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Abstract 

Aberrant activation of Wnt signaling is a crucial event in tumor development and metastasis. Wnt 
signaling is commonly divided into canonical and non-canonical signaling pathways based on whether 
β-catenin is activated (canonical). The two signaling pathways are initiated by Wnt ligand binding to 
the surface Frizzled (FZD) receptors, and regulate cancer stem cell self-renewal and 
epithelial–mesenchymal transition (EMT). Frizzled 7 (FZD7), a member of Frizzled family, promotes 
cell proliferation and invasiveness in many cancers, suggesting that FZD7 transmitting Wnt signaling 
is important for driving cancer growth. FZD7 expression has been reported to be up-regulated in 
human primary gastric cancer tissues. However, the molecular mechanism by which FZD7 
promotes gastric cancer(GC) development and progression is not fully understood. Our present 
study showed that FZD7 was overexpressed in clinical GC samples, and thus was correlated with 
tumor invasion, lymphatic and organ metastasis, late TNM stages and poor patient survival. The 
endogenous expression of FZD7 was significantly increased in cancer stem cell-enriched spheres 
compared with adherent cells. Furthermore, RNA interference-mediated silencing of FZD7 
inhibited proliferation, migration and invasion in gastric cancer cells. Moreover, ablation of FZD7 
down-regulated EMT and the expression levels of cancer stem cell markers, and these inhibitions 
were associated with attenuated canonical Wnt/β-catenin signaling. The results suggest that Wnt 
canonical pathway may contribute to tumorigenesis and metastasis, indicating that FZD7 could be a 
potential therapeutic target for gastric cancer. 
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Introduction 
Gastric cancer is one of the most common lethal 

malignancies worldwide. It was estimated that 
951,600 gastric cancer cases and 723,100 deaths 
occurred in 2012 [1]. More importantly, above 50% 
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gastric cancers were diagnosed in China. Although 
early detection has substantially improved the 
prognosis of patients, gastric cancer is often found at 
an advanced stage in China. Approximately 50% of 
patients with advanced gastric cancer die from 
recurrence and metastasis, even after curative surgery 
and chemotherapy [2]. Resistance to chemotherapy 
and limited therapeutic options are the leading causes 
of mortality among metastatic patients. However, the 
complex metastatic cascade remains the most poorly 
understood component of cancer pathogenesis. With 
regard to the metastatic process, physical transloca-
tion of a cancer cell from the primary tumor to the 
microenvironment of the distant tissue and 
colonization are the crucial steps [3]. It is widely 
accepted that activation of epithelial-mesenchymal 
transition (EMT) enables cancer cells to acquire the 
ability to invade and disseminate [4]. A subpopul-
ation of tumor cells with self-renewal and 
multi-lineage differentiation capacity, defined as 
cancer stem cells(CSCs), has been proven to be 
essential for successful metastasis formation in a 
distant organ [5]. An increasing number of studies 
have provided strong evidences for aberrant 
activation of EMT and CSC cellular pathways during 
carcinoma metastasis and progression, so a clear 
understanding of the molecular mechanisms of EMT 
program and CSC biology may lead to effective 
therapies for patients with metastases. 

 Wnt signaling controls embryogenesis and 
homeostasis through modulating cellular processes 
such as proliferation, differentiation, migration, 
apoptosis and cell polarity. Activating mutations of 
Wnt pathway have been found in a large number of 
sporadic tumor types including gastrointestinal 
cancer, breast cancer and leukemia. Wnt signaling is 
important for driving self-renewal of cancer stem cells 
and inducing tumor cell epithelial–mesenchymal 
transition (EMT) which could promote cancer 
metastasis and progression [6]. Wnt signaling is 
commonly divided into canonical and non-canonical 
signaling based on whether β-catenin is activated 
(canonical) and initiated by Wnt ligand binding to the 
surface Frizzled (FZD) receptors. Frizzled receptors 
have seven transmembrane domains, intracellular 
C-terminal with a putative PDZ binding domain and 
extracellular N-terminal domain, which are 
responsible for binding to Wnt ligands [7]. Increased 
levels of FZD receptors have been displayed in many 
cancers, suggesting that the aberrant activation of Wnt 
signaling via the receptors is involved in accelerating 
cancer growth [8]. Frizzled 7, a member of Frizzled 
family, is able to regulate the transmission of both 
canonical and non-canonical Wnt signaling pathways. 
Accumulating evidence shows that FZD7 is involved 

in the activation of canonical Wnt/β-catenin signaling 
in breast, colorectal and hepatocellular carcinoma 
(HCC) [9], and it increases RhoA activity in colon 
cancer, implying the participation in non-canonical 
Wnt/PCP signaling through RhoA [10]. Recent 
studies have reported that FZD7 expression is 
up-regulated in human primary gastric cancer tissues 
and even in side populations of gastric cancer cell 
lines [11, 12]. However, a mechanistic understanding 
of how FZD7 promotes gastric cancer development 
and progression is left unanswered by the previous 
studies. 

 Here we presented a more extensive analysis of 
FZD7 in GC and showed that FZD7 was 
overexpressed in clinical late-stage cases of GC, and 
thus was correlated with poor patient survival. RNA 
interference-mediated silencing of FZD7 decreased 
proliferation, invasion, EMT and the expression levels 
of CSC markers in gastric cancer cells. Meanwhile, we 
found that FZD7 mediated CSC self-renewal and EMT 
in gastric cancer via canonical Wnt signaling pathway.  

Methods  
Clinical samples and cell lines 

A total of 251 gastric cancer patients who 
underwent radical gastrectomy at the First Affiliated 
Hospital, Sun Yat-Sen University were enrolled in this 
study. After radical gastrectomy, most of patients 
received 8 cycles of adjuvant chemotherapy (FLOX: 
5-fluorouracil 500 mg/m2, Calcium Folinate 500 
mg/m2, Oxaliplatin 85mg/m2). The patients included 
169 males and 82 females, ranging in age from 19 to 87 
years (mean 56 years). All patients were followed up 
and the average follow-up time was 57.1 months. 
Histopathologic classification was based on World 
Health Organization and Japanese Gastric Cancer 
Association for gastric cancer criteria [13, 14]. Tumor 
staging was in accordance with the International 
Union Against Cancer (UICC) recommendation [15]. 
Clinical and pathological features of these 251 GC 
patients were summarized in Table S1. Samples used 
in this study were approved by the Committees for 
Ethical Review of Research involving human subjects 
at the First Affiliated Hospital, Sun Yat-Sen 
University. 

Gastric cancer cell lines were kindly provided by 
Professor Jie Chen from the Department of Gastroe-
nterology, the First Affiliated Hospital of Sun Yat-sen 
University. The cell lines were maintained in DMEM 
medium with 10% fetal bovine serum. 

Immunohistochemistry 
IHC staining was performed using the standard 

streptavidin–biotin–peroxidase complex method. 
Briefly, 3μm paraffin sections were dewaxed and 
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rehydrated using xylol and a descending alcohol 
series. Endogenous peroxidase activity was blocked 
with 3% hydrogen peroxide for 20 minutes. Slides 
were heated for antigen retrieval in a microwave oven 
for 10 minutes in 10mM citrate buffer, pH 6.0. Sections 
were incubated with polyclonal rabbit anti-Frizzled 7 
antibody (diluted 1:50, Abcam) at 4° overnight. 
Nonimmune rabbit sera were included as negative 
control. EnVision Plus System-HRP (DAKO, 
Denmark) was used according to manufacturer’s 
instruction, and followed by Mayer’s hematoxylin 
counterstaining.  

Evaluation of staining of tissue slides 
Immunostaining of FZD7 was evaluated by a 

semi-quantitative immunoreactivity scoring system 
(IRS)[12]. As described in the previous study, both the 
staining intensity and the percentage of positively 
stained tumor cells were taken into consideration. 
Immunostaining index of intensity was estimated as 0 
(no immunostaining), 1 (weak), 2 (moderate), and 
3(strong). The percentage of immunoreactive cells 
was scored as 0 (no immunoreactive cells), 1(<10%), 2 
(10% to 50%), 3 (51% to 80%), and 4 (>80%). Addition 
of intensity and percentage indexes resulted in an IRS 
ranging from 0 to 7 for each case. Cases with an IRS of 
1 or higher were categorized as positive, and those 
with an IRS less than 1 were categorized as negative. 
10 random fields at 100× magnification were 
examined and a minimum of 500 cells or more was 
counted. The sections were viewed and evaluated by 
two independent observers without prior knowledge 
of histopathology data. With discrepant results of the 
same slide, both observers reviewed again to obtain a 
consensus. 

RNA interference and transfection 
Small interfering RNAs (siRNAs) targeting FZD7 

and control siRNA were obtained from Genepharma 
(Shanghai, China). AGS and HGC27 cells were seeded 
to be 60% confluent per well in 6-well plates and 
transfected with 10μM siRNA using Lipofectamine 
RNA iMAX reagent (Invitrogen, CA, USA), according 
to the manufacturer’s protocol. After 48 hours, the 
subsequent experiments were performed. The siRNAs 
targeting FZD7 were as follows: FZD7-1,5′-CCAACG 
GCCUGAUGUACUUTT-3′;FZD7-2,5′-GCACCAUCC
UCUUCAUGGUTT-3′;FZD7-3,5′-CCGUCAAGACCA
UCACUAUTT-3′.  

RNA isolation and quantitative real-time PCR  
RNA was isolated from the cell lines using the 

RNA isolation reagent Trizol (Invitrogen, NY, USA). 
Single-stranded cDNA was generated from 1μg total 
RNA in a 20μL reaction volume with 1μL of the 

oligo(dT)12-18 primer (0.5μg/μL) and 1μL of 
200U/μL Revert Aid M-MuLV reverse transcriptase 
(Thermo Fisher, MA, USA) according to the 
manufacturer’s instructions. The real-time 
quantitative PCR reaction was performed with the 
SYBR green detection system (Takara, Japan). 
GAPDH served as an endogenous control. The 
relative expression levels were measured by qRT-PCR 
using CFX96™ Real-Time PCR Detection (Bio-Rad, 
CA, USA). Each of the experiments was performed in 
triplicate. The primer pairs for each target gene are 
listed in Table S2. 

Western blot analysis 
Total cellular and nuclear proteins were 

extracted from cultured cells. The protein content was 
measured using the BCA Protein Assay Kit (KeyGen 
Biotech, Nanjing, China). Quantified protein lysates 
were resolved on SDS–PAGE, transferred onto a 
polyvinylidene fluoride (PVDF) membrane (EMD 
Millipore, MA, USA), and then blocked with 5% 
non-fat milk for 1 hour at room temperature. The 
membranes were incubated with different optimally 
diluted primary antibodies at 4° overnight. After 
washing with PBS-T, the membrane was incubated for 
1 hour with horseradish peroxidase (HRP)-conjugated 
secondary antibody. The peroxidase activity was 
detected by the ECL (EMD Millipore, MA, USA) 
method. This assay was performed in triplicate. 
GAPDH was used as a housekeeping control. The 
information about antibodies was provided in Table 
S3. 

Cell proliferation and growth 
 Cell proliferation was measured by XTT assay 

(Dojindo, Japan). According to the manufacturer’s 
protocol, cells in logarithmic growth phase were 
plated in 96-well plates at the appropriate density. Six 
duplicate wells were set for each group with a 
negative control. 10μL of the XTT substrate was then 
added into each well, the plates were incubated at 37° 
for 3 hours, and the OD values were measured with 
microplate reader at a wavelength of 490 nm. XTT 
assays were performed once a day until day 5. The 
growth curve was constructed by plotting absorbance 
against time. For foci formation assay, 2×102 cells 
were plated in 3.5 cm culture plate in triplicates with 
DMEM medium containing 10% FBS. Surviving 
colonies (>50 cells per colony) were stained with 
0.05% crystal violet and counted after one week in 
culture.  

Cell migration and invasion 
 For wound healing assay, cells were seeded in 6 

well plates and cultured until confluent. Scratch 
wounds were made using a sterile 10-μL pipette tip to 
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create a straight cell-free line. Migration photos were 
captured at 0 and 48 hour after scratching. Transwell 
invasion assay was performed using polyethylene 
terephthalate-based migration chambers and BD 
BioCoat Matrigel Invasion Chambers (Becton 
Dickinson Labware, USA) according to the 
manufacturer's instructions. Cells in serum-free 
media were distributed into the inserts. Equal 
amounts of growth media were placed into the wells. 
After overnight culture, the chamber membrane was 
stained with 50% methanol blue/ethanol overnight. 

Flow cytometry 
To identify gastric CSCs, APC-labeled 

anti-human CD24 antibody (Miltenyi, Bergisch- 
Gladbach, Germany), PE-labeled anti-human CD133 
(Miltenyi, Bergisch-Gladbach, Germany) and APC/ 
Cy7- labeled anti-human CD44 (eBiosciences, CA, 
USA) were used. Background signals were 
established using control cells incubated with 
isotype-specific IgGs. Fluorescence intensity was 
analyzed using the Gallios Flow cytometer 
(FlowCount, Beckman Coulter, CA, USA) and the 
data were analyzed using KALUZA software (Ver. 
2.0.1).  

Spheroid formation assay 
AGS and HGC27 cells were seeded into 6-well 

poly HEMA-coated plates (Sigma-Aldrich, St Louis, 
MO) and cultured for 14 days in DMEM/F12 medium 
supplemented with 20ml/L B27 (Invitrogen Carlsbad, 
CA, USA), 20ng/mL EGF (Invitrogen Carlsbad, CA, 
USA) and 10 ng/mL b-FGF (Invitrogen Carlsbad, CA, 
USA). Cells were replenished with fresh medium 
every second day. The spheres in the suspension 
culture were observed under microscope. 

Immunofluorescence staining 
Slides were fixed in 4% formaldehyde in PBS for 

15 minutes, rinsed three times in PBS, and then 
permeabilized with 0.1% TritonX-100 in PBS for 20 
minutes. Slides were then blocked with 3% BSA in 
PBS for 1 hour at room temperature followed by 
incubation with the primary antibody at 4° overnight 
and the secondary antibody for 1 hour at room 
temperature. Slides were mounted with Vectashield 
mounting medium and images were taken with 
Olympus BX53 microscope. Goat anti-rabbit 
secondary antibodies conjugated to Alexa Fluor 594 
(A-11072) (Invitrogen Carlsbad, CA, USA) were 
purchased from Invitrogen. 

Statistical analysis 
All statistical analyses were conducted using 

commercially available software (SPSS version 18.0; 
SPSS, Inc, Chicago, IL). The significance of 

associations between FZD7 immunostaining patterns 
and clinicopathologic characteristics was tested using 
the Chi-square test or the Fisher exact test. Student's 
t-test was used to evaluate the data from cell growth, 
foci formation, wound healing, transwell, western 
blot and qPCR assays. Survival analysis was 
performed using Kaplan-Meier method for univariate 
analysis with a log-rank test for significance and Cox 
regression for multivariate analysis. The value of 
P<0.05 was considered statistically significant. 

Result 
The expression of FZD7 is up-regulated in 
gastric cancer and associated with advanced 
tumor stages and poor survival 

To investigate the FZD7 expression level in 
gastric cancer, we first analyzed FZD7 mRNA 
expression in human gastric cancer and normal 
gastric tissues by querying the ONCOMINE database. 
GSE27342 expression dataset from 80 gastric cancer 
and 80 normal gastric tissue specimens, GSE13861 
expression dataset from 31 gastric cancer and 19 
normal gastric tissue specimens and GSE19826 
expression dataset including 12 gastric cancer, 3 
gastric mucosa and 12 whole gastric tissue specimens 
were chosen in our study. These datasets indicated 
that FZD7 mRNA expression was significantly 
up-regulated in gastric cancers in comparison with 
normal gastric tissues (Figure 1A). To identify the 
protein expression of FZD7 in GC samples, FZD7 was 
detected by IHC in 251 primary GC specimens and 60 
non-neoplastic tissues. In 60 non-neoplastic tissues, 
FZD7 was expressed in cytoplasm and occasionally at 
cell membrane in epithelial cells. The negative 
staining was found in 20 cases, weak or moderate 
staining (IRS≤3) in 37 cases and strong staining 
(IRS>4) in only 3 cases. Since the levels of FZD7 
expression in most normal gastric tissues were 
negative or weak (Figure 1B), IRS≤3 was defined as 
normal expression level and IRS>4 was considered as 
over-expression in the present study. Using this 
criteria, over-expression of FZD7 was observed in 
100/251 (47.8%) of the gastric cancers, which was 
significantly higher than that in non-neoplastic tissues 
(P<0.0001, Figure 1C and 1D). The association of 
FZD7 over-expression with the clinicopathologic 
characteristics of the patient cohort was furtherly 
evaluated, which was summarized in Table 1. 
Over-expression of FZD7 was not associated with 
patient's age, sex and histologic type. Intriguingly, 
over-expression of FZD7 was significantly correlated 
with tumor invasion (P<0.0001), lymphatic metastasis 
(P<0.0001), distant organ metastasis (P<0.0001) and 
late TNM stages (P<0.0001). 
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Fig.1 The expression of FZD7 is up-regulated in gastric cancer and associated with invasion, metastasis, advanced tumor stages and poor 
survival (A) Analyses of GSE27342, GSE13861 and GSE19826 datasets in ONCOMINE database revealed significant increases of FZD7 mRNA expression in gastric 
cancer tissues versus normal tissues. (B) Representative of negative expression of FZD7 in normal gastric mucosa (Original magnification, ×200, scale bars:100μm). 
(C) Representative of over-expression of FZD7 in a GC specimen with staining index 6. Red arrows indicated positive staining for FZD7 in cytoplasm and membrane. 
(Original magnification, ×200, scale bars:100μm). (D) Box plot showed statistically significant FZD7 up-regulation in gastric tumor samples (n=251) compared to 
normal gastric tissues (n=60) (***indicates P<0.001). (E)(F) Kaplan–Meier analysis for the association of FZD7 expression with overall (E) and gastric cancer-specific 
survival (F) in 251 gastric cancers. 

 
The potential correlation between up-regulation 

of FZD7 and GC prognosis was also addressed in this 
study. The overall 5-year survival rate in these 251 GC 

patients was 51.5%, with a median survival time of 53 
months. In GC patients with high FZD7 expression, 
the overall 5-year survival rate (30.3%, with a median 
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of 23.5 months) was significantly lower than that in 
GC patients with down-expression of FZD7 (65.4%, 
with a median of 77 months, P<0.001). The 
Kaplan-Meier estimates of survival stratified by FZD7 
expression were shown in Figure 1E and 1F. Visual 
inspection of the Kaplan-Meier curves suggested that 
both overall and cancer-special survival times of 
patients with low expression of FZD7 were 
significantly longer than that of patients with FZD7 
over-expression (P<0.0001). Univariate Cox regression 
analysis showed that up-regulation of FZD7 and 
TNM stage were significantly associated with patient 
poor survival. Multivariate Cox regression indicated 
that TNM stage and up-regulation of FZD7 were 
independent prognostic factors in GC patients (Table 
2).  

 

Table 1. The association between FZD7 expression and 
clinicopathological features in 251 gastric cancers. 

Clinicopathological 
features 

Total case Over-expression of 
FZD7 

P 

No. of patients 251 100/251(39.8%)  
Age (mean 56 years)   0.571 
 ≤56 126 48/134(38.1%)  
 >56 125 52/129(41.6%)  
Sex   0.119 
 Female 82 27/82(32.9%)  
 Male 169 73/169(43.2%)  
Histological type1   0.295 
 WA 78 29/78(37.2%)  
 PA 131 58/131(44.3%)  
 MA 13 2/13(15.4%)  
 SRC 22 9/22(40.9%)  
 UC 7 2/7(28.6%)  
Tumor stage   <0.0001 
 pT1- pT2 48 7/48(14.6%)  
 pT3- pT4 203 93/203(45.8%)  
Lymph-node metastasis   <0.0001 
 pN0 123 25/123(20.3%)  
 pN+ 128 75/128(58.6%)  
Organ metastasis   <0.0001 
 M0 176 53/176(30.1%)  
 M1 75 47/75(62.7%)  
TNM Stage   <0.0001 
 Ⅰ 46 6/46(13.0%)  
 Ⅱ 75 20/75(26.7%)  
 Ⅲ 54 25/54(46.3%)  
 Ⅳ 76 49/76(64.5%)  
1Histological type: WA, well/moderately differentiated adenocarcinoma; PA, 
poorly differentiated adenocarcinoma; MA, mucinous adenocarcinoma; SRC, 
signet ring cell carcinoma; UC, undifferentiated 
 

Knockdown of FZD7 suppressed gastric cancer 
cell growth, migration and invasion 

To choose cell lines for studying the functional 
role of FZD7 in GC tumorigenesis, we examined the 
protein levels of FZD7 by western blotting in seven 
GC cell lines (NCI-N87, MKN28, SGC7901, AGS, 
MGC803, HGC27, BGC823) and one normal gastric 
epithelial cell line (GES-1). In these cell lines, the 
highly invasive human GC cell lines AGS, MGC803 

and HGC27, expressed high levels of FZD7 (Figure 
2A). Three different FZD7 siRNAs (FZD7-1, FZD7-2, 
and FZD7-3) were used to knockdown FZD7 in AGS 
and HGC27 cells and a non-targeted siRNA was used 
as negative control. We achieved approximately 80% 
knockdown in AGS and HGC27 cells detected by 
qPCR and western blotting (Figure S1). XTT assay 
showed that the cell growth rates in FZD7-repressing 
cells were significantly decreased more than 2 folds 
compared with the control cells after 5 days in culture 
(P<0.001, Figure 2B). In foci formation assay, the 
number and the size of the colonies formed from 
FZD7-scilencing cells were significantly reduced 
(P<0.001, Figure 2C). Wound healing assay indicated 
that ablation of FZD7 delayed primary wound closure 
(P<0.001, Figure 2D). Transwell assay showed that the 
migratory and invasive abilities were significantly 
decreased in FZD7-silencing cells compared with 
their corresponding control cells (P<0.01, Figure 2E). 
The results illustrated that FZD7 could promote 
tumor growth and invasion. 

Ablation of FZD7 decreased 
epithelial-mesenchymal transition (EMT) and 
MMP-7 expression 

EMT is one of the key processes in tumor 
invasion and metastasis. Accumulating evidence 
demonstrates that activation of Wnt signaling can 
drive a transcriptional program and promote EMT in 
cancers [16]. To determine the effect of FZD7 on EMT, 
the expression levels of EMT markers and 
EMT-related transcription factors were examined in 
FZD7-silencing and control cells. Western blot 
analysis showed that epithelial marker E-cadherin 
was increased, while mesenchymal markers 
N-cadherin, fibronectin and vimentin were decreased 
in FZD7-silencing cells compared with control cells 
(Figure 3A). In line with the western blot data, qPCR 
analysis indicated that the mRNA expression level of 
epithelial marker was up-regulated, but mesenchymal 
markers were down-regulated in FZD7-silencing cells 
(Figure 3B). Snail, one of EMT-related transcription 
factors, was simultaneously attenuated when FZD7 
was down-regulated. Matrix metalloproteases 
(MMPs) are proteolytic enzymes required for the 
pericellular degradation of basement membrane and 
interstitial extracellular matrix (ECM), and contribute 
to cancer invasion and growth. MMP-7 is one of the 
key MMPs responsible for EMT in gastric 
adenocarcinoma [17]. As expected, the expression 
level of MMP-7 was also decreased in FZD7-silencing 
cells compared with control cells (Figure 3A and 3B). 
Collectively, these data strongly suggested that FZD7 
might be a positive mediator of EMT in gastric cancer 
cells. 
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Fig.2 Knockdown of FZD7 suppressed gastric cancer cell growth, migration and invasion (A) Western blot analysis of expression of FZD7 in gastric 
cancer cell lines. Quantifications of endogenous FZD7 expression were shown in the right panel. Intensities of bands were analyzed by the Macintosh densitometry 
program Image J (NIH, Bethesda, MD). Values was reflected as the mean ±SD of three independent experiments. (B) XTT assay showed that ablation of endogenous 
FZD7 inhibited cell proliferation in AGS and HGC27. The results were expressed as the mean ±SD of three independent experiments. (*** indicates P<0.001 in 
independent Student’s t-test.) (C) Foci formation assay indicated that silencing of FZD7 inhibited cell colony formation. Quantitative analyses of foci numbers were 
shown in the right panel. Values was reflected as the mean ±SD of three independent experiments. (***indicates P<0.001 in independent Student’s t-test.) (D) Wound 
healing assay showed that FZD7 depletion inhibited cell migration (Scale bars:100μm). Representative images were taken at 0h and 48h after scratching. (E) Transwell 
assay indicated that FZD7 ablation repressed cell invasion (Scale bars:100μm). Values were reflected as the mean ±SD of three independent experiments. 
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Fig.3 Ablation of FZD7 decreased epithelial-mesenchymal transition (EMT) and MMP7 expression (A) Western blot analysis showed that ablation of 
endogenous FZD7 caused an increase of E-cadherin expression and decreases of mesenchymal cell marker expression (vimentin, fibronectin and N-cadherin), snail 
and MMP7 in FZD7-silencing cells compared with their respective control cells. GAPDH was used as a loading control. (B) Quantitative real-time PCR analysis 
showed that silencing of FZD7 up-regulated mRNA expression of E-cadherin and inhibited mRNA expression of N-cadherin, vimentin, fibronectin, snail and MMP7. 
(***indicates P<0.001, independent Student’s t-test). 

 

Down-regulation of FZD7 suppressed stem 
cell-like properties of gastric cancer cells 

Wnt pathway controls the activity of stem cells 
during embryonic development, adult homeostasis, 
and tissue regeneration. Particularly, FZD7-depend-
ent enhancement of Wnt signaling facilitated tumor 
initiating activity of the basal subtype of breast cancer 
[18]. We supposed that FZD7 might have an effect on 
stemness of gastric cancer cells. Firstly, we used 
serum free suspension spheroid culture to enrich the 
potential cancer stem cell (CSC) subpopulations. 
Spheres were generated from a minority of floating 
cells after 14-day suspension culture (Figure 4A). We 
subsequently assessed the expression levels of 
stemness-associated genes through qPCR in spheroid 
cells from gastric cancer cell lines AGS and HGC27 
and adherent parental cells. The results showed that 
stemness genes (Nanog and Oct-4), multiple 
drug-resistant transporter gene (ABCG2) and surface 
antigens associated with cancer stem cells (CD24, 

CD44 and CD133) were up-regulated in spheroid cells 
(Figure 4B). Flow cytometry analysis showed that the 
populations of CD44+/CD24+ and CD44+/CD133+ 
cells were enriched and the mean fluorescence 
intensities of the CSC surface markers were higher in 
spheroid cells (Figure 4C and 4D). CD44+/CD24+ 
expression was found in 48.71% of AGS spheroid 
cells, and 12.84% of adherent parental cells(P<0.05). 
The CD44+/CD133+ cells accounted for 63.37% in 
AGS spheroid cells and only 0.02% in adherent 
cells(P<0.001). The percentage of CD44+/CD24+ cells 
was 85.93% in spheres from HGC27 cell line and 
16.91% in adherent cells(P<0.001). The population of 
CD44+/CD133+ cells was around 85.16% and 0.89% 
in HGC27 spheroid cells and adherent cells respect-
tively(P<0.001). Next, we investigated expression of 
FZD7 in spheroid and adherent cells through qPCR 
and western blot. The results showed that expression 
of FZD7 was significantly increased in spheres 
compared with adherent cells (Figure 4E and 4F).  
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Fig.4 The endogenous expression of FZD7 was significantly increased in cancer stem cell-enriched spheres (A) Spheroid cells were derived from 
gastric cancer cell lines AGS and HGC27 by serum free culture(SFM) on ultra-low attachment plates. Images were taken at the indicated time points (Scale bars: 
20μm). (B) Quantitative real-time PCR analysis showed elevated expressions of stemness genes (Nanog and Oct-4), surface antigens associated with cancer stem 
cells (CD24, CD44 and CD133) and multiple drug-resistant transporter gene (ABCG2) in spheroid cells. (**indicates P<0.01; ***indicates P<0.001, independent 
Student’s t-test). (C)(D) Flow cytometry analysis showed that the populations of CD44+/CD24+ and CD44+/CD133+ cells were enriched and the mean 
fluorescence intensities of the markers were higher in spheroid cells (P<0.001). X axis, CD24 intensity or CD133 intensity; Y axis, CD44 intensity; P1: CD44 positive 
and CD24 negative; P2: CD44 positive and CD24 positive; P3: CD44 negative and CD24 negative; P4: CD44 negative and CD24 positive; Q1: CD44 positive and 
CD133 negative; Q2: CD44 positive and CD133 positive; Q3: CD44 negative and CD133 negative; Q4: CD44 negative and CD133 positive. (E)(F) Western blot 
analysis and quantitative real-time PCR analysis showed that the endogenous expression FZD7 was significantly increased in spheroid cells (**indicates P<0.01; 
***indicates P<0.001, independent Student’s t-test). 
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Fig.5 Downregulation of FZD7 expression attenuated stemness of gastric cancer cells. (A) Quantitative real-time PCR analysis showed that the 
expressions of Nanog, Oct-4, CD24, CD44, CD133 and ABCG2 were down-regulated in FZD7-silencing cells compared with their control cells (*indicates P<0.05; 
**indicates P<0.01; ***indicates P<0.001, independent Student’s t-test). (B)(C) Flow cytometry analysis showed that FZD7-silencing cells exhibited lower levels of 
expression of CD24, CD44 and CD133 and lower mean fluorescence intensities compared with their control cells (P<0.05). X axis, CD24 intensity or CD133 
intensity; Y axis, CD44 intensity; P1: CD44 positive and CD24 negative; P2: CD44 positive and CD24 positive; P3: CD44 negative and CD24 negative; P4: CD44 
negative and CD24 positive; Q1: CD44 positive and CD133 negative; Q2: CD44 positive and CD133 positive; Q3: CD44 negative and CD133 negative; Q4: CD44 
negative and CD133 positive. 

 
Furthermore, we knocked down FZD7 in AGS 

and HGC27 cells by siRNAs and evaluated the 
expression levels of stemness-associated genes 
through qPCR. The results showed that depletion of 
FZD7 down-regulated expression of stemness genes 
(Nanog and Oct-4), surface antigens associated with 
cancer stem cells (CD24, CD44 and CD133) and 
multiple drug-resistant transporter gene (ABCG2) 
(Figure 5A). Flow cytometry analysis showed that 
FZD7-silencing cells exhibited lower levels of CD24, 
CD44 and CD133 expressions compared with control 
cells. In AGS cells, the percentage of cells with 
CD44+/CD24+ markers accounted for 3.41% in 
FZD7-silencing cells and 12.92% in control cells 
(P<0.05). In HGC27 cells, the percentages of CD44+/ 
CD24+ cells were decreased from 15.81% in control 
cells to 2.91% in FZD7-silencing cells (P<0.05). 

Although the population of CD44+/CD133+ positive 
cells was reduced slightly, lower mean fluorescence 
intensities of CD44, CD24 and CD133 were found in 
FZD7 deprived cells (P<0.05, Figure 5B and 5C). These 
results suggested that FZD7 may regulate gastric 
cancer stem cell function. 

Knockdown of FZD7 inhibited Wnt/β-catenin 
signaling pathway in gastric cancer cells 

FZD7 is known as the ligand receptor in 
Wnt/β-catenin signaling pathway. We presumed that 
FZD7 may promote EMT and CSC activity through 
canonical Wnt/β-catenin pathway. To explore the 
hypothesis, the cellular levels of β-catenin and 
canonical Wnt pathway target genes c-Myc and 
Cyclin D1 were detected. We observed that the 
accumulations of β-catenin in both nucleus and 
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cytoplasm were strongly attenuated in FZD7-silenc-
ing cells compared with control cells by immuno-
fluorescence staining (Figure 6A and 6B). By western 
blot analysis, β-catenin in nucleus was significantly 
reduced when FZD7 was knocked down. Consistent 
with the cellular decrease of β-catenin in 

FZD7-silencing cells, the expressions of canonical Wnt 
pathway target genes c-Myc and Cyclin D1 were 
diminished by FZD7 inhibition (Figure 6C). These 
results revealed that FZD7 could induce gastric cancer 
cell invasion and metastasis via canonical Wnt 
signaling. 

 
 

 
Fig.6 Knockdown of FZD7 inhibited Wnt/β-catenin signaling pathway in gastric cancer cells. (A) Immunofluorescence assay showed that silencing of 
FZD7 decreased the accumulation of β-catenin in both nucleus and cytoplasm compared with their control cells. White arrows indicated β-catenin accumulation in 
nucleus. (scale bars:10μm). (B) Quantifications of β-catenin accumulation in nucleus and cytoplasm. (***indicates P<0.001, independent Student’s t-test). (C) 
Western blot analysis showed that FZD7 depletion suppressed the expression of the canonical Wnt pathway target genes c-Myc and Cyclin D1 and decreased 
β-catenin expression. GAPDH was used as a loading control. 
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Table 2. Association of various factors with overall survival determined by COX regression. 

Variable Univariate COX analysis Multivariate COX analysis 
 HR 95%CI P HR 95%CI P 
Sex (male vs. female) 0.824 0.569-1.193 0.305 0.957 0.648-1.412 0.824 
Age (≤56 vs. >56) 0.985 0.701-1.384 0.931 1.021 0.717-1.455 0.907 
Histology type 1.023 0.870-1.204 0.782 1.011 0.848-1.205 0.905 
TNM stage (Ⅰ-Ⅱvs.Ⅲ-Ⅳ) 4.183 2.954-5.925 <0.0001 3.455 2.376-5.025 <0.0001 
FZD7 expression (low expression vs. high expression) 2.489 1.767-3.507 <0.0001 1.681 1.153-2.450 0.007 

 

Discussion  
 In the past decades, intense research has 

demonstrated an essential role of Wnt/FZD7 
signaling in regulating cell differentiation, prolifera-
tion and tissue homeostasis. Many cancers also 
display up-regulation of FZD7 which is associated 
with cancer cell proliferation and invasiveness, 
suggesting that FZD7 transmitting Wnt signaling is 
important for driving cancer growth. FZD7 mRNA 
expression has been found to be higher in late stage 
colorectal cancers and patients with higher FZD7 
expression have unfavorable overall survival. 
Furthermore, knockdown of FZD7 expression 
dramatically attenuates invasion and metastatic 
capabilities of colon cancer cells [10]. Over-expression 
of FZD7 in AGS and BGC823 gastric cancer cells also 
increases cell proliferation [19]. Additionally, 
knockdown of FZD7 expression in triple negative 
breast cancer cells results in reduced cell proliferation 
and colony formation in vitro, and decreases tumor 
growth in NOD-SCID IL2rg female null mice [20]. In 
this study, we found that FZD7 was highly expressed 
in gastric cancers. FZD7 over-expression was 
associated with cancer metastasis, advanced clinical 
stages and poor patient prognosis. Down-regulation 
of FZD7 in gastric cancer cell lines caused impaired 
cell growth and invasion. These results are in line 
with the previous findings suggesting that FZD7 
facilitates cancer development and progression. 

EMT enables tumor cells to obtain migratory 
capacity, infiltrate surrounding tissue and metastasize 
to distant sites. Wnt signaling has been reported to 
promote EMT through up-regulating the transcription 
factors slug and twist [21]. Likewise, Frizzleds are 
known as critical factors for EMT processes. 
Wnt5a/FZD2-mediated noncanonical signaling driv-
es EMT in liver, lung, colon, and breast cancer cell 
lines [22]. FZD4 ablation induces active β1-integrin 
and E-cadherin expression, supporting that FZD4 
regulates EMT and cell adhesion in prostate cancer 
cells [23]. As such, recent investigations show that 
down-regulation of FZD7 expression significantly 
inhibits cell invasion and migration, accompanied 
with decreased vimentin and snail, and increased 
E-cadherin in cervical and ovarian cancers [24, 25]. 
Wnt3/FZD7 signaling is up-regulated in hepatocell-

ular carcinoma (HCC) and leads to a diminution of 
E-cadherin expression and an enhancement of K19 
[26, 27]. Over-expression of FZD7 could promote cell 
mobility, metastasis and EMT in esophageal cancer 
[28]. Our present study demonstrated that knock-
down of FZD7 caused an increase of E-cadherin 
expression along with decreases of N-cadherin, 
fibronectin, vimentin, snail and MMP7. MMP7 is one 
of the most important downstream target genes of 
β-catenin, which disrupts E-cadherin/β-catenin 
complex to up-regulate EMT transcription factors in 
prostate cancer [29, 30]. MMP7 expression is up- 
regulated in H. pylori-infected gastric cancer cells and 
associated with EMT by cleavage of E-cadherin which 
leads to cancer cell migration and metastases [31]. Our 
work provided evidences that FZD7 could induce 
EMT and promote metastases in gastric cancer cells. 

Among Frizzleds, Fzd7 is a predominant 
receptor to transmit Wnt signaling in regulation of 
human stem cell activity. Conditional deletion of 
FZD7 in adult intestinal epithelia results in stem cell 
loss and organoid death. Meanwhile, conditional 
deletion of FZD7 specifically in the Lgr5+ intestinal 
stem cells at crypts leads to impairment of the 
epithelium regeneration in transgenic mice [32]. FZD7 
is significantly elevated in human embryonic stem 
cells and could be a novel embryonic stem cell-specific 
surface antigen due to its involvement in embryonic 
stem cell self-renewal and pluripotent state 
maintenance [33]. Cancer stem cells are a small 
subpopulation of cells with capabilities of self-renew-
al and tumorigenicity, and have key roles in treatment 
resistance, recurrence, and metastasis. Recently 
regulatory mechanisms that FZD7-dependent 
enhancement of Wnt signaling promotes normal 
mammary stem cell (MaSC) activity have been 
validated in breast cancer, implying that stem cells in 
normal and malignant tissues may share common 
molecular bases [18]. Moreover, FZD7 is found to be a 
potential biomarker of the stem/progenitor cells of 
Wilm's tumor [12, 34]. We showed here that FZD7 
was up-regulated in sphere-forming cells and 
knockdown of FZD7 in gastric cancer cells reduced 
the expressions of Nanog, Oct-4, ABCG2, CD24, CD44 
and CD133. FZD7 down-regulation dramatically 
inhibited gastric cancer cell proliferation and growth. 
Taken together, our and other studies suggest that 
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FZD7 might perform as a molecular driver for cancer 
stem cell activity. 

FZD7 is involved in both canonical and 
non-canonical Wnt signaling activation. The canonical 
Wnt/β-catenin pathway is triggered by a Wnt ligand 
binding to a FZD receptor, a Wnt co-receptor and low 
density lipoprotein receptor-related protein 5 (LRP5) 
or LRP6. When the Wnt co-receptor is Ror2, the 
non-canonical Wnt pathway is activated. The 
noncanonical Wnt signaling has two branches that 
include the Wnt/PCP and the Wnt/Ca2+ pathways [9]. 
FZD7-dependent canonical Wnt signaling promotes 
breast cancer stem cell activity [18]. Wnt3/FZD7 
signaling activates canonical Wnt/β-catenin pathway 
and promotes EMT in non-transformed hepatic cells 
[27]. On the other hand, FZD7 activates JNK through 
non-canonical signaling to accelerate melanoma 
metastasis [35]. Activation of non-canonical Wnt/PCP 
pathway by FZD7 has been reported to promote 
ovarian cancer aggressiveness [25]. In this study, we 
observed a decrease of β-catenin in FZD7-silencing 
cells followed by down-regulation of the canonical 
Wnt pathway target genes c-Myc and Cyclin D1. Our 
findings indicated that FZD7 could mediate cancer 
stem cell self-renewal and EMT in gastric cancer via 
canonical Wnt signaling pathway. These results 
implied that the Wnt canonical pathway may 
contribute to tumorigenesis and metastasis, 
suggesting that FZD7 could be a potential therapeutic 
target for gastric cancer in the future. 
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