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Abstract

Infection with Helicobacter pylori (H. pylori) is the main risk factor for gastric carcinogenesis. In 

this study, we investigated the expression, molecular functions, and downstream effectors of 

miR490–3p in gastric cancer. We used in vitro and in vivo models to investigate H. pylori in 

regulating miR490–3p and DARPP-32-dependent functions and therapeutic resistance. Human 

and mouse neoplastic gastric lesions demonstrated a negative correlation between DARPP-32 and 

miR490–3p expression (R=−0.58, P<0.01). This was also detected following infection with H. 
pylori (R=−0.66, P<0.01). Molecular assays confirmed DARPP-32 as a direct target of miR490–

3p. CHRM2, the host gene of miR490–3p, was hypermethylated and downregulated in neoplastic 

gastric tissues (P<0.05). H. pylori induced methylation and downregulation of CHRM2 and 

miR490–3p. Functionally, the reconstitution of miR490–3p sensitized cancer cells to gefitinib by 

inactivating DRAPP-32-dependent AKT and STAT3 pathways. Patients with low miR490–3p or 

high DARPP-32 expression had decreased overall survival (P<0.05). Hypermethylation-mediated 
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silencing of CHRM2 and miR490–3p by H. pylori increased DARPP-32 expression. 

Downregulation of miR490–3p in gastric cancer plays a role in gefitinib response by inducing 

DARPP-32-mediated activation of PI3K/AKT, STAT3 signaling pathways.
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1. Introduction

In the United States, an estimated 27,600 new gastric cancer cases will be diagnosed in 

2020, with an estimated 11,010 deaths [36]. The majority of gastric cancer patients are 

diagnosed at a late stage (Stages III and IV) in the United States, with a poor five-year 

survival rate of 5% (https://www.cancer.org/cancer/stomach-cancer/detection-diagnosis-

staging/survival-rates.html). Overexpression of Dopamine and cAMP-regulated 

phosphoprotein, Mr 32000 (DARPP-32), has been reported as an early step in gastric 

tumorigenesis and is usually present during intestinal metaplasia. DARPP-32 may 

participate in the transition from atrophic gastritis to intestinal metaplasia and progression to 

neoplasia [8, 28]. Several studies have shown that DARPP-32 promotes cancer cell survival, 

drug resistance, and invasion [3, 4, 14, 37, 40]. However, the mechanisms that regulate 

DARPP-32 expression and promote gastric carcinogenesis remain unclear.

Helicobacter pylori (H. pylori) is a spiral-shaped Gram-negative bacteria that colonizes in 

the human stomach. H. pylori infection has a very high prevalence [7], with an estimated 

presence in more than half of the world’s population [34]. Infection with H. pylori has been 

classified by the World Health Organization as a group 1 carcinogen [16] and remains a risk 

factor for the development of gastric cancer [10, 25]. Epigenetic alterations have been 

known to contribute to gastric tumorigenesis [1]. H. pylori infection promotes aberrant DNA 

methylation in gastric mucosa, increasing gastric cancer risk [23, 38].

MicroRNAs (miRNAs) are small, endogenous, non-coding RNAs (22 nucleotides) 

responsible for post-transcriptional expression regulation of targeted genes [15]. 

Transcriptional regulation of both miRNAs and their host genes can be achieved by 

methylation of a promoter [13]. Deregulation of miRNAs contributes to carcinogenesis 

through modulating the expression of oncogenes and tumor suppressor genes. Several 

studies have suggested links between miRNA expression and transcription factors, host 

genes, and targets of mRNAs in several malignancies [2, 22].

The epidermal growth factor receptor (EGFR) is involved in the development and 

progression of several human cancers, including gastric cancer [30]. Gefitinib, a selective 

EGFR-tyrosine kinase inhibitor, has shown promising anti-tumor activity in clinical trials 

against cancers such as colorectal cancer and gastric cancer [5, 26]. However, clinical trials 

using gefitinib in patients with advanced refractory gastric tumors revealed modest clinical 

response due to resistance [26]. Understanding the mechanisms of chemoresistance and 

identifying possible strategies to overcome this critical clinical problem is urgently needed. 

Overexpression of DARPP-32 has been shown to play an important role in mediating 
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chemotherapeutic resistance for EGFR inhibitors such as gefitinib [40]. However, the 

underlying molecular mechanism of overexpression of DARPP-32 and gefitinib resistance 

remains largely unclear.

In the present study, we report that hypermethylation-mediated silencing of miR490–3p 

expression induces DARPP-32 overexpression leading to gefitinib resistance. DARPP-32 

mediates activation of PI3K/AKT and STAT3 signaling pathways, important causes of 

therapeutic resistance. miR490–3p expression may also serve as a novel prognostic indicator 

and a potential therapeutic target for gastric cancer.

2. Materials and Methods

2.1 Cell culture and reagents

AGS cells were purchased from American Type Culture Collection (ATCC, Manassas, VA). 

MKN45 cells were obtained from the Riken Cell Bank (Tsukuba, Japan). AGS cells were 

cultured in F12 media (GIBCO, Carlsbad, CA) and MKN45 cells were cultured in 

Dulbecco’s modified Eagle’s medium (GIBCO) supplemented with 10% fetal bovine serum 

(FBS, Invitrogen Life Technologies, Carlsbad, CA) and 1% penicillin/streptomycin 

(GIBCO). All cell lines were ascertained to conform to the original in vitro morphological 

characteristics and were authenticated using short tandem repeat (STR) profiling (Genetica 

DNA Laboratories, Burlington, NC). All cell lines reported here have been tested and had 

shown to be free of mycoplasma (R&D Systems, Minneapolis, MN). AKT (9272s), p-AKT 

(S473, 4060s), p-STAT3 (Y705, 9193s), STAT3 (4904s), β-actin (4970) and horseradish 

peroxidase-conjugated anti-mouse (7074P2), and anti-rabbit (7062P2) secondary antibodies 

were obtained from Cell Signaling Technology (Danvers, MA). DARPP-32 (sc-398144) 

antibody was obtained from Santa Cruz Biotechnology (Santa Cruz, CA). Trichostatin A and 

5-Aza-2′-deoxycytidine were purchased from Sigma-Aldrich (St. Louis, MO). Cis-platin 

and Gefitinib (ZD1839) were purchased from Selleck Chemicals (Houston, TX) and 

MiR490–3p mimic and inhibitor were purchased from Applied Biological Materials 

(Richmond, BC, Canada).

2.2 Tissue samples

All gastric tissue samples were obtained de-identified from the archives of pathology, in 

accordance with the institutional review board. For miRNA and mRNA analysis, 81 frozen 

tissue samples (54 normal stomach samples and 27 gastric cancer samples) were collected. 

All adenocarcinomas were classified according to recent guidelines of the Union for 

International Cancer Control TNM classification system. Gastric tissues from the TFF1-

knockout mice were used for the analysis of miR490–3p expression, in accordance with a 

protocol approved by the Institutional Animal Care and Use Committees.

2.3 DARPP-32 expression and knockdown

The FLAG-tagged coding sequence of DARPP-32 was cloned in pcDNA3.1 mammalian 

expression plasmid (Invitrogen). Control siRNA (universal negative control1) was purchased 

from Sigma-Aldrich (St. Louis, MO); DARPP-32 siRNA (sc-35173) was obtained from 

Santa Cruz Biotechnology (Santa Cruz).
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2.4 Luciferase assay

We used the PGL3 luciferase reporter construct, purchased from Promega (Madison, WI). 

DARPP-32 3’UTR was cloned into the PGL3-luc vector (Supplementary Table 1). The 

DARPP-32-mutant 3’UTR (without miR490–3p binding sites) was generated by using the 

QuikChange Multi Site-Directed Mutagenesis Kit (Agilent, Santa Clara, CA, USA) and 

cloned into the PGL3-luc vector. The removal of miR490–3p binding sites on DARPP-32 

3’UTR was confirmed by sequencing. The luciferase assay were performed according to the 

manufacturer’s protocol (Promega). β-galactosidase was used for normalization. 

Measurements using a Luminometer (BMG LABTECH) were conducted following the 

manufacturer protocol. Each transfection was performed in triplicate.

2.5 Quantitative real-time PCR analysis

Total RNA was isolated by using the RNeasy Mini Kit (Qiagen, Valencia, CA) and 1 μg 

RNA was reverse transcribed by an iScript cDNA synthesis kit (Bio-Rad, Hercules, CA). 

The quantitative real-time PCR (qRT-PCR) was performed using a Bio-Rad CFX Connect 

Real-time System (Bio-Rad), with the threshold cycle number determined by Bio-Rad CFX 

manager software version 3.0. All primers were purchased from Integrated DNA 

Technologies (Supplementary Table 1). The results of three independent experiments were 

subjected to statistical analysis. Fold change was calculated using the ΔΔC(t) method [32]. 

U6 or HPRT1 was used as a normalization control.

2.6 Cell viability ATP-Glo and Clonogenic cell survival assay

Cell viability was measured by using the CellTiter-Glo Cell Viability Assay (Promega, 

Madison, WI) according to the manufacturer’s protocol. Changes in absorbance were 

recorded in a FluolarStar luminescence microplate reader (BMG Labtech). Clonogenic cell 

survival assay were performed as previously described [41]. Colony formation and cell 

survival were evaluated by quantifying the dye signal in each well with ImageJ image 

Analysis Software (https://imagej.nih.gov/ij/).

2.7 Western blotting

Cells were lysed with RIPA buffer supplemented with protease and phosphatase inhibitors 

(Santa Cruz). Proteins were separated in 12.5% SDS-PAGE and transferred to Immobilon 

PVDF membrane (Millipore). Western Blot analysis was performed using standard methods 

and β-actin was used as a loading control. All blots were imaged using Bio-Rad 

ChemiDoc™ XRS+ System (Bio-Rad).

2.8 H. pylori strains

In this study, H. pylori cagA+ strains (7.13 and J166) were used for cell lines. Rodent-

adapted cag+ H. pylori strain PMSS1 was used for in vivo mouse experiments. H. pylori 
bacteria were cultured on trypticase soy agar with 5% sheep blood agar plates (BD 

Biosciences) for in vitro passage, as previously described [11]. H. pylori strains were then 

cultured in Brucella broth (BB, BD Biosciences) supplemented with 10% fetal bovine serum 

(FBS, Atlanta Biologicals) for 16 to 18 hours at 37°C with 10% CO2. For in vitro studies, 
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the bacteria were co-cultured with gastric epithelial cells at a multiplicity of infection (MOI) 

of 100:1.

2.9 Infection of mice with H. pylori

All animals studied were carried out in accordance with the recommendations from the 

Guide for the Care and Use of Laboratory Animals of the National Institutes of Health. The 

Institutional Animal Care and Use Committee (IACUC) at the University of Miami 

approved all protocols and efforts made to minimize animal suffering. C57BL/6 mice were 

purchased from Charles River Laboratories. Mice (10 mice per group) were orogastrically 

challenged with Brucella broth, as an uninfected control, or with the mouse-adapted wild-

type H. pylori strain PMSS1 (109 CFU/mouse) [29]. Mice were euthanized at 7–14 days or 

after 2–4 months post-challenge and gastric tissue were harvested for western blot and real-

time PCR analyses.

2.10 methylation-specific PCR

The DNA was bisulfite converted using an EZ DNA Methylation Gold Kit (Zymo Research, 

Orange, California, USA) according to the manufacturer’s protocol. Specific bisulfite PCR 

was designed to use the PSQ assay design software (Qiagen, Valencia, California, USA) to 

analyze 165bp of CHRM2 promoter and 11 CpG dinucleotides sites. All primers were 

purchased from Integrated DNA Technologies (Supplementary Table 1). A 20ng aliquot of 

modified DNA was amplified by PCR of the specific promoter region using the Platinum 

PCR SuperMix High Fidelity Enzyme Mix (Invitrogen, Carlsbad, CA USA). 5 μl of the PCR 

products were resolved in 1.5% agarose gels.

2.11 Statistical analysis

All experiments were repeated in three independent experiments, and a mean ± SD was 

used. The SPSS statistical package for Windows Version 16 (SPSS, Chicago, IL, USA) was 

used for the Pearson Chi-square test and for the multi-variant Cox regression analysis. 

Statistical significance of the in vitro and in vivo studies were analyzed by the one-way 

ANOVA, 2-tailed Student’s t-test and Pearson’s Correlation Coefficient analysis using the 

GraphPad Prism 5 software (GraphPad Software, Inc, San Diego, CA, USA). Significant 

differences are described in the figure legends as P< 0.05 or P< 0.01.

3. Results

3.1 MiR490–3p was downregulated in human gastric cancer

Overexpression of DARPP-32 has been reported as an early step in gastric tumorigenesis, 

suggesting that DARPP-32 may participate in the transition from atrophic gastritis to 

intestinal metaplasia and progression to neoplasia [8, 28]. It is important to understand the 

molecular mechanisms regulating DARPP-32 expression. MiRNAs play a critical role in 

shaping the expression of cancer genes by binding to the 3’UTR of target genes to inhibit 

protein translation. To identify miRNAs candidates that can target DARPP-32, we analyzed 

miRNA sequencing data from mouse and human gastric cancers [6]. Global miRNA 

expression patterns in mouse models of gastric adenocarcinoma versus normal gastric 

tissues are illustrated in Figure 1A and 1B. We analyzed miRNAs that can potentially bind 
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to DARPP-32 3’UTR against downregulated miRNAs in our sequencing data. Based on 

three 3 miRNA databases, microRNA.org, Target Scan, and Segal Lab, we found that 

DARPP-32 was a predicted target gene of miR490–3p (Figure 1C). Using quantitative 

reverse transcription PCR (qRT-PCR), we validated downregulation of miR490–3p in de-

identified human (Figure 1D) and mice neoplastic gastric tissues (P<0.01, Figure 1E). We 

also detected downregulation of miR490–3p in 7 gastric cancer cell lines as compared to 

average of three normal gastric mucosa tissues (Supplementary Figure 1).

3.2 DARPP-32 overexpression is associated with miR490–3p downregulation

We next used qRT-PCR to determine the expression levels of endogenous miR490–3p and 

DARPP-32 mRNA in paired clinical samples of human gastric cancer. We verified the 

significant downregulation of miR490–3p and up-regulation of DARPP-32 (Figure 2A, 

P<0.01). The expression levels of miR490–3p and DARPP-32 correlated in an inverse 

manner (Figure 2B, r=−0.58, P<0.01). Infection with H. pylori, the main risk factor for 

gastric cancer, is known to induce DARPP-32 mRNA and protein levels in gastric cancer 

cell lines and gastric mucosa of mice [20, 43]. To investigate a possible link between H. 
pylori, miR490–3p and DARPP-32 expression levels, we used oral gavage of H. pylori strain 

PMSS1 to infect C57/B6 mice stomach. The results indicated that H. pylori infection 

decreased miR490–3p expression and increased the Darpp-32 mRNA levels (Figure 2C, 

P<0.01). Western blot data showed that protein levels of DARPP-32 were remarkably higher 

in H. pylori-infected mice than in wild type mice mucosa (Figure 2C, supplementary figure 

2). Interestingly, the expression levels of miR490–3p and Darpp-32 also correlated inversely 

(Figure 2D, r=−0.66, P<0.01). These data demonstrate that miR490–3p is down-regulated in 

gastric cancer. Considering the observed inverse relationship between miRNA and 

DARPP-32 levels, we can conclude that miR490–3p may play a role in H. pylori-induced 

DARPP-32 overexpression.

In our previous studies, we found that AGS cells have low DARPP-32 expression, whereas 

MKN45 cells have high DARPP-32 expression, we used these 2 celllines for our further 

studies [42, 43]. To confirm that DARPP-32 is a direct target of miR490–3p, reporters of 3′-
UTR or 3’-UTR binding site mutations (lacking miR490–3p binding sites, Figure 1C) of 

DARPP-32 were generated and used in experiments with AGS and MKN45 cells. Luciferase 

reporter analysis indicated that miR490–3p reconstitution using mimics could significantly 

decrease the DARPP-32 3′-UTR luciferase reporter activity with no effect on the mutant 

reporter. Both AGS and MKN45 gastric cancer cells showed similar results (Figure 2E&2F, 

P <0.01). Taken together, these results confirm that miR490–3p can directly bind to 

DARPP-32 3’UTR and regulate its expression and signaling outcome.

3.3 MiR490–3p host gene CHRM2 promoter was hypermethylated in gastric cancer

Next, we investigated the potential mechanism of miR490–3p downregulation in gastric 

cancer. Since miR490–3p is located within the intronic region of CHRM2 (cholinergic 

receptor muscarinic 2; Figure 3A), CHRM2 and miR490–3p may share the same promoter. 

We hypothesized that CHRM2 is the host gene of miR490–3p. Consistent with our 

hypothesis, CHRM2 mRNA levels showed significant downregulation in human gastric 

cancer (Figure 3B, P<0.01). Of note, Chrm2 levels were also downregulated in mouse 
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stomach tissues in response to infection with H. pylori (Figure 3B, P<0.01). In addition, 

CHRM2 mRNA levels exhibited a positive correlation with miR490–3p levels, supporting 

CHRM2 as the host gene of miR490–3P (Figure 3C, R=0.29, P<0.01). H. pylori infection 

influences inflammation-mediated gastric carcinogenesis through DNA methylation and 

epigenetic silencing of tumor suppressor miRNAs [20]. Therefore, we explored whether H. 
pylori infection decreases CHRM2/miR490–3p expression. To confirm the regulation of H. 
pylori infection on CHRM2/miR490–3p expression, we performed qRT-PCR to determine 

the mRNA expression levels of CHRM2 and miR490–3p in AGS cells infected with H. 
pylori. We identified significant downregulation of CHRM2 and miR490–3p expression 

following infection of AGS cells with H. pylori strains (7.13 or J166), as compared with 

uninfected control cells (Figure 3D, P<0.01).

Epigenetic mechanisms, such as DNA methylation, regulate the expression of a plethora of 

genes in gastric cancer and in response to H. pylori [27]. To investigate the upstream 

mechanism involved in miR490–3p down-regulation in gastric cancer, MKN28 cells were 

treated with DNA demethylating agent 5-aza-2′-deoxycytidine (5AZA) with or without the 

histone deacetylase inhibitor trichostatin A. Treatment with 5AZA or combined with TSA 

restored CHRM2 and miR490–3p expression (Figure 3E, P<0.01), suggesting the 

involvement of promoter hypermethylation. Using methylation-specific PCR (MSP), we 

confirmed higher levels of DNA methylation in the promoter region of CHRM2 in human 

gastric cancer tissues as compared to normal tissues (Figure 3F).

3.4 MiR490–3p sensitized cells to gefitinib treatment

Several studies have shown that DARPP-32 promotes gastric cancer cell survival and drug 

resistance by activating AKT and STAT3 signaling pathways [40, 42]. Of note, Western blot 

data in MKN45 cells showed that reconstitution of miR490–3p decreased DARPP-32-

mediated cell signaling as measured by levels of p-AKT, and p-STAT3 (Figure 4A). The 

knockdown of endogenous miR490–3p in AGS cells demonstrated the opposite effects 

(Figure 4B). To determine if DARPP-32 plays an important role in regulation of the 

miR490–3P-induced AKT and STAT3 activation, we performed a rescue experiment. 

MKN45 cells were transfected with control, miR490–3p mimic, or miR490–3p mimic in 

combinations with DARPP-32 plasmid, followed by Western blot analysis. The data 

indicated that reconstitution of miR490–3p decreased the DARPP-32 expression and 

targeted pathway AKT, STAT3 activation; however, the data indicated that the combined 

overexpression of DARPP-32 initiated AKT, STAT3 activation (Figure 4C). We also used 

the DARPP-32 knockdown approach. Western blot data showed that miR490–3p inhibitor 

increased DARPP-32 expression and downstream signaling pathway activation, and the 

combination with DARPP-32 siRNA decreased AKT and STAT3 activation in MKN45 cells 

(Figure 4D).

Our lab previously showed that DARPP-32 promoted gefitinib resistance in gastric cancer 

cells by activating PI3K-AKT signaling [40]. We already showed that DARPP-32 is a direct 

target of miR490–3p. To determine if miR490–3p plays a role in gefitinib resistance, we 

treated MKN45 cells with gefitinib in the reconstitution of miR490–3p. The ATP-Glo cell 

viability assay showed a significant decrease in the IC50 of gefitinib following transfection 
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with miR490–3p mimics (Figure 5A). For an increased stringency, we used a clonogenic cell 

survival assay to evaluate the long-term efficacy of miR490–3p. MKN45 cells transfected 

with miR490–3p mimics were treated with gefitinib overnight and followed up for 10 days. 

The results confirmed that miR490–3p overexpression sensitized MKN45 cells to gefitinib 

treatment (P<0.01, Figure 5B). Of note, Western blot data in MKN45 cells showed that the 

reconstitution of miR490–3p and treatment with gefitinib, gefitinb decreased further 

miRNA-mediated p-AKT expression, but have no effect on p-STAT3 level (Figure 5C). 

When miR490–3p expression was blocked by the miRNA specific inhibitor, we observed a 

remarkable increase in the IC50 of gefitinib (Figure 5D). A similar clonogenic cell survival 

assay was performed in AGS cells. MiR490–3p inhibition resulted in significant resistance 

to gefitinib treatment (2-fold survival increase; P <0.01) as compared to the control cell 

(Figure 5E). Next, we did the knockdown of endogenous miR490–3p and gefitinb treatment 

in AGS cells, the western blot analyses results showed that gefitinb decreased miR490–3p 

inhibitor-mediated p-AKT activation, but do not affect the p-STAT3 level (Figure 5F). 

Platinum-based chemotherapy, such as cis-platin (CDDP), is a widely used treatment in the 

treatment of gastric cancer [19]. To test if miR490–3p mediates the CDDP response, an 

ATP-Glo assay was performed utilizing MKN45 cells overexpressing miR490–3p treated 

with CDDP. There was no significant difference in the CDDP IC50 between the miR490–3p 

overexpression group and the control group (Supplementary figure 3). Our results establish 

the important role of miR490–3p in mediating gefitinib resistance in gastric cancer cells.

To determine if miR490–3p plays a role in DARPP-32-induced gefitinib resistance, we 

treated MKN45 cells with gefitinib in transfection with miR490–3p mimics, or miR490–3p 

plus DARPP-32; the IC50 of gefitinib was significantly decreased by transfection with 

miR490–3p and overexpression DARPP-32 with the miR490–3p increased IC50 of gefitinib 

(Figure 6A). The miRNA inhibitor blocked miR490–3p expression with a significant 

increase of IC50 of gefitinib. However, the combination of miR490–3p inhibitor and 

DARPP-32 siRNA transfection rescued the effect of miRNA (Figure 6B). Overall survival 

analysis of patients with miR490–3p downregulation and DARPP-32 overexpression (http://

www.oncomir.org/cgi-bin/customSurvivalCurve.cgi, http://kmplot.com/analysis/index.php?

p=service&start=1) demonstrated a poor overall survival in gastric cancer patients who have 

overexpression of DARPP-32 or downregulation of miR490–3p (Figure 6C&6D, P < 0.05). 

Collectively, our findings indicate that miR490–3p regulates both resistance and the 

therapeutic response of gefitinib through modulation of DARPP-32 protein expression. The 

regulation of DARPP-32 levels, possibly affecting clinical outcomes and patients’ survival.

4. Discussion:

In 2017, there were 1.2 million incident cases of stomach cancer and 865,000 deaths 

worldwide [12]. Gastric cancer is the third most common cause of cancer-related death in 

the world [35], and it remains difficult to cure, primarily because most patients present with 

advanced disease. Infection with H. pylori is prevalent, affecting approximately 50% of the 

population worldwide [34]. The molecular mechanisms underlying gastric carcinogenesis 

and chemotherapeutic resistance involve both genetic and epigenetic differences [19, 23]. 

Therefore, it is important to discover the molecular players in gastric cancer, a key step for 

improving our current diagnostic and therapeutic approaches.
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Epigenetic modifications can regulate the expression of miRNA genes [22]. Some studies 

have reported that miR490–3p modulates tumor-suppressing functions in colon and prostate 

cancers [9, 39]. Our previous studies found that DARPP-32 activating PI3K-AKT signaling 

by promoting interaction between EGFR and ERBB3, and DARPP-32 promoted activation 

of STAT3 signaling through interacting with and activating the IGF1R-SRC axis [40, 42]. In 

our study, we found H. pylori infection mediated silencing of miR490–3p and increased 

DARPP-32 expression, which activated the AKT and STAT3 signaling pathways. Several in 
vitro and in vivo studies have demonstrated chromatin-modifying drugs’ ability to alter 

miRNA expression [33]. CpG island methylation is often associated with gene silencing and 

dysregulation. Our findings reveal that miR490–3p expression is decreased in gastric cancer 

patients and gastric cancer cell lines due to epigenetic silencing of miR490–3p by H. pylori 
infection. H. pylori infection may increase DNA methyltransferases (DNMTs) expression, 

which hypermethylated the promoter regions within CpG islands of tumor suppressor genes; 

this leads to gene silencing, thus facilitating the normal to malignant cell transformation 

[31]. Several miRNAs were shown to be silenced by H. pylori-induced hypermethylation [9, 

21]. Our results showed that both miR490–3p and its host gene CHRM2 have promoter 

hypermethylation following H. pylori infection of gastric cancer cells. We also observed that 

treatment with the DNA demethylating agent 5AZA restored CHRM2/miR490–3p 

expression in gastric cancer cells and H. pylori infection is a cause of promoter region 

hypermethylation of the CHRM2/miR490–3p gene.

Patients with gastric cancer show poor response to current drug treatments due to drug 

resistance [17, 24]. Clinical trials using gefitinib in advanced refractory gastric cancer 

patients only demonstrated a modest clinical response due to resistance [18]. The molecular 

mechanisms mediating gefitinib resistance in gastric cancer patients is poorly understood. 

There have been no previous investigations regarding the correlation between sensitization 

of gefitinib and miR490–3p expression in gastric cancer. We validated that DARPP-32 was a 

direct target of miR490–3p and promoted gefitinib resistance in gastric cancer cells. 

Furthermore, we analyzed the sensitization effect of miR490–3p on gefitinib resistance in 

gastric cancer cells to obtain insight into the molecular mechanisms of drug resistance. Our 

studies showed that DARPP-32 could rescue the effects of miR490–3p on gefitinib treatment 

in gastric cancer cells. Taken together, we demonstrated that miR490–3p plays an important 

role in resistance to gefitinib.

In conclusion, our study suggests that H. pylori infection induces DNA hypermethylation 

and silences the CHRM2/miR490–3p expression in gastric cancer. The silencing of 

miR490–3p increases the expression of DARPP-32, results in a chemotherapeutic resistance 

phenotype in gastric cancer patients by activates PI3K/AKT and JAK2/STAT3 signaling 

pathways. Our study provides a novel mechanism by which the miR490–3P-DARPP-32 axis 

modulates the response to gefitinib treatment and possibly other chemotherapeutic drugs.
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Highlights

• Molecular mechanisms that contribute to frequent overexpression of 

DARPP-32 in gastric cancer remain largely unknown

• Integrated miR sequencing and bioinformatics analysis identified 

downregulation of miR490–3p with predictive binding sites on DARPP-32 

3’UTR. CHRM2 was identified as the host gene for miR490–3p.

• Hypermethylation-mediated silencing of CHRM2 and miR490–3p by H. 
pylori were demonstrated, leading to increased DARPP-32 expression and 

activation of AKT and STAT3 signaling.

• Downregulation of miR490–3p in gastric cancer plays a role in gefitinib 

response by inducing DARPP-32-mediated activation of PI3K/AKT, STAT3 

signaling pathways.
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Figure 1. MiR490–3p deregulation in human and mouse gastric cancer tissues.
A) Volcano plot analysis of all miRNAs data identified during miR-sequencing analysis of 

normal human gastric tissue samples (n=9) and human gastric tumors (n=39) [1]. B) Similar 

volcano plot analysis of all miRNAs data assessed in miR-sequencing of normal mouse 

gastric tissue samples (n=7) and mouse gastric cancer samples (n=7) [1]. The volcano plots 

display the relationship between fold-change and significance between the two groups using 

a scatter plot view. The y-axis is the negative log10 of P values (a higher value indicates 

greater significance) and the x-axis is the difference in expression between two experimental 

groups as measured in glog2 space. The red points in the plot represent differentially 

expressed miRNAs with statistical significance. C) A scheme showing miR490–3p binding 

sites on DARPP-32 3’UTR. D) qRT-PCR was performed to determine miR490–3p 

expression in human gastric tumors (n=24) and their adjacent histologically normal non-

tumor tissue samples (n=24). E) Similar miR490–3p mRNA expression analysis performed 

on mouse tissues from normal stomach (n=14) and gastric cancer samples (n=14). Statistical 

significance in all panels was calculated by the student’s t test.
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Figure 2. DARPP-32 and miR490–3p have an inverse expression correlation in gastric cancer 
and H. pylori infection.
A) The mRNA expression levels of miR490–3p and DARPP-32 were measured in human 

gastric tumors (n=18) and their adjacent histologically normal non-tumor tissue samples 

(n=18). B) A statistically significant inverse correlation between the levels of miR490–3p 

and DARPP-32 was detected in human samples (R=−0.58, P<.01). C) qRT-PCR of miR490–

3p and DARPP-32 protein levels were performed on mouse gastric tissues from H. pylori 
strain PMSS1 infected (n=18) and uninfected samples (n=18). A representative Western blot 

analysis of DARPP-32 in these samples is shown. D) A statistically significant inverse 

correlation between the levels of miR490–3P and DARPP-32 was detected in mice samples 

(R=−0.66, P<.01). E-F) Luciferase reporter assay for DARPP-32-UTR-luc or DARPP-32-

del-UTR-luc (lacking miR490–3p binding sites). Reconstitution of miR490–3p in MKN45 

cells (E) or its inhibition in AGS cells (F). Experiments were performed with at least 3 

biological replicates. Statistical significance in all panels was calculated by 1-way ANOVA, 

followed by the student’s t test.
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Figure 3. MiR490–3p host gene CHRM2 is hypermethylated in gastric cancer.
A) Schematic representation of miR490–3p and CHRM2 gene locations on human 

chromosome 7. B) qRT-PCR was utilized to determine mRNA expression levels of CHRM2 
in human gastric tumors and their adjacent histologically normal non-tumor tissue samples 

(n=24) or in mice orogastrically challenged with Brucella broth or with PMSS1 strain H. 
pylori (n=14). Statistical significance in all panels was calculated by the student’s t test. C) 

A statistically significant positive correlation between the levels of miR490–3p and CHRM2 
was detected in human gastric tumors and their adjacent histologically normal non-tumor 

tissue samples. D) qRT-PCR of CHRM2 and miR490–3p was performed in AGS cells with 

and without H. pylori infection (7.13 and J166 CagA+ strains). Experiments were performed 

with at least 3 biological replicates. Statistical significance in all panels was calculated by 1-

way ANOVA, followed by the student’s t test. E) qRT-PCR data of CHRM2 mRNA and 

miR490–3p expression with and without 5-AZA or TSA treatment in MKN28 cells. 

Experiments were performed with at least 3 biological replicates. Statistical significance in 

all panels was calculated by 1-way ANOVA, followed by the student’s t test. F) Methylation 

specific PCR were performed in bisulfite-modified DNA. Using methylation-specific PCR 

(MSP), DNA methylation in the promoter region of CHRM2 in human gastric cancer tissues 

and adjacent normal tissues are depicted (U, unmethylated; M, methylated). Experiments 

were performed with at least 3 biological replicates. Statistical significance in all panels was 

calculated by 1-way ANOVA, followed by the student’s t test.
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Figure 4. MiR490–3p inhibits DARPP-32-mediated signaling pathways
A-B) Western blot analyses of DARPP-32, AKT, p-AKT (S473), STAT3, and p-STAT3 

(Y705) protein levels, following miR490–3p reconstitution in MKN45 cells or miR490–3p 

inhibition in AGS cells. C-D) Western blot analyses of DARPP-32, AKT, p-AKT (S473), 

STAT3, and p-STAT3 (Y705) protein levels, following miR490–3p reconstitution and 

DARPP-32 transfection in MKN45 cells or miR490–3p inhibition and DARPP-32 siRNA 

transfection in AGS cells.
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Figure 5. MiR490–3p sensitizes gastric cancer cells to gefitinib treatment.
A, D) Evaluation of IC50 using the ATP-GLO cell viability assay in conditions of gefitinib 

treatment with reconstitution of miR490–3p in MKN45 or knockdown of endogenous 

miR490–3p in AGS cells, using a miRNA specific inhibitor. Experiments were performed 

with at least 3 biological replicates. B, E) Clonogenic cell survival assay in conditions as 

described in A or D. Experiments were performed with at least 3 biological replicates. C, F) 

Western blot analyses of DARPP-32, AKT, p-AKT (S473), STAT3, and p-STAT3 (Y705) 

protein levels, following miR490–3p reconstitution in MKN45 cells or miR490–3p 

inhibition in AGS cells and treated with Gefitinib (10μM) O/N. Statistical significance in all 

panels was calculated by 1-way ANOVA, followed by the student’s t test.
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Figure 6. MiR490–3p downregulation and DARPP-32 overexpression demonstrated a poor 
overall survival
A-B) Evaluation of IC50 using the ATP-GLO cell viability assay in conditions of gefitinib 

treatment in MKN45 cells with reconstitution miR490–3p and transfection with DARPP-32 

(DP32) or in AGS cells with miR490–3p inhibitor and DARPP-32 siRNA transfection. 

Experiments were performed with at least 3 biological replicates. C-D) Survival analysis of 

miR490–3p and DARPP-32 mRNA expression in gastric cancer patients by the Kaplan-

Meier survival curve (http://www.oncomir.org/cgi-bin/customSurvivalCurve.cgi, http://

kmplot.com/analysis/index.php?p=service&start=1).

Zhu et al. Page 20

Cancer Lett. Author manuscript; available in PMC 2021 October 28.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

http://www.oncomir.org/cgi-bin/customSurvivalCurve.cgi
http://kmplot.com/analysis/index.php?p=service&start=1
http://kmplot.com/analysis/index.php?p=service&start=1

	Abstract
	Introduction
	Materials and Methods
	Cell culture and reagents
	Tissue samples
	DARPP-32 expression and knockdown
	Luciferase assay
	Quantitative real-time PCR analysis
	Cell viability ATP-Glo and Clonogenic cell survival assay
	Western blotting
	H. pylori strains
	Infection of mice with H. pylori
	methylation-specific PCR
	Statistical analysis

	Results
	MiR490–3p was downregulated in human gastric cancer
	DARPP-32 overexpression is associated with miR490–3p downregulation
	MiR490–3p host gene CHRM2 promoter was hypermethylated in gastric cancer
	MiR490–3p sensitized cells to gefitinib treatment

	Discussion:
	References
	Figure 1.
	Figure 2.
	Figure 3.
	Figure 4.
	Figure 5.
	Figure 6.

