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Abstract
BACKGROUND
Gastric cancer (GC) is a common malignant tumor with high incidence and mortality rates globally, especially in East Asian countries. Helicobacter pylori (H. pylori) infection is a significant and independent risk factor for GC. However, its underlying mechanism of action is not fully understood. Dickkopf-related protein (DKK) 1 is a Wnt signaling antagonist, and cytoskeleton-associated protein (CKAP) 4 is a newly identified DKK1 receptor. Recent studies found that the binding of DKK1 to CAKP4 mediated the procancer signaling of DKK1 independent of Wnt signaling. We hypothesize that H. pylori-induced activation of DKK1/CKAP4 signaling contributes to the initiation and progression of GC.

AIM
To investigate the interaction of H. pylori infection, DKK1 and CAKP4 in GC, as well as the underlying molecular mechanisms.

METHODS
RNA sequencing was used to identify differentially expressed genes (DEGs) between H. pylori-infected and uninfected primary GC cells. Gain- and loss-of-function experiments were performed to verify the H. pylori-induced upregulation of activator protein-1 (AP-1) in GC cells. A dual-luciferase reporter assay and co-immunoprecipitation were used to determine the binding of AP-1 to the DKK1 promoter and DKK1 to CKAP4. Western blotting and immunohistochemistry detected the expression of DKK1, CKAP4, and phosphatidylinositol 3-kinase (PI3K) pathway-related proteins in GC cells and tissues. Functional experiments and tumorigenicity in nude mice detected malignant behavior of GC cells in vitro and in vivo.

RESULTS
We identified 32 DEGs between primary GC cells with and without H. pylori infection, including JUN, fos-like antigen-1 (FOSL1), and DKK1, and confirmed that the three proteins and CKAP4 were highly expressed in H. pylori-infected GC cells, H. pylori-infected gerbil gastric tissues, and human GC tissues. JUN and FOSL1 form AP-1 to transcriptionally activate DKK1 expression by binding to the DKK1 promoter. Activated DKK1 bound to CKAP4, but not the most common Wnt coreceptor low-density lipoprotein receptor-related protein 5/6, to promote GC cell growth, colony formation, migration, invasion, and xenograft tumor growth in nude mice. All these effects were driven by activation of the PI3K/AKT/mammalian target of rapamycin (mTOR) pathway. Targeting the PI3K signaling pathway by LY294002 inhibited DKK1-mediated CKAP4/PI3K signaling activity and the malignant behavior of GC cells.

CONCLUSION
H. pylori induces JUN and FOSL1 expression to form AP-1, which transcriptionally activates DKK1. Binding of DKK1 to KAKP4 contributes to gastric tumorigenesis via the PI3K/AKT/mTOR pathway.
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Core Tip: Helicobacter pylori (H. pylori) infection is the most significant risk factor for gastric cancer (GC). More than half of the global population has H. pylori infection, and 1%-3% of the infected individuals develop GC, but the mechanism behind this link remains unclear. Here, we identified 32 highly expressed genes in H. pylori-infected GC cells and demonstrated that H. pylori-induced high expression of JUN and fos-like antigen-1 formed activator protein-1 to transcriptionally activate dickkopf-related protein (DKK) 1, which by binding to cytoskeleton-associated protein 4 (CKAP4) receptor activated the PI3K/AKT/mammalian target of rapamycin pathway and, consequently, gastric tumorigenesis. Targeting the DKK1/CKAP4 interaction may be a novel strategy to treat GC.

INTRODUCTION
Gastric cancer (GC) is the fifth most prevalent tumor and fourth leading cause of tumor-related mortality worldwide[1]. Although the incidence and mortality rates of this malignancy have steadily decreased over the past several decades, GC remains a significant health problem in developing nations[2]. Most patients with GC present at an advanced stage when diagnosed, and metastasis and recurrence in individuals are commonly noted[3]. Helicobacter pylori (H. pylori) are Gram-negative and microaerophilic pathogenic bacteria. H. pylori infection is the most significant risk factor for GC. The International Agency for Research on Cancer designated it a Group I carcinogen for GC in 1994[4]. More than half of the global population has H. pylori infection, and 1%-3% of infected individuals develop GC[5]. Globally, an estimated 89.4% and 20% of new noncardia and cardia GC cases were attributable to H. pylori infection in 2018[6]. However, this figure was 78.5% for noncardia GC and 62.1% for cardia GC in China[7]. Although many studies have investigated the link between H. pylori infection and GC[8], the molecular mechanisms are not fully understood.
[bookmark: _Hlk119773344]By RNA sequencing, we discovered that JUN (also known as c-JUN), fos-like antigen-1 (FOSL1, a FOS family member encoding FRA-1), and Dickkopf-related protein (DKK) 1 were elevated in primary GC cells infected with H. pylori. JUN and FOSL1 are the transcription factor activator protein (AP)-1 complex components and form the JUN::JUN homodimer and the JUN::FOSL1 heterodimer to regulate target gene transcription via binding to the promoters and enhancers of target genes[9]. In vitro and in vivo studies showed that activator protein-1 (AP-1) controlled tumor growth, progression and drug resistance[10,11]. DKK1 is a potent antagonist that suppresses oncogenic Wnt/β-catenin signaling and tumors by binding to the Wnt coreceptor: low-density lipoprotein receptor-related protein (LRP) 5/6[12,13]. However, recent studies demonstrated that DKK1 behaved like an oncogene in a variety of cancers[14,15]. Several studies consistently indicated that DKK1 levels were elevated in GC patient cancer tissues and serum, and higher DKK1 levels were significantly associated with worse outcomes[16-18]. However, little is known about the transcriptional regulation of DKK1, its relationship with H. pylori, and the mechanism of DKK1 promotion of gastric carcinogenesis.
Cytoskeleton-associated protein (CKAP) 4 is a newly identified DKK1 receptor[19]. The binding of DKK1 to CKAP4 recruits phosphatidylinositol 3-kinase (PI3K) via association between the proline-rich region of CKAP4 and the Src homology 3 domain of PI3K, which leads to the activation of serine/threonine-protein kinase AKT[20]. Although there is no evidence that the DKK1/CKAP4 axis exists in GC, the PI3K pathway involved in the malignant transformation of cells is activated in most GC patients[21]. AKT and p-AKT were overexpressed in > 74% of GC patients[22], and phosphorylated mammalian target of rapamycin (p-mTOR) expression was found in 60% of gastric adenocarcinoma specimens[23]. Therefore, we postulate that DKK1 contributes to GC through the PI3K pathway but not the Wnt pathway.
[bookmark: OLE_LINK1]Here, we revealed that H. pylori infection induced high expression of JUN and FOSL1, which formed AP-1 to activate DKK1 transcriptionally. DKK1 binding to CKAP4, but not the most common Wnt coreceptor LRP5/6, promoted GC growth and invasion by triggering the PI3K/AKT/mTOR pathway. The results provide novel insight into the molecular mechanism underlying H. pylori-induced gastric carcinogenesis.

MATERIALS AND METHODS
H. pylori strains and cell lines
H. pylori GZ7 is a typical East Asian strain (cagA+) that was isolated from the gastric mucosa of a GC patient by our group[24]. H. pylori 26695 (ATCC 700392) is a typical western strain (cagA+) that was purchased from the American Type Culture Collection (ATCC, Manassas, VA, United States). Two strains were cultured on Columbia agar plates supplemented with H. pylori selective supplement (Oxoid, United Kingdom) and 10% sheep blood at 37 °C in a microaerobic environment (5% O2, 10% CO2, 85% N2).
[bookmark: _Hlk119783507][bookmark: _Hlk119783750]The human GC cell lines AGS, NCI-N87 and SNU-16 cells were purchased from ATCC, and SGC-7901 and BGC823 cells were obtained from the tissue bank in Shanghai, China. Primary GC cells were separated and identified in our laboratory[25]. All cell lines were grown in 5% CO2 at 37 °C in RPMI-1640 with 10% FCS (Gibco, United States).

Human GC tissues
[bookmark: OLE_LINK3][bookmark: OLE_LINK2]From June to December 2021, 12 pairs of GC and paracancer normal tissues were collected during surgery at the Affiliated Hospital of Guizhou Medical University in China. Tissues were immediately formalin-fixed and paraffin-embedded for pathological evaluation and immunohistochemistry. All subjects provided their written informed consent. The study was performed following the Declaration of Helsinki. The Guizhou Medical University Ethics Committee approved the study protocol, No. 2017(43).

Mongolian gerbil stomach tissues
In our earlier work, Mongolian gerbils were intragastrically infected with H. pylori NCTC 11637 (ATCC 43504, cagA+) for 2 years. At 3-24 mo after infection, gerbils developed erosion, atrophy, intestinal metaplasia, and well-differentiated GC in the gastric mucosa[26]. The stomach tissues of gerbils (n = 3 at each timepoint) were removed after decapitation and immediately fixed and embedded. The embedded tissues were sliced into sections (5 μm thick) and stained for immunohistochemistry.

RNA-sequencing 
Three primary GC cell lines (5 × 107) were cultured with 50 multiplicity of infection (MOI) H. pylori GZ7 for 6 h before being harvested. TRIzol (Invitrogen, Carlsbad, CA, United States) was used to extract overall RNA, which was then purified by DNase I treatment. After being enriched by Oligo (dT) beads, eukaryotic mRNA was interrupted into short fragments and synthesized into cDNA. Using the Illumina TruSeq library construction kit, purified cDNA was amplified by PCR to construct the RNA-sequencing (RNA-seq) library. After the library was tested for quality using the Agilent 2100 Bioanalyzer and ABI StepOnePlus Real-Time PCR System, the library was sequenced on the Illumina HiSeqX10 platform by Beijing Genomics Institute (China). Sequence reads were mapped to the reference human genome (hg19), and the gene and transcript expression levels were calculated. Differentially expressed genes (DEGs) with a fold-change > 2 and false discovery rate (FDR) < 0.05 were identified between H. pylori-infected and uninfected cells. The DEGs shared by three datasets were selected for further bioinformatics analysis. The R heatmap package (version 0.7.7) was used to generate a heatmap. Gene Ontology (GO), Kyoto Encyclopedia of Genes and Genomes (KEGG), and protein-protein interaction (PPI) analyses were performed using the Gene Ontology Consortium (http://geneontology.org/), KOBAS (http://kobas.cbi.pku.edu.cn/), and the STRING tool (https://string-db.org/), respectively. KEGG pathways and PPI networks were visualized using Cytoscape software (version 3.7.2). Gene set enrichment analysis (GSEA) was carried out using GSEA software (version 4.1.0). A significant gene set was defined as having an FDR < 0.25 and P < 0.01.

Dual-luciferase reporter assay
The expression vectors of JUN and FOSL1 were purchased from Hanheng Biotech (Shanghai, China). The human DKK1 promoter region from -1100 to + 1 bp was cloned into the luciferase reporter vector pGL4.29 (Promega, Charbonnières-les-Bains, France), which was cotransfected with pcDNA3.1-JUN and/or pcDNA3.1-FOSL1 into AGS cells for 48 h using Lipofectamine 2000 (Invitrogen). The activities of firefly luciferase and Renilla luciferase were determined using the dual luciferase reporter system (Promega). The ratio of firefly luciferase activities to Renilla luciferase activities (Fluc/Rluc) was used to describe the reporter activities.

Western blotting
[bookmark: OLE_LINK4]Proteins (25 g) were resolved via SDS-PAGE and transferred by electroblotting onto the PVDF membrane (Millipore, Billerica, MA, United States). After blocking with 5% nonfat milk, primary antibodies were used to probe the membrane overnight at 4 °C. The membrane was incubated with horseradish-peroxidase-conjugated secondary antibodies. The bands were visualized using electrochemiluminescence. Details of the antibodies are provided in Supplementary Table 1.

RT-qPCR
[bookmark: OLE_LINK5]RNA isolation was performed by TRIzol reagent. cDNA was synthesized through the process of reverse transcription (RT) using a standard protocol according to the manufacturer’s instructions. Quantitative PCR (qPCR) was performed using fluorogenic SYBR Green (BioRad, Hercules, CA, United States). The 2-ΔΔCT method was used for relative mRNA quantitation of target genes. GAPDH gene served as the loading control. RT-qPCR primers are listed in Supplemental Table 2.

Immunohistochemistry and immunofluorescence
[bookmark: _Hlk119804192]Gerbil stomachs, nude mouse xenografts, and human GC tissues were cut into 5-μm thick sections. Immunohistochemistry was used to detect expression of JUN, DKK1, CKAP4 and Ki67 in these tissues, and immunofluorescence imaging was used to assess β-catenin expression and nuclear translocation in DKK1-silenced AGS cells, as described previously[25]. The quantification of immunohistochemical staining was performed by Image J software. Immunohistochemistry score was determined by multiplying the intensity score and the percentage score[27]. Details of the antibodies are provided in Supplementary Table 1.

Cell growth curve
Cell viability was determined using Cell Counting Kit-8 kit (CCK-8, Dojindo, Japan) in accordance with the kit instructions. Cells (1000 cells per well) were placed in a 96-well plate in sextuplicate per condition and cultured for 1-6 d. CCK-8 solution (10 μL) was added to each well at the corresponding time points, and the cells were cultured for an additional 2 h. CCK-8 was used to detect cell viability.

Colony formation assay
Cells (500 cells per well) were placed in a 6-well plate in triplicate per condition and cultured for 2 wk. The growth medium was changed once every 4 d. Two weeks later, 0.1% crystal violet (Solarbio, China) was used to stain the colonies after being fixed with 4% paraformaldehyde. Colony count was performed using a microscope.

Transwell assay
[bookmark: _Hlk119800058]Transwell migration and invasion assays were performed using a 24-well Transwell insert (pore size of 8 μm) with and without Matrigel (Biosciences, San Jose, CA, United States). A total of 1 × 104 cells in medium with 1% FBS was added to the upper chamber of the Transwell, and 800 μL of medium with 10% FBS was added in lower chamber. At 24 h and 72 h after culture, 4% paraformaldehyde was used to fix the inserts for 30 min at room temperature before being stained in a 0.1% crystal violet solution and imaged. Cells that migrated or invaded to the lower chamber were counted using a microscope.

Cell cycle and apoptosis
Cell cycle and apoptosis analyses were performed using flow cytometry, as previously described[25]. Cell cycle distribution and apoptosis were analyzed using FloJo software.

Co-immunoprecipitation
Co-immunoprecipitation (Co-IP) was performed using an Absin Co-IP kit (Shanghai, China). BGC823 cells (3 × 106) with or without H. pylori infection were sonicated three times for 20 s each in ice-cold lysis buffer before being centrifuged at 14000 × g for 10 min at 4 °C. The supernatant was then collected as whole-cell lysates. Cell lysates were incubated overnight at 4 °C with a CKAP4 antibody (2 μg) and control IgG (1 μg). Protein A- and protein G-Sepharose (10 μL) (Sigma-Aldrich, St. Louis, MO, United States) were added to the cell lysates and left on for 8 h at 4 °C. After 1 min of centrifugation at 12000 × g, the beads were collected and washed three times with wash buffer. The beads were boiled in 2 × Laemmeli sample buffer for 5 min and centrifugated for 1 min at 14000 × g and 4 °C. SDS-PAGE was used to resolve proteins in the supernatants (15 μL) after being collected. Western blotting was used to detect DKK1 by an anti-DKK1 antibody (1:400).

Tumorigenicity in nude mice
The ARRIVE (Animal Research: Reporting In Vivo Experiments) guidelines (https://www.nc3rs.org.uk/arrive-guidelines) were followed for all animal experiments to minimize pain and discomfort for the animals. Guizhou Medical University Animal Care Welfare Committee approved the animal study (No. 1702155). Ten BALB/c nude mice (male, age 3-4 wk) were provided by Chongqing Tengxin Biotechnology (Chongqing, China). Mice were accustomed to the laboratory environment that was a 12-h light/12-h dark cycle at 23 °C with 50% humidity and were given water and food ad libitum. After 2 wk, BGC823 cells (2 × 106) stably overexpressing DKK1 and negative control cells were transplanted subcutaneously into the flanks of the mice (5 mice per group), and the tumor size was measured every 3 d. After 16 d, all mice were killed by intravenous injection of barbiturate overdose (150 mg/kg), and the tumors were removed. Tumor weights and volumes were determined using the formula (length × width2)/2.

Lentivirus infection
The lentiviruses containing shJUN and shDKK1, overexpression lentiviruses for JUN and DKK1, and control lentiviruses were obtained from Shanghai Jikai Gene Co. Ltd. (China). These lentiviruses were used to infect AGS, SGC-7901, NCT-N87, SNU-16 and BGC823 cells (2 × 105) in a 12-well plate at MOI 10-30 for 48 h. Polybrene (8 μg/mL; Sigma) was added to the 12-well plate to increase the efficiency of lentivirus infection. After 24 h, the medium containing lentiviruses and polybrene was changed with fresh medium and cultured for a further 48 h. After that, the stable cell lines were selected for 2 wk using 2 μg/mL puromycin, in which the medium containing puromycin was changed every 2-3 d. The cells were maintained in 1 μg/mL puromycin. Western blotting and RT-qPCR were used to ensure that target genes were stably knocked down or overexpressed.

Statistical analysis
SPSS 22.0 (IBM, Armonk, NY, United States) was used for all statistical analyses. ImageJ software (National Institutes of Health, Bethesda, MD, United States) was used for the quantification of images from immunohistochemistry. GraphPad Prism 8.0 (La Jolla, CA, United States) was used to create statistical figures. All presented images were representative of three or more individual experiments. One-way or two-way analysis of variance was performed for comparisons between multiple groups. All results were expressed as mean ± SD. P < 0.05 indicated statistically significant differences.

RESULTS
Analysis of DEGs between primary GC cells with and without H. pylori infection
RNA-seq analysis identified 32 DEGs, including 29 upregulated and three downregulated genes that were shared by three pairs of primary GC cells infected with or without H. pylori (Figure 1A and B). These DEGs were mostly enriched in the regulation of biological processes, cytokine activity, protein binding, and tumor necrosis factor (TNF), nuclear factor (NF)-κB, and interleukin (IL)-17 pathways according to GO and KEGG pathway enrichment analysis (Figure 1C and D). The PPI network identified the hub genes JUN, CXCL8, CCL20, and FOSL1 and their interactions, and JUN and FOLS1 were directly connected to DKK1 (Figure 1E). Based on the GSEA of DEGs, TNFA signaling via NF-кB, the inflammatory response, apoptosis, hypoxia, MYC targets, and the P53 pathway were enriched in H. pylori-infected GC cells (Figure 1F). These molecular events are closely associated with GC development and progression. JUN, FOLS1, and DKK1 were selected for further investigation.

H. pylori infection induces JUN and FOSL1 upregulation to activate DKK1 expression via binding to the DKK1 promoter
To confirm the results of RNA-seq, AGS and SGC-7901 cells were infected with H. pylori GZ7 and 26695. We discovered that JUN and FOSL1 proteins were highly expressed in H. pylori-infected cells compared to the control cells, which supported the RNA-seq results (Figure 2A). The H. pylori virulence factor CagA and its phosphorylation levels were dramatically elevated in H. pylori-infected cells (Figure 2A).
We determined JUN expression in eight GC cell lines. JUN was highly expressed in AGS and SGC-7901 cells but weakly expressed in NCI-N87 and SNU-16 cells (Supplementary Figure 1). JUN was knocked down using short hairpin RNA (shRNA) in AGS and SGC-7901 cells and overexpressed using lentivirus infection in NCI-N87 and SNU-16 cells. RT-qPCR and western blotting revealed a substantial decrease in DKK1 expression after JUN knockdown. When the JUN-knockdown cells were infected with H. pylori, the mRNA and protein levels of DKK1 recovered and JUN expression and phosphorylation increased (Figure 2B and C). In contrast, the mRNA and protein level of DKK1 was significantly increased in SNU-16 and NCI-N87 cells after JUN overexpression (Figure 2D). These findings revealed that H. pylori-induced JUN enhanced DKK1 expression.
JUN and FOSL1 comprise AP-1 via their basic leucine zipper domain[28]. AP-1-binding sites include the 5′-TGA(C/G) TCA-3′ (TRE motif), 5′-TCACGTCA-3′ (CRE motif), and their single-base variants[29]. To confirm that AP-1 transcriptionally regulated DKK1 expression, we predicted AP-1-binding sites in the promoter region from -1100 to + 1 bp upstream of the DKK1 transcription site, which is highly conserved in mammalian genomic DNA[30]. Three JUN sites, two FOSL1 sites, and a JUN::FOSL site were observed in the DKK1 promoter (Figure 2E). The DKK1 promoter region from -1100 to + 1 bp was inserted into a luciferase reporter plasmid, which was cotransfected into AGS cells with JUN and/or FOSL1 vectors. The dual-luciferase reporter assay indicated that transfection of AGS cells with JUN and FOSL1 markedly increased the luciferase activity, and the effect of the JUN vector was stronger. JUN and FOSL1 cotransfection exhibited the highest luciferase activity in AGS cells (Figure 2F). This result confirmed that AP-1, including the JUN::JUN and JUN::FOSL1 complexes, bound to the DKK1 promoter to initiate DKK1 transcription.

High JUN and DKK1 expression in gerbil gastric tissues infected with H. pylori and human GC tissues
[bookmark: _Hlk119807095]We successfully established GC models in Mongolian gerbils via H. pylori infection in a previous study, in which erosion, atrophy, intestinal metaplasia, and well-differentiated GC were progressively detected in the stomach mucosa[26]. Positive JUN and DKK1 staining increased progressively in gerbil gastric epithelium with H. pylori infection from 3 mo to 24 mo in the present study (Figure 3A), which suggested that the expression of JUN and DKK1 was linked to the pathological development of GC in gerbils. Human GC genomic data were extracted from the TCGA-Stomach Adenocarcinoma database (TCGA-STAD), which included 375 cancer and 391 normal tissues. The expression of DKK1 mRNA was significantly higher in GC tissues than normal tissues, and GC patients with a higher DKK1 expression had a shorter overall and disease-free survival (Figure 3B). Human GC tissues showed stronger positive staining for JUN and DKK1 than pericancer tissues (Figure 3C). However, no distinction was observed in the levels of JUN mRNA between GC and normal tissues in the TCGA-STAD database (Supplementary Figure 2).

Knockdown or overexpression of DKK1 suppresses or promotes malignant behavior of GC cells
To investigate the function of DKK1 in GC, we first established DKK1-knockdown AGS cells using two independent shRNAs (Supplementary Figure 3A) and found that cell proliferation and colony formation were significantly inhibited in AGS cells (Figure 4A and B). DKK1 knockdown also suppressed AGS cell migration and invasion (Figure 4C). Flow cytometry showed that the knockdown of DKK1 greatly increased apoptosis in AGS cells, especially early apoptosis (Figure 4D).
We generated stable DKK1-overexpressing AGS and BGC823 cells (Supplementary Figure 3B). In contrast to DKK1 knockdown, DKK1 overexpression promoted AGS and BGC823 cell growth, colony formation, migration, and invasion (Figure 4E and F). We subcutaneously implanted the DKK1-overexpressing BGC823 cells into nude mice and found that DKK1 overexpression in cancer cells increased the growth of xenograft tumors in mice. The tumor weight and volume in DKK1-overexpressing nude mice were significantly greater than normal control mice (Figure 4G). The mice were killed, and the subcutaneous tumors were removed. Immunohistochemical staining confirmed that DKK1 and Ki67 (cell proliferation marker) were expressed at higher levels in DKK1-overexpressing than control tumors (Figure 4H). These findings verified the tumor-promoting effects of DKK1 in GC.

Binding of DKK1 to CKAP4, but not LRP5/6, in GC tissues and cells
[bookmark: _Hlk119830683][bookmark: _Hlk119833302]DKK1 suppresses the Wnt/β-catenin pathway by interacting with Wnt coreceptors LRP5/6. Therefore, we detected β-catenin expression and nuclear translocation in DKK1-knockdown AGS cells and discovered that the levels of β-catenin mRNA and protein were reduced by DKK1 knockdown without significant change in β-catenin nuclear translocation, which was even lower in shDKK1-2# cells (Figure 5A-C). In contrast, DKK1 overexpression enhanced β-catenin mRNA levels in AGS and BGC823 cells (Figure 5D). The expression of β-catenin in GC tissues was greater than in normal tissues, but there is no correlation between β-catenin expression and GC patients' survival in the TCGA-STAD dataset (Figure 5E). The findings suggest that the effects of DKK1 are independent of Wnt/β-catenin signaling in GC.
CKAP4 was recently discovered as a DKK1 receptor. We found that CKAP4 mRNA and protein expression was increased in 12 clinical GC samples, especially in the cell surface membrane (red arrow), and 375 GC specimens from the TCGA-STAD database (Figure 5F-H). Infection with H. pylori also upregulated CKAP4 expression in GC cells (Figure 5I). Higher CKAP4 expression was linked to lower overall survival in GC patients (Figure 5F). The binding of endogenous DKK1 to CKAP4 was detected in H. pylori-infected and uninfected BGC823 cells (Figure 5J).

DKK1 promotes the malignant phenotype of GC cells via the PI3K/AKT/mTOR pathway
After confirming the DKK1/CKAP4 axis in GC cells, we evaluated whether DKK1 knockdown and overexpression affected the PI3K/AKT/mTOR pathway. DKK1 knockdown markedly inhibited the expression of p-PI3K, PI3K, p-AKT, AKT, p-mTOR, and mTOR, and p-PI3K, p-AKT, and p-mTOR were more inhibited. H. pylori infection restored the expression of DKK1 and increased PI3K/AKT/mTOR signaling in DKK1 knockdown cells (Figure 6A). Conversely, DKK1 overexpression increased PI3K, AKT and mTOR phosphorylation, and a specific inhibitor of PI3K, LY294002, inhibited the DKK1-induced increase in the three phosphorylated proteins in AGS and BGC823 cells (Figure 6B). These findings suggest that H. pylori-upregulated DKK1 activated the PI3K/AKT/mTOR pathway.
Next, we examined the effects of LY294002 in DKK1-overexpressing AGS and BGC823 cells and found that blockade of PI3K/AKT/mTOR signaling with LY294002 significantly decreased cell proliferation, colony formation, migration and invasion (Figure 6C and D), which further confirmed our hypothesis that DKK1 promoted the malignant phenotypes of GC cells via activation of the PI3K/AKT/mTOR pathway.

DISCUSSION
Our current study revealed that H. pylori infection upregulated the expression of JUN and FOSL1, which formed AP-1 to activate DKK1 transcription. Gain- and loss-of-function studies showed that DKK1 had important tumor-promoting functions in H. pylori-related GC via activation of the CKAP4/PI3K/AKT/mTOR pathway.
The gene expression profiles obtained by independent research groups using RNA-seq were inconsistent due to the use of diverse cell lines, GC tissues, H. pylori strains, and whole-genome expression arrays[31-33]. The upregulated expression of JUN and FOLS1 was noted in H. pylori NCTC11639-infected AGS cells, but not experimentally verified[34]. DKK1 was also downregulated in H. pylori 26695-infected AGS cells, but this observation was not tested experimentally[35]. Using RNA-seq, we identified 32 DEGs that were shared by all three models of primary GC cells infected with H. pylori GZ7. Of the 32 DEGs, JUN, FOSL1 and DKK1 were highly expressed in H. pylori-infected cells, which was confirmed in GC tissues and H. pylori-infected gerbil stomach tissues. The enrichment analysis of KEGG pathways suggested that DEGs were primarily involved in inflammatory signalings such as TNF, NF-κB and IL-17. GESA also revealed that H. pylori infection activates the TNFA pathway, the P53 pathway, apoptosis, hypoxia, and the inflammatory response.
DKK1 was recently found to be epigenetically downregulated by promoter hypermethylation, which resulted in the nuclear translocation of β-catenin and activation of the Wnt/β-catenin pathway in gastric intestinal metaplasia, high-grade adenoma, and adenocarcinoma[36,37]. Conversely, Kikuchi et al[38] observed that DKK1 promoted the proliferation, invasion and metastasis of cancer cells independent of Wnt signaling. Other studies also suggested that DKK1 was often overexpressed in diverse tumor tissues, including GC, and DKK1 overexpression strongly correlated with poor cancer patient survival[39,40]. However, the mechanism underlying this association was not clear. Our study explained, for the first time, why DKK1 was upregulated in GC. H. pylori infection upregulates JUN and FOSL1 expression to form AP-1. AP-1 binds to the TRE and CRE motifs in the DKK1 promoter region to transcriptionally activate DKK1 expression in GC. This finding is contradictory to two earlier studies[36,37]. We speculate that decreased expression of DKK1 via promotor methylation, as reported by Lu et al[36], is more prevalent in gastric precancerous lesions and early-stage adenocarcinoma, and increased expression of DKK1 via promotor binding of AP-1, as observed in our study, is more likely to occur in H. pylori-infected and advanced GC. Two observations provide support for our assertion. First, we discovered that high expression of JUN and DKK1 was mostly observed in the stomach tissues of gerbils at least 12 mo after H. pylori infection. Second, DKK1 is frequently overexpressed in GC patients with lymph node invasion and distant metastasis[41].
We demonstrated that the cancer-promoting function of DKK1 in GC was independent of Wnt/β-catenin signaling by observing that β-catenin expression and nuclear translocation were inhibited in DKK1-knockdown cells. CKAP4 was initially identified as an endoplasmic reticulum protein that was trafficked to the cell surface membrane after palmitoylation[42]. The combination of CKAP4 and DKK1 on the cell surface triggers pro-oncogenic or tumor-suppressive DKK1 signaling in different tumors[43,44]. Although CKAP4 expression is high in many tumors[45,46], there is no information on CKAP4 expression in GC. We discovered that H. pylori infection simultaneously increased the expression of DKK1 and CKAP4 in GC cells, particularly CKAP4 expression on the cell membrane. High levels of DKK1 and CKAP4 expression were also consistently observed in GC tissues from the TCGA-STAD database and clinical GC specimens and were linked to a poor prognosis for GC patients. Notably, the interaction between DKK1 and CKAP4 was detected in GC cells. These results show that the DKK1/CKAP4 axis is present in H. pylori-infected GC cells and GC tissues.
[bookmark: _Hlk119838459]There are two tandem cysteine-rich domains in the DKK1 promoter region, CRD1 and CRD2. DKK1 CRD1 domain binding to LPR6 inhibits Wnt signaling, and DKK1 CRD2 domain binding to CKAP4 activates PI3K/AKT signaling[38]. CKAP4 overexpression on the surface of cancer cells likely prevents DKK1 binding to LRP6, resulting in subsequent suppression of Wnt/β-catenin signaling[47]. This presumption is partially supported by our experimental results that H. pylori-induced DKK1 activated the CKAP4/PI3K/AKT/mTOR pathway rather than inhibiting LRP6/Wnt/β-catenin signaling in GC cells. Infection with H. pylori reversed the PI3K/AKT/mTOR signaling inhibition caused by DKK1 knockdown. PI3K inhibition with LY294002 also suppressed the DKK1-mediated activation of the PI3K pathway and the malignant phenotype of GC cells. Recent evidence has shown that the PI3K/AKT/mTOR and Wnt/β-catenin signalings are commonly activated in GC[48,49]. However, the reason for DKK1 selective activation of the CKAP4/PI3K/AKT/mTOR pathway in H. pylori-related GC is not known and requires further study.
There were several limitations to this study. First, the number of clinical samples was small. Therefore, further study with larger sample sizes is required to determine the expression of the DKK1/CAKP4 axis in GC tissues and its association with H. pylori infection in cancer tissues. Second, only two strains of H. pylori were used in this study: an East Asian strain (H. pylori GZ7) and a western strain (H. pylori 26695). However, H. pylori exhibit intrastrain and interstrain heterogeneity. More H. pylori strains will be required to verify our findings.

CONCLUSION
H. pylori infection upregulated JUN and FOSL1 expression, which formed AP-1 to promote DKK1 transcription that resulted in gastric tumorigenesis via activation of the CKAP4/PI3K/AKT/mTOR pathway. DKK1/CKAP4 interaction could become an attractive target for H. pylori-related GC therapy. The identification of small compounds and drugs targeting the DKK1/CKAP4 axis will be a crucial aspect of future studies. We will also investigate this possibility further.

ARTICLE HIGHLIGHTS
Research background
Gastric cancer (GC) is one of the most common malignant tumors with a high morbidity and mortality rate globally, especially in East Asian countries. Helicobacter pylori (H. pylori) infection is the most significant risk factor for GC. Studying their interaction can reveal the potential pathogenesis and therapeutic targets of GC.

Research motivation
Although substantial efforts have been done to link H. pylori infection and GC over the past decades, the molecular mechanisms of H. pylori-induced GC are not fully understood, which results in reduced treatment benefits.

Research objectives
The present study aimed to study the interaction of H. pylori infection, dickkopf-related protein (DKK) 1, and cytoskeleton-associated protein (CAKP) 4 in GC and the underlying molecular mechanisms.

Research methods
RNA sequencing identified differentially expressed genes (DEGs) between H. pylori-infected and uninfected primary GC cells. Dual-luciferase reporter assay and co-immunoprecipitation determined the interaction of activator protein (AP)-1, DKK1 and CKAP4. Western blotting and immunohistochemistry detected the expression of DKK1, CKAP4 and phosphatidylinositol 3-kinase (PI3K) pathway-related proteins in GC cells and tissues. Functional experiments and tumorigenicity in nude mice detected the malignant behavior of GC cells in vitro and in vivo.

Research results
H. pylori infection upregulated JUN, FOSL1, DKK1 and CKAP4 expression in GC cells, H. pylori-infected gerbil gastric tissues, and human GC samples. JUN and FOSL1 formed activator protein-1 (AP-1) to transcriptionally activate DKK1. DKK1 bound to CKAP4, but not Wnt coreceptor, to promote GC cell growth, migration, invasion, and xenograft tumor growth in nude mice via activating the PI3K/AKT/mammalian target of rapamycin (mTOR) pathway. Targeting PI3K inhibited DKK1-mediated CKAP4/PI3K signaling activity and the malignant behavior of GC cells.

Research conclusions
H. pylori-induced AP-1 promotes the binding of DKK1 to CAKP4, which contributes to gastric tumorigenesis via the PI3K/AKT/mTOR pathway.

Research perspectives
The findings suggest that the DKK1/CKAP4 interaction may be a therapeutic target for H. pylori-induced GC. The identification of small compounds and drugs targeting the DKK1/CKAP4 axis will be a crucial aspect of future studies. We will also investigate this possibility further.
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Figure Legends
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Figure 1 Comparison of differentially expressed genes between primary gastric cancer cells with and without Helicobacter pylori infection. A: Venn diagram of differentially expressed genes (DEGs); B: DEGs heatmap analysis by R heatmap package. Asterisks indicate the genes investigated in this study; C: Gene Ontology analysis of the DEGs; D: Kyoto Encyclopedia of Genes and Genomes pathway enrichment analysis of the DEGs; E: Protein-protein interaction network of the DEGs; F: Gene set enrichment analysis (GSEA) enrichment analyses of the DEGs with GSEA version 4.1.0. Con: Control; GZ7: Helicobacter pylori GZ7. TNF: Tumor necrosis factor; FOSL1: Fos-like antigen-1; DKK1: Dickkopf-related protein 1.
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[bookmark: _Hlk119764752][bookmark: OLE_LINK6]Figure 2 Helicobacter pylori infection increases JUN and fos-like antigen-1 expression to activate the dickkopf-related protein 1 promoter. A: Western blotting for CagA, p-CagA, JUN, and fos-like antigen-1 (FOSL1) in AGS and SGC-7901 cells infected with Helicobacter pylori (H. pylori) for 6 h. aP < 0.05; B: RT-qPCR for JUN and dickkopf-related protein 1 (DKK1) in JUN knockdown and/or H. pylori-infected AGS and SGC-7901 cells. aP < 0.05; bP < 0.01; C: Western blotting for JUN, p-JUN, and DKK1 in JUN knockdown and/or H. pylori-infected AGS and SGC-7901 cells. aP < 0.05; D: RT-qPCR (top) and Western blotting (bottom) for JUN and DKK1 in NCI-N87 and SNU-16 cells with JUN overexpression. aP < 0.05; cP < 0.001; E: Prediction of AP-1 binding sites in the DKK1 promoter (from -1100 to + 1 bps) by JASPAR; F: JUN and/or FOSL1 promotes DKK1 promoter activity in AGS cells by dual-luciferase reporter assay. The ratio of firefly to Renilla luciferase (Fluc/Rluc) is used to display the results. aP < 0.01; cP < 0.001; Con: Control; Hp: H. pylori; GZ7: H. pylori GZ7; 26695: H. pylori 26695. FOSL1: Fos-like antigen-1; DKK1: Dickkopf-related protein 1; H. pylori: Helicobacter pylori.
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Figure 3 Immunohistochemistry for JUN and dickkopf-related protein 1 in gerbil stomach infected with Helicobacter pylori and gastric cancer tissues. A: Immunohistochemical analysis of JUN and dickkopf-related protein 1 (DKK1) proteins in Helicobacter pylori (H. pylori)-infected gerbil stomach tissues at 3 mo, 6 mo, 12 mo, and 24 mo post-infection (n = 3). Dot diagrams show the quantification of JUN and DKK1 staining in immunohistochemical samples. Nine sections were chosen randomly from three different samples and used to determine mean ± SD of the immunohistochemistry (IHC) score, which was calculated as described in the methods. Scale bar = 100 μm. cP < 0.001; B: DKK1 expression and survival analysis in gastric cancer patients from the TCGA-STAD dataset. dP < 0.0001; C: Representative images of immunohistochemical staining of JUN and DKK1 proteins in human gastric cancer specimens. Dot diagrams show the quantitation of JUN and DKK1 staining. Scale bar = 50 μm. Data from 12 clinical samples of gastric cancer patients are expressed as mean ± SD. cP < 0.001. DKK1: Dickkopf-related protein 1; H. pylori: Helicobacter pylori.
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[bookmark: _Hlk119624456][bookmark: _Hlk119843378]Figure 4 The effects of dickkopf-related protein 1 knockdown and overexpression on gastric cancer cell growth, migration, invasion, apoptosis, and xenograft growth in nude mice. A: Growth curve of dickkopf-related protein 1 (DKK1) knockdown AGS cells using CCK8 assay. aP < 0.05; cP < 0.001; B: Colony formation assay of AGS cells with DKK1 knockdown. bP < 0.01; cP < 0.001; C: Migration and invasion assay of DKK1 knockdown AGS cells using Transwell system. Bar graphs show the number of migrated or invaded cells (right). cP < 0.001. Scale bar = 200 μm; D: Flow cytometry analysis for apoptosis in DKK1 knockdown AGS cells. Bar graphs show the percentage of apoptotic cells (right). aP < 0.05; cP < 0.001; E and F: CCK8, colony formation, and Transwell assays were used to measure the growth curve, colony formation, migration, and invasion of AGS (E) and BGC823 (F) cells with DKK1 overexpression. aP < 0.05; bP < 0.01; cP < 0.001; Scale bar = 200 μm; G: DKK1 overexpression promotes xenograft tumor growth in nude mice. Line dot and bar graph show tumor volume and weight, respectively (n = 5 mice per group). aP < 0.05; cP < 0.001; H: Hematoxylin eosin staining of xenograft tumors and immunohistochemical analysis of DKK1 and Ki67 in xenograft tumors from nude mice. The boxed regions are magnified to the right. Scale bar = 500 μm. DKK1: Dickkopf-related protein 1; HE: Hematoxylin eosin.
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Figure 5 Dickkopf-related protein 1 promotes β-catenin and cytoskeleton-associated protein 4 expression and the binding of dickkopf-related protein 1 to cytoskeleton-associated protein 4 in gastric cancer tissues and cells but does not affect the nuclear translocation of β-catenin. A-C: Dickkopf-related protein 1 (DKK1) knockdown decreases β-catenin expression without changing β-catenin nuclear translocation in AGS cells, as determined using RT-qPCR (A), Western blotting (B), and immunofluorescence (C). Scale bar = 25 μm; aP < 0.05; D: RT-qPCR for β-catenin in AGS and BGC823 cells with DKK1 overexpression. aP < 0.05; E: β-catenin expression and its association with 10-year overall survival in gastric cancer (GC) samples of the TCGA-STAD database. cP < 0.001; F: Cytoskeleton-associated protein 4 (CKAP4) expression and its positive association with 10-year overall survival in GC samples of the TCGA-STAD database. dP < 0.0001; G: Immunohistochemical staining of CKAP4 in clinical GC tissues and matched normal tissues. The red arrow indicates CKAP4 expression in the cell membrane; H: CKAP4 staining quantification in G. Data from 12 independent samples are expressed as means ± SD. bP < 0.01; I: Western blotting for CKAP4 in GC cells with or without Helicobacter pylori (H. pylori) infection for 72 h; J: Co-IP of DKK1 and CKAP4 in BGC823 cells with and without H. pylori infection for 72 h. Con: Control; Hp: H. pylori. DKK1: Dickkopf-related protein 1; H. pylori: Helicobacter pylori; CKAP4: Cytoskeleton-associated protein 4; GC: Gastric cancer.
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Figure 6 Dickkopf-related protein 1 promotes the growth, migration, and invasion of AGS and BGC823 cells by activating the phosphatidylinositol 3-kinase/AKT/ mammalian target of rapamycin pathway. A and B: Western blotting for phosphatidylinositol 3-kinase (PI3K), p-PI3K, AKT, p-AKT, mammalian target of rapamycin (mTOR), and p-mTOR in dickkopf-related protein 1 (DKK1) knockdown and/or Helicobacter pylori-infected AGS cells (A) and DKK1 overexpression and/or LY294002 (50 μmol/L)-treated AGS and BGC823 cells (B); C and D: LY294002 treatment (50 μmol/L) decreases cell proliferation, colony formation, migration, and invasion in DKK1 overexpression AGS (C) and BGC823 (D) cells. Bar graphs show the quantitation of colony numbers or migrated and invaded cell numbers. Scale bar = 200 μm. cP < 0.001. DKK1: Dickkopf-related protein 1; H. pylori: Helicobacter pylori; PI3K: Phosphatidylinositol 3-kinase; mTOR: Mammalian target of rapamycin.
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