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Abstract

Background & Aims: Helicobacter pylori (H. pylori) infection is the predominant risk factor 

for gastric cancer. RAS protein activator like 2 (RASAL2) is considered a double-edged sword in 

carcinogenesis. Herein, we investigated the role of RASAL2 in response to H. pylori infection and 

gastric tumorigenesis.

Methods: Bioinformatics analyses of local and public databases were applied to 

analyzeRASAL2 expression, signaling pathways, and clinical significance. In vitro cell culture, 

spheroids, patient-derived organoids, and in vivo mouse models were utilized. Molecular assays 

included ChIP, Co-IP, western blotting, qPCR and immunocyto/histochemistry.

Results: H. pylori infection induced RASAL2 expression via an NF-κB-dependent mechanism 

where NF-kB was directly bound to the RASAL2 promoter activating its transcription. By 

gene silencing and ectopic overexpression, we found that RASAL2 upregulated β-catenin 

transcriptional activity. RASAL2 inhibited PP2A activity through direct binding with subsequent 

activation of the AKT/β-catenin signaling axis. Functionally, RASAL2 silencing decreased 

nuclear β-catenin levels and impaired tumor spheroids and organoids formation. Furthermore, 
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the depletion of RASAL2 impaired tumor growth in gastric tumor xenograft mouse models. 

Clinicopathological analysis indicated that abnormal overexpression of RASAL2 correlated with 

poor prognosis and chemoresistance in human gastric tumors.

Conclusion: These studies uncovered a novel signaling axis of NF-κB/RASAL2/β-catenin, 

providing a novel link between infection, inflammation and gastric tumorigenesis.

Graphical Abstract

LAY SUMMARY:

Our study uncovers a signaling axis of NF-κB/RASAL2/β-catenin, providing a novel link between 

infection, inflammation, and gastric tumorigenesis.
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Introduction

There are more than one million newly diagnosed gastric cancer cases every year, becoming 

the fifth most common cancer and the fourth most common cause of cancer-related death 

worldwide 1. The strongest risk factor for gastric cancer is H. pylori infection, classified 

as a class I carcinogen by the World Health Organization (WHO)2. H. pylori infection 

mediates activation of oncogenes and inhibition of tumor suppressor genes through genetic 

and epigenetic mechanisms, promoting gastric cancer development and progression3-5.
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RAS proteins (HRAS, KRAS, NRAS), known as small molecular weight GTPases, play 

an essential role in the pathophysiological processes of human deseases6. Approximately 

20% of cancer patients harbor activating mutations of the RAS gene7. Surprisingly, RAS 

mutations in gastric cancer are rare, accounting for 6% in TCGA cohort8 and 5% in a 

multicenter cohort9. Nevertheless, the RAS signaling pathway is aberrantly activated in 

approximately 40% of gastric cancer cases10, where H. pylori infection appears to play a 

critical role11. However, the mechanisms underlying the activation of RAS signaling by H. 
pylori remain unclear.

Two key effectors mediate the RAS signaling pathway in mammals: guanine nucleotide 

exchange factors (GEFs) and GTPase Activating Proteins (GAPs). As an important member 

of the RAS GAPs family, RAS protein activator like 2 (RASAL2) has been shown to 

have cell-type and context-dependent opposing functions. RASAL2 is regarded as a tumor 

suppressor in luminal-B breast cancer, bladder cancer, lung cancer and ovarian cancer12-16. 

At the same time, there are accumulating multiple lines of evidence suggesting an oncogenic 

role of RASAL2 in some human cancer types such as triple-negative breast cancer, 

colorectal cancer, and liver cancer17-19. However, the exact role of RASAL2 remains largely 

unknown in gastric cancer. In this study, we demonstrate previously unknown oncogenic 

functions of RASAL2 in gastric cancer. Our findings uncover a novel mechanism by 

which H. pylori infection induces RASAL2 expression to promote gastric tumorigenesis 

and chemoresistance. These findings suggest RASAL2 as a potential prognostic factor and 

molecular vulnerability in gastric cancer.

Materials and Methods

H. pylori strains

Wild-type H. pylori CagA+ strains 7.13, J166, and rodent-adapted H. pylori CagA+ strain 

PMSS1 were used in this study, as described previously20. Briefly, the H. pylori strains were 

cultured on trypticase soy agar with 5% sheep blood agar plates (BD Biosciences, Bedford, 

Massachusetts) at 37 °C in a humidified incubator with 10% CO2 for passaging. After 

passaging, H. pylori strains were cultured in Brucella broth (BB, BD Biosciences) with 10% 

FBS (Invitrogen Life Technologies, Carlsbad, CA) at 37 °C in a humidified incubator with 

5% CO2 overnight. H. pylori 7.13 and J166 strains were used for in vitro co-culture with 

gastric cancer cells at a multiplicity of infection of 100:1. In addition, the PMSS1 strain 

was utilized to infect gastric epithelial cells of C57BL/6 mice (The Jackson Laboratory, Bar 

Harbor, ME) by oral gavage (1x 109 colony-forming units/mouse) for one or two weeks.

In vivo tumor stem cell frequency assay

For tumor xenograft formation, MKN45 RASAL2-knockdown or control cells were 

suspended in a mixture of 50% RPMI 1640 medium and 50% matrigel. For limiting dilution 

assay, 103, 104, 105, and 106 cells were injected subcutaneously into the flank regions 

of NOD/SCID mice (The Jackson Laboratory, Bar Harbor, ME). Tumor xenografts were 

measured twice per week for six weeks, and tumor volume was calculated following the 

formula: tumor volume = (length×width2)/2. The frequency of tumor initiating cells was 
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calculated using Extreme Limiting Dilution Analysis (http://bioinf.wehi.edu.au/software/

elda/).

Additional materials and methods are described in supplementary data.

Results

Integrated transcriptomics analysis identified elevated expression of RASAL2 in gastric 
cancer.

We performed whole-transcriptome sequencing on 36 cases of human gastric tumor tissues 

and matched adjacent non-tumor tissues (Supplementary Table 1). We also enrolled a 

public data set of Prom1 conditional mutant mouse gastric cancer model from the Gene 

Expression Omnibus (GEO) (GSE40634). These two data sets were together defined 

as tumor-vs.-normal (TN) cohorts. In addition, we performed the whole-transcriptome 

sequencing on 10 cases of TFF1-knockout mouse stomach tissues with and without H. 
pylori infection (PMSS1 strain), as well as enrolled a public data set of H. pylori infection 

(H. felis CS1 strain) C57BL/6 mouse model from GEO (GSE13873) 21. These two data sets 

were defined as H. pylori infection (HP) cohorts. As a result, we identified 280 and 758 

robust overlapping differential expression genes (DEGs) from TN cohorts and HP cohorts, 

respectively, by the significance levels (∣logFC∣ >1 and P < .01 for TN cohorts, and P < 

.05 for HP cohorts) (Figure 1A, Supplementary Table 2-5). We further obtained 56 DEGs 

by overlapping TN and HP cohorts (Figure 1A, Supplementary Table 6). To identify genes 

with significant clinical value for gastric cancer, we performed survival analysis across the 

56 DEGs in TCGA cohorts. We identified 11 up-regulated DEGs and 2 down-regulated 

DEGs by the significance levels (∣HR∣ >1.0 and P < .05, Figure 1A). The upregulated DEGs 

were considered the candidate genes which were abnormally expressed in both human and 

mouse gastric tumors, suggesting their contribution to H. pylori infection-promoted gastric 

tumorigenesis.

Among these 11 genes, we focused on the RASAL2 because: 1) abnormal overexpression 

of RASAL2 had a significant inverse correlation with gastric cancer patients’ prognosis 

(Supplementary Table 6), 2) RASAL2 is a key member of RAS GTPase-activating proteins 

(RAS GAPs) family17-19, and 3) RASAL2 was frequently overexpressed in the TCGA 

gastrointestinal cancer datasets including esophageal carcinoma (ESCA, P > .05), stomach 

adenocarcinoma (STAD, P < .001), colon adenocarcinoma (COAD, P < .001), and rectum 

adenocarcinoma (READ, P < .05) (Figure 1B). Furthermore, we have confirmed the 

upregulation of RASAL2 in gastric cancers by analyses of several additional databases 

(Figure 1C). Upregulation of RASAL2 in gastric cancers was also supported by comparing 

the tumor samples with the paired normal adjacent stomach samples from GEO datasets 

(GSE122401, GSE65801 and GSE13195), as well as our own paired samples (local dataset) 

(Figure 1D, all P < .001). In addition, elevated expression of Rasal2 was detected in mouse 

primary gastric cancer from conditional knockout mouse models of SMAD4, TP53, and 

CDH1 (GSE45956, P = .008) (Supplementary Figure 1A)22. These findings indicate that 

RASAL2 expression is significantly elevated in human and mouse gastric cancer samples.
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H. pylori infection transcriptionally upregulated RASAL2 expression through NF-κB

Our results indicated that RASAL2 expression was significantly higher in TFF1-knockout 

mouse gastric tissues with H. pylori infection than in the untreated control mouse tissues 

(Supplementary Figure 1B, logFC = 0.27, P = .032). In addition, we also found that 

RASAL2 expression was significantly increased in an H. pylori infection of C57BL/6 mouse 

model21 (Supplementary Figure 1B, logFC = 0.38, P = .032). Gene set enrichment analysis 

(GSEA) showed that H. pylori infection-associated signature and its downstream signaling 

(NF-κB signaling and β-catenin signaling) were enriched in RASAL2-high expression 

samples, compared to RASAL2-low expression samples, in TCGA, GEO and our local 

cohorts (Supplementary Figure 1C). Western blots analysis showed that H. pylori infection 

significantly upregulated RASAL2 protein levels in human gastric cancer cell lines (Figure 

2A and 2B, Supplementary Figure 2A). The qRT-PCR results confirmed that H. pylori 
infection induced RASAL2 mRNA overexpression (Figure 2A and 2B, Supplementary 

Figure 2B, all P < .05). These findings indicate that RASAL2 overexpression is mediated via 

a transcription mechanism.

Using bioinformatics analysis of the RASAL2 gene and promoter, we found a highly 

conserved 600bp DNA sequence in human and mouse, containing the transcription start site 

(TSS). Analysis of the transcription factor (TF) binding sites, using the conserved regions, 

in the PROMO website23 (http://alggen.lsi.upc.es/cgi-bin/promo_v3/promo/promoinit.cgi?

dirDB=TF_8.3) identified a total of 46 human and 28 mouse TF binding regions. 

Interestingly, three often overlapping binding regions were NF-κB or RelA (Figure 2C). We 

focused on the two putative NF-κB binding regions (P1 and P2), which have higher JASPAR 

scores (http://jaspar.genereg.net/) (Figure 2D)24. To confirm the computational analysis, 

we examined whether NF-κB regulated RASAL2 expression in our gastric cancer models. 

Indeed, activation of NF-κB by TNF-α significantly induced RASAL2 mRNA and protein 

expression levels in AGS, SNU-1, and STKM2 cells. Conversely, an NF-κB inhibitor, 

BAY 11-7082, repressed RASAL2 expression in MKN45 and MKN28 cells (Supplementary 

Figure 2C and 2D). Moreover, transient overexpression of p65 induced upregulation of 

RASAL2 expression in gastric cancer cell lines (Figure 2E, Supplementary Figure 2E). 

Using chromatin immunoprecipitation (ChIP) assay, the results demonstrated direct binding 

of p65 on two RASAL2 promoter regions after transient overexpression, compared with the 

control groups (Figure 2F, Supplementary Figure 2F). H. pylori infection induced significant 

recruitment of p65 to the RASAL2 promoter regions, compared with control groups (Figure 

2G, Supplementary Figure 2G, all P < .01). To confirm whether H. pylori infection 

activated RASAL2 promoter, gastric cancer cells were transfected with RASAL2-promoter-

luciferase reporter plasmid and then treated with TNF-α or infected with H. pylori. The 

results confirmed that both TNF-α treatment and H. pylori infection upregulated RASAL2 
promoter activity (Figure 2H and 2I, all P < .01). Consequently, western blots analysis 

showed that H. pylori infection induced activation of NF-κB (phosphorylation on Ser536) 

with upregulation of RASAL2 in human gastric cancer cell lines (Figure 2A and 2B, 

Supplementary Figure 2A). Taken together, these multiple lines of evidence demonstrated 

that H. pylori infection upregulated RASAL2 via activation of NF-κB in gastric cancer cells.
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H. pylori infection activates AKT/β-catenin signaling axis via RASAL2

To elucidate the downstream molecular mechanism regulated by RASAL2 in gastric cancer, 

we performed GSEA in TCGA and several GEO gastric cancer datasets by comparing 

RASAL2-high-expressed cohorts with RASAL2-low-expressed cohorts. Intriguingly, several 

crucial oncogenic gene sets, including epithelial-mesenchymal transition (EMT), TNF-

α/NF-κB, TGFβ, Hedgehog, and Wnt/β-catenin, were consistently enriched across all the 

datasets as shown in the heatmap (Supplementary Figure 3A). The Wnt/β-catenin signaling 

pathway plays an important role in organ development, cellular expansion, and maintenance 

of stem cell homeostasis for all mammal species25. As expected, the Wnt/β-catenin gene set 

(NES = 1.923, FDR = 0.004), including CTNNB1 and its targets MYC and AXIN2 (all P 
< .001), was significantly enriched in RASAL2-high tumors (Supplementary Figure 3B and 

3C). Pearson’s correlation test further supported the strong correlations between RASAL2 
expression and CTNNB1 and its downstream targets (Supplementary Figure 3D, all P < .01).

To determine the causal relationship between RASAL2 and β-catenin, we performed 

RASAL2 silencing or transient overexpression in multiple gastric cancer cell lines. 

RASAL2 knockdown using siRNA strikingly decreased β-catenin activity/phosphorylation 

(Ser552) (Supplementary Figure 4A), whereas RASAL2 overexpression activated β-catenin 

(Supplementary Figure 4B), compared with respective control groups. AKT is a direct 

upstream regulator of β-catenin phosphorylation (S552). Therefore, we investigated 

whether RASAL2 activated β-catenin via AKT. Consistently, RASAL2 positively regulated 

phosphorylation of AKT in gastric cancer cell lines (Supplementary Figures 4A and 4B). 

Based on previous studies showing that H. pylori infection can trigger AKT/β-catenin 

signaling26, we investigated whether H. pylori infection activated this signaling axis 

in a RASAL2-dependent manner. Our results indicated that phosphorylations of AKT 

and β-catenin induced by H. pylori-infection were abrogated by RASAL2 knockdown 

(Supplementary Figure 4C). Furthermore, RASAL2-overexpression- or H. pylori infection-

induced activation of AKT/β-catenin axis was abolished by treatment of AKT inhibitor 

(MK2206) (Supplementary Figures 4D and 4E). These results suggested that H. pylori 
infection activated the AKT/ β-catenin signaling axis via induction of RASAL2.

H. pylori infection induced β-catenin transcriptional activity in a RASAL2-dependent 
manner

Given that RASAL2 played a critical role in H. pylori infection-induced active 

phosphorylation of β-catenin, we questioned whether RASAL2 regulated the transcriptional 

activity and downstream targets of the β-catenin transcription complex. Therefore, the 

TOP/FOP flash luciferase assays were performed in gastric cancer cells with RASAL2 

silencing. RASAL2 knockdown significantly repressed TOP-flash reporter activity (P < .01), 

compared with CTRL siRNA, while mutant FOP-flash reporter activity was unchanged 

(a negative control) (Figure 3A, Supplementary Figure 5A). H. pylori infection induced 

the TOP-flash reporter activities (P < .05); however, this increase was abrogated by 

RASAL2 knockdown (Figure 3B, Supplementary Figure 5B). On the other hand, RASAL2 

overexpression enhanced TOP-flash reporter activity in AGS and SNU-1 cells (Figure 3C, 

all P < .01). Consistent with these findings, RASAL2 silencing downregulated the protein 

and mRNA expression levels of β-catenin downstream targets, such as AXIN2, cyclin D1 
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(CCND1), and LGR5 (Figure 3D, Supplementary Figure 5C and 5D), whereas RASAL2 

overexpression upregulated their expression (Figure 3E, Supplementary Figure 5E). In line 

with these findings, immunofluorescence (IF) and nuclear/cytoplasmic protein extraction 

assay results showed a decrease in β-catenin nuclear localization, following knockdown 

of RASAL2 (Figure 3F and 3G), whereas RASAL2 overexpression promoted nuclear 

accumulation of β-catenin (Supplementary Figure 5F). These results demonstrated that 

H. pylori-induced RASAL2 promoted nuclear accumulation and transcriptional activity of 

β-catenin.

RASAL2 promoted AKT phosphorylation via interaction with and inactivation of PP2A

Previous studies illustrated that RASAL2, a key member of the RAS GTPase-activating 

protein family, could positively or negatively regulate the RAS signaling pathway, depending 

on the cell context or stimulus13, 27. In our studies, RASAL2 silencing or overexpression 

did not affect KRAS protein level or downstream MEK signaling in both KRAS mutant 

(MT) and wild-type (WT) gastric cancer cell lines (Supplementary Figure 6A). We observed 

that RASAL2 overexpression induced activation of AKT and β-catenin in AGS cells. 

Of note, KRAS depletion did not abrogate RASAL2-induced activation of AKT and 

β-catenin in AGS cells (Supplementary Figure 6B), suggesting that RASAL2 utilizes a 

RAS-independent pathway to promote AKT activation. We found that RASAL2 expression 

negatively correlated with genes (PPP2CA and PPP2CB) encoding protein phosphatase 2A 

catalytic (PP2Ac) subunit across four GEO cohorts (Supplementary Figure 6C). This finding 

prompted us to investigate the relationship between RASAL2 and PP2A.

PP2A can negatively regulate AKT activity, whereas inactivation of its catalytic subunit 

(PP2Ac) by phosphorylation at Y307 activates AKT signaling28, 29. We found that 

RASAL2 depletion inhibited the PP2A phosphorylation and increased the active form 

of PP2A (P < .01), with subsequent inactivation of AKT (Figure 4A and 4B). On 

the contrary, overexpression of RASAL2 had opposite effects (Figure 4C and 4D, all 

P < .05). We also found that H. pylori infection promoted phosphorylation of PP2A 

(inactive) and activated AKT/β-catenin axis. Notably, RASAL2 silencing abolished these 

H. pylori infection-induced changes (Figure 4E and 4F, Supplementary Figure 6D and 

6E). Importantly, the treatment with a PP2A inhibitor, Okadaic Acid (OA), abrogated 

the repressive effects of RASAL2 depletion on PP2A/AKT/β-catenin cascades in gastric 

cancer cells (Figure 4G). These results supported the notion that RASAL2 activated 

AKT by promoting the inactivation of PP2A. Using immunoprecipitation, we detected a 

novel protein-protein interaction between RASAL2 and PP2AA (Figure 4H, Supplementary 

Figure 6F). These findings were further supported by the proximity ligation assays (PLA) 

showing the physical proximity of RASAL2 and PP2AA (Figure 4I). Consistent with these 

findings, immunfluoresence analysis demonstrated co-localization of these two proteins 

(Supplementary Figure 6G-6I). Collectively, these results indicated that RASAL2 could 

activate AKT signaling by directly binding to and inactivating PP2A.
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RASAL2 depletion inhibited expansion of cancer cells in vitro and suppressed tumor 
formation in vivo

The contribution of the Wnt/β-catenin signaling axis to cell survival and expansion has 

been widely reported in several human malignancies30, 31, including gastric cancer32. 

Pearson’s correlation analyses revealed that both RASAL2 (Figure 5A, P < .01) and 

CTNNB1 (Supplementary Figure 7A, P < .01) expression levels correlated with single 

sample GSEA (ssGSEA)33 scores for two verified stem cell signatures (Supplementary 

Table 7), namely Stem Cell Gene Set (SCGS)_Smith and SCGS_Benporath_Sox234, 35. 

Consistently, GSEA demonstrated enrichments of several genes/pathways known to promote 

self-renewal and expansion properties in patients with high RASAL2 expression across 

four databases (Figure 5B). Following these findings, we first tested the functions of 

RASAL2 on cell expansion stem-like properties utilizing spheroids derived from MKN28 

and MKN45 cells (Supplementary Figure 7B). RASAL2 knockdown remarkably decreased 

the number (P < .05) and size (P < .01) of spheroids, as compared to control groups 

(Figure 5C and 5D, Supplementary Figure 7C and 7D). The spheroids with RASAL2 

knockdown displayed less nuclear and more cytosolic staining of β-catenin than in control 

cells, indicating nuclear export of β-catenin in the spheroids (Figure 5E, Supplementary 

Figure 7E-7H, P < .001). Consistent with these observations, the knockdown of RASAL2 

decreased the number (P < .05) and size (P < .01) of the organoids from human gastric 

cancer cells (Figure 5F and 5G, Supplementary Figure 7I). Immunofluorescence staining 

demonstrated similar results as observed in spheroids, with decreased numbers of cells 

positive for nuclear β-catenin (P < .01) and Ki-67 (P < .001) (Figure 5H, Supplementary 

Figure 7J). To test the role of RASAL2 in spheroid/tumor formation, we used a series 

dilution assay of MKN45 tumor cells with or without RASAL2 knockdown in vitro and 

in vivo. RASAL2 silencing in MKN45 cells significantly suppressed spheroid formation 

capacity (P < .0001, Supplementary Figure 8A-8C). Furthermore, the tumor xenograft 

results showed a significant impairment of tumor initiation capacity from 1 of 3,656 cells 

(control) to 1 of 57,086 cells (RASAL2 knockdown) (P < .001, Figure 6A-6C). Western 

blots confirmed down-regulation of PP2A/AKT/β-catenin signaling axis in the RASAL2 

knockdown cells, consistent with suppression of tumor growth (Figure 6D). These data 

indicated that RASAL2 played a critical role in promoting stem-like expansion properties of 

cancer cells in gastric tumorigenesis.

H. pylori infection induced RASAL2 expression in gastric tissues and in primary gastric 
tumors in mouse models

To further investigate the role of RASAL2 in H. pylori infection-induced gastric 

tumorigenesis, we utilized an in vivo mouse model for infection with PMSS1. The mouse 

adapted H. pylori strain. After one week or two weeks of infection, infected mice showed 

upregulation of RASAL2 at the mRNA and protein levels as well as activation of AKT/β-

catenin axis in gastric tissues, compared to the untreated control mice (Figure 6E-6G, 

Supplementary Figure 8D). We next analyzed stomach tissues from the TFF1-knockout 

gastric cancer mouse model (Figure 6H), which developed gastric tumors with activation 

of NF-κB pathway 36, 37. We also detected high levels of RASAL2 and its downstream 

signaling targets in neoplastic lesions, with a progressive increase from low grade dysplasia 

(LGD) to high grade dysplasia (HGD)/adenocarcinoma tissues (Figure 6I and 6J). Our 
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data strongly indicate that RASAL2 plays a critical role in gastric tumorigenesis in mouse 

models.

Elevated RASAL2 correlated with β-catenin expression and predicted poor prognosis and 
chemoresistance of patients with gastric cancer.

Following our data in mice, we evaluated the clinical significance of RASAL2 in gastric 

cancer. We examined RASAL2 protein expression using immunohistochemistry (IHC) 

staining in three tumor tissue microarrays (TMA) with 365 evaluable gastric cancer cases 

and one adjacent non-tumor TMA with 124 evaluable cases. The clinicopathological 

characteristics were listed in Supplementary Table 8. Representative RASAL2 positive and 

negative images are shown in Figure 7A. RASAL2 positive expression was observed in 

57.0% (208/365) of primary gastric cancer, which was significantly higher than in adjacent 

non-tumor tissues (37.9%, 47/124, P < .001, Figure 7B). In addition, IHC staining of β-

catenin was performed in one of the three tumor TMA with 119 evaluable cases. Spearman’s 

correlation analysis indicated a strong correlation between RASAL2 and β-catenin (Figure 

7C, R = 0.47, P < .001, Supplementary Figure 9A). There was no significant correlation 

between RASAL2 level and clinicopathological features in local or GSE66229 cohorts 

(Supplementary Table 9 and 10), suggesting that RASAL2 may be an inherent early event 

in gastric tumorigenesis. Kaplan-Meier survival analysis revealed that RASAL2-positive 

patients had much worse overall survival (OS, Hazard Ratio, HR = 1.8, 95% CI: 1.3-2.4, P < 

.001) and recurrence-free survival (RFS, HR = 2.1, 95% CI: 1.4-3.0, P < .001), as compared 

with RASAL2-negative patients (Figure 7D). Similar results were obtained from analyses of 

TCGA data and a panel of GEO cohorts (Figure 7D, Supplementary Figure 9B, all P < .05). 

Furthermore, analysis of our data identified RASAL2 as one of the independent prognostic 

factors for shorter OS in gastric cancer by multivariate analysis with Cox’s proportional 

hazards regression model (Supplementary Table 11, HR = 1.8, 95% CI: 1.3-2.4, P < .001). 

These results were in line with the results from the GSE66229 cohort (Supplementary Table 

12, HR = 1.7, 95% CI: 1.2-2.5, P = .004).

Given the results obtained from spheroids, organoids and tumor xenograft models, 

showing RASAL2 ability to promote cell expansion, we tested whether RASAL2 

promoted chemoresistance. We used our cohort of 324 patients with available adjuvant 

chemotherapy treatment (ACT) information (all regimens were platinum and fluorouracil-

based chemotherapy). Our data showed a survival benefit in patients with ACT, compared 

with those without ACT (Supplementary Figure 9C, P < .001). A stratified analysis 

demonstrated a significant survival benefit in RASAL2-negative patients who received 

ACT (HR = 0.31, 95% CI: 0.18-0.52, P < .001), compared to RASAL2-positive patients 

(Figure 7E). This was further confirmed by adjusting to other clinicopathological features in 

the Cox regression model (Figure 7F, Supplementary Figure 9D). These results suggest 

that RASAL2-positive gastric cancer cells/patients may be more resistant to ACT. To 

confirm this intriguing clinical observation in a lab setting, we performed cytotoxicity 

assays. We found that RASAL2 silencing significantly sensitized gastric cancer cells to 

the treatments of cisplatin (CDDP), oxaliplatin (OXA), and docetaxel (DTX) as indicated 

by reductions in IC50 values (Supplementary Figure 10A). Using CDDP-resistant AGS 

cell models38, we detected higher RASAL2 levels and active AKT/β-catenin signaling 
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in these cells than in parental cells (Supplementary Figure 10B). Notably, RASAL2 

silencing abrogated chemoresistance and reversed the above signaling axis in the CDDP-

resistant cells (Supplementary Figure 10C and 10D). An in vivo tumor xenograft model of 

RASAL2 knockdown combined with CDDP treatment was employed to confirm the in vitro 
finding from cytotoxicity assays (Supplementary Figure 10E). The combination of RASAL2 

silencing and CDDP inhibited 40.9% of tumor growth, compared to the shRASAL2 cells 

without CDDP, whereas CDDP didn’t significantly inhibit the tumor growth of knockdown 

control cells (tumor inhibition rate is 15.9%) (Figure 7G-7I). In addition, western blots 

confirmed that RASAL2 knockdown suppressed the AKT/β-catenin signaling axis, possibly 

contributing to the inhibition of gastric tumor growth (Supplementary Figure 10F and 

10G). These results suggest synergistic anti-tumor effects of RASAL2 silencing and CDDP 

treatment in gastric cancer.

Discussion

In this study, we investigated the molecular mechanisms underlying H. pylori infection-

driven gastric tumorigenesis. We report direct transcription up-regulation of RASAL2 via 

NF-κB in response to H. pylori infection. The results illustrate the role of RASAL2 in 

promoting tumorigenic cells’ expansion via activation of the AKT/β-catenin signaling axis. 

Our findings provide a novel link between H. pylori infection, inflammation, and cell 

signaling in gastric tumorigenesis.

H. pylori is classified as a class I carcinogen2 and considered the main risk factor for 

two-thirds of non-cardia gastric cancer39, 40. We performed whole-transcriptome analysis 

of gastric tumors to screen novel candidate genes and signaling pathways in H. pylori-
infected gastric cancers. Analyses of sequencing data identified RASAL2 as one of the most 

upregulated genes in H. pylori-infected mouse stomach tissues. We found that H. pylori-
infection induces the endogenous RASAL2 expression in vitro and in vivo, suggesting an 

oncogenic role for RASAL2 in H. pylori-infection-promoted tumorigenesis. Although we 

characterized transcriptional regulation of RASAL2 by NF-kB in response to H. pylori, 
we can not exclude a post-transcriptional regulatory mechanism. Our finding of changes 

in protein levels at early time points preceding the increase in mRNA suggests this 

additional possibility. In fact, earlier studies reported negative regulation of RASAL2 by 

miR-203 and miR-136 17 41, raising the possibility that these miRNAs might be silenced 

in response to H. pylori. Alternatively, H. pylori signaling may play a role in mediating 

RASAL2 protein stability. Nevertheless, our findings confirm the role of inflammation 

in mediating transcriptional regulation of RASAL2 where active NF-κB, induced by H. 
pylori42, can directly bind to and activate RASAL2 transcription. The TFF1-knockout mouse 

model of gastric neoplasia, characterized by NF-kB activation, demonstrated high levels 

of Rasal2. Therefore, it is reasonable to assume that high expression levels of RASAL2 

and activation of its downstream signaling can accompany conditions of pro-inflammatory 

NF-κB signaling in gastic tissues and tumors, regardless of the H. pylori status at cancer 

diagnosis.

RASAL2 is a RAS GAPs family member with reports of opposing functions as a tumor 

suppressor or oncogene, depending on the cell type and exogenous stimulus12, 17, 43. 
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Our analysis of the TCGA Pan-cancer dataset revealed a diverse expression pattern of 

RASAL2 in different cancer types (Figure 1B). Interestingly, consistent with our study, the 

upregulation of RASAL2 was present in stomach adenocarcinoma, as well as other digestive 

system tumors such as hepatocellular carcinoma19, colon adenocarcinoma18, and rectal 

adenocarcinoma27. In our hands, RASAL2 silencing had no effect on KRAS expression or 

the downstream MEK signaling. On the other hand, we found that RASAL2 can directly 

bind to and inactivate PP2A, subsequently activating the AKT/β-catenin signaling axis. 

These results, including whole-transcriptome sequencing of human samples and in vitro and 

in vivo mouse models, support this novel role of RASAL2 signaling in H. pylori-related 

gastric tumorigenesis.

There are accumulating lines of evidence suggesting that extrinsic stimuli from the tumor 

microenvironment induce and maintain stem-like cell properties such as self-renewal and 

expansion in a subset of tumor cells44. Of note, several models have been proposed to 

elucidate how H. pylori-infection and inflammation enrich stem-like properties 45, 46. The 

Wnt/β-catenin signaling and the downstream gene, CDX1, have been reported to convert 

H. pylori-infected gastric epithelial cells into tissue stem-like progenitor cells47. The Wnt/β-

catenin signaling maintains LGR5+/AXIN2+ cells in organoids and spheroids cultures to 

promote expansion and growth of gastrointestinal cancers31, 48, 49. Consistent with our 

observation of activation of β-catenin, we detected up-regulation of LGR5 and AXIN2, 

two important Wnt/β-catenin downstream targets, widely accepted as markers of stem cells 

in the intestine50 and stomach51. Our findings present a novel mechanism by which H. 
pylori-induced RASAL2 enriches cell expansion, tumor development, and chemoresistance 

properties, likely through upregulating the β-catenin signaling pathway.

Chemoresistance, a major clinical challenge leading to tumor recurrence and poor clinical 

outcome, is defined as the ability of cancer cells to survive and expand while escaping 

or coping with chemotherapeutics52. Although targeted therapy and immunotherapy 

approaches have revolutionized the treatment in many cancer types53, 54, the results in 

gastric cancer remain largely disappointing55. A key factor in chemoresistance is the 

presence of treatment refractory cancer cells with intrinsic or acquired stem-like cell survival 

and expansion properties56, 57. Our clinicopathological analysis indicated that RASAL2-

positive gastric cancer patients had worse overall survival (OS) and recurrence-free survival 

(RFS) than RASAL2-negative patients. Furthermore, RASAL2-negative patients had more 

survival benefits from adjuvant chemotherapy (ACT) than RASAL2-positive patients, 

suggesting that RASAL2-positive patients are more resistant to ACT. Given our findings 

showing the role of RASAL2 in promoting tumor development in xenograft models and 

cellular expansion of spheroids and organoids, strategies targeting RASAL2 could eliminate 

RASAL2high treatment refractory cancer cells. Our data support this concept showing the 

efficacy of RASAL2 knockdown in sensitizing gastric cancer cells to chemotherapeutics.

In summary, our findings demonstrated, for the first time, that RASAL2 plays a critical role 

in H. pylori infection-induced gastric tumorigenesis. The NF-kB/RASAL2/PP2A/AKT/β-

catenin signaling cascade promotes tumorigenic cell properties. High expression of 

RASAL2 may contribute to chemoresistance and predict poor prognosis of gastric cancer 
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patients. These findings call for the development of RASAL2 inhibitors as a novel strategy 

for treating cancer patients as single agents or in combination with chemotherapeutics.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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WHAT YOU NEED TO KNOW:

BACKGROUND AND CONTEXT:

H. pylori infection is the main risk factor for gastric cancer. This study provides 

new insights into the mechanisms underlying H. pylori infection-induced gastric 

tumorigenesis and chemoresistance.

NEW FINDINGS:

Overexpression of RASAL2 is common in human and mouse gastric cancers. H. pylori 
infection induced RASAL2 expression via activation of NF-κB binding to the RASAL2 
promoter. RASAL2 mediated cancer cells’ expansion by interacting and inhibiting of 

PP2A leading to activation of the AKT/β-catenin signaling.

LIMITATIONS:

This study did not directly address the potential therapeutic significance of RASAL2 

inhibitors.

IMPACT:

Our findings call for the development of RASAL2 inhibitors as a novel strategy 

for treating gastric cancer patients as single agents or in combination with 

chemotherapeutics.

Cao et al. Page 15

Gastroenterology. Author manuscript; available in PMC 2023 May 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 1. Overexpression of RASAL2 in gastric cancer samples
(A) Analyses of the whole-transcriptome sequencing datasets and two Gene Expression 

Omnibus (GEO) datasets from tumor-vs.-normal (TN) cohorts and H. pylori infection 

(HP) cohorts. Hierarchical clustering heatmap and volcano plots of significant differential 

expression genes (DEGs) were shown in DEGs Analysis. Overlapping TN cohorts and HP 

cohorts identified 56 DEGs. Survival analysis of the 56 DEGs was performed in TCGA 

cohort and the genes with the significance levels (∣HR∣ > 1.0 and P < .05) were identified 

as candidate genes. (B) Analyses of TCGA pan-cancer database displayed diverse mRNA 

expression patterns of RASAL2 in different cancer types; ns indicates no significance, *P 
< .05, **P < .01, ****P < .0001. (C) Analyses of public GEO datasets showed that the 

mRNA expression levels of RASAL2 were consistently elevated in gastric cancers compared 
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to normal samples; *P < .05, **P < .01, ***P < .001, ****P < .0001. (D) The mRNA 

expression levels of RASAL2 were examined in the paired tumor and adjacent non-tumor 

tissues from the GEO datasets and our local cohort; ****P < .0001.
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Figure 2. H. pylori infection transcriptionally regulated RASAL2 expression through NF-κB
(A and B) Western blot and quantitative real-time (qRT) PCR analysis of RASAL2 in AGS 

and STKM2 cells following H. pylori infection; *P < .05, **P < .01, ***P < .001. (C) 

The transcription factor binding sites were predicted by the PROMO website using a 600bp 

conserved segment of RASAL2 promoter. (D) A conserved sequence of two putative NF-κB 

binding sites (P1 and P2) with higher JASPAR scores in humans and mice. (E) Western blot 

and qRT-PCR analysis of RASAL2 in AGS and STKM2 cells with and without transient 

expression of NF-κB (p65); ***P < .001. (F and G) Chromatin immunoprecipitation (ChIP) 

assay using NF-κB antibody was performed, followed by qPCR applying primers covering 

P1 and p2 region; ns, no significance, **P < .01, ***P < .001. AGS cells with P65 transient 

expression (F). AGS cells with infection of the two H. pylori strains (7.13 and J166) (G). 
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(H and I) RASAL2 promoter luciferase reporter assays were performed in AGS and STKM2 

cell lines with TNFα treatment (H) or H. pylori infection (7.13 and J166, I); **P < .01, ***P 
< .001.
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Figure 3. H. pylori infection induced β-catenin transcriptional activity in a RASAL2-dependent 
manner
(A - C) β-catenin luciferase reporter assays. TOP-flash contains wild-type TCF binding 

sites. FOP-flash, containing mutated TCF binding sites (negative control); *P < .05, **P < 

.01, ***P < .001. (A) Gastric cancer cells were transfected with two independent RASAL2 
siRNAs (#1, or #2) or scramble siRNA (CTRL). (B) 72h after transfection of RASAL2 
siRNAs (#1, or #2), gastric cancer cells were infected with H. pylori strains for 6h. (C) 

Gastric cancer cells were transfected with the indicated mounts (0.25μg or 0.5μg) of pLV-

RASAL2 expression vector or empty vector control (CTRL). (D and E) Western blots and 

qRT-PCR analysis of β-catenin targets, including AXIN2, Cyclin D1, and LGR5; *P < 

.05, ***P < .001. Gastric cancer cell lines were transfected with RASAL2 siRNA (#1) 

or scramble siRNA control (CTRL) (D). Gastric cancer cell lines were transfected with 

the indicated mounts (0.25μg or 0.5μg) of pLV-RASAL2 expression plasmid or empty 

vector (CTRL) (E). (F and G) MKN28 cells were transfected with RASAL2 siRNA (#1) or 

scrambled siRNA (CTRL). Immunofluorescence staining (scale bars, 20μm) for RASAL2 

(red) and β-catenin (green) was performed. Representative images are shown (F). Nuclear 
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and cytoplasmic protein extraction and Western blots of RASAL2, p-β-catenin (S552) and 

β-catenin were performed (G).
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Figure 4. RASAL2 enhanced AKT phosphorylation through inhibition of protein phosphatase 
2A (PP2A) activity
(A,C and E) Western blots for RASAL2, p-PP2Ac (Y307), total PP2Ac, p-AKT (Ser473), 

and total AKT were performed in gastric cancer cell lines. (A) Gastric cancer cells with 

RASAL2 depletion, (C) Gastric cancer cells with RASAL2 overexpression, (E) Gastric 

cancer cells with RASAL2 depletion followed by H. pylori infection. (B,D and F) PP2A 

Phosphatase immunoprecipitation assays. The active PP2A form, PP2Ac, was specifically 

pulled down from whole-cell lysates, according to the manufacturer's instructions; *P < 

.05, **P < .01, ***P < .001. (B) Gastric cancer cell lines with RASAL2 depletion, (D) 

RASAL2 overexpression, and (F) RASAL2 depletion followed by H. pylori infection. 

(G) Western blot in AGS and STKM2 cell lines, following RASAL2 silencing and PP2A 

inhibitor (Okadaic acid, OA, 100nM) treatment. (H) Immunoprecipitation (IP) assay using 

antibody against RASAL2 or PP2AA in MKN45 cells. IgG was used as a negative control. 

Western blots of RASAL2 and PP2AA were performed. (I) Proximity ligation assays (PLA) 

in MKN45 and STKM2 cells were performed by using anti-RASAL2 and anti-PP2AA 
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antibodies (scale bars, 10μm). PBS (CTRL) and single antibody only was used as negative 

controls. Red dots represent close relationship between two proteins.
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Figure 5. RASAL2 depletion represses gastric cancer cell expansion
(A) Pearson’s correlation analyses between RASAL2 mRNA level and single-sample gene 

set enrichment analysis (ssGSEA) scores for two verified stem cell signatures, namely 

Stem cell gene set (SCGS)_Smith and SCGS_Benporath_Sox2, in TCGA cohort. (B) GSEA 

was employed in the TCGA, GEO and local cohorts, using stem cell relative signatures 

from GO biological processes items. The CSC markers, YAP1, NES, CTNNB1 (β-catenin), 

NF1, NOTCH1, and WNT5A, were analyzed across the datasets. (C) Spheroids (scale 

bars, 100μm) derived from MKN28 cells with stable knockdown of RASAL2 (shRASAL2-

#1) displayed significantly smaller spheroids as compared to the scrambled shRNA cells 

(CTRL). (D) The quantification of sphere size and the number was expressed as the mean 

± SD of 3 independent fields; *P < .05, **P < .01, ***P < .001. (E) Representative 

immunofluorescent images (scale bars, 25μm) of β-catenin (green) in spheroids; nuclei 

were stained with DAPI (blue). White arrows indicate nuclear β-catenin staining. The 

quantification of nuclear β-catenin fluorescence is shown as the mean ± SD of 3 independent 
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fields; ***P < .001. (F) Human organoids (scale bars, 100μm) from gastric cancer 

tissues were stable knocked down of RASAL2 (lentivirus shRASAL2) or control (CTRL), 

showing that knockdown of RASAL2 inhibited organoids growth. (G) The quantification 

of organoids size and number was expressed as the mean ± SD of 5 independent fields; 

*P < .05, **P < .01. (H) Representative immunofluorescence images (scale bars, 50μm) of 

β-catenin (green) and RASAL2 (red) in organoids; nuclei were stained with DAPI (blue). 

White arrows indicate nuclear β-catenin staining. The quantification of nuclear β-catenin 

fluorescence is shown as the mean ± SD of 3 independent fields; **P < .01.
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Figure 6. In vivo studies of RASAL2 in gastric tumorigenesis
(A and B) MKN45 cells with/without RASAL2 knockdown were serially diluted and 

xenografted into NOD/SCID mice subcutaneously. (A) shows tumor the cell numbers 

injected and frequency of tumor formation at day 42. (B) displays the probability 

estimates calculated with Extreme Limiting Dilution Analysis (ELDA) software (http://

bioinf.wehi.edu.au/software/elda/). A significant difference in tumor formation capacity 

was observed between the control and sh-RASAL2 groups. (C) Tumor growth curves for 

subcutaneous tumor xenografts with shRNA knockdown or control (n = 6 per 1 million cells 

dose group); *P < .05. (D) Western blots for RASAL2 and its downstream signaling genes 

for xenograft tumors with/without RASAL2 knockdown (from 1 million cells dose group). 

(E-G) Immunohistochemistry staining (scale bars, 100μm) of RASAL2 (E), qRT-PCR of 

Rasal2 (F), and Western blots for RASAL2 (G) and its downstream targets were performed 

in H. pylori-infected mouse stomach tissues using mouse-adapted H. pylori strain, PMSS1, 

for 1 week (PMSS1-1W) or 2 weeks (PMSS1-2W) infection. *P < .05, **P < .01, ***P 
< .001. (H-J) Hematoxylin and eosin (H&E) staining (H, scale bars, 100μm), qRT-PCR of 

Rasal2 (I), and Western blots for RASAL2 and its downstream targets (J) were performed 

in TFF1-knockout mouse neoplastic gastric tissues. WT, wide-type mouse; LGD, low-grade 

dysplasia; HGD, High-grade dysplasia. *P < .05, ***P < .001.
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Figure 7. Elevated expression of RASAL2 predicted chemoresistance and poor prognosis in 
human samples
(A) Representative immunohistochemistry staining (scale bars, 100μm) of RASAL2 in 

human gastric tumors and adjacent non-tumor tissues. (B) Percentages of RASAL2 negative 

and positive staining in tumor (n=365) and non-tumor tissues (n=124). (C) Spearman’s 

correlation between IHC staining scores of RASAL2 and β-catenin in tumor slides of 119 

patients. (D) Kaplan-Meier survival analysis for RASAL2 staining in the local cohort (left 

for OS and middle for RFS) or mRNA levels (right) in TCGA cohorts. (E) Kaplan-Meier 

survival analysis for patients with and without adjuvant chemotherapy (ACT) in RASAL2 

positive or negative staining cases in the local cohort. (F) Cox regression model for an 

adjusted hazard ratio of the patients with ACT in RASAL2 positive and negative staining 

cases, compared with the patients without ACT. (G) Gross morphology of tumors in NOD/

SCID mice model using MKN45 cells with RASAL2 knockdown or combination with 

CDDP treatment. Mice were dosed with CDDP (2 mg/kg/3 day, ip) (n = 6 tumors per 

group). (H) Tumor growth curve over time in each group. Data are shown as the mean ± 

Cao et al. Page 27

Gastroenterology. Author manuscript; available in PMC 2023 May 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



SEM. (I) Relative tumor volume at the end of treatment. Boxes in the graph indicate the 

median with interquartile range. ns indicates no significance. **P < .01.
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