incubated in a 1:50 dilution of biotin-labeled goat anti-
mouse IgG secondary antibody, and bound antibodies were 
detected using the ABC Kit. The slides were stained with 
chromogen diaminobenzidine, washed, counterstained 
with Delafield’s hematoxylin, dehydrated, treated with 
xylene, and mounted.

Statistical analysis

Data are presented as the mean ± standard error 
of the mean (SEM). Statistical comparisons between 
2 samples were performed using the Student’s t-test. 
Statistical comparisons of more than 2 groups were 
performed using one-way analysis of variance with 
Bonferroni’s post-hoc test. A P-value of less than 0.05 was 
considered statistically significant.
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