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Abstract
Background  Gastric cancer (GC) is one of the most common cancers worldwide. Tumor microenvironment plays an 
important role in tumor progression. This study aims to explore the role of cancer-associated fibroblasts (CAFs) in GC 
and the underlying mechanism.

Methods  Cell viability, proliferation, invasion and migration were assessed by MTT, EdU, transwell and wound 
healing assays, respectively. Sphere formation assay was used to evaluate cell stemness. Glucose consumption, lactate 
production and ATP consumption were measured to assess glycolysis. In addition, The RNA and protein expression 
were detected by qRT-PCR and western blot. The interaction between wingless Type MMTV Integration Site Family, 
Member 5 A (WNT5A) and hexokinase 2 (HK2) was verified by Co-immunoprecipitation. The xenograft model was 
established to explore the function of CAFs on GC tumor growth in vivo.

Results  CAFs promoted the proliferation, metastasis, stemness and glycolysis of GC cells. WNT5A was upregulated in 
CAFs, and CAFs enhanced WNT5A expression in GC cells. Knockdown of WNT5A in either GC cells or CAFs repressed 
the progression of GC cells. In addition, WNT5A promoted HK2 expression, and overexpression of HK2 reversed the 
effect of WNT5A knockdown in CAFs on GC cells. Besides, knockdown of WNT5A in CAFs inhibits tumor growth in 
vivo.

Conclusion  CAF-derived WNT5A facilitates the progression of GC via regulating HK2 expression.
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Introduction
Gastric cancer (GC), one of the most diagnosed malig-
nancies, has long been a serious threat to public health. 
In recent years, the incidence of GC has decreased, but 
the incidence of GC is still high in elder population with 
the development of aging population [1]. Moreover, most 
GC patients are diagnosed at an advanced stage due to 
no obvious symptoms in the early stage, which result in a 
poor prognosis and a worse overall survival [2]. It will be 
benefited to explore the mechanism of GC tumorigenesis 
and progression for the improvement of diagnosis and 
treatment strategies for GC.

Tumor microenvironment (TME) is closely related to 
tumor development, and it can affect cancer cell activi-
ties, such as proliferation, migration and metabolism 
[3]. Cancer-associated fibroblasts (CAFs) are a vital ele-
ment of TME. CAFs produce extracellular matrix (ECM) 
proteins and secrete growth factors, thereby contribut-
ing to cancer cell proliferation, angiogenesis, therapy 
resistance, and immune escape [4]. Hence, targeting 
CAFs has the potential to become a new cancer treat-
ment strategy. The interaction of CAFs and cancer cells 
has been expounded in previous reports [4–6], and this 
interaction is accomplished through a variety of signal-
ing pathways [7]. For example, CAFs regulate ROS and 
TGF-β signaling pathways to affect metabolism in lung 
cancer [8]. CAFs facilitate pancreatic cancer develop-
ment and gemcitabine resistance by regulating SDF-1 
mediated SATB-1 expression [9]. Besides, CAF-derived 
IGFBP7 enhances M2 macrophage polarization in GC via 
the FGF2/FGFR1/PI3K/AKT pathway [10]. However, it 
remains largely unclear about the mechanism of CAFs in 
GC progression.

It has been widely known that the Wnt signaling exerts 
an essential function in homeostasis and disease develop-
ment, especially in cancers [11]. Wingless Type MMTV 
Integration Site Family, Member 5  A (WNT5A) is a 
ligand of the Wnt pathway and involved in various cell 
activities, including proliferation, migration, invasion, 
stemness, differentiation and polarity [12]. It has been 
verified that WNT5A is upregulated in multiple cancers 
and associated with poor prognosis. For instance, upreg-
ulated WNT5A accelerated cell metastasis in esopha-
geal squamous cell carcinoma [13]. In addition, WNT5A 
also has impact on TME. A previous study revealed that 
WNT5A elevated GC progression through promoting 
IL-10 secretion and macrophage M2 polarization [14]. 
Study has clarified that WNT5A is highly expressed in 
CAFs in colorectal cancer and promotes the progression 
of colorectal cancer [15]. In GC, the highly expression 
of WNT5A in CAFs is also proved [16], while the role 
and mechanism of CAF-derived WNT5A remain to be 
explored.

Here, we verified the expression of WNT5A in GC and 
CAFs, and aimed to investigate the function and under-
lying mechanism of WNT5A as well as CAF-derived 
WNT5A in GC progression, which might provide new 
sight for the therapy for GC.

Methods
Patients and specimens
This project was authorized by the Ethics Committee of 
Affiliated Hospital of Zunyi Medical University. Twenty-
nine pairs of tumor tissues and the adjacent normal tis-
sues were obtained from GC patients during the surgery 
and then stored at -80℃. All GC patients enrolled in this 
study did not receive other treatments before surgery and 
signed the informed consents.

Cell culture
Normal stomach mucosa epithelium cell line GES-1 
and human GC cell lines MKN74, NCI-N87, AGS and 
HGC-27 cells were purchased from the Cell Bank of the 
Chinese Academy of Sciences (Shanghai, China) and cul-
tured in F12K medium (only for AGS cells) or RPMI 1640 
medium (Invitrogen, Carlsbad, CA, USA) with 10% fetal 
bovine serum (FBS, Invitrogen) and 1% penicillin/strep-
tomycin (Gibco, Rockville, MD, USA) at 37℃ with 5% 
CO2.

CAFs from GC tissues or normal fibroblasts (NFs) 
from adjacent normal tissues were isolated as previously 
described [17]. Fibroblasts were cultured in DMEM with 
10% FBS. For co-culture, fibroblasts (3–5 passages) were 
cultured for 48 h, and the cell medium excluding cells of 
was collected as conditional medium (CM). The GC cells 
were cultured with NF-CM or CAF-CM for 48 h for sub-
sequent experiments.

3-(4,5-dimethyl-2-thiazolyl)-2,5-diphenyl-2-H-tetrazolium 
bromide (MTT) assay
Cell viability was detected by a MTT cell proliferation Kit 
(Biorigin, Beijing, China). In brief, cells in 96-well plates 
were added with 10 µL/well of MTT solution (5 mg/mL). 
Four hours later, 150 µL Formazan solubilizing buffer was 
added into each well. After dissolution of the crystal by 
oscillation, a microplate reader (Thermo Fisher Scien-
tific, Waltham, MA, USA) was used for the absorbance 
at 490 nm.

5-ethynyl-2’-deoxyuridine (EdU) assay
Cell proliferation was assessed via an EdU kit (Beyotime, 
Shanghai, China). Cells were seeded into 6-well plates 
and incubated with EdU for 2  h. Then 4% paraformal-
dehyde and DAPI were used for fixation and dyeing in 
sequence. Finally, EDU-positive cells were photographed 
with a fluorescent microscope (Leica, Wetzlar, Germany).
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Transwell assay
Cell invasion was tested with the transwell chambers 
pre-coated with matrigel (Corning, New York, Madison, 
USA). The upper chambers were added with GC cells 
along with serum-free medium, and 700 µL medium con-
taining 10% FBS was injected into the bottom chambers. 
Invaded cells were fixed using paraformaldehyde (Solar-
bio, Beijing, China) and dyed using 0.1% crystal violet 
(Solarbio) after cultured for 24 h. A microscope (Olym-
pus, Tokyo, Japan) was used to observe the stained cells.

Wound healing assay
Cell migration was measured by wound healing assay. 
The cells were seed into 6-well plates, and scratched with 
a 10 ul pipette tip to form wound when cells reached to 
100% confluence. The cells were photographed at 0 h and 
36 h.

Sphere formation assay
Cell stemness was measured with sphere formation assay. 
Cells with serum free medium containing 2% B27 (Sigma, 
Louis, MO, USA), 20 ng/ml of epidermal growth factor 
(EGF, Sigma), and 20 ng/ml of basic fibroblast growth 
factor (bFGF, Sigma) were seeded into a low-attachment 
culturing 6-well plate (Corning, New York, NY, USA). At 
14 days later, the spheres were formed and photographed 
under light microscope (Olympus).

Cell glycolysis
Cell glycolysis was assessed by measuring glucose con-
sumption, lactate production and ATP/ADP ratio using 
the glucose assay kit, lactate assay kit and ATP assay kit 
(Jiancheng Bioengineering Institute, Nanjing, China) 
according to their manufacturer’s protocols, respectively.

Bioinformatics analysis
The differentially expressed genes in CAFs in GC were 
identified through the GEO database (GSE194261; 
ht tp s : / /w w w.ncb i .n lm.n ih .gov/ge o/quer y/acc .
cgi?acc=GSE19426).

Quantitative real-time PCR (qRT-PCR)
Total RNA was prepared by TRIzol reagent (Invitrogen), 
and then reversely transcription was conducted to gen-
erate cDNA using PrimeScript RT Reagent Kit (TaKaRa, 

Beijing, China). QPCR was performed using SYBR Green 
(TaKaRa) and the specific primers (Table 1). The expres-
sion of RNAs was calculated using the 2−ΔΔCt method 
with β-actin as reference gene.

Western blot
The protein was extracted following the instructions of 
the protein extraction kit (Beyotime). After quantified 
by a BCA Kit (Beyotime), the proteins were separated by 
SDS-PAGE and then transferred to PVDF membranes 
(Beyotime). The membranes were incubated with the 
primary antibodies including anti-WNT5A (1:2000; 
ab235966; abcam, Cambridge, MA, USA), anti-HK2 
(1:1000; ab209847; Abcam) and anti-β-actin (1:5000; 
ab179467; Abcam) followed by the second antibody 
(1:5000; ab205718; Abcam). The blots were developed via 
enhanced chemiluminescence reagent (Beyotime) and 
analyzed using Image J software.

Cell transfection
Small interference RNAs targeting WNT5A (si-
WNT5A), HK2 overexpression vector and their controls 
si-NC and pcDNA were obtained from RiboBio (Guang-
zhou, China). SiRNA or plasmid was transfected into GC 
cells or CAFs using Lipofectamine 3000 (Invitrogen).

Co-immunoprecipitation (Co-IP)
The binding between WNT5A and HK2 was verified by 
Co-IP. The cells were lysed and the lysates were collected. 
The lysates were incubated with agarose coupled anti-
WNT5A, anti-HK2 or anti-IgG. Finally, the complex was 
eluted and the levels of proteins were detected by west-
ern blot.

Xenograft model
The animal experiment obeyed the requirements of the 
Animal Care and Use Committee of Affiliated Hospital of 
Zunyi Medical University. Short hairpin RNA of WNT5A 
(sh-WNT5A) or the control (sh-NC) was transfected into 
CAFs. AGS cells or AGS along with CAFs containing 
sh-WNT5A or sh-NC were severally injected into mice 
(each group, n = 6). After 7 days, the tumor volume was 
detected every 3 days by measuring maximum (L) and 
minimum (W) lengths of the tumor and calculating using 
the formula: 1/2×W2×L. At 19 days after injection, the 
mice were euthanized and tumor tissues were weighed.

Immunohistochemistry (IHC) assay
Paraffin sections were dewaxed and hydrated, and then 
antigen repaired by microwave, followed by serum 
blocking. And then the section were hatched with 
anti-WNT5A (1:200; ab235966; abcam), anti-HK2 
(1:500; ab209847; Abcam), anti-Ki67 (1:1,000, ab15580, 
Abcam) or anti-MMP9 (1:1000; ab76003; Abcam), and 

Table 1  Primers sequences used for PCR.
Name Primers for PCR (5’-3’)
WNT5A Forward ​C​C​T​C​C​A​T​T​C​C​T​G​G​G​C​G​C​A​T

Reverse ​G​G​A​C​T​T​C​T​T​C​A​T​G​G​C​G​A​G​G​G
HK2 Forward ​G​T​G​A​A​T​C​G​G​A​G​A​G​G​T​C​C​C​A​C

Reverse ​C​A​A​G​C​A​G​A​T​G​C​G​A​G​G​C​A​A​T​C
β-actin Forward ​T​G​G​A​T​C​A​G​C​A​A​G​C​A​G​G​A​G​T​A

Reverse ​T​C​G​G​C​C​A​C​A​T​T​G​T​G​A​A​C​T​T​T

https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE19426
https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE19426
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subsequently incubated with secondary antibody. All 
sections were photographed under a light microscope 
(Olympus).

Statistical analysis
All statistical data were analyzed with GraphPad Prism 
9.0 and exhibited as mean ± standard deviation. The dif-
ference was compared using the Student’s t-test or analy-
sis of variance. P < 0.05 meant significant difference.

Results
CAFs promoted the proliferation, metastasis, stemness and 
glycolysis of GC cells
Firstly, we investigated the effect of CAFs in GC cells. The 
result of MTT assay showed that cell viability of AGS and 
HGC-27 cells was enhanced after incubation with the 

medium of CAFs (Fig.  1A). Similarly, EdU assay proved 
that CAF-CM significantly facilitated GC cell prolif-
eration (Fig.  1B). Cell invasion and migration were also 
promoted by CAF-CF as proved by transwell and wound 
healing assays (Fig. 1C-E). In addition, cell stemness was 
detected by sphere formation assay, which revealed that 
CAF-CM induced cell stemness of AGS and HGC-27 
cells (Fig. 1F and G). Cell glycolysis was also tested, and 
the elevated levels of glucose consumption, lactate pro-
duction and ATP/ADP ratio in CAF-CM group indicated 
that glycolysis in GC cells was expedited by CAF-CM 
incubation (Fig. 1H-J). Overall, these data demonstrated 
that CAFs contributed to the progression of GC cells.

Fig. 1  CAFs facilitated the proliferation, metastasis, stemness and glycolysis of GC cells. AGS and HGC-27 cells were incubated with the medium of NFs 
or CAFs, and untreated cells served as control. (A) The cell viability was measured by MTT assay. (B) Cell proliferation was assessed by EdU assay. (C) Cell 
invasion was detected by transwell assay. (D and E) Cell migration was detected by wound healing assay. (F and G) Cell stemness was assessed by sphere 
formation assay. (H-J) Glucose consumption, lactate production and ATP consumption were measured to assess glycolysis. *P < 0.05
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CAFs induced the expression of WNT5A in GC cells
According the data of the GEO database (GSE194261), 
a few differentially expressed genes were found in CAFs 
in GC compared with NFs (Fig.  2A). Subsequently, the 
expression of these genes was detected in AGS cells 

with NF-CM or CAF-CM. The data manifested that 
these genes were all upregulated by CAF-CM, among 
them, WNT5A was the most significantly upregulated 
gene (Fig. 2B). Therefore, WNT5A was selected for fur-
ther study. The elevated expression level of WNT5A 

Fig. 2  CAFs enhanced WNT5A expression in GC cells. (A) The expression of differentially expressed genes in CAFs in GC compared with NFs from GEO 
database. (B) The expression of differentially expressed genes was detected in AGS and HGC-27 cells incubated with the medium of NFs or CAFs by 
qRT-PCR. (C-E) The expression of WNT5A in GC tissues was showed from the data of TCGA, GEPIA and ENCORI databases, respectively. num(T), number 
of tumor tissues; num(N), number of normal tissues. (F) The protein expression of WNT5A was detected by western blot in the medium of NFs or CAFs. 
(G) The protein expression of WNT5A was detected by western blot in AGS and HGC-27 cells incubated with the medium of NFs or CAFs, untreated cells 
served as control. (H) The expression of WNT5A in normal and GC tissues was detected by qRT-PCR. (I) The protein expression of WNT5A in normal and GC 
tissues was detected by western blot. (J) The expression of WNT5A in GES-1 and GC cell was detected by western blot. *P < 0.05
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in GC tumors was also displayed in TCGA, GEPIA and 
ENCORI databases (Fig.  2C-E). Western blot result 
showed that WNT5A can be detected in both NF-CM 
and CAF-CM, and the WNT5A level was higher in CAF-
CM than that in NF-CM (Fig.  2F). Besides, WNT5A 
protein expression was markedly higher in AGS and 
HGC-27 cells with CAF-CM than that in AGS and HGC-
27 cells with control medium or NF-CM (Fig. 2G). How-
ever, CAF-CM treatment didn’t change the WNT5A level 
in GES-1 cells (Fig. S1). Moreover, qRT-PCR and western 
blot proved that WNT5A was upregulated in GC tissues 
and cells compared with normal tissues and GES-1 cells, 
respectively (Fig.  2H-J). These results manifested that 
WNT5A was upregulated in GC, and CAFs facilitated 
WNT5A expression in GC cells.

Knockdown of WNT5A in GC cells suppressed the 
progression of GC cells
To explore the role of WNT5A in GC cells, WNT5A was 
silenced in AGS and HGC-27 cells by transfection with si-
WNT5A. Western blot result showed WNT5A expressed 

was reduced by si-WNT5A in GC cells (Fig.  3A). MTT 
and EdU assays proved that the cell viability and prolif-
eration were inhibited by WNT5A knockdown (Fig.  3B 
and D). As expected, knockdown of WNT5A repressed 
GC cell invasion and migration (Fig. 3E and F, Fig. S2A 
and B). Sphere formation efficiency was also decreased in 
GC cells transfected with si-WNT5A, suggesting that cell 
stemness was impeded by WNT5A knockdown (Fig. 3G, 
Fig. S2C). Besides, silencing WNT5A repressed GC cell 
glycolysis as evidenced by the decreased glucose con-
sumption, lactate production levels and ATP/ADP ratio 
in si-WNT5A group (Fig. 3H-J). These results elucidated 
that silencing WNT5A in GC cells inhibited the progres-
sion of GC cells.

Knockdown of WNT5A in CAFs inhibited the progression of 
GC cells
To investigate the effect of CAF-derived WNT5A on GC 
cells, si-WNT5A was transfected into CAFs, and AGS 
and HGC-27 cells were incubated with the medium of 
CAFs. WNT5A protein level was reduced in CAFs with 

Fig. 3  Knockdown of WNT5A in GC cells inhibited the progression of GC cells. AGS and HGC-27 cells were transfected with si-NC or si-WNT5A. (A) The 
expression of WNT5A was detected by western blot. (B) The cell viability was measured by MTT assay. (C and D) Cell proliferation was assessed by EdU 
assay. (E) Cell invasion was detected by transwell assay. (F) Cell migration was detected by wound healing assay. (G) Cell stemness was assessed by sphere 
formation assay. (H-J) Glucose consumption, lactate production and ATP consumption were measured to assess glycolysis. *P < 0.05
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si-WNT5A and GC cells treated with si-WNT5A-CAFs 
(Fig. 4A and B). Knockdown of WNT5A in CAFs restrain 
cell viability and proliferation of GC cells (Fig.  4C-E). 
Meanwhile, invasion and migration of GC cells were sup-
pressed when WNT5A was silenced in CAFs (Fig. 4F and 
G, Fig. S3A and B). GC cell stemness was evidently inhib-
ited by WNT5A knockdown in CAFs (Fig. 4H, Fig. S3C). 
Also, WNT5A silenced CAFs retarded glycolysis of GC 
cells (Fig. 4I-K). These data indicated that knockdown of 
WNT5A in CAFs repressed GC progression.

WNT5A positively regulated HK2 expression
Further, we explored the molecular mechanism of 
WNT5A in GC cells. AGS and HGC-27 cells were trans-
fected with si-NC or si-WNT5A, and some glycolysis-
related genes were detected. The results showed that the 
expression of HK2, LDHA and GLUT1 was downregu-
lated by si-WNT5A, and HK2 was the most significantly 
reduced gene (Fig.  5A and B). HK2 was upregulated in 

GC tumor tissues according to the data in TCGA, GEPIA 
and ENCORI databases (Fig. 5C-E). Besides, the data of 
ENCORI database predicted that there was positive cor-
relation between WNT5A and HK2 expression in GC 
tissues (Fig. 5F). Our qRT-PCR result showed that HK2 
mRNA expression was upregulated in GC tumor tissues 
and positively correlated WNT5A expression (Fig.  5G 
and H). The data of Co-IP assay verified the binding 
between WNT5A and HK2 (Fig.  5I). And knockdown 
of WNT5A reduced HK2 protein expression in GC cells 
(Fig.  5J). These results implied that WNT5A interacted 
with HK2 and positively regulated HK2 expression in GC 
cells.

Overexpression of HK2 reversed the effects of WNT5A 
silenced CAFs on GC cells
Subsequently, HK2 was overexpressed in AGS and HGC-
27 cells, and HK2 overexpressed GC cells were incu-
bated with the medium of WNT5A silenced CAFs. The 

Fig. 4  Knockdown of WNT5A in CAFs repressed the progression of GC cells. CAFs were transfected with si-NC or si-WNT5A, and then AGS and HGC-27 
cells were incubated with the medium CAFs. (A and B) The expression of WNT5A was detected by western blot in CAFs with si-WNT5A and GC cells 
treated with si-WNT5A-CAFs. (C) The cell viability was measured by MTT assay. (D and E) Cell proliferation was assessed by EdU assay. (F) Cell invasion was 
detected by transwell assay. (G) Cell migration was detected by wound healing assay. (H) Cell stemness was assessed by sphere formation assay. (I-K) 
Glucose consumption, lactate production and ATP consumption were measured to assess glycolysis. *P < 0.05
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expression of HK2 was reduced by CAFs with WNT5A 
knockdown, while overexpression of HK2 reversed 
this effect (Fig.  6A). The inhibitory effects of WNT5A 
silenced CAFs on cell viability, proliferation, invasion 
and migration were also restored by HK2 overexpression 
(Fig. 6B-F, Fig. S4A and B). In addition, HK2 overexpres-
sion relieved the inhibition of WNT5A silenced CAFs on 
cell stemness and glycolysis (Fig. 6G-J, Fig. S4C). Besides, 
WNT5A overexpression CAFs enhanced cell viability, 
invasion and glycolysis in GC cells, and these effects were 
reversed by HK2 knockdown (Fig. S5). These data sug-
gested that CAF-derived WNT5A regulated GC progres-
sion via HK2.

Knockdown of WNT5A in CAFs inhibited GC tumor growth
A xenograft mouse model was established to explore the 
role of CAFs on GC tumor growth in vivo. Tumor volume 
and weight were both elevated by CAFs, but silencing 
WNT5A in CAFs relieved this facilitation (Fig.  7A and 
B). Western blot indicated that WNT5A and HK2 were 
upregulated by CAFs in mice tumor, while decreased 
when WNT5A was silenced in CAFs (Fig. 7C). Consistent 
with this, the IHC result showed that CAFs enhanced the 

expression of Ki67, MMP9, WNT5A and HK2 in vivo, 
which was reduced by CAFs with WNT5A knockdown 
(Fig. 7D). These data implicated that WNT5A mediated 
the facilitation of CAFs on GC tumor growth in vivo.

Discussion
TME has a great influence on the progression, therapy 
and prognosis of cancer [18]. As a kind of TME cells, 
CAFs have attracted the attention of many research-
ers in recent years. Increasing studies proved that CAFs 
contributed to tumorigenesis and tumor progression 
through releasing ECM and signaling molecules [5, 19]. 
A previous study revealed that CAFs in GC expedited 
invasive activities, and were associated with poor prog-
nosis in GC patients [20]. Besides, CAFs in GC affected 
immune response and promoted immune escape [21]. 
In our study, we verified that CAFs promoted the GC 
cell proliferation and metastasis, which was in accord 
with the previous study [22]. Cancer stem cells are self-
renewal cells that accelerate cancer cell growth and 
metastasis, and cancer stemness reflects the malignant 
of the tumor to some extent [23]. It has been reported 
that CAFs induced stemness in bladder cancer, colorectal 

Fig. 5  WNT5A promoted the expression HK2. (A and B) The expression of some glycolysis-related genes was detected by qRT-PCR in AGS and HGC-27 
cells transfected with si-NC or si-WNT5A. (C-E) The expression of HK2 in GC tissues was showed from the data of TCGA, GEPIA and ENCORI databases, 
respectively. num(T), number of tumor tissues; num(N), number of normal tissues. (F) The correlation between WNT5A and HK2 expression in GC tis-
sues was analyzed form the data of ENCORI databases. (G) The expression of HK2 in normal and GC tissues was detected by qRT-PCR. (H) The correlation 
between WNT5A and HK2 expression in GC tissues was analyzed by Pearson’s correlation coefficient assay. (I) The binding between WNT5A and HK2 was 
verified by Co-IP. (J) The expression of HK2 was detected by western blot in AGS and HGC-27 cells transfected with si-NC or si-WNT5A. *P < 0.05
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cancer and breast cancer [24–26]. Few studies reported 
the effect of CAFs on stemness in GC. Our data clari-
fied that CAFs enhanced cell stemness in GC cells. Gly-
colysis is closely related with cancer development, which 
provides energy for cancer cells and promotes cell pro-
liferation [27, 28]. CAFs-derived CRMP2 contributed to 
ovarian cancer progression via activating glycolysis path-
way [29]. In non-small cell lung cancer, CAFs expedited 
glycolysis via activating Wnt/β-catenin signaling [30]. 
Similarly, the facilitation of CAFs on GC cell glycolysis 
was also proved in our study.

Here, we screened some differentially expressed 
genes in NFs and CAFs form GEO database, and found 
WNT5A was remarkably upregulated in CAFs in GC, 
which has been verified in a previous study [16]. More-
over, CAFs enhanced the expression WNT5A in GC 
cells. Hence, we speculated that WNT5A might mediate 
the function of CAFs on GC cells. WNT5A was highly 

expressed in GC, and high expression of WNT5A was 
associated with the malignant phenotype in GC [31, 
32]. Knockdown of WNT5A repressed proliferation, 
migration and induced apoptosis of GC cells [33], and 
WNT5A overexpression promoted GC cell progression 
[34]. Consistent with these studies, we also confirmed the 
upregulation of WNT5A in GC cells, and loss-of-func-
tion experiments proved the tumor-promoting action of 
WNT5A in GC. In addition, knockdown of WNT5A in 
CAFs also inhibited the development of GC cells. These 
data confirmed our supposition.

As CAFs-derived WNT5A impeded glycolysis, we fur-
ther detected some glycolysis-related genes, and found 
that HK2 was significantly downregulated by WNT5A. 
Besides, HK2 was upregulated in GC tissues and cells. 
As a key enzyme, HK2 catalyzes the vital rate-limiting 
step in glycolytic pathway [35]. CircRPS19 enhanced GC 
cell viability via inducing HK2-mediated glycolysis [36]. 

Fig. 6  Overexpression of HK2 reversed the effects of WNT5A silenced CAFs on GC cells. CAFs were transfected with si-NC or si-WNT5A, and AGS and HGC-
27 cells were transfected with pcDNA or HK2 overexpression vector and then incubated with the medium CAFs. (A) The expression of HK2 was detected 
by western blot. (B) The cell viability was measured by MTT assay. (C and D) Cell proliferation was assessed by EdU assay. (E) Cell invasion was detected 
by transwell assay. (F) Cell migration was detected by wound healing assay. (G) Cell stemness was assessed by sphere formation assay. (H-J) Glucose 
consumption, lactate production and ATP consumption were measured to assess glycolysis. *P < 0.05
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CircCUL3 upregulated transcription factor STAT3 to 
boost HK2 expression, thereby contributing to the pro-
gression of GC [37]. PDLIM1 interacted with HK2 and 
expedited GC progression via the Wnt/β-catenin signal-
ing [38]. Our data elucidated the interaction between 
WNT5A and HK2, and overexpression of HK2 reverted 
WNT5A silenced CAFs mediated effects on GC cell pro-
gression and glycolysis. Also, CAFs-derived WNT5A ele-
vated HK2 expression and promoted GC tumor growth 
in vivo. These findings suggested that CAFs-derived 
WNT5A regulated GC progression via HK2-mediated 
glycolysis.

In summary, this study revealed that WNT5A was 
highly expressed in GC, and CAFs-derived WNT5A con-
tributed to cell proliferation, metastasis, stemness and 
glycolysis in GC via increasing HK2 expression (Fig.  8). 
Notably, our study highlighted a novel molecular mech-
anism of CAFs on GC progression, and indicated that 
CAFs might be promising therapeutic target for GC 
patients.

Fig. 8  CAFs-derived WNT5A contributed to cell proliferation, metastasis, 
stemness and glycolysis of GC cells and promoted tumor growth in vivo 
via regulating HK2

 

Fig. 7  Silencing WNT5A in CAFs inhibited GC tumor growth in vivo. (A-B) Tumor volume and tumor weight were measured. (C) The expression of WNT5A 
and HK2 in mice tumors was detected by western blot. (D) The expression of Ki67, MMP9, WNT5A and HK2 in mice tumors was detected by IHC assay. 
*P < 0.05
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