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Abstract
Background and aims  Helicobacter pylori invades the mucosal barrier and infects the mucins of gastric epithelial cells. 
However, whether gastric carcinogenesis caused by H. pylori infection involves the membrane-bound mucins is unclear. This 
study explored the role of mucin 17 (MUC17) in gastric cancer (GC) associated with H. pylori infection.
Methods  The expression of MUC17 and carcinoembryonic antigen-related cell adhesion molecule 1 (CEACAM1) was 
examined in human GC cells and tissues with H. pylori infection. Gain- and loss-of-function assays were performed to assess 
the role of MUC17 in regulating CEACAM1 in H. pylori-infected GC cells.
Results  MUC17 was downregulated in H. pylori-infected GC cells and tissues in association with poor survival of GC 
patients. Downregulation of MUC17 was attributable to MUC17 promoter methylation mediated by DNA methyltrans-
ferase 1 (DNMT1) H. pylori-enhanced GC cell proliferation and colony formation associated with MUC17 downregulation. 
Gain- and loss-of-function assays showed that MUC17 inhibited the H. pylori-enhanced GC cell growth by preventing the 
translocation of H. pylori CagA into GC cells. Moreover, MUC17 downregulated the expression of CEACAM1 variant 3S 
(CEACAM1-3S) in GC cells and tissues with H. pylori infection. Additionally, MUC17 downregulated CEACAM1 promoter 
activity via attenuation of NF-κB activation in GC cells.
Conclusions  MUC17 was epigenetically downregulated in GC with H. pylori infection. MUC17 inhibited H. pylori CagA 
translocation via attenuation of NF-κB-mediated expression of CEACAM1-3S in GC cells. Thus, MUC17 may serve as a 
valuable prognostic biomarker for H. pylori-associated GC.
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Introduction

Gastric cancer (GC) is highly heterogeneous and seriously 
threatens human health worldwide. The 5-year survival rate 
of GC patients remains poor [1–3]. However, early diagno-
sis and treatment of GC may prolong the survival time and 
improve the life quality of the patients [4, 5]. Therefore, it 
is desirable to delineate the mechanisms of GC progression 
and develop efficacious therapeutic intervention.

The gastric pathogen Helicobacter pylori (H. pylori) col-
onizes the mucus niche of the gastric mucosa of more than 
a half human population [6, 7], invading gastric mucosal 
barrier. H. pylori is the most frequent etiological cause of 
inflammation-associated gastric carcinogenesis, responsible 
for approximately 90% of noncardia GC. GC patients with 
H. pylori infection showed poor GC-related survival and low 
relapse-free survival [8, 9].
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Mucins (MUCs) are main components of gastric mucosal 
barrier, consisting of a family of high molecular-weight 
glycoproteins expressed by specialized epithelial cells as 
secreted or membrane-bound mucins [10, 11]. H. pylori col-
onizes gastric mucosa by utilizing adhesins or non-adhesins 
to bind mucins on epithelial cells. This process causes altera-
tions in mucin subtypes, which on the one hand facilitate 
the major virulence proteins expressed by H. pylori, such 
as cytotoxin-associated gene A (CagA), to invade gastric 
mucosa, on the other hand limit the adherence of bacteria 
to epithelial cell surface, hampering the spread of H. pylori 
along the mucosal surface [12, 13]. The dual roles of mucins 
in the development of GC may depend on differentially 
expressed mucin subtypes in response to microenvironment 
changes caused by H. pylori infection, suggesting a com-
plicated relationship between mucins and H. pylori during 
gastric carcinogenesis.

In this study, we investigated the expression and func-
tion of mucins in GC during H. pylori infection. We found 
that H. pylori epigenetically downregulated the expression 
of membrane-bound MUC17 in GC in favor of its infection 
characterized by H. pylori CagA translocation and GC cell 
proliferation. Gain-and loss-of-function assays showed that 
MUC17 prevented CagA translocation and GC cell prolif-
eration in association with suppression of the expression 
of CEACAM1 variant 3S (CEACAM1-3S) via attenuation 
of NF-κB pathway. The results suggest that the capacity of 
H. pylori on GC cell proliferation is attributed to its impact 
on the expression of membrane-bound MUC17, resulting in 
NF-κB-mediated expression of CEACAM1-3S.

Materials and methods

Bacterial strain and cell culture

H. pylori 26695 was cultured at 37 °C in microaerobic 
atmosphere (5% O2, 10% CO2 and 85% N2) in Columbia 
agar plates with Helicobacter pylori selective supplement 
(0.025 mg/ml) and 10% horse blood (Oxoid, Cambridge, 
UK). Plates were incubated for 48 h under microaerobic 
conditions.

Human GC cell lines (BGC823, SGC7901) were grown 
in 90% DMEM (Gibco, Life technologies, Grand Island, NY, 
USA) with 10% fetal bovine serum (PAN Biotech, Aden-
bach, GER). GC cell lines BGC823 and SGC7901 were 
established in China and obtained from the tissue bank of 
Shanghai (Shanghai, China). GC cells were spilt to low 
density (30% confluence) with antibiotic-free cell culture 
medium. H pylori bacteria were co-cultured with GC cells at 
multiplicity of infection (MOI) 5, 25, 50 or 100. Cells were 
collected at 6, 12 or 18 h after H. pylori infection. Before 
collection, cells were exposed to 100 µg/µl of gentamicin 

(Sigma, St Louis, MO, USA) for 6 h. Cells were also treated 
with 5-Aza (5-aza-2′-dexocytidine) for 96 h with the growth 
medium being changed every 24 h.

DNA constructs and transfection

DNA constructs and transfection were performed as previ-
ously described [14, 15]. Details were provided in the Sup-
plementary Materials and Methods.

Patients and specimens

67 cases of GC tissues (Supplementary Table  1) were 
obtained from Peking University Cancer Hospital from 
2002 to 2007, patient’s name was removed from these case 
descriptions. This study was approved by the institutional 
Ethical Review Board for human investigation at Peking 
University. Endoscopical biopsy specimens of primary GC 
were obtained from patients and stored at the Tissue-Bank of 
Peking University Cancer Hospital according to the standard 
procedures of the Ethics Committee of Peking University 
Cancer Hospital.

RNA isolation, reverse transcription (RT), 
and polymerase chain reaction (PCR)

RNA Isolation, reverse transcription (RT), and polymer-
ase chain reaction (PCR) were performed as previously 
described [14, 15]. Cells were harvested for RNA isolation 
using TRIzol Reagent (Invitrogen, Grand Island, NY, USA) 
and first-strand cDNA was synthesized with the Super-
script First-Strand Synthesis System (Invitrogen). PCR was 
performed using primers listed in Supplementary Table 2. 
qPCR was performed using 2× SYBR Green-based qPCR 
reagent on ABI 7500 fast qPCR machine (Applied Biosys-
tems, California, USA). The relative expression level of each 
gene was normalized to the amount of the same cDNA using 
the2−ΔΔCt method and was further compared to β-actin.

DNA extraction, bisulfite modification, 
methylation‑specific PCR (MSP‑PCR) and bisulfite 
sequencing (BS)

DNA extraction, bisulfite modification, and methylation-
specific PCR (MSP-PCR) were performed as previously 
described [14, 15]. Total DNA was extracted from tissues 
using the genomic DNA rapid extraction kit (Transgen 
Biotech, Beijing, China). Bisulfite modification of DNA 
was performed using Zymo DNA Methylation Kit (Zymo 
Research, Irvine, CA, USA). The in vitro methylation DNA 
(IVD) serving as the positive control was the A&D Human 
Methylated DNA Standard (A&D Technology, Beijing, 
China), and the negative control was the genomic DNA from 
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normal human peripheral lymphocytes as described [14]. 
MSP-PCR was performed using primer pairs that specifi-
cally amplify either methylated or unmethylated sequences 
of the MUC17 gene as Kitamoto et al. described [16] (the 
primers were listed in Supplementary Table 2). MSP prod-
ucts were analyzed using a 2% agarose gel electrophoresis. 
Bisulfite-treated DNA was amplified using BS primers as 
described in Supplementary Table 2. PCR products were gel 
purified and cloned into pGEM-T vectors (Promega, Madi-
son, WI, USA). Colonies were randomly selected for plasmid 
isolation using EasyPure Plasmid MiniPrep Kit (TransGen 
Biotech, Beijing, China) and subjected to sequencing with 
the SP6 reverse primer via automated sequencing (Beijing 
AUGCT Biotechnology Co. Ltd., Beijing, China) as previ-
ously described [14, 15].

Western blot analysis

SDS-PAGE and western blots were performed as previous 
described [14, 15]. Details were provided in the Supplemen-
tary Materials and Methods.

Luciferase assay

Luciferase reporter assay was performed using a dual-lucif-
erase reporter assay system (Promega, Madison, WI, USA) 
with the pGL3 basic luciferase reporter system. Promoter-
specific luciferase constructs and controls were transfected 
with into cells using Lipofectamine 2000 (Invitrogen). The 
luciferase signal was first normalized to the control lucif-
erase signal and then normalized to the signal from control 
group.

Chromatin immunoprecipitation (ChIP)

ChIP assay was performed by following EpiTech ChIPOne-
Day Kit protocol (QIAGEN) as described [14, 15]. Details 
were provided in the Supplementary Materials and Methods.

Immunofluorescence staining (IF)

Immunofluorescence staining was performed as previously 
described [14, 15]. Cells with different treatments were har-
vested and fixed with 4% paraformaldehyde at room tempera-
ture for 10 min. After washing and pre-blocking, the cells were 
incubated at 4 °C overnight with antibodies against MUC17 
(1:25), CEACAM1 (1:100), NF-κB (1:50) and Helicobacter 
pylori CagA (1:500), respectively. After washing, the cells 
were incubated with FITC-conjugated or TRITC-conjugated 
secondary antibody (1:100; Santa Cruz, CA, USA) for 1 h, and 
then were analyzed by Vectra3 automated quantitative pathol-
ogy system from PerkinElmer Inc. (Boston, MA, USA). DAPI 

was used for nuclei staining (10 µg/ml in PBS, Invitrogen, Life 
Technologies, and Grand Island, NY, USA).

Immunohistochemistry (IHC)

IHC was performed on 5 mm thick serial sections of formalde-
hyde fixed as previously described [14, 15]. The sections were 
incubated with antibodies against MUC17 (1:25), CEACAM1 
(1:100), H pylori CagA (1:500), and H pylori (1:100) over-
night at 4 °C. The sections were incubated with Opal 4-Color 
Manual IHC Kit according to the manufacturer’s instructions 
or DAB, and then were analyzed by Vectra3 automated quan-
titative pathology system from PerkinElmer Inc. (Boston, MA, 
USA). GC patient tumor specimens were analyzed and scores 
were described previously [14, 15].

Cell viability and colony formation

GC cells were seeded into 96-well plates at 1 × 103 cells/well 
and cell viability was determined everyday by IncuCyte Zoom 
(Essen Bioscience, MI, USA) or using 3-(4,5-dimethylthiazol-
2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay kit (Key-
GEN Biotech, Jiangsu, China). The absorbance for MTT assay 
at 490 nm/570 nm wavelength was detected using a microplate 
reader (Thermo Multiskan MK3,Thermo Fisher Scientific Inc., 
USA). GC cells were seeded into 35 mm cell culture dishes 
(200 cells/well) with H. pylori infection (MOI 50, 12 h) every 
4 days. All dishes were incubated at 37 °C in a humidified 
atmosphere of 5% CO2. Colonies were scored in 2 weeks. The 
cloning cells were fixed with 4% paraformaldehyde for 10 min 
and stained with 0.2% crystal violet (Beyotime Ltd., Jiangsu 
Province, China) for 20 min.

Statistical analysis

The data are expressed as means ± standard deviation (SD) of 
at least three independent experiments. The DNA methylation 
in human GC was analyzed by the Student’s t test. Overall sur-
vival was analyzed using Kaplan–Meier method and compared 
using log-rank tests. The relationship between MUC17 and H. 
pylori infection with clinic pathologic characteristics in GC 
patients was measured by χ2 or Fisher’s exact tests. Pearson 
correlation test was used to analyze two continuous value cor-
relations. All statistical analyses were performed using SPSS 
version 23.0 (SPSS Inc., Chicago, IL, USA).
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Result

MUC17 is reduced in H. pylori‑infected GC 
in association with poor survival of GC patients

Experiments were performed using the GC cells treated 
with different MOI (multiplicity of infection) of H. pylori, 
resulting in enhanced cell proliferation, with optional effects 
at MOI 50 of the bacteria (Supplementary Fig. 1a). The 
proliferation on promoted effect of H. pylori on GC cells 
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was confirmed by colony formation assay, in which GC 
cells treated with H. pylori formed significantly increased 
colonies than the cells treated with saline (Supplementary 
Fig. 1b). Western blotting showed the expression of H. 
pylori CagA in GC cells at a pathogen MOI of 50 (Sup-
plementary Fig. 1c), indicating that GC cells were infected 
with H. pylori, since H. pylori promoted cell proliferation 
by translocating H. pylori CagA into the cytoplasm of tar-
get cells. By transfection of ectopic H. pylori CagA into 
BGC823 and SGC7901 cells (Supplementary Fig. 1d), we 
showed that overexpression of CagA in GC cells signifi-
cantly promoted the viability of GC cells as compared with 
control vector transfected cells (Supplementary Fig. 1e). 
These results showed that H. pylori promoted GC cell pro-
liferation mainly through CagA, suggesting a successful 
infection by H. pylori.

We next determined the expression of membrane-bound 
mucins in GC cells upon H. pylori infection. As shown in 
Fig. 1a, H. pylori infection caused significant reduction of 
mucin family members, MUC13, MUC17 and MUC20, in 
particular MUC17, although mRNA of MUC17 was barely 
detectable in BGC823 and weakly expressed in SGC7901 
GC cells (Supplementary Fig. 2). Moreover, the mRNA 
expression of MUC17 was reduced upon H. pylori infection 
in a dose- and time-dependent manner (Fig. 1b, c).

We then validated MUC17 expression in a cohort of 67 
patients with GC (Table 1), among which, 29 (43.3%) of 
patients were H. pylori positive. As shown in Fig. 1d, IHC 
staining demonstrated decreased expression of MUC17 
(MUC17Low) in Hp+ gastric tumors in contrast to higher 
MUC17 expression (MUC17High) in Hp− tumors. Although 
there appeared no difference in the expression of MUC17 
in the cohort, MUC17Low GC cases with Hp+ in tumor tis-
sues (Hp+ MUC17Low) were about fourfold of Hp+ tumor 
cases (Hp+ MUC17High) (p < 0.01, Fig. 1e; Table 1). Fol-
low-up of 60 months showed that the GC patients with 

Hp+MUC17High had significantly better survival time than 
that of Hp+MUC17Low GC patients (p < 0.01, Fig. 1f). 
These results suggest that MUC17 expression is decreased 
in GC with H. pylori infection, which is associated with 
the poor outcome of the GC patients.

Downregulation of MUC17 expression by DNA 
hypermethylation in GC upon H. pylori infection

In 30 cases of human GC tissues available with RNA 
and DNA samples, the expression of MUC17 in tumor 
tissues was significantly decreased upon H. pylori infec-
tion (Fig. 2a). MSP analysis revealed that 93.75% (15 of 
16) of Hp+ GC tissues were partially or heavily methyl-
ated in the promoter region of MUC17, significantly dif-
ferent from Hp− samples, in which methylation occurred 
in 42.86% (6 of 14) (p < 0.01, Fig. 2b and Supplemen-
tary Fig. 3). The representative GC tissue samples (Hp+: 
5T and 13T; Hp−: 21T and 27T) were subjected to BS 
analysis of methylation status in the promoter region of 
MUC17 gene, showing heavily methylated in 5T, par-
tial methylated in 13T and 21T, or unmethylated in 27T, 
respectively (Fig. 2c). To explore whether the decreased 
expression of MUC17 with H. pylori infection was attrib-
utable to epigenetic alteration, H. pylori-infected GC cells 
were treated with 5-Aza. As shown in Fig. 2d, MUC17 
expression was increased in BGC823 and SGC7901 cells 
after 5-Aza treatment. Moreover, treatment of BGC823, 
and SGC7901 cells with 5-Aza significantly reduced the 
proliferation of H. pylori-infected GC cells (Fig. 2e). To 
determine the involvement of DNA methylation in the 
regulation of MUC17 expression, analysis of the TCGA 
(the cancer genome atlas) database showed that among the 
372 cases of stomach adenocarcinoma (STAD) recorded 
with both the methylation and transcripts data, methyla-
tion of MUC17 was correlated with the downregulation of 
MUC17 expression (Fig. 2f, p < 0.05, r = − 0.5867). Bioin-
formatic analysis of the database also showed that in these 
372 cases of STAD, patients with MUC17Low had a poor 
prognosis (Supplementary Fig. 4). Western Blotting anal-
ysis of DNA methyltransferase 1 (DNMT1), a preferred 
methylator involved in tumor suppressor genes hypermeth-
ylation [17, 18], showed that the expression of DNMT1 
was increased in BGC823 and SGC7901 cells upon H. 
pylori infection (Fig. 2g). ChIP-qPCR analysis of genomic 
DNA immunoprecipitated with anti-DNMT1 antibody in 
GC cells showed that DNMT1 enriched more genomic 
DNA in MUC17 promoter region (Fig. 2h), a methylated 
region upon H. pylori treatment (Fig. 2c). These findings 
suggest downregulation of MUC17 expression in GC upon 
H. pylori infection in association with DNA hypermethyla-
tion regulated by DNMT1.

Fig. 1   Decreased expression of MUC17 in H. pylori-infected GC. 
a RT-qPCR of the mRNA expression of membrane-bound mucins 
(MUC1, MUC12, MUC13, MUC16, MUC17, and MUC20) in GC 
cell BGC823 and SGC7901 after infected H. pylori at multiplicity of 
infection of 50 for 12  h (MOI 50, 12  h). Each gene was compared 
with its own untreated control after normalization to β-actin. b RT-
qRCR of MUC17 expression in BGC823 and SGC7901 cells with 
H. pylori infection at different multiplicity of infection (MOI 5, 25, 
50, 100) for 12  h. c RT-qRCR of MUC17 expression in BGC823 
and SGC7901 cells with H. pylori infection (MOI 50) at different 
time points (0, 6, 12, 18 h). d Representative immunohistochemical 
staining of MUC17 expression in human GC tissues with or with-
out H. pylori infection. Original microphotographs at magnifica-
tion of × 400. Scale bar, 50  µM. e Analysis of MUC17 expression 
in association with H. pylori infection in the GC tissues by IHC 
(n = 67). *p < 0.05, **p < 0.01by χ2 test. f Kaplan–Meier analysis of 
overall survival until 120 months for the GC patients in accordance 
with H. pylori infection and the MUC17 expression level. *p < 0.05, 
**p < 0.01. Hp: H. pylori 

◂
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MUC17 suppresses H. pylori‑mediated CagA 
translocation in GC

We then knocked down MUC17 by shRNA in BGC823 and 
SGC7901 cell lines (Fig. 3a and Supplementary Fig. 5a). 
As shown in Fig. 3b, GC cell proliferation was significantly 
increased by transfection with MUC17 shRNA (p < 0.01), 
with a further enhancing effect when infected with H. pylori. 
Colony formation assays also showed that GC cells with 
MUC17 knockdown formed more colonies than control 
cells, and the effect was further increased upon H. pylori 
infection (Fig. 3c). These data suggest disruption of MUC17 
in favor of H. pylori-mediated GC cell proliferation.

Data from TCGA database indicates that mutations were 
highly frequent in MUC17 gene, including in-frame muta-
tion, missense mutation, and truncating mutation. How-
ever, there was no mutation observed in EGF like domain 
of MUC17 and its subsequent region, a conserved domain 
that is critical for MUC17 to exert its functions. To explore 
whether the effect of MUC17 on H. pylori infection is medi-
ated by this conserved domain, we overexpressed trun-
cated MUC17 (T-MUC17) in BGC823 and SGC7901 cell 
lines (Fig. 3d, Supplementary Fig. 5b and 5c). As shown 
in Fig. 3e, with H. pylori infection, the proliferation of 
BGC823 and SGC7901 cells with overexpression of trun-
cated MUC17 significantly decreased compared to control 
cells. These results were confirmed by colony formation 

assays (Fig. 3f). Thus, MUC17 inhibits H. pylori-mediated 
GC cell proliferation possibly through its EGF such as 
domain and the subsequent region. These data suggest an 
inhibitory effect of MUC17 on GC cell proliferation pro-
moted by H. pylori infection.

By gain- and loss-of-function assays, we showed that H. 
pylori CagA protein in GC cells upon H. pylori treatment 
was reduced by MUC17 (Supplementary Fig. 6a). Immu-
nofluorescence staining showed that H. pylori CagA in the 
cytoplasm of H. pylori-treated GC cells was reduced by 
MUC17 (Supplementary Fig. 6b and 6c). Furthermore, H. 
pylori CagA was present in MUC17Low, but not MUC17High 
tumor tissues (Supplementary Fig. 6d). These data suggest 
the inhibitory effect of MUC17 on GC with H. pylori infec-
tion by blocking translocation of H. pylori CagA.

MUC17 inhibits CEACAM1‑3S expression in GC

Helicobacter pylori CagA translocation into gastric epi-
thelial cells was possibly conducted through H. pylori 
HopQ interacting specifically with CEACAM1 expressed 
in target cells [19]. We, therefore, examined the effect 
of MUC17 on CEACAM1 expression in GC cells. As 
shown in Fig. 4a, in BGC823 and SGC7901 cells, knock-
down of MUC17 increased the expression of CEACAM1 
at both mRNA and protein levels. Overexpression of 
truncated MUC17 reduced CEACAM1 expression in GC 
cells (Fig.  4b). Immunofluorescence staining showed 
that the expression of CEACAM1 was inversely corre-
lated with MUC17 levels in both Hp+ and Hp− GC tis-
sues (Fig. 4c). For validation, we analyzed the RNA-Seq 
data of STAD recorded in TCGA database. A total of 186 
cases was recorded with the clinical data, including 18 
cases of H. pylori-positive patients and 168 of H. pylori-
negative patients. The analysis showed that the expression 
of MUC17 was inversely correlated with CEACAM1 in 
both Hp+ and Hp− GC tissues (Supplementary Fig. 7a 
and 7b, p < 0.05). CEACAM1 has many variants through 
alternative splicing. We examined the expression of four 
main splice variants of CEACAM1, CEACAM1-4L, -4S, 
-3L, and -3S in GC cells and tissues. RT-qPCR showed 
that CEACAM1-3S was the most expressed compared 
with other variants in GC cells (Fig. 4d). Consistently, 
the expression of CEACAM1-3S was higher than any 
other variant in GC tissues (Fig. 4e). We then examined 
the expression of CEACAM1-3S along with MUC17 
in GC cells. The mRNA of CEACAM1-3S was signifi-
cantly increased or decreased upon MUC17 knockdown 
or overexpression, respectively (Fig. 4f, g). In GC tissues, 
increased expression of CEACAM1-3S is associated with 
decreased MUC17 (Fig. 4h, p < 0.01, r = − 0.6282). We 
further determined the expression of CEACAM1-3S and 
MUC17 in response to H. pylori infection. In BGC823 

Table 1   MUC17 expression associated with clinicopathologic param-
eters in GC

Character-
istics

No. of cases MUC17High 
(%)

MUC17Low 
(%)

p value

Total 67 35 (52.2) 32 (47.8)
Gender
 Male 52 29 (55.8) 23 (44.2)
 Female 15 6 (40.0) 9 (60.0) 0.281

Age
 ≥ 60 20 10 (50.0) 10 (50.0)
 < 60 47 25 (53.2) 22 (46.8) 0.811

GC type
 Diffuse 40 21 (52.5) 19 (47.5)
 Intestinal 27 14 (51.9) 13 (48.1) 0.958

Differentiation
 Poor–mod-

erate
58 29 (50.0) 29 (50.0)

 Well 9 6 (66.7) 3 (33.3) 0.352
TNM stage
 I/II 21 13 (61.9) 8 (38.1)
 III/IV 46 22 (47.8) 24 (52.2) 0.285

H. pylori infection
 Yes 29 6 (20.7) 23 (79.3)
 No 38 29 (76.3) 9 (23.7) < 0.01
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and SGC7901 cells, H. pylori infection significantly 
reduced MUC17, but increased CEACAM1-3S expres-
sion (Fig. 4i). These results suggest an inhibitory role of 
MUC17 in CEACAM1-3S expression possibly associated 
with its prevention of H. pylori infection in GC.

MUC17 inhibits H. pylori CagA translocation 
by downregulating CEACAM1‑3S expression in GC 
cells

MUC17 or CEACAM1-3S was either knocked down or 

Fig. 2   Epigenetic silencing of MUC17 by H. pylori in GC. a RT-
qRCR of MUC17 expression in human GC tissues with respect to 
H. pylori infection (n = 30). b Methylated PCR analysis of the pro-
moter methylation of MUC17 in the human GC tissues upon H. 
pylori infection (n = 30). c BS confirmation of MUC17 gene meth-
ylation. Representative GC tissue samples from Hp+ (5T and 13T) 
or Hp− (21T and 27T). Filled circles represent methylated CpG dinu-
cleotides, and open circles indicate unmethylated sites. d GC cell 
lines with H. pylori infection were treated with 5-Aza (5 µΜ, 96 h). 
MUC17 mRNA expression, relative to β-actin as internal control, was 
measured by quantitative RT-PCR using the 2−ΔΔCt method. Results 
represent the mean ± SD (standard deviation). *p < 0.05, **p < 0.01 
(by t test) compared with untreated control. e The effects of 5-Aza on 

GC cell proliferation. MTT assays monitoring the cell variability of 
H. pylori-infected GC cells treated with 5 µM 5-Aza daily for 3 days. 
Left panel: BGC823. Right panel: SGC7901. f Association between 
methylation and expression of MUC17 in GC by analyzing TCGA 
database. g Western blotting of DNMT1 expression in BGC823 
and SGC7901 cells after H. pylori infection (MOI 50, 12 h), β-actin 
served as protein loading control. (h) ChIP-qPCR to analyze the 
enrichment of the MUC17 promoter region by DNMT1 in BGC823 
and SGC7901 cells after H. pylori infection (MOI 50, 12 h). The spe-
cific enrichment was normalized to nonspecific control and was rep-
resented as the percentage of input. Data are representative of at least 
three independent experiments. Error bars indicate standard deviation 
(SD). *p < 0.05, **p < 0.01, significant differences from the control
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overexpressed transiently in BGC823 and SGC7901 cells 
(Fig. 5a, b). Upon H. pylori treatment, Western blotting 
showed that knockdown of both MUC17 and CEACAM1-
3S attenuated H. pylori CagA translocation into GC cells 
compared with MUC17 single knocked down (Fig. 5c). Con-
versely, H. pylori CagA detected by Western blotting was 
increased in H. pylori-infected GC cells with overexpression 
of both MUC17 and CEACAM1-3S, compared with MUC17 
single-overexpression in GC cells (Fig. 5d), suggesting the 
capacity of CEACAM1-3S to diminish the inhibitory effect 
of MUC17 on H. pylori CagA translocation. Furthermore, 
knockdown of both MUC17 and CEACAM1-3S resulted in 
cell proliferation similar to H. pylori-infected control cells, 
but significantly lower than infected GC cells with MUC17 
single knockdown (Fig. 5e), whereas overexpression of 
both MUC17 and CEACAM1-3S significantly enhanced 
H. pylori-mediated GC cell proliferation at the level com-
parable to H. pylori-infected control cells (Fig. 5f). Thus 
CEACAM1-3S is capable of reversing the inhibitory effect 
of MUC17 on H. pylori CagA translocation.

MUC17 downregulates CEACAM1 promoter activity 
via attenuation of NF‑κB signaling

Aberrant activation of NF-κB was shown upon infection 
with CagA-positive H. pylori, attributable to gastric carcino-
genesis. We hypothesized that MUC17 may downregulate 
CEACAM1 via NF-kB pathway. Although total p65 subu-
nit of NF-κB showed no obvious change at protein level in 
whole-cell lysates (Fig. 6a), MUC17 knockdown in BGC823 
and SGC7901 cells resulted in augmentation of p65 in the 
nuclei with concomitant diminution in the cytoplasm. Trun-
cated MUC17 augmented p65 in the cell cytoplasm with a 
concomitant decrease in the nuclei in the GC cells (Fig. 6b). 
These data suggest that MUC17 inhibits NF-κB activation 
in GC cells.

Analysis of JASPAR database for putative transcription 
factors binding to CEACAM1 revealed consensus sequences 
of 5′-GGA​GGG​TCC​CCC​T-3′ located in the − 741/− 729 
region and 5′ GGG​GGA​TCC​TCC​T 3′ located in the 
− 311/− 299 region of CEACAM1 promoter represents a 

typical binding motif for NF-κB p65 (Supplementary Fig. 8). 
We cloned three DNA fragments in the CEACAM1 pro-
moter region containing two or either one of p65 binding site 
into pGL3-basic plasmid, termed pCEACAM1-1, -2 and -3, 
respectively (Supplementary Fig. 8). As shown in Fig. 6c, 
upon transfection, the luciferase activity of pCEACAM1-1, 
-2 or -3 was significantly increased compared with pGL3-
basic control vector in BGC823 and SGC7901 cells. We 
then constructed pCEACAM1 mutants by mutation of p65 
binding site 1 in pCEACAM1-2 (pCEACAM1-MT1), or p65 
binding site 2 in CEACAM1-3 (pCEACAM1-MT2), respec-
tively (Supplementary Fig. 8). After transfection, the lucif-
erase activity of CEACAM1-MT1, or -MT2 was decreased 
as compared with the wild type construct in BGC823 and 
SGC7901 cells (Fig. 6d). ChIP assay showed that anti-p65 
antibody did not enrich DNA fragments upon MUC17 over-
expression of truncated MUC17, but with higher enrichment 
when knockdown of MUC17 (Supplementary Fig. 8, Fig. 6e, 
f), suggesting physical association of p65 protein with the 
proximal promoter region in CEACAM1 gene from − 359 
to − 240 of the transcription start site. Thus, MUC17 down-
regulates CEACAM1 expression via attenuation of NF-κB 
activation in GC cells.

Discussion

Gastric mucosal barrier disrupted by chronic inflammation, 
is thought to be the major cause of carcinogenesis [6]. How-
ever, the primary role of membrane-bound mucins in gastric 
carcinogenesis induced by H. pylori is unclear. In the present 
study, we found epigenetic downregulation of MUC17 by H. 
pylori in GC. Gain- and loss-of-function assays showed that 
MUC17 plays an inhibitory role in H. pylori-induced gastric 
cell proliferation associated with its CagA translocation in 
GC cells by suppressing the expression of CEACAM1-3S 
via inactivation of NF-κB.

According to the expression patterns by epithelial cells, 
mucins are divided into membrane-bound and secretory 
types [11, 20]. The specificity of the distribution of mucins 
constitutes a barrier on mucosal defense system and protects 
the mucosa from invasion by foreign substances including 
microorganism [13]. Studies have shown that H. pylori is an 
important factor leading to the damage of gastric mucosal 
barrier [21–23]. However, studies so far on association of 
mucins with H. pylori mostly focused on secretory mucins. 
For instance, H. pylori infection of gastric mucosal leads 
to downregulation of MUC5AC and abnormal expression 
of MUC6 on surface epithelium [24–26]. As a membrane-
bound mucins, MUC17 plays an important role in epithe-
lial protection [27] by limiting adherence of bacteria to 
the epithelial cell surface, and hampering the ability of 
bacteria to colonize and invade epithelial cells as well as 

Fig. 3   Effects of MUC17 on proliferation of H. pylori-infected GC 
cells. a–c BGC823 and SGC7901 cells were stably transfected with 
shMUC17 or nonspecific control (shNC). After validation of the 
mRNA expression level of MUC17 by RT-qPCR (a), the GC cells 
were infected with H. pylori (MOI 50,12 h). MTT assay to monitor 
the viability of the cells over 4 days (b). Colony formation was per-
formed in every 4 days until 2 weeks (c). d–f After stably expression 
of ectopic truncated MUC17 (T-MUC17) in BGC823 and SGC7901 
cells were validated by RT-qPCR (d), the GC cells were infected with 
H. pylori (MOI 50,12 h), and were subjected to MTT assays (e) and 
colony formation assays (f). Data are presented as the mean ± stand-
ard deviation (n = 3), *p < 0.05, **p < 0.01, significant differences 
from the control

◂
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Fig. 4   MUC17 downregulated 
the expression of CEACAM1-
3S in human GC cells and 
tissues. a, b RT-qRCR and 
Western blot analysis of 
CEACAM1 expression in 
BGC823 and SGC7901 cells 
with knockdown of MUC17 
(a) or ectopic expression of 
T-MUC17 (b). c Immunofluo-
rescence staining of MUC17 
(red) and CEACAM1 (green) 
in GC tissues. Nuclei shown by 
DAPI staining (blue). Shown 
are results from one of two 
comparable experiments. Scale 
bars, 20 µM. d RT-qRCR of the 
expression levels of CEACAM1 
variants (CEACAM1-4L, -4S, 
-3L, and -3S) in BGC823, 
SGC7901, NCI-N87 and GES-1 
cells. e RT-qRCR of the expres-
sion of CEACAM1 variants in 
GC tissues (n = 12). Analysis 
of CEACAM1-3S expression 
in BGC823 and SGC7901 cells 
by RT-qRCR after knockdown 
of MUC17 (f) or ectopic 
expression of T-MUC17 (g). 
h Correlation between mRNA 
of MUC17 and CEACAM1-3S 
in human GC tissues deter-
mined by RT-qPCR o (n = 30, 
p < 0.001, r = − 0.6282). i 
RT-qPCR of the expression of 
MUC17 and CEACAM1-3S in 
GC cells with H. pylori infec-
tion (MOI 50,12 h)
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blocking spread of bacteria along mucosal surfaces [10, 12]. 
One study showed that both native and exogenous MUC17 
reduced attachment and invasion of E. coli to maintain epi-
thelial barrier function [13]. Our results found that H. pylori 
infection resulted in decreased expression of membrane-
bound mucins, MUC13, MUC16, MUC17, and MUC20, 
among which changes in MUC17 was most significantly 
associated with clinical outcome, in line with the studies 
showing that patients with H. pylori-induced GC showed 
worst survival time [8, 9]. Therefore, MUC17 has a prog-
nostic value for GC infected by H. pylori.

Host gastric epithelial cells infected by H. pylori is attrib-
uted to a variety of bacterial virulence factors including, but 
not limited to, cag pathogenicity island, cytotoxin-associated 
gene A (CagA), peptidoglycan outer membrane proteins 
(e.g., BabA, SabA, OipA), among which, CagA is one of 
the major virulence proteins expressed by H. pylori and a 
major determinant of gastric cancer development [28]. CagA 
directly injected by the bacterium into epithelial cells, leads 

to cellular changes such as proliferation and cell motility, 
and stimulates gastric carcinogenesis [29]. A number of 
studies have shown that adhesin is the major determinant of 
H. pylori adhesion to cell surface [30, 31]. CagA requires 
to adhere to epithelial cells to exert its toxicity. Removal 
of BabA and SabA, two adhesins of H. pylori, had a much 
greater effect on the apoptosis in human cells induced by H. 
pylori infection than removal of CagA [32, 33]. Therefore, 
the adhesin of H. pylori determines its effect on the vitality 
of the epithelial cells [34, 35]. Recent studies indicate that 
H. pylori HopQ, as a major adhesin, specifically interacts 
with CEACAMs [19]. HopQ–CEACAM1 interaction ena-
bles translocation of CagA into host cells and enhances the 
release of pro-inflammatory mediators. Subsequent activa-
tion of NF-κB pathway promotes tumor development [36]. 
In this study, we demonstrated that MUC17 prevented H. 
pylori CagA translocation by inhibiting the expression of 
CEACAM1. MUC17 downregulated CEACAM1 promoter 
activity by inactivating NF-κB. CEACAM1 consists of 

Fig. 5   MUC17 inhibited CagA translocation by downregulat-
ing CEACAM1-3S expression. BGC823 and SGC7901 cells were 
transiently transfected or co-transfected with shMUC17 and/or 
shCEACAM1-3S (shNC transfected as control), or T-MUC17 and/
or CEACAM1-3S (Vector as control), respectively. The expression 
MUC17 and CEACAM1-3S in the GC cells analyzed by RT-qRCR to 
validate the efficiency of knockdown (a), or overexpression (b). The 
transfected GC cells were further infected with H. pylori. Western 

blot analysis of H. pylori CagA expression in BGC823 and SGC7901 
cells with knockdown of MUC17 and/or CEACAM1-3S (c) or the 
overexpression (d), β-actin as protein loading control. MTT assay 
showed the viability of the GC cells upon H. pylori infection after the 
knockdown (e) or the overexpression (f). Data are representative of 
at least three independent experiments. Error bars indicate standard 
deviation (SD). *p < 0.05, **p < 0.01, significant differences from the 
control



952	 S. Lin et al.

1 3

many variants and transcriptional products through alterna-
tive splicing [19, 37]. We examined the expression of four 
main splice variants containing N-domain, CEACAM1-4L, 

-4S, -3L and -3S in GC cells and tissues. We found that 
CEACAM1-3S was the most expressed compared with 
other variants in tumors. The expression of CEACAM1-3S 

Fig. 6   Downregulation of CEACAM1 by MUC17 through attenua-
tion of NF-κB activation. a, b Western blotting analysis of the pro-
tein level of NF-κB p65 subunit in BGC823 and SGC7901 cells with 
knockdown of MUC17, or with T-MUC17 overexpression; a whole 
cell lysates, b nuclear and cytoplasmic extracts. β-actin served as 
cytoplasmic and Lamin A as nuclear protein loading control, respec-
tively. c Luciferase reporter assay showing CEACAM1 activities in 
BGC823 and SGC7901 cells transiently transfected with CEACAM1 
promoter construct, CEACAM1-1, CEACAM1-2, and CEACAM1-3 
for 36 h. pGL-TK served as internal controls and pGL3-basic vector 
served as negative controls. d GC cells were transiently transfected 

with mutant CEACAM1 promoter constructed, CEACAM1-MT1 
and CEACAM1-MT2 for 36  h. Luciferase reporter assay showed 
the CEACAM1 activities. pGL-TK serve as internal controls and 
CEACAM1 wild type serve as negative controls. e, f ChIP assay was 
used to identify association of NF-κB p65 with CEACAM1 promoter 
using antibody specific for NF-κB p65 or normal IgG, followed by 
qPCR amplification with primers specific for different CEACAM1 
promoter regions P1 (e) and P2 (f). Data are representative of at least 
two independent experiments. Error bars indicate standard deviation 
(SD). *p < 0.05, **p < 0.01, significant differences from the control
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was negatively correlated with MUC17. Rescue experi-
ment showed that MUC17 inhibits CagA translocation by 
downregulating CEACAM1-3S. However, overexpress-
ing truncated MUC17 and CEACAM1-3S, does not well 
restore CagA, possibly because MUC17 also inhibits CagA 
translocation by other mechanisms. For example, H. pylori 
adhesin BabA and SabA could bind MUC1 in gastric fluid 
and MUC1 acts as a decoy covering H. pylori BabA and 
SabA, or releasing the associated proteolytic enzymes, 
thereby preventing further adhesion of H. pylori to epithe-
lial cell [32, 38].

Helicobacter pylori infection is a high risk factor for 
development of precancerous lesions such as chronic 
atrophic gastritis (CAG), gastric intestinal metaplasia (IM), 
and cancer [39, 40]. GC development triggered primar-
ily by H. pylori infection is mediated through multistep 
mechanisms [41]. Data from TCGA database indicates that 
mutations were highly frequent in MUC17 gene, including 
inframe mutation, missense mutation and truncating muta-
tion (data not shown). Besides genetic and environmental 
factors, epigenetic alterations due to H. pylori infection 
appear to be crucial during chronic infection and gastric 
carcinogenesis [42]. In this study, we found that down-
regulation of MUC17 expression upon H. pylori infection 
was attributable to hypermethylation of MUC17 promoter 
regulated by DNMT1. The result of epigenetic silencing of 
MUC17 was further confirmed by analysis of TCGA data-
base, which showed a correlation of DNA methylation with 
MUC17 downregulation. Since downregulation of MUC 17 
was associated with poor overall survival of GC patients, 
these findings indicate that epigenetic downregulation of 
MUC17 expression upon H. pylori infection may partici-
pate in gastric carcinogenesis. Future translational research 
may need to clarify epigenetic silencing of MUC gene in 
context of gastric precancerous lesions upon H. pylori infec-
tion, which may provide new tools for the early prediction 
of GC [16, 43].

In summary, our study showed that membrane-bound 
MUC17 was epigenetically silenced in GC by H. pylori 
infection to facilitate its induction of GC cell prolifera-
tion and oncoprotein CagA translocation. Our results 
reveal an anti-H. pylori role of MUC17 by downregulation 
of CEACAM1 expression in GC cells, via attenuation of 
NF-κB. We, therefore, propose a pathway by which H. pylori 
to augments GC growth by downregulation of membrane-
bound mucins (Supplementary Fig. 9). Therefor MUC17 
appears to be a promising prognostic biomarker for GC 
with translational potential approach for the treatment of H. 
pylori-induced GC.
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