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ABSTRACT
Targeted molecular therapy has gradually been a potential solution in 

cancer therapy. Other authors’ and our previous studies have demonstrated that 
phosphoinositide-specific phospholipase γ (PLCγ) is involved in regulating tumor 
growth and metastasis. However, the molecular mechanism underlying PLCγ-
dependent tumor growth and metastasis of gastric adenocarcinoma and whether 
PLCγ may be a potential target for tumor therapy in human gastric adenocarcinoma 
are not yet well determined. Here, we investigated the role of PLCγ inhibition in tumor 
growth and metastasis of human gastric adenocarcinoma using BGC-823 cell line and 
a nude mouse tumor xenograft model. The results manifested that the depletion of 
PLCγ1 by the transduction with lentivirus-mediated PLCγ1 gene short-hairpin RNA 
(shRNA) vector led to the decrease of tumor growth and metastasis of human gastric 
adenocarcinoma in vitro and in vivo. Furthermore, the Akt/Bad, Akt/S6, and ERK/Bad 
signal axes were involved in PLCγ1-mediated tumor growth and metastasis of human 
gastric adenocarcinoma. Therefore, the abrogation of PLCγ1 signaling by shRNA could 
efficaciously suppress human gastric adenocarcinoma tumor growth and metastasis, 
with important implication for validating PLCγ1 as a potential target for human gastric 
adenocarcinoma.

INTRODUCTION

Gastric cancer is a highly malignant tumor with 
a complex etiology that results in many patients being 
diagnosed after the disease has reaches an advanced stage 
or in the occurrence of relapse after curative surgery. In the 
effort to improve treatment, targeting specific molecules 
has emerged as a potentially effective approach that is less 
harmful to normal cells than currently available treatments 
[1]. The targeted molecules include signaling molecules, 
growth factor receptors and microRNAs [2, 3].

Phosphoino sitide-specific phospholipase γ (PLCγ) 
is activated downstream of many receptor tyrosine 
kinases and growth factors [4]. PLCγ induces hydrolysis 
of phosphatidylinositol 4,5-bispho sphate (PtdIns(4,5)P2) 
to form the second messengers diacylglycerol (DAG) 
and inositol 1,4,5-trisphosphate (IP3), which in turn 
activate a number of signaling pathways to regulate the 
metabolism in many cell types, including cancer cells 

[4–7]. As an example, PLCγ contributes to metastasis of 
in situ-occurring mammary and prostate tumors [7]. PLCγ 
mediates high levels of glucose and insulin-induced cell 
proliferation and migration in MDA-MB-468 breast cancer 
and SW480 colon cancer cells in vitro [8]. Depletion of 
PLCγ expression or inhibition of its activity not only 
increases cisplatin-induced apoptosis but also suppresses 
the invasive ability of RhoGDI2-overexpressing SNU- 484 
gastric cancer cells [9]. Thus PLCγ activity appears to 
support both tumor growth and metastasis. 

Multiple signaling molecules mediate the effects 
of PLCγ. For example, STAT3 contributes to colorectal 
tumorigenesis through interaction with PLCγ1 [10]; the 
combined activation of PLCγ and MAPK is required for 
FGFR3-induced epithelial to mesenchymal transition 
(EMT) [11]; and FGF induces G2/M transition via the 
Akt/PLCγ1 axis in MDA-MB-231 breast cancer cells 
[12]. In this way, PLCγ1 plays a crucial role in fostering 
the growth and metastasis of some tumor types through 
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interaction with other signal molecules [13], and may be a 
useful target for anti-tumor therapy.

Our previous study showed that PLCγ1 is strongly 
expressed in human gastric adenocarcinoma tissue, and 
that metastasis of human gastric adenocarcinoma depends 
in part on PLCγ1 expression [14]. Akt and PKCα are 
involved in mediating PLCγ signaling in gastric cancer 
cells [14, 15], but the molecular mechanism underlying 
PLCγ-dependent growth and metastasis of human gastric 
adenocarcinoma is not yet well determined.

BGC-823 cell line transduced with a lentivirus-
mediated PLCγ1 gene short-hairpin RNA (shRNA) 
vector and a nude mouse xenograft model were used to 
investigate the mechanism by which PLCγ stimulates 
growth and metastasis of gastric adenocarcinoma. Our 
findings indicate that inhibiting PLCγ1 suppresses human 
gastric adenocarcinoma growth and metastasis and that 
the signaling molecules Akt, ERK, Bad and S6 are all 
involved. These findings suggest PLCγ1 may be a useful 
therapeutic target for the treatment of human gastric 
adenocarcinoma.

RESULTS

The effect of PLCγ1 shRNA expression on 
proliferation of human gastric adenocarcinoma 
cells

BGC-823 cells were transduced with four types of 
lentivirus-mediated PLCγ1 shRNA vector to establish 
stable cell lines expressing PLCγ1 shRNA. Figure 1A 
showed that all four PLCγ1 shRNA vectors effectively 
inhibited expression of PLCγ1 protein, but the efficacy 
of the PLCγ1 shRNA2/3 vectors was most prominent 
(**P < 0.01, ****P < 0.0001 vs control). Subsequent 
MTT and colony formation assays showed that depletion 
of PLCγ1 using shRNAs led to a decrease of growth rate 
(Figure 1B, **P < 0.01, ****P < 0.0001 vs control). The 
cloning efficiency was dramatically decreased in cells 
expressing PLCγ1 shRNA2/3 (Figure 1C, ****P < 0.0001 
vs control). Furthermore, Western blot analysis indicated 
that the depletion of PLCγ1 led to a decrease in the level 
PCNA and an increase in the level of cleaved-PARP 
(Figure 1D, **P < 0.01, ***P < 0.001, ****P < 0.0001 vs 
control). On the other hand, Bcl-2 levels were unchanged. 
These results indicate that lentivirus-mediated PLCγ1 
shRNAs suppress cell proliferation of human gastric 
adenocarcinoma cells.

The effect of PLCγ1 on migration of human 
gastric adenocarcinoma cells

To determine whether PLCγ1 is involved in cancer 
cell migration, we assessed the effects of PLCγ1 shRNA2/3 
in ruffling, transwell, and scratch assays. As shown in 
Figure 2A, cells expressing PLCγ1 shRNA2/3 exhibited 

fewer membrane ruffles than control cells (**P < 0.01). 
The results of both scratch and transwell assays indicated 
that PLCγ1 depletion attenuated cell motility (Figure 2B 
and 2C, **P < 0.01, ***P < 0.001, ****P < 0.0001 vs 
control). Furthermore, the expression of main signal 
molecules involving in cell migration such as MMPs and 
EMT-related signal molecules was detected using Western 
blotting analysis, Gelatine zymography assay, and Real-
time PCR analysis, respectively. The levels of MMP2/9, 
N-cadherin, snail, and slug protein were reduced by the 
depletion of PLCγ1, with the increase of E-cadherin 
protein (Figure 2D, *P < 0.05, **P < 0.01, ***P < 0.001, 
vs control). The secreted levels of MMP2/9 in extracellular 
matrix were also reduced in PLCγ1-transformed cells 
with PLCγ1 shRNA2/3 vectors (Figure 2D, lower panel).  
The depletion of PLCγ1 by shRNA2/3 led to the decrease 
in MMP2/9, SNAIL, SLUG, and CDH2 mRNA levels, 
with the increase in CDH1 mRNA level (Figure 2E, *P 
< 0.05, **P < 0.01, ***P < 0.001, vs control). Additionally, 
the level of vascular endothelial growth factor (VEGF) 
associated with tumor angiogenesis was then detected with 
ELISA. The results displayed that the depletion of PLCγ1 
by shRNA3 suppressed VEGF expression in extracellular 
matrix (Figure 2F, ***P < 0.001, vs control). Therefore, 
lentivirus-mediated PLCγ1 shRNAs could suppress 
migration of human gastric adenocarcinoma cells.

The depletion of PLCγ1 by shRNA suppresses 
tumor growth and metastasis in a nude 
mouse xenograft model of human gastric 
adenocarcinoma 

To determine the potential role of PLCγ1 inhibition 
for the therapy of gastric adenocarcinoma, the status of 
tumor in a nude mouse model harboring tumor xenografts 
derived from BGC-823 cells transduced with PLCγ1 
shRNA3 vector were investigated. The tumor volume after 
subcutaneous injection of PLCγ1-transformed BGC-823 
cells for 29 days was suppressed (Figure 3A, left panel, 
*P < 0.05, vs control). The tumor weight was reduced in 
the group of PLCγ1-transformed BGC-823 cells (Figure 
3A, right panel, *P < 0.05, vs control). Furthermore, 
the decrease in PCNA protein level and the increase in 
cleaved-PARP protein level were observed in tumor 
tissue using Immunohistochemistry and Western blotting 
analyses, while the level of Bcl-2 protein did not change 
(Figure 3B, **P < 0.01, ****P < 0.0001, vs control). 
Hence, the depletion of PLCγ1 by shRNA3 could suppress 
human gastric adenocarcinoma growth in a nude mouse 
tumor xenograft model.

In addition, MMP2/9 protein levels were reduced 
in tumor tissue using Immunohistochemistry analysis 
(Figure 3C, upper panel, *P < 0.05, ****P < 0.0001, 
vs control). Western blotting analysis showed that the 
depletion of PLCγ1 led to the decrease in MMP2/9, slug 
and snail protein levels, and the increase in E-cadherin 
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Figure 1: Lentivirus-mediated PLCγ1 shRNA could block proliferation in human gastric adenocarcinoma BGC-823 
cells. BGC-823 cell line of stable expressing PLCγ1shRNA was established with the transduction of four types PLCγ1shRNAs using a 
lentiviral transduction strategy. (A) The effect of PLCγ1shRNAs on the level of PLCγ1 protein was detected with Western blotting analysis 
as described in Materials and Methods. (B) The effect of PLCγ1shRNAs on cell growth rate was measured with MTT assay as described in 
Materials and Methods. (C) The effect of PLCγ1 shRNA2/3 on cloning formation was detected with Colony formation assay as described 
in Materials and Methods. (D) The levels of PCNA, cleaved-PARP, PARP, Bcl-2, PLCγ1, and GAPDH protein were detected with Western 
blotting analysis as described in Materials and Methods. Data are reported as means ± S.D. of three independent experiments (**P < 0.01, 
***P < 0.01, ****P < 0.0001, vs respective control).



Oncotarget8046www.impactjournals.com/oncotarget

Figure 2: Lentivirus-mediated PLCγ1 shRNA could suppress migration in human gastric adenocarcinoma BGC-823 
cells. Cells were transduced with lentivirus-mediated PLCγ1 shRNA2/3 vectors. (A) The formation of membrane ruffles was detected 
using Ruffling assay as described in Materials and Methods. The cell nuclei were stained DAPI (blue) and the membrane ruffles were 
stained rhodamine-conjugated phalloidin (red). Scale bar = 10 μm. (B and C) The migration ability was measured using Transwell assay (B, 
magnification x 100) and Scratch assay (C, magnification x 400) as described in Materials and Methods. (D) The protein levels of MMP2, 
MMP9, E-cadherin, N-cadherin, snail, slug, and GAPDH were detected with Western blotting analysis, and the pro and active forms of 
MMP2/9 were observed using gelatin zymography assay as described in Materials and Methods. (E) The mRNA levels of PLCG1, MMP2, 
MMP9, CDHI, CDH2, SNAIL, SLUG, and GAPDH were detected using Real-time PCR analysis as described in Materials and Methods. 
(F) The level of VEGF in extracellular matrix was detected using ELISA as described in Materials and Methods. Data are reported as 
means ± S.D. of three independent experiments (*P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001, vs respective control).
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protein level, while the level of N-cadherin protein did not 
change (Figure 3C, lower panel, *P < 0.05, **P < 0.01, 
***P < 0.001, vs control). Similarly, the decrease in 
MMP2/9 mRNA levels and the increase in CDH1 mRNA 
level were observed in tumor tissue using Real-time 
PCR analysis (Figure 3C, the lowest panel, *P < 0.05, 
**P < 0.01, ***P < 0.001, vs control). On the other hand, 
the depletion of PLCγ1 by shRNA3 led to the decrease in 
CD34 (one of biomarkers of vascular density) and VEGF 
protein levels, and VEGF mRNA level in tumor tissue, 
indicating the involvement of PLCγ1 in the angiogenesis 
of tumor (Figure 3D, *P < 0.05, ****P < 0.0001, vs 
control). Figure 3E showed that the number of lymphoid 
follicles in inguinal lymph node, the level of CD44 that is 
one of import biomarkers in lymphatic node metastasis, 
and the level of GFP that is one of the tags of PLCγ1-
transformed cells, were all reduced in tumor tissue, 
exhibiting the lymphatic node metastasis of gastric 
adenocarcinoma cells (**P < 0.01, ***P < 0.001, vs 
control). Overall, the depletion of PLCγ1 by shRNA could 
suppress tumor metastasis in a nude mouse xenograft 
model of human gastric adenocarcinoma. 

The involvement of Akt, ERK, mTOR, Bad, 
and S6 in PLCγ1-mediated proliferation and 
migration of human gastric adenocarcinoma 
cells

To investigate the regulatory mechanism of PLCγ1 
in cell proliferation and migration, the effect of PLCγ1 
shRNA on the expression of some important signaling 
molecules, such as Akt, ERK, mTOR, Bad, S6, MMP, 
and EMT-related molecules, was detected using Western 
blotting analysis. Figure 4A showed that the depletion of 
PLCγ1-shRNA2/3 down-regulated the levels of p-Akt, 
p-ERK1/2, p-Bad (Ser112), p-Bad (Ser136), and p-S6 
(Ser235/236), without the alteration of Akt, ERK1/2, 
S6, and Bad levels in in vitro PLCγ1-transformed 
BGC-823 cells (*P < 0.05, **P < 0.01, ***P < 0.001, 
****P < 0.0001, vs control). The depletion of PLCγ1 by 
shRNA3 led to the decrease in p-Akt, p-ERK1/2, p-Bad 
(Ser112), p-Bad (Ser136), and p-S6 (Ser235/236) levels in 
tumor tissue of human gastric adenocarcinoma xenografts 
in vivo (Figure 4B, *P < 0.05, **P < 0.01, ***P < 0.001, 
vs control). The levels of mTOR and p-mTOR did change 
neither in vitro nor in vivo. These results indicated that 
the regulatory mechanism of PLCγ1 on tumor growth 
and metastasis of human gastric adenocarcinoma was 
associated with the phosphorylation of Akt, ERK1/2, Bad, 
and S6 signaling molecules in vitro and in vivo.

DISCUSSION

Our findings indicate that the depletion of PLCγ1 
by the transduction with lentivirus-mediated PLCγ1 
shRNA vector led to the suppression of tumor growth and 

metastasis in human gastric adenocarcinoma in vitro and 
in vivo.  Furthermore, the phosphorylation of Akt, ERK, 
Bad, and S6 signaling molecules was involved in PLCγ1-
mediated tumor growth and metastasis of human gastric 
adenocarcinoma cells. The data suggest that the abrogation 
of PLCγ1 signaling by shRNA could efficaciously 
suppress tumor growth and metastasis of human gastric 
adenocarcinoma through Akt/Bad, ERK/Bad, and Akt/S6 
signal axes, implying that PLCγ1 is a potential target for 
human gastric adenocarcinoma.

Inhibiting PLCγ1 has been known to suppress cell 
proliferation in several types of tumor, including digestive 
system tumors [9, 10, 16]. Furthermore, combined 
inhibition of PLCγ1 and c-Src abrogates EGFR-mediated 
head and neck squamous cell carcinoma invasion [17]. 
Targeting PLCγ1 by way of a hammerhead ribozyme 
to PLCγ1 reduces the invasive phenotype of prostate 
cancer [18]. The above-mentioned studies exhibit that 
the abrogation of PLCγ1 could efficaciously block both 
cell proliferation and migration. Our data also displayed 
that the depletion of PLCγ1 by shRNA suppressed 
cell proliferation and migration of human gastric 
adenocarcinoma cells in vitro and in vivo. Therefore, 
it is suggested that the blockade of PLCγ1 could be a 
therapeutic approach for preventing tumor growth and 
metastasis in human gastric adenocarcinoma. Moreover, 
in previous studies, the deficiency of the selectivity 
of the pharmacological inhibitor of PLCγ1 (U73122) 
was always to be neglected [19]. Here, the depletion of 
PLCγ1 by shRNA exhibited stronger selectivity than 
that of pharmacological mean. Combined with other 
studies [20, 21], the shRNA technique indeed maybe an 
efficacious approach for tumor therapy.

Several lines of evidence have demonstrated the 
involvement of PLCγ1 in angiogenesis. As an example, 
PLCγ1 is required downstream of VEGF during 
arterial development [22]. Furthermore, the absence of 
erythrogenesis and vasculogenesis in PLCγ1-deficient 
mice is detected [23]. As angiogenesis is the requirement 
for tumor metastasis, we detected the effect of PLCγ1 
shRNA on the two biomarkers of angiogenesis, VEGF 
and CD34. Our data indicated that the levels of VEGF 
and CD34 were reduced by PLCγ1 shRNA, consistent 
with recent studies. Brain-derived neurotrophic factor 
increases VEGF expression and enhances angiogenesis in 
human chondrosarcoma cells through a signal transduction 
including TrkB receptor, PLCγ, and PKCα [24]. Trans 
presentation of VEGF and sustained PLCγ activation 
might have contributed to the reduced vascular density 
in matrigel tumors [25]. Therefore, we suggested that the 
inhibition of PLCγ1 could suppress tumor angiogenesis 
in human gastric adenocarcinoma. In addition, EMT is 
one of pivotal elements in tumor metastasis. It has been 
well known that a variety of growth factors, such as FGF 
and EGF, could cooperate with multiple pathways in 
the induction of EMT [11, 12, 16, 24]. As an example, 
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Figure 3: Depletion of PLCγ1 suppresses growth and metastasis of gastric adenocarcinoma in a nude mouse tumor 
xenograft model. (A) Volume and weight of tumor samples from nude mice. (B) The protein levels of PCNA, cleaved-PARP, PARP, and 
Bcl-2 in the tumor samples were detected by Immunohistochemistry (Magnificationx100, x400) and Western blotting analyses as described 
in Materials and Methods. (C) The levels of MMP2 and MMP9 in the tumor samples were detected by Immunohistochemistry analysis 
as described in Materials and Methods (Magnificationx100, x400). The protein and mRNA levels of MMP2, MMP9, E-cadherin(CDH1), 
N-cadherin(CDH2), snail(SNAIL), and slug(SLUG) in the tumor samples were detected by Western Blotting and Real-time PCR analyses 
as described in Materials and Methods. (D) The protein levels of VEGF and CD34 and the mRNA level of VEGF in tumor samples were 
detected by Immunohistochemistry and Real-time PCR analysis as described in Materials and Methods. The number of microvessels was 
accounted under OLYPUS x41 microscope (Magnification x100, x400). (E) The lymphoid follicles in inguinal lymph nodes of nude mice 
were observed under OLYPUS x41microscope, and the protein levels of CD44 and GFP in inguinal lymph nodes of nude mice was detected 
by Immunohistochemistry analysis as described in Materials and Methods (Magnificationx40, x400). Data are reported as means ± S.D. of 
three independent experiments (*P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001, vs respective control).
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Figure 4: Effect of PLCγ1 inhibition on signal molecules associated with tumor growth and metastasis of human 
gastric adenocarcinoma. (A) Cells were transduced with lentivirus-mediated PLCγ1shRNA2/3 vectors. The protein levels of Akt, 
p-Akt, ERK1/2, p-ERK1/2, mTOR, p-mTOR, S6, p-S6(Ser235/236), Bad, p-Bad (Ser112), p-Bad (Ser136), PLCγ1, and GAPDH were 
detected with Western blotting analysis as described in Materials and Methods. (B) A nude mouse model harboring tumor xenografts 
derived from BGC-823 cells transduced with PLCγ1-shRNA3 vector was constructed. The protein levels of Akt, p-Akt, ERK1/2, p-ERK1/2, 
mTOR, p-mTOR, S6, p-S6(Ser235/236), Bad, p-Bad (Ser112), p-Bad (Ser136), PLCγ1, and GAPDH in the tumor samples were detected 
by Western blotting analysis as described in Materials and Methods. Data are reported as means ± S.D. of three independent experiments 
(*P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001, vs respective control).
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FGFR1 activation promotes EMT in rodent models 
of breast and prostate cancer [26, 27]. In view of the 
relationship between growth factors and PLCγ activation 
[4–7], and our data of the alternation of EMT associated 
signal molecules at protein and mRNA levels in BGC-823 
cells with the transduction by PLCγ1 shRNA vector, we 
proposed that PLCγ has a promoting effect on the EMT 
progression in human gastric adenocarcinoma. Moreover, 
Tomlinson DC et al. also demonstrated the involvement 
of PLCγ in the FGFR1-induced EMT progression in UC 
cells lines [11]. Overall, it is confirmed that the inhibition 
of PLCγ1 could suppress tumor metastasis through 
blocking angiogenesis and EMT progression in human 
gastric adenocarcinoma. The molecular mechanism of 
PLCγ1 regulating angiogenesis and EMT in human gastric 
adenocarcinoma needs further to be studied.

Akt and ERK signal molecules have been well 
known to regulate cell proliferation and migration of 
human gastric cancer cells [28–30]. Especially, it has been 
reported that Akt and ERK could regulate the identical cell 
events in some cancer cells. For example, regenerating 
gene Iα protein that is overexpressed in a subset of gastric 
cancers promotes growth and angiogenesis through 
activation of the ERK and Akt signaling pathways in 
HUVEC cells [31]. Plexin-B1 silencing inhibits the 
phosphorylation of Akt and ERK to reduce the growth, 
proliferation, migration, and invasion of A431 cells 
[32]. Afatinib resistance in non-small cell lung cancer 
involves the PI3K/AKT and MAPK/ERK signalling 
pathways [33]. The de-ubiquitinase Ubiquitin C-terminal 
hydrolase-L1(UCHL1) promotes gastric cancer metastasis 
via the Akt and ERK1/2 pathways [34]. Licochalcone A 
induces human gastric cancer BGC-823 cell apoptosis 
by regulating ROS-mediated MAPKs and PI3K/Akt 
signaling pathways [35]. In accordance with the above-
mentioned studies, the inhibition of PLCγ1 suppressed 
human gastric adenocaecinoma growth and metastasis 
via Akt and ERK signaling pathways. On the other hand, 
the involvement of Akt and ERK signaling pathways in 
PLCγ1-mediated tumor growth and metastasis implied 
the existence of the crosstalk of PLCγ1 with Akt or ERK 
in human gastric adenocarcinoma, which has been also 
demonstrated in some cancer cells. As an example, Akt 
interaction with PLCγ regulates the G(2)/M transition 
triggered by FGF receptors from MDA-MB-231 breast 
cancer cells [12]. PLCγ1 could activate ERK1/2 through 
the PLCγ1-PKCα-B-Raf pathway in VEGF-treated 
endothelial cells [36]. Therefore, PLCγ regulates human 
gastric adenocarcinoma growth and metastasis through 
interacting with Akt or ERK. In addition, we demonstrated 
that Akt could phosphorylate its substrates, including 
BAD at Ser-136 and S6 at Ser235/236, to promote cell 
proliferation and protein synthesis of human gastric 
adenocarcinoma cells, as described in the conventional 
regulatory mechanism of Akt [37, 38]. ERK could 
phosphorylate BAD at Ser-112 via p90RSK and promotes 

cell proliferation of human gastric adenocarcinoma cells, 
similar to its classical regulatory mechanism [39]. The 
data indicated the existence of Akt/Bad, ERK/Bad, and 
Akt/S6 axes in PLCγ1-mediated tumor growth, metastasis 
and angiogenesis in human gastric adenocarcinoma.

In conclusion, the inhibition of PLCγ1 by the 
transduction with Lentivirus-mediated PLCγ1 gene short-
hairpin RNA vector led to the decrease of tumor growth 
and metastasis of human gastric adenocarcinoma in vivo 
and in vitro. Furthermore, Akt/Bad, ERK/Bad, and Akt/S6 
axes were involved in PLCγ1-mediated cell proliferation 
and migration of human gastric adenocarcinoma cells. 
The data suggest that inhibiting PLCγ1 could suppress 
human gastric adenocarcinoma growth and metastasis, 
indicating that PLCγ1 is a potential target for human 
gastric adenocarcinoma.

MATERIALS AND METHODS

Reagents and antibodies 

Antibodies against PLCγ1, Akt, p-Akt (Ser473), 
ERK1/2, p-ERK1/2 (Thr202/Tyr204), mTOR, p-mTOR 
(Ser2481), S6, p-S6 (Ser235/236), Bad, p-Bad (Ser112or 
136), Bcl-2, GFP, slug, and snail were purchased from 
Cell Signaling Technology Inc. (Beverly, MA, USA). 
PCNA, PARP, cleaved-PARP, MMP9, and GAPDH 
were purchased from Abcam (Cambridge, MA, USA). 
MMP2, E-cadherin, and N-cadherin were purchased 
from Santa Cruz Biotechnology (Santa Cruz, CA, USA). 
VEGF, CD34, and CD44 were purchased from BOSTER 
(Wuhan, China). Other reagents were of the highest grade 
commercially available.

Cell culture 

The human gastric cancer cell line, BGC-823, was 
obtained from the Shanghai Institute of Cell Biology, 
Chinese Academy of Sciences, Shanghai, China, and 
was maintained in DMEM medium supplemented with 
10% fetal bovine se rum (FBS), 100 U/mL penicillin, and 
100 μg/mL streptomycin, at 37°C in a water-saturated 
atmosphere of 5% CO2.

Plasmid construction and transduction

Lentiviral-mediated shorthairpin RNA (shRNA) 
targeting PLCγ1 

(Sh1: 5′ CcgggcCATTGACATTCGTGAAATTctc 
gagAATTTCACGAATGTCAATGgcTTTTTg3′. Sh2: 5′ 
CcggccAGATCAGTAACCCTGAATTctcgagAATTCAG 
GGTTACTGATCTggTTTTTg3′. Sh3: 5′ CcggccTGTGAA 
CCACGAATGGTATctcgagATACCATTCGTGGTTCAC 
AggTTTTTg3′. Sh4: 5′ CcggccAGGGAAACAAAGTTTA 
CATctcgagATGTAAACTTTGTTTCCCTggTTTTTg3′.) 
was purchased from Gene Chem (Shanghai, China). The 
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different shPLCγ1vectors were transduced into BGC-823 
cells using a lentiviral transduction strategy, respectively. 
ShPLCγ1 stable cell lines were obtained under the pressure 
of puromycin (2 μg/ml, BioVision, Inc., CA, USA).  
The level of PLCγ1 protein was detected with Western 
blotting analysis prior to the other experiments.

Real-time PCR analysis 

Total RNA in cells and tissues was extracted using 
Trizol (Invitrogen, CA, USA). The amount and quality of 
the extracted RNA was assessed by spectrophotometry 
using NanoDrop 2000 (NanoDrop Technologies Inc., 
DE, USA). cDNA synthesis was performed with 1 µg of 
total RNA at 37℃ for 15min using the Primescript RT 
Master Mix Kit (Takara, Dalian, China), and subsequently 
diluted 10-fold. Real-time PCR analysis was performed 
using the ABI StepOnePlus Sequence Detection System 
v2.1 (Applied Biosystems, Singapore) with SYBR Premix 
Ex Taq II Kit (Takala, Dalian, China). Results were 
normalized to GAPDH and analyzed using SDS software 
v2.1 according to previous study [40]. The following 
primer was used in quantitative PCR for measuring gene 
expression relative to GAPDH (Table 1).

MTT assay 

Cells infected by lentivirus were seeded in 96-well 
plates (1 × 104 cells/well) and cultured for the indicated 
time. The number of viable cells was detected using 
3– (4,5–Dimethylthiazol- 2–y) –2,5-diphenyl-tetrazolium 
bromide (MTT) assay as described previously [14, 41].

Determination of human VEGF by ELISA 

The cell culture supernatant was collected and added 
to each ELISA plate well pre-coated with anti-human 
VEGF polyclonal antibody. The level of VEGF in the 
culture supernatant was then measured by the human VEGF 
ELISA kit (Neobioscience, Shenzhen, China) according to 
the manufacturer’s instruction and previous study [42]. 

Colony formation assay

Cells transduced with different shRNA vectors were 
plated in 6-well plate for the indicated time. The colonies 
formed from each cell were fixed with 100% methanol, 
stained with crystal violet, and counted according to 
previous study [43].

Scratch assay

As described in previous studies [14, 44], cells were 
seeded onto 6-well plates and two centerlines were marked 
on the upside of each well along its horizontal axis, to 
designate the loci at which images would be acquired at 
each time point. Vertical linear scratches were introduced 

into the cell monolayers using a 10 μL sterile pipette tip. 
Each well received 2 scratches. Images at 40x magnification 
were acquired at 0, 24, and 48 h after scratching at each 
intersection of the scratch wound (vertical defect). For each 
time point, 4 measurements were taken per well in each of 
3 wells, and the average of the horizontal width of the linear 
defect in pixels was calculated using the Image-Pro Plus 
6.0 system. The mean percentage closure was calculated by 
compared with time 0.

Transwell assay

Cell migration was performed in Transwell 
chambers (Corning Inc., Corning, USA) as described 
in previous studies [14, 45]. Briefly, cells in serum-
free DMEM were placed into the upper chambers of 
Transwell inserts set within wells with 8 µm pore filters, 
and incubated at 37°C for 12 h. The migrated cells on 
the lower membrane surface were fixed in methanol and 
stained with 0.1% Giemsa stain. Eight microscope fields 
from each Transwell chamber were randomly selected, 
and cells adhering to the undersurface of the filter were 
imaged and counted using an Olympus BX41 microscope 
equipped with a digital camera (Olympus, Tokyo, Japan). 

Gelatine zymography assay

The assay was conducted accor ding to published 
protocol [14, 46]. Briefly, protein extracts in the 
conditioned media were electrophoresed on 6% SDS 
polyacrylamide gels containing 1 mg/ml of gelatine (Bio 
Basic Inc., Markham, Ontario, Canada). The gels were 
then washed twice for 30 min in 2.5% Triton X-100 at 
room tem perature, and incubated for 48 h at 37°C in 
incubation buffer (50 mM Tris-HCl (pH 7.5), 5 mM 
CaCl2, 150 mM NaCl, 1 μM ZnCl2, and 0.2% Brij35), 
followed with the staining of 0.25% (w/v) Coomassie 
brilliant blue R-250 for 1 h and de-stained in de-staining 
buffer (10% acetic acid and 50% methanol). 

Ruffling assay

Cells were seeded on glass coverslips in 6-well 
plates for 24 h, rinsed with PBS once, fixed in 4% 
paraformalde hyde for 10 min, and then washed with PBS 
three times. After 5 min permeation with 0.5% Triton 
X-100, cells were incubated with Rhodamine-conjugated 
Phalloidin (Cytoskeleton Inc., Denver, CO, USA) for 30 
min at room temperature, before being stained with DAPI 
for 30 sec. Cells were observed and photographed using 
Confocal microscopy [13, 14].

Western blotting analysis

Protein extracts were electrophoresed on 8–12% 
denaturing gel and electroblotted onto nitrocellulose 
membrane. The membrane was incubated with various 
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antibodies as required at 4°C overnight, followed by the 
addition of the corresponding secondary antibody at room 
temperature for 1 h. An ECL kit (Pierce, Rockford, IL) 
was used to detect the antibody reactivity [41]. 

Tumor xenograft model

Thirty two 6-week-old female BALB/Cnu/nu nude 
mice were purchased from Shanghai Slac Laboratory 
Animal Co. Ltd. (Shanghai, China). All animal studies 
were conducted according to the regulations of the 
Institutional Animal Care and Use Committee protocol. 
This study was approved by the Committee on the 
Ethics of Animal Experiments of the University of 
Xiamen (ID No.20110916). Animals bearing tumors 
were randomly assigned to 4 groups, 200 μl relevant 
stable cells (Control-sh, PLCγ1-sh3, 2 × 106/mouse) 
in PBS were subcutaneously injected into the right 
hind leg of mouse, with 8 mice per group [28, 47]. 
Tumor volume and animal weight were measured 
every 3–4 days. All animals were killed since injected 
for 40 days. The mRNA and protein levels of relative 
signal molecules in these subcutaneous tumors and 
the inguinal lymph node were detected with RT-PCR, 
Western blotting analysis, and Immunohistochemistry. 
The morphology of inguinal lymph node was examined 
with H & E staining.

Immunohistochemistry analysis

The fresh samples were fixed in 4% 
paraformaldehyde for 48 h, and then paraffin-embedded 
for further routine histological preparation. Four-
micrometer-thick sections were deparaffinized in xylene 
and rehydrated in graded alcohols and distilled water, 
followed with immunohistochemistry staining according 
to the manufacturer’s instructions (Maixin-Bio, Fuzhou, 
China) and previous study [14, 26]. The average optical 
density of positive cells was measured and analyzed by 
ImagePro Plus 6.0 system [14, 26]. 

Statistical analysis

Experimental data were formulated as the 
means ± S.D. of triplicate independent samples. The 
differences between the groups were examined for 
statistical significance using t-test with GraphPad Prism, 
version 5(GraphPad Software, Inc., San Diego, CA. USA). 
The criterion for statistical significance was P < 0.05.

GRANT SUPPORT

This study was supported by the National Natural 
Science Foundation of China (No.81371952, 81072015, 
81572189, 31300970, 81470793, 81172284).

Table 1: Primers in quantitative PCR
Gene name Primer sequence (5′→3′)
GAPDHOMIM  *138400 Forward 5′-GGAAGGTGAAGGTCGGAGTCA-3′

Reverse 5′-GTCATTGATGGCAACAATATCCACT-3′
hCDH1 OMIM  *192090 Forward 5′-TTGCACCGGTCGACAAAGGAC-3′

Reverse 5′-TGGATTCCAGAAACGGAGGCC-3′
hCDH2 OMIM  *114020 Forward 5′-TGTCGGTGACAAAGCCCCTG-3′

Reverse 5′-AGGGCATTGGGATCGTCAGC-3′
hSNAILOMIM  *612741 Forward 5′-CTGGGTGCCCTCAAGATGCA-3′

Reverse 5′-CCGGACATGGCCTTGTAGCA-3′
hSLUG OMIM  *602150 Forward 5′-TACCGCTGCTCCATTCCACG-3′

Reverse 5′-CATGGGGGTCTGAAAGCTTGG-3′
hPLCG1 OMIM*172420 Forward 5′-TGTCCCACAGACCAACGC-3′

Reverse 5′-ATTCCGCTTCCGCACCAG-3′
hMMP2OMIM  *120360 Forward 5′-AGTAAACAGCAAGAGAACCT

Reverse 5′-AACAGATGCCACAATAAAGC
hMMP9OMIM  *120361 Forward 5′-ACTACTGTGCCTTTGAGTC

Reverse 5′-TACTTCCCATCCTTGAACAA
hVEGF OMIM  +192240 Forward 5′-CTTGCCTTGCTGCTCTACCT

Reverse 5′-ACGCGAGTCTGTGTTTTTGC



Oncotarget8053www.impactjournals.com/oncotarget

CONFLICTS OF INTEREST

The authors have no conflicts of interest to disclose.

REFERENCES

 1. Tongyoo A. Targeted therapy: novel agents against cancer. 
J Med Assoc Thai. 2010; 93 Suppl 7:S311–323.

 2. Polivka JJr, Janku F. Molecular targets for cancer therapy 
in the PI3K/AKT/mTOR pathway. Pharmacol Ther. 2014; 
142:164–75.

 3. Lattanzio R, Piantelli M, Falasca M. Role of phospholipase 
C in cell invasion and metastasis. Adv Biol Regul. 2013; 
53:309–18.

 4. Rhee SG. Regulation of phosphoinositide-specific 
phospholipase C. Annu Rev Biochem. 2001; 70:281–312.

 5. Wells A, Grandis JR. Phospholipase C-γ1 in tumor 
progression. Clin Exp Metastasis. 2003; 20:285–90.

 6. Yamaguchi H, Condeelis J. Regulation of the actin 
cytoskeleton in cancer cell migration and invasion. Biochim 
Biophys Acta. 2007; 1773:642–52.

 7. Shepard CR, Kassis J, Whaley DL, Kim HG, Wells A. 
PLC gamma contributes to metastasis of in situ-occurring 
mammary and prostate tumors. Oncogene. 2007; 26:3020–26. 

 8. Tomas NM, Masur K, Piecha JC, Niggemann B, Zänker KS. 
Akt and phospholipase Cγ are involved in the regulation of 
growth and migration of MDA-MB-468 breast cancer and 
SW480 colon cancer cells when cultured with diabetogenic 
levels of glucose and insulin. BMC Res Notes. 2012; 5:214.

 9. Cho HJ, Baek KE, Nam IK, Park SM, Kim IK, Park SH, Im 
MJ, Ryu KJ, Yoo JM, Hong SC, Kim JW, Lee CW, Yoo J. 
PLCγ is required for RhoGDI2-mediated cisplatin resistance 
in gastric cancer. Biochem Biophys Res Commun. 2011; 
414:575–80. 

10. Zhang P, Zhao Y, Zhu X, Sedwick D, Zhang X, Wang Z. 
Cross-talk between phospho-STAT3 and PLCγ1 plays a 
critical role in colorectal tumorigenesis. Mol Cancer Res. 
2011; 9:1418–28. 

11. Tomlinson DC, Baxter EW, Loadman PM, Hull MA, 
Knowles MA. FGFR1-induced epithelial to mesenchymal 
transition through MAPK/PLCγ/COX-2-mediated mechanisms. 
PLoS One. 2012; 7:e38972. 

12. Browaeys-Poly E, Perdereau D, Lescuyer A, Burnol AF, 
Cailliau K. Akt interaction with PLC(gamma) regulates the 
G(2)/M transition triggered by FGF receptors from MDA-
MB-231 breast cancer cells. Anticancer Res. 2009; 29:4965–9.

13. Sala G, Dituri F, Raimondi C, Previdi S, Maffucci T, 
Mazzoletti M, Rossi C, Iezzi M, Lattanzio R, Piantelli M, 
Iacobelli S, Broggini M, Falasca M. Phospholipase 
Cgamma1 is required for metastasis development and 
progression. Cancer Res. 2008; 68:10187–96.

14. Zhuang L, Zhang B, Zeng G, Dai L, Qian H, Hu T, 
Song G, Zhang B, Xia C. Metastasis of human gastric 
adenocarcinoma partly depends on phosphoinositide-

specific phospholipase γ1 expression. Folia Histochem 
Cytobiol. 2014; 52:178–86.

15. Zhang B, Wu Q, Ye XF, Liu S, Lin XF, Chen MC. Roles of 
PLC-gamma2 and PKCalpha in TPA-induced apoptosis of 
gastric cancer cells. World J Gastroenterol. 2003; 9:2413–8.

16. Sun H, Hu Y, Gu Z, Owens RT, Chen YQ, Edwards 
IJ.Omega-3 fatty acids induce apoptosis in human breast 
cancer cells and mouse mammary tissue through syndecan-1 
inhibition of the MEK-Erk pathway. Carcinogenesis. 2011; 
32:1518–24. 

17. Nozawa H, Howell G, Suzuki S, Zhang Q, Qi Y, Klein-
Seetharaman J, Wells A, Grandis JR, Thomas SM. 
Combined inhibition of PLC{gamma}-1 and c-Src 
abrogates epidermal growth factor receptor-mediated head 
and neck squamous cell carcinoma invasion. Clin Cancer 
Res. 2008; 14:4336–44. 

18. Davies G, Martin TA, Ye L, Lewis-Russell JM, Mason MD, 
Jiang WG. Phospholipase-C gamma-1 (PLCgamma-1) 
is critical in hepatocyte growth factor induced in vitro 
invasion and migration without affecting the growth of 
prostate cancer cells. Urol Oncol. 2008; 26:386–91. 

19. Burgdorf C, Schäfer U, Richardt G, Kurz T. U73122, 
an aminosteroid phospholipase C inhibitor, is a potent 
inhibitor of cardiac phospholipase D by a PIP2-dependent 
mechanism. J Cardiovasc Pharmacol. 2010; 55:555–9. 

20. Ye LC, Jiang C, Bai J, Jiang J, Hong HF, Qiu LS. 
Knockdown of casein kinase le inhibits cell proliferation 
and invasion of colorectal cancer cells via inhibition of the 
Wnt/β-catenin signaling. J Biol Regul Homeost Agents. 
2015; 29:307–15.

21. Zhang Y, Bao M, Dai M, Wang X, He W, Tan T, Lin D, 
Wang W, Wen Y, Zhang R. Cardiospecific CD36 suppression 
by lentivirus-mediated RNA interference prevents cardiac 
hypertrophy and systolic dysfunction in high-fat-diet 
induced obese mice. Cardiovasc Diabetol. 2015; 14:69. 

22. Lawson ND, Mugford JW, Diamond BA, Weinstein BM. 
phospholipase C gamma-1 is required downstream of vascular 
endothelial growth factor during arterial development. Genes 
Dev. 2003; 17:1346–51.

23. Liao HJ, Kume T, McKay C, Xu MJ, Ihle JN, Carpenter G. 
Absence of erythrogenesis and vasculogenesis in Plcg1-
deficient mice. J Biol Chem. 2002; 277:9335–41. 

24. Lin CY, Hung SY, Chen HT, Tsou HK, Fong YC, Wang SW, 
Tang CH. Brain-derived neurotrophic factor increases 
vascular endothelial growth factor expression and enhances 
angiogenesis in human chondrosarcoma cells. Biochem 
Pharmacol. 2014; 91:522–33.

25. Koch S, van Meeteren LA, Morin E, Testini C, Weström S, 
Björkelund H, Le Jan S, Adler J, Berger P, Claesson-
Welsh L. NRP1 presented in trans to the endothelium arrests 
VEGFR2 endocytosis, preventing angiogenic signaling and 
tumor initiation. Dev Cell. 2014; 28:633–46. 

26. Xian W, Schwertfeger KL, Vargo-Gogola T, Rosen JM. 
Pleiotropic effects of FGFR1 on cell proliferation, survival, 



Oncotarget8054www.impactjournals.com/oncotarget

and migration in a 3D mammary epithelial cell model. J 
Cell Biol. 2005;171:663–73.

27. Acevedo VD, Gangula RD, Freeman KW, Li R, Zhang Y, 
Wang F, Ayala GE, Peterson LE, Ittmann M, Spencer DM. 
Inducible FGFR-1 activation leads to irreversible prostate 
adenocarcinoma and an epithelial-to-mesenchymal 
transition. Cancer Cell. 2007; 12:559–71.

28. Yi T, Zhuang L, Song G, Zhang B, Li G, Hu T. Akt signaling 
is associated with the berberine-induced apoptosis of human 
gastric cancer cells. Nutr Cancer. 2015; 67:523–31. 

29. Li Y, Fu LX, Zhu WL, Shi H, Chen LJ, Ye B. Blockade of 
CXCR6 reduces invasive potential of gastric cancer cells 
through inhibition of AKT signaling. Int J Immunopathol 
Pharmacol. 2015; 28:194–200.

30. Xia Y, Lian S, Khoi PN, Yoon HJ, Joo YE, Chay KO, 
Kim KK, Do Jung Y. Chrysin inhibits tumor promoter-
induced MMP-9 expression by blocking AP-1 via 
suppression of ERK and JNK pathways in gastric cancer 
cells. PLoS One. 2015; 10:e0124007. 

31. Hara K, Fukui H, Sun C, Kitayama Y, Eda H, Yamasaki T, 
Kondo T, Tomita T, Oshima T, Watari J, Fujimori T, 
Miwa H. Effect of REG Iα protein on angiogenesis in 
gastric cancer tissues. Oncol Rep. 2015; 33:2183–9. 

32. Cao J, Zhang C, Chen T, Tian R, Sun S, Yu X, Xiao C, 
Wang G, Liu Y, Fu M, Li W. Plexin-B1 and semaphorin 4D 
cooperate to promote cutaneous squamous cell carcinoma 
cell proliferation, migration and invasion. J Dermatol Sci. 
2015; 79:127–36. 

33. Coco S, Truini A, Alama A, Dal Bello MG, Venè R, 
Garuti A, Carminati E, Rijavec E, Genova C, Barletta G, 
Sini C, Ballestrero A, Boccardo F, et al. Afatinib resistance 
in non-small cell lung cancer involves the PI3K/AKT 
and MAPK/ERK signalling pathways and epithelial-to-
mesenchymal transition. Target Oncol. 2014 Oct 25.

34. Gu YY, Yang M, Zhao M, Luo Q, Yang L, Peng H, Wang J, 
Huang SK, Zheng ZX, Yuan XH, Liu P, Huang CZ. The de-
ubiquitinase UCHL1 promotes gastric cancer metastasis via 
the Akt and Erk1/2 pathways. Tumour Biol. 2015 May 28. 

35. Hao W, Yuan X, Yu L, Gao C, Sun X, Wang D, Zheng Q. 
Licochalcone A-induced human gastric cancer BGC-823 
cells apoptosis by regulating ROS-mediated MAPKs and 
PI3K/AKT signaling pathways. Sci Rep. 2015; 5:10336. 

36. Andrikopoulos P, Baba A, Matsuda T, Djamgoz MB, 
Yaqoob MM, Eccles SA. Ca2+ influx through reverse mode 
Na+/Ca2+ exchange is critical for vascular endothelial 
growth factor-mediated extracellular signal-regulated kinase 

(ERK) 1/2 activation and angiogenic functions of human 
endothelial cells. J Biol Chem. 2011; 286:37919–31.

37. del Peso L, González-García M, Page C, Herrera R, 
Nuñez G. Interleukin-3-induced phosphorylation of BAD 
through the protein kinase Akt. Science. 1997; 278:687–9.

38. Manning BD, Cantley LC. AKT/PKB signaling: navigating 
downstream.Cell. 2007; 129:1261–74.

39. Bonni A, Brunet A, West AE, Datta SR, Takasu MA, 
Greenberg ME. Cell survival promoted by the Ras-
MAPK signaling pathway by transcription-dependent and 
-independent mechanisms.Science. 1999; 286:1358–62.

40. Tam WL, Lu H, Buikhuisen J, Soh BS, Lim E, Reinhardt F, 
Wu ZJ, Krall JA, Bierie B, Guo W, Chen X, Liu XS, 
Brown M, et al. Protein kinase C alpha is a central signaling 
node and therapeutic target for breast cancer stem cells. 
Cancer cell. 2013; 24:347–64.

41. Cheng L, Zeng G, Liu Z, Zhang B, Cui X, Zhao H, Zheng X, 
Song G, Kang J, Xia C. Protein kinase B and extracellular 
signal-regulated kinase contribute to the chondroprotective 
effect of morroniside on osteoarthritis chondrocytes. J Cell 
Mol Med.; 19:1877–86. 

42. Gu X, Cun Y, Li M, Qing Y, Jin F, Zhong Z, Dai N, 
Qian C, Sui J, Wang D. Human apurinic/apyrimidinic 
endonuclease siRNA inhibits the angiogenesis induced by 
X-ray irradiation in lung cancer cells. Int J Med Sci. 2013; 
10:870–82. 

43. Ueda K, Arakawa H, Nakamura Y. Dual-specificity 
phosphatase 5 (DUSP5) as a direct transcriptional target of 
tumor suppressor p53. Oncogene. 2003; 22:5586–91.

44. CC, Park AY, Guan JL. In vitro scratch assay: a convenient 
and inexpensive method for analysis of cell migration 
in vitro. Nature protocols. 2007; 2:329–33.

45. Beloueche-Babari M, Peak JC, Jackson LE, Tiet MY, 
Leach MO, Eccles SA. Changes in choline metabolism 
as potential biomarkers of phospholipase C{gamma}1 
inhibition in human prostate cancer cells. Molecular cancer 
therapeutics. 2009; 8:1305–11.

46. Ruan M, Zhang Z, Li S, Yan M, Liu S, Yang W, Wang L, 
Zhang C. Activation of Toll-like receptor-9 promotes 
cellular migration via up-regulating MMP-2 expression in 
oral squamous cell carcinoma. PloS one. 2014; 9:e92748.

47. Ho YT, Yang JS, Lu CC, Chiang JH, Li TC, Lin JJ, Lai KC, 
Liao CL, Lin JG, Chung JG. Berberine inhibits human 
tongue squamous carcinoma cancer tumor growth in a 
murine xenograft model. Phytomedicine. 2009; 16:887–90.


