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Background: Characterized by elevated AFP levels in serum, AFP-producing gastric cancer 

(APGC) is a very special type of gastric cancer (GC) that is difficult to treat and has poor 

prognosis. However, little is known about the role of AFP in GC, which was investigated in this 

study with in vitro and in vivo experiments.

Methods: APGC cells were established with lentivirus infection and validated by PCR assay 

and ELISA in HCG27 and AGS cells. Cell growth, migration, and invasion were determined 

by CCK8, transwell assays, and animal experiments. RNA sequencing, Western blot, dual-

luciferase-reporter assays, and RNA interference were employed to understand mechanisms 

underlying AFP activity, followed by therapeutic investigations for APGC.

Results: APGC cells featured significantly increased AFP levels in cellular supernatants. AFP 

potentiated growth and aggression in GC cell lines and their derived xenografts. Wnt-signaling 

activation was responsible for AFP function, indicated by decreased Axin 1 and pGSK3β, fol-

lowed by cascade activation of β-catenin, downstream transcription factors TCF1/TCF7, and the 

target gene – c-Myc. Wnt-signaling blockade by Axin 1 rescue or pathway inhibitor XAV939 

reversed AFP function, suggesting the potential therapeutic value of APGC.

Conclusion: AFP played a critical role in APGC through activating Wnt signaling, and target-

ing Wnt pathways might be a promising strategy against APGC.

Keywords: alpha-fetoprotein, AFP, AFP-producing gastric cancer, APGC, Axin 1, Wnt signal-

ing, Wnt-signaling inhibitor

Introduction
Despite the fact that the management of gastric cancer (GC) has progressed greatly, 

its high metastasis indicates few chances for curative surgery and remains a leading 

cause of therapeutic failure and cancer-related mortality.1 Therefore, uncovering the 

molecular mechanisms of cancer progression and developing corresponding targeted 

therapies are crucial to improve GC outcomes.

AFP-producing gastric cancer (APGC), a most aggressive subtype of GC, has 

recently attracted much attention. Initially reported in 1970, APGC is characterized by 

a high incidence of venous invasion, lymphatic invasion, and liver metastasis compared 

with AFP-negative GC.2 Due to its high malignancy, APGC displays the poorest overall 

prognosis and urgently demands more effective treatment strategies.2,3 However, routine 

treatment, including radical resection and chemotherapy regimens, achieves limited 

therapeutic effectiveness against APGC.2,4 Optimal management for APGC, especially 
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liver metastasis, which serves as an independent prognostic 

factor,3–6 is of pressing need to be developed.

High expression or elevated serum levels of AFP have 

been reported to correlate positively with cancer aggression, 

represented by liver metastasis.3–6 Preliminary studies have 

demonstrated enhanced growth, apoptosis, angiogenesis, 

metastasis, and cancer stem cell (CSC)-like properties in 

AFP-producing hepatocellular carcinoma (HCC),7–11 con-

ferred by PI3K–Akt signaling.7–9 With regard to GC, few 

data have sporadically revealed AFP-promoted in vitro 

invasion and in vivo growth.12,13 Genomic or proteomic 

analyses identify overexpression of CSC-like markers, 

angiogenic factors, and antiapoptotic proteins in AFP-

producing tumors compared to conventional cancers.14–16 

Of interest, high expression of CSC or angiogenic markers, 

including SALL4, VEGF, and c-Met, have been detected 

by immunohistochemistry (IHC) in APGC tissues and cell 

lines compared to AFP-negative GC.17–21 As such, pathways 

involving CSCs or angiogenesis may be critical events and 

potential targets for AFP-producing cancers. Taken together, 

AFP-mediated malignant phenotypes, especially in secreted 

form, remain poorly understood, and excavating molecular 

mechanisms (PI3K–Akt, CSC, and angiogenic pathways, 

in particular) are pivotal to designing rational strategies 

and gaining survival benefits for patients with APGC. In 

this study, we comprehensively investigated AFP’s roles 

in aggressive behaviors and its mechanisms using GC pre-

clinical models accompanied by therapeutic potentials of 

targeting the pathways for APGC. Our work sheds light on 

novel therapeutic options for APGC and provides rationale 

for future clinical studies.

Methods
Reagents and antibodies
XAV939 was purchased from Selleck Chemicals (Houston, 

TX, USA). The reagent was formulated and stored follow-

ing the manufacturer’s protocol. Primary antibodies against 

β-catenin (8480), active β-catenin (8814), Axin 1 (2074), 

GSK3β (12456), TCF1/TCF7 (2203), c-Myc (5605), AFP 

(3903), and secondary HRP-conjugated goat antirabbit 

(7074) and antimouse antibodies (7076) were purchased 

from Cell Signaling Technology (Danvers, MA, USA). 

The pGSK3βY216 (ab75745) antibody was purchased 

from Abcam (Cambridge, UK). Antibodies against β-actin 

(A5441) and Ki67 (ZM0167) were purchased from Sigma-

Aldrich Co. (St Louis, MO, USA) and ZSGB-Bio (Beijing, 

China), respectively.

Cell lines and cell culture
The human AGS GC cell line was purchased from the Ameri-

can Type Culture Collection (Manassas, VA, USA) and kindly 

provided by Professor Youyong Lu (Peking University Cancer 

Hospital and Institute).22,23 Human HGC27 GC cell line and 

liver cancer cell line HepG2 were purchased from Bank of 

Chinese Academy of Sciences (Beijing, China). Cell lines 

were incubated at 37°C in a humidified atmosphere with 5% 

CO
2
 and cultured in RPMI 1640 medium (Thermo Fisher 

Scientific, Waltham, MA, USA) supplemented with 10% FBS 

(Thermo Fisher Scientific) and 1% penicillin–streptomycin 

(HyClone, Logan, UT, USA).

Genetic overexpression and knockdown
Lentiviral constructs expressing AFP and control vector 

purchased from GeneCopoeia (Rockville, MD, USA) were 

transfected into GC cells for 48 hours. Infected cells were 

cultured in selective medium containing 2 µg/mL puromycin 

(InvivoGen, San Diego, CA, USA) for 1–2 weeks to establish 

stably-infected cell lines used in subsequent experiments.

Cells were seeded in six-well plates and transfected at 

about 80% confluence by Lipofectamine 3000 (Thermo 

Fisher Scientific) according to the manufacturer’s instruc-

tions. HepG2 cells were transfected with AFP siRNAs 

and their negative control siRNA using an AFP-siRNA kit 

(RiboBio, Guangzhou, China), GC cells with Axin 1 siRNAs, 

and their negative control siRNA using an Axin 1-siRNA kit 

(RiboBio) and AFP-overexpressing GC cells with Axin 1 and 

its control plasmids (Vigene Biosciences, Jinan, China). Cells 

transfected for 72 hours were harvested for immunoblotting 

analysis.

RNA extraction and reverse-
transcription (RT)-PCR
Cellular total RNA was extracted with Trizol reagent 

(Thermo Fisher Scientific) and cDNA templates were 

generated via RT-PCR using high-capacity RNA-to-cDNA 

kits (Applied Biosystems, Carlsbad, CA, USA). PCR was 

performed with 2 µL synthesized cDNA using an LA PCR 

Kit (Takara Bio, Kusatsu, Japan), and the housekeeping 

gene GAPDH was employed as the internal control. PCR 

products were detected by 1% agarose-gel electrophore-

sis. The primers of AFP and GAPDH were: AFP forward, 

5′-TCAGTGAGGACAAACTATTGG-3′; AFP reverse, 

5′-CTCTTCAGCAAAGCAGACTTC-3′; GAPDH forward, 

5′-GCACCACCAACTGCTTAGC-3′; and GAPDH reverse, 

5′-GGCATGGACTGTGGTCATA-3′.
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ELISA analysis
A human AFP ELISA kit (ab193765) was purchased from 

Abcam. The ELISA plate was coated with AFP-capture 

antibody able to conjugate AFP in cell-culture supernatants. 

In accordance with the vendor’s instructions, supernatants of 

AFP-overexpressing and control GC cells with a serial dilu-

tion of standards were added to respective wells, followed by 

antibody cocktails. The plate was sealed and incubated with 

shaking for 1 hour at room temperature. After being washed, 

the plate was incubated with 100 µL tetramethyl benzidine 

substrate for 10 minutes in the dark and 100 µL Stop solution 

for 1 minute on a plate shaker. Intensity was measured at 450 

nm using spectrophotometry. According to standard curves, 

test supernatant concentrations were calculated.

Cell-viability assays
Cells (5,000/well) were seeded into 96-well plates and 

allowed to adhere overnight in complete medium. After 

treatment, cell viability was measured using a CCK8 kit 

(Dojindo Laboratories, Tokyo, Japan) according to the 

manufacturer’s protocol. Absorbance was measured at 450 

nm using spectrophotometry.

Cell-invasion and -migration assays
For invasion and migration assays, cells suspended in serum-

free medium were added into the upper chambers of 24-well 

transwell plates with/without precoated Matrigel (Corning, 

New York, NY, USA), respectively. Lower chambers were 

filled with culture medium supplemented with 10% FBS. 

Invaded and migrated cells in lower chambers were fixed 

and stained with crystal violet and counted under microscopy 

after 36 and 24 hours’ incubation, respectively.

Luciferase-reporter gene assays
TOPflash/FOPflash (TCF wild-type/mutated control) luciferase 

reporter plasmids and Renilla plasmids were purchased from 

FenghBio (Changsha, China). TOPflash and FOPflash plasmids 

(500 ng) were separately cotransfected with 25 ng Renilla 

plasmid into cells seeded in 24-well plates using Lipofectamine 

3000 (Thermo Fisher Scientific). After 48 hours’ transfection, 

luciferase activity was measured with a dual-luciferase reporter 

assay (Promega Corporation, Madison, WI, USA) and normal-

ized to Renilla. β-catenin-mediated TCF transcriptional activity 

was assessed by TOPflash:FOPflash ratios.

RNA sequencing
We prepared total RNA using the Trizol method and confirmed 

RNA integrity using a 2100 Bioanalyzer (Agilent Technologies, 

Santa Clara, CA, USA). We performed next-generation 

sequencing using a HiSeq system according to the manufac-

turer’s instructions (Illumina, San Diego, CA, USA). Sequences 

were processed and analyzed by Novogene (Beijing, China).

Immunoblotting analyses
GC cells and tumor tissue were lysed using a CytoBuster 

protein-extraction reagent (Merck Millipore, Darmstadt, 

Germany) in the presence of protease and phosphatase-

inhibitor cocktail tablets (Roche, Basel, Switzerland). Protein 

concentrations were measured with a BCA protein-assay Kit 

(Beyotime, Haimen, China). Soluble lysates were subjected 

to SDS-PAGE and transferred to polyvinylidene difluoride 

membranes (Merck Millipore). After 10 minutes’ washing in 

TBST buffer three times, membranes blocked with 5% BSA 

(Amresco, Solon, OH, USA) were probed with primary anti-

bodies at 4°C overnight and secondary antibodies (1:2,000) 

at room temperature for 1 hour. Signals were visualized using 

an Amersham Imager 600 (GE Healthcare, Little Chalfont, 

UK) after incubation with Clarity Western ECL substrate 

(Bio-Rad Laboratories Inc., Hercules, CA, USA). β-actin 

was used as the loading control.

Animal experiments
With three methods (subcutaneous, intraperitoneal, and cau-

dal vein injections to assess tumorigenic, local dissemination, 

and distant metastasis capacity, respectively), PBS-suspended 

AFP-overexpressing HGC27 cells and controls were inocu-

lated into 5-week-old female nonobese diabetic/severe com-

bined immunodeficiency mice (five mice/group; Vital River 

Laboratories, Beijing, China). For tumorigenic experiments, 

tumor volume was measured every 3 days and calculated by 

the formula V=L×W2×0.5 (V, volume; L, length; W, width 

of tumor). After the final observation, mice were sacrificed 

by cervical dislocation and tumor tissue stripped and pre-

pared for IHC and immunoblotting analyses. For metastasis 

experiments, peritoneal spreading and lung metastasis were 

assessed by necropsy 10 weeks after injection. Lungs, liv-

ers, and spleens were excised and embedded in paraffin for 

hematoxylin and eosin staining. All animal experiments fol-

lowed laboratory animal guidelines of Beijing municipality 

for ethical review of animal welfare (http://www.baola.org) 

and were approved by Peking University Cancer Hospital’s 

Institutional Animal Care and Use Committee.

Immunohistochemistry
After dewaxing, hydration, endogenous peroxidase removal, 

and blocking with 5% BSA according to standard procedures, 
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4 µm-thick formalin-fixed, paraffin-embedded sections were 

incubated with the primary antibody against Ki67 (1:300) 

overnight at 4°C, followed by IgG–HRP polymer (ZSGB-

Bio) and diaminobenzidine substrate (Gene Tech, Shanghai, 

China) in accordance with protocols. Two pathologists from 

the Department of Pathology at Peking University Cancer 

Hospital and Institute independently evaluated staining 

results as described in our previous study.24

Statistical analysis
All data are representative of three independent experiments 

and expressed as mean ± SD. Differences between groups 

were analyzed by one-way or repeated-measure ANOVA 

using SPSS version 20.0 software (IBM Corporation, 

Armonk, NY, USA), and P<0.05 was considered statisti-

cally significant.

Results
AFP overexpression and derived 
supernatant enhanced proliferation, 
invasion, and migration in established 
APGC cells
Elevated AFP in serum or tissue has been identified to 

be associated with poorer prognosis in APGC than AFP-

negative GC.3–6 To determine AFP’s role in malignant GC 

phenotypes, we established AFP-overexpressing cell sublines 

by lentivirus infection with two selected AFP-negative GC 

cell lines (HGC27 and AGS). The two GC-cell sublines 

displayed enhanced AFP mRNA expression and secretion 

capability over their counterparts, which were maintained 

for a long period (Figure 1A–C), indicating APGC preclini-

cal models had been established. Of interest, proliferation, 

invasion, and migration abilities in AFP-overexpressing 

Figure 1 AFP overexpression and derived supernatant enhanced proliferation, invasion, and migration in established APGC cells.
Notes: (A and B) AFP overexpression in GC cells (HGC27 and AGS) was confirmed by PCR and ELISA with HepG2 cells as the positive control. (C) AFP-secretion levels 
of AFP-overexpressing GC cells compared to their controls were dynamically monitored by ELISA. (D and E) Impacts of AFP overexpression and derived supernatant on 
cell proliferation, invasion, and migration abilities in GC cells were measured by CCK8 and transwell assays, respectively. *P<0.05 by ANOVA. Data expressed as mean ± SD.
Abbreviation: APGC, AFP-producing gastric cancer.
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groups were superior to their controls (Figure 1D). To define 

further whether these AFP-mediated GC biological func-

tions stemmed from its abnormal secretion, supernatants 

from HGC27-AFP or HGC27-vector cells were used as the 

stimulator. As expected, AFP supernatants yielded similar 

effects on GC proliferation, invasion, and migration as AFP 

overexpression (Figure 1E). Therefore, APGC cells promoted 

growth and progression via secretion, consistent with the poor 

prognostic value of elevated AFP in APGC serum and tissue.

AFP promoted growth and metastasis in 
established APGC xenografts
Based on AFP-mediated growth and progression observed 

in vitro, mice xenografts bearing HGC27-AFP and HGC27-

vector cells were used for in vivo assessment. Compared to 

the control, AFP overexpression significantly accelerated in 

vivo GC-tumor growth, further validated by a higher pro-

liferation rate marked by enhanced Ki67 immunostaining 

(Figure 2A and B). In parallel with in vitro findings, mice 

injected intraperitoneally with AFP-overexpressing HGC27 

cells were more prone to ascites and peritoneal dissemina-

tion (for HGC27-AFP and HGC27-vector groups, 1 [20%] 

vs 0 and 4 [80%] vs 0 mice developed ascites and peritoneal 

spreading, respectively; Figure 2C, E, and F). Moreover, 

lung metastasis occurred in one of five mice injected in the 

caudal vein with AFP-overexpressing HGC27 cells, whereas 

none was observed in the control group (Figure 2D and F). 

These data suggested AFP-facilitated local dissemination 

and distant metastasis of GC in vivo. Taken together, AFP 

promoted GC growth and metastasis in vivo.

AFP activated canonical Wnt signaling in 
established APGC preclinical models
To unmask the potential molecular mechanisms underlying 

AFP-promoted GC malignancy, RNA-sequencing analyses 

were performed in HGC27-AFP and HGC27-vector cells. 

Kyoto Encyclopedia of Genes and Genomes pathway 

analyses unveiled Wnt signaling as the top enriched can-

didate pathway (Figure 3A). Alterations in Wnt-pathway 

molecular expression and activity were then examined. 

AFP downregulated Axin 1 and pGSK3β and upregulated 

active β-catenin, TCF1/TCF7, and c-Myc in APGC cells and 

derived xenografts, indicating AFP-mediated Wnt-signaling 

activation (Figure 3B–D). Consistently, AFP promoted 

β-catenin-mediated TCF transcriptional activity, marked by 

an increased TOPflash:FOPflash ratio (Figure 3E). As such, 

AFP-mediated GC growth and progression might have been 

due to canonical Wnt-signaling activation.

Wnt-signaling blockade reduced AFP-
mediated Wnt-pathway activation and 
malignancy in established APGC cells
Given Wnt signaling as a candidate downstream pathway of 

AFP, Wnt-pathway roles in GC phenotypes were first vali-

dated by siRNA-mediated Axin 1 knockdown. Compared to 

controls, Axin 1 knockdown strengthened cell-proliferation, 

-invasion, and -migration abilities through activating Wnt 

pathways (marked by reduced pGSK3β and cascade activa-

tion of β-catenin, TCF1/TCF7, and c-Myc; Figure 4A–D) 

in GC cells. The same phenotypes of Axin 1 knockdown as 

AFP overexpression (Figures 1D and 3) support our assump-

tion of Wnt signaling being responsible for AFP-mediated 

malignancy. More importantly, Wnt-pathway changes and 

malignant biological behaviors (including cell proliferation, 

invasion, and migration) induced by AFP overexpression 

(Figures 1D and 3) were impeded by Axin 1 overexpres-

sion (Figure 4E–H). Meanwhile, the Wnt-pathway inhibitor 

XAV939 effectively inhibited Wnt signaling (marked by 

enhanced pGSK3β and decreased active β-catenin, TCF1/

TCF7, and c-Myc) and repressed growth, invasion, and 

migration in established APGC cells (Figure 5A–C). There-

fore, targeting Wnt signaling by Axin 1 rescue or pathway 

inhibitor repressed proliferation, invasion, and migration in 

established APGC cells, suggesting Wnt-signaling inhibitors 

as a promising strategy for APGC.

Discussion
Metastasis commonly occurs in livers and predominantly 

contributes to cancer-related deaths in GC.25,26 As such, 

seeking molecular mechanisms of cancer progression is 

essential to develop novel targets and improve prognosis for 

GC. Due to its high incidence of liver metastasis and poor 

survival,2,5 APGC is considered a representative metastatic 

subtype of GC and holds promise to give new insights into 

optimal GC management. Several studies have evidenced a 

tight association between elevated serous AFP and cancer 

aggression in APGC patients, yet whether AFP initiates 

malignant biological behaviors and involved mechanisms, 

or potential therapies in APGC, remains elusive.

AFP is an oncogenic glycoprotein that can be normally 

synthesized by yolk sac and fetal liver during gestation and 

in infants, whereas it often increases abnormally in adults 

with cancers represented by HCC.2 Apart from the diagnostic 

and predictive value of AFP in HCC, AFP-mediated aggres-

sive HCC behaviors involving tumorigenesis and metastasis 

have been clarified in preclinical models,7,9–11 which were 

validated in our work using AFP-knockdown HepG2 cells 
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(Figure S3). Tumorigenesis can also be initiated by AFP in 

cholangiocarcinoma and pancreatic cancer.27,28 Nonetheless, 

how AFP impacts GC, especially in excreted form, is largely 

unknown. Our data for the first time systematically showed 

AFP-induced GC growth and metastasis in vitro and in vivo 

(Figures 1 and 2), consistent with previous sketchy observa-

tions of AFP-mediated in vitro invasion and in vivo growth 

in GC.12,13 APGC is frequently defined by an elevated level 
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Figure 4 Axin 1 overexpression reduced AFP-mediated Wnt-pathway activation and malignancy in established APGC cells.
Notes: (A–D) After Axin 1 knockdown using siRNAs in GC cells and (E–H) Axin 1 overexpression in AFP-overexpressing GC cells for 48 hours, Wnt-signaling-involved 
protein-expression levels, β-catenin-mediated TCF transcriptional activity, and cell-proliferation, -invasion, and -migration abilities were determined by immunoblotting, dual-
luciferase, CCK8, and transwell assays, respectively. Data expressed as mean ± SD. *P<0.05 by ANOVA.
Abbreviation: APGC, AFP-producing gastric cancer.
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of serum AFP or positive immunohistochemical staining of 

AFP, also known as seropositive or “histopositive” APGC, 

respectively.2,4 As such, our work also initially harnessed 

AFP supernatant to better imitate APGC aggressiveness. As 

expected, AFP supernatant induced in vitro proliferation, 

invasion, and migration similar to AFP overexpression (Fig-

ure 1D and E). Notably, intracellular proteins of AFP were not 

detected by Western blots (Figure S1) despite its extracellular 

contents being robustly elevated (Figure 1B and C), indicat-

ing abundant AFP secretion in our AFP-overexpressing GC 

cells. AFP might function as a secretory protein to provoke 

oncogenic and metastatic features in GC, suggesting the 

therapeutic potential of targeting AFP and relevant signal-

ing for APGC (Figure 6). To warrant the findings, AFP with 

bioactivity purified from supernatants should be employed 

for future investigations. 

Of note, AFP prominently synthesized by fetal liver and 

highly expressed in hepatic stem cells/hepatoblasts serves 

as a diagnostic biomarker for HCC, and AFP production 

originates from hepatoid or enteroblastic differentiation of 
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GC cells,2,29 indicating AFP’s hepatotropic properties. With 

no liver metastasis observed in this study (data not shown), 

AFP-mediated in vivo progression needs further assessment 

using optimized liver-metastasis models, such as in vivo 

imaging systems.25 Despite AFP-promoted progression pre-

sented in vitro and in vivo, lung metastasis barely occurred 

in one in five mice. Therefore, optimized models are required 

to warrant a vital role of AFP in APGC aggression, such as 

using GC cell lines with higher metastasis tendencies, in 

vivo imaging systems to monitor metastasis formation in 

real time, survival experiments to assess long-term effects, 

AFP-overexpressed transgenic mice, and patient-derived 

xenografts of APGC compared with non-APGC.

Candidate molecules and signaling pathways of AFP-

associated malignant phenotypes are eagerly awaited. The 

PI3K–Akt cascade and its regulated proteins have been 

reported to account for AFP-induced tumorigenesis and 

metastasis in AFP-producing HCC.7–10 However, this pathway 
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might be dispensable for AFP-driven malignancy in APGC 

denoted by no changes in PI3K–Akt signaling molecules 

after AFP overexpression in GC cells (Figure S2). This 

discrepancy could result from the heterogeneity among 

different cancer types. On the other hand, high expression 

of angiogenic molecules, including VEGF and c-Met, have 

been reported in APGC compared to common GC.19–21 AFP 

blockade with genetic knockdown or specific antibodies 

consistently reduce VEGF expression and exert anticancer 

efficacy in preclinical AFP-producing HCC and APGC.13,30 

These data suggest targeting angiogenesis as a promising 

strategy to treat APGC, whereas AFP overexpression failed 

to increase VEGF expressions in our GC cells (Figure S2). 

Due to a close link between angiogenic factor functions and 

the tumor microenvironment,31 antiangiogenic strategies, 

such as the clinically approved apatinib and ramucirumab,1,32 

against APGC still merit further in vivo evaluation.

Apart from angiogenic pathways, CSCs involved in 

tumor initiation, metastasis, and recurrence33,34 emerge 

as another compelling target for AFP-producing tumors. 

Resembling AFP’s role in normal hepatic stem cells and 

hepatoblasts,29 AFP renders CSC-like phenotypes in HCC, 

cholangiocarcinoma, and pancreatic cancer.7,27,28 Thereby, 

stem-cell biomarkers enriched in AFP-producing cancers 

and involved in AFP-driven malignancy have therapeutic 

potential, but remain far from clear. Of interest, Wnt sig-

naling, a typical CSC-related pathway to endowment of 

GC-growth advantages and progression tendencies,35–37 may 

be practicable for APGC. Hepatic stem-cell-like HCC defined 

by EPCAM+AFP+ HCC presents Wnt-signaling activation, 

suggesting that Wnt-signaling inhibitors might be able to 

eradicate this HCC subtype.29 Previous bioinformatic and 

IHC data uncovered Wnt-pathway activation in tissue of 

AFP-producing cancers, including APGC, represented by 

overexpressing GPC3.15,17,38,39 In parallel with inactivated Wnt 

pathways in AFP-knockdown liver cancer cells (Figure S3A), 

canonical Wnt pathways screened by RNA-sequencing were 

activated in established APGC preclinical models, which 

contributed to AFP-mediated growth and progression (Fig-

ures 3–5). As such, Wnt-signaling blockade holds promises 

to benefit patients with APGC. Our data show anticancer 

efficacy and progression inhibition achieved by targeting 

the Wnt cascade with Axin 1 overexpression or pathway 

inhibitors in established APGC cells (Figures 4E–H and 5). 

More inhibitors targeting Wnt signaling are being subjected 

to phase I clinical trials on efficacy and safety in a series of 

cancers, such as CGX1321, Foxy5, SM08502, ETC1922159, 

DKN01, niclosamide, and resveratrol. Strikingly, effective-

ness and tolerability of the anti-GPC3 antibody ERY974 are 

also being assessed in GPC3-positive advanced GC. Based on 

Control

Cytoplasm Cytoplasm Cytoplasm Cytoplasm

GC cells Established APGC cells Other GC cells Established APGC cells Other GC cells

Activation Inhibition Blockade

Growth & progression Growth & progression Growth & progression Growth & progression

�-catenin �-catenin �-catenin

�-catenin �-catenin

Axin 1 Axin 1

TCF

c-Myc
Nucleus Nucleus

�-catenin
TCF

c-Myc
Nucleus

�-catenin
TCF

c-Myc
Nucleus

�-catenin
TCF

c-Myc
Nucleus

P P
GSK3� GSK3� Axin 1

Axin
 1-

OE

XAV93
9

P
GSK3�

�-catenin �-catenin

Axin 1
P

GSK3�

Cytoplasm

Axin
 1-

OE

XAV93
9

Axin 1
P

GSK3�

Extracellular Extracellular ExtracellularAFP supernatant AFP supernatant

AFP-OE AFP-OE + WNT pathway blockade

Figure 6 Representation of targeting Wnt pathways responsible for AFP-associated malignancy in APGC.
Notes: Compared to the control, AFP overexpression promoted AFP-supernatant secretion, which activated canonical Wnt signaling (marked by inactive destruction 
complex including GSK3β dephosphorylation/inactivation, and reduced Axin 1, increased active β-catenin, augmented TCF transcriptional activity and upregulated target 
gene c-MYC) to enhance growth and metastasis in GC. Wnt-pathway blockade by Axin 1 overexpression or small-molecule inhibitor XAV939 (Axin1 stabilizer) impeded 
AFP-mediated malignancy in AFP-overexpressing GC, indicating therapeutic potentials of targeting Wnt pathways against APGC.
Abbreviation: APGC, AFP-producing gastric cancer.

Powered by TCPDF (www.tcpdf.org)

www.dovepress.com
www.dovepress.com
www.dovepress.com


Cancer Management and Research 2019:11 submit your manuscript | www.dovepress.com

Dovepress 

Dovepress

1359

Chen et al

GPC3’s diagnostic and predictive values in AFP-producing 

cancers17,38,40 and good responses of our established APGC 

cells to targeting Wnt pathways (Figures 4E–H and 5), 

whether APGC patients are a more specific population than 

common advanced GC for these Wnt-related blockades, the 

GPC3 antibody in particular, is worthy of future studies.

Understanding how AFP acts on cancer cells and which 

molecules AFP interacts with to trigger its oncogenic effects 

are of great significance. For one thing, AFP expression is 

regulated by transcription factors, including transcription 

activators (like the hepatocyte nuclear factors C/EBP and 

NFκB),41,42 transcription repressors (like ATBF1),43,44 and 

transcription pioneers (like FOXA1).45 For another, multiple 

forms of AFP stemming from abundant posttranscriptional 

and posttranslational modifications induce oncogenic pheno-

types via different protein–protein interactions. Firstly, cyto-

plasmic AFP colocalizes and interacts with caspase 3/XIAP, 

RAR, and PTEN to regulate apoptotic pathways, GADD153 

expression/Fn14 transcription, and PI3K–Akt pathways, 

followed by activated CXCR4.46,47 Secondly, secreted AFP 

binds to AFP receptors expressed on plasmid membranes 

to promote tumor growth through cAMP/PKA/intracel-

lular calcium and the PI3K–Akt–Src axis.48,49 Intriguingly, 

AFP receptors can also be detected in sera to screen breast 

cancer at an early stage.50 Beyond AFP receptors, secreted 

AFP binds to CCR5 chemokine receptors on macrophages,51 

which indicates the presence of an AFP-associated tumor-

immune microenvironment. Thirdly, the carboxyterminal 

third domain of AFP, containing a large fragment of amino 

acids and behaving similar to full-length AFP, can interact 

with various receptors, including scavenger receptors, scaven-

ger-associated receptors, and cell-cycle proteins.52,53 Finally, 

AFP-L3 (a core-fucosylated AFP) in sera of prognostic and 

diagnostic value in HCC54–57 is lectin-bound. Despite the Wnt 

cascade being presented as a downstream AFP pathway in 

our work, whether AFP interacts with molecules involving 

Wnt signaling like Axin 1 remains obscure, and how AFP 

transmits oncogenic signals to Wnt pathways merits further 

investigations.

Conclusion
AFP overexpression and derived supernatant potentiated 

tumor growth and metastasis partially through Wnt-signaling 

activation in GC preclinical models. Wnt-signaling blockade 

had anticancer efficacy in established APGC cells, shedding 

light on the therapeutic potential of targeting Wnt pathways 

for APGC and providing novel choices to treat metastasis 

in GC.
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Figure S1 Impact of AFP overexpression on AFP protein expression in gastric 
cancer cells.
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Figure S2 AFP overexpression had no effects on PI3K/Akt signaling or VEGF 
expression in gastric cancer cells.
Notes: Proteins extracted from AFP-overexpressing gastric cancer cells and their 
controls were probed against indicated antibodies.
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Figure S3 AFP knockdown inactivated the Wnt cascade and inhibited growth, invasion, and migration in HepG2 cells.
Notes: Proteins were probed against indicated antibodies involving Wnt signaling, and cell growth, invasion, and migration were compared in AFP-knockdown HepG2 cells 
and controls. Data expressed as mean ± SD. *P<0.05 by ANOVA analysis.
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