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Abstract 

Background CKLF-like MARVEL transmembrane domain containing 3 (CMTM3) plays an important role in can-
cer development. Although Helicobacter pylori (H. pylori) infection is a main cause of gastric cancer, the function of 
CMTM3 during H. pylori infection remains unclear. CMTM3 expression levels in tissues from H. pylori-infected patients 
and cells co-cultured with H. pylori were analyzed. qRT-PCR and ELISA were used to investigate the effects of CMTM3 
on interleukin 8 (IL-8) expression. Annexin V/propidium iodide staining was performed to evaluate the function 
of CMTM3 in the apoptosis of gastric epithelial cells. Proteomic analysis was performed to explore the underlying 
mechanism of CMTM3 during H. pylori infection. The interaction between CMTM3 and NEMO was determined via co-
immunoprecipitation, HA-ubiquitin pull-down assay, and immunofluorescence.

Results H. pylori induced a significant increase in CMTM3 expression. CMTM3 inhibited gastric mucosal epithelial 
cells from apoptosis and increased the expression level of IL-8 during H. pylori infection. KEGG pathway enrichment 
analysis revealed that differentially expressed proteins were involved in epithelial cell signaling in H. pylori infection. 
CMTM3 directly interacted with NEMO, which promoted protein stabilization by down-regulation of its ubiquitylation.

Conclusions CMTM3 reduces apoptosis and promotes IL-8 expression in the gastric epithelial cells by stabilizing 
NEMO during H. pylori infection. These findings characterize a new role for CMTM3 in host–pathogen interactions and 
provide novel insight into the molecular regulation of NEMO.
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Background
Over half of the human population is infected with Heli-
cobacter pylori (H. pylori), a major cause of gastritis, pep-
tic ulcer disease, and gastric cancer [1]. Eradication of 
H. pylori reduces gastric cancer incidence [2]; however, 

as drug-resistant strains of H. pylori are increasing, the 
eradication rate under triple antibiotic therapy is less 
than 80% in most countries around the world [3]. The 
proportion of H. pylori annual recurrence is 13% in 
developing countries [4]. These problems perplex clini-
cians throughout the world. The immune response plays 
an effective role in reducing bacterial load; therefore, 
understanding the host immune response to H. pylori is 
essential for eliminating the pathogen. As the first cell 
type to interact with H. pylori and the main source of 
the interleukin 8 (IL-8) after H. pylori infection, gastric 
epithelial cells play a critical role in the H. pylori-associ-
ated immune response [5]. H. pylori induces apoptosis in 
gastric epithelial cells via death receptors in the plasma 
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membrane, which leads to the cleavage of procaspase-8 
and release of cytochrome from mitochondria, and acti-
vation of subsequent apoptotic events [6].

The nuclear factor κB (NF-κB) pathway, which has a 
central role in the innate immune response against viral 
and bacterial infections, increases the expression of 
IL-8, and promotes cell survival [7, 8]. H. pylori with cag 
pathogenicity island encoding type 4 secretion system, 
induces the NF-κB pathway [9]. After H. pylori infection, 
IκBα kinase (IKK)—composed of the catalytic subunits 
IKKα and IKKβ and the scaffold IKKγ/NEMO—activates 
and phosphorylates IκBα, resulting in IκBα degradation 
[10–12]. Thereafter, NF-κB dimers translocate to the 
nucleus and target downstream DNA sequences involved 
in the inhibition of viruses and bacteria, induction of 
cytokine and anti-apoptosis proteins expression [13, 14].

CKLF-like MARVEL transmembrane domain contain-
ing 3 (CMTM3) belongs to the CMTM family [15, 16]. 
The CMTM3 gene is a novel gastric cancer suppressor 
gene that restrains cell migration and invasion [17–21]. 
However, it’s also reported that CMTM3 has a pro-tum-
origenic effect in pancreatic cancer, glioblastoma, and 
hepatocellular carcinoma. Although the link between H. 
pylori infection and gastric cancer is established, the role 
of CMTM3 during H. pylori infection is unknown.

In this study, we used CMTM3 knockout and over-
express cells to demonstrate the physiological role of 
CMTM3 and showed that CMTM3 is a positive regulator 
of the NF-κB pathway upon H. pylori infection. CMTM3 
interacts specifically with NEMO and mediates ubiqui-
tylation and degradation of NEMO in response to infec-
tion. These findings suggest that interaction between 
CMTM3 and NEMO is essential for maintenance of 
homeostasis in the immune system.

Results
Up‑regulation of CMTM3 expression after H. pylori 
infection
The expression of CMTM3 in the gastric mucosal sam-
ples collected before and after H. pylori infection from 
the same patient was determined using immunohisto-
chemistry (Fig. 1a). CMTM3 expression was up-regulated 

in the H. pylori-infected gastritis sample compared to the 
uninfected ones (Fig. 1b). C57BL/6 mice were challenged 
with Brucella broth (negative control, NC) or with the 
PMSS1 strain for 8 weeks (Fig. 1c). H. pylori immunohis-
tochemistry staining (Fig. 1d) and 16S rRNA quantitative 
real-time polymerase chain reaction (qRT-PCR) (Fig. 1e) 
were used to detect H. pylori colonization. EPCAM is a 
marker of gastric mucosa epithelial cells. We isolated 
EPCAM-positive cells and analyzed the proportion of 
CMTM3-positive cells in single cell suspensions from 
mice gastric tissues using flow cytometry (Fig.  1f ). The 
expression level of CMTM3 H. pylori-positive mice was 
higher than uninfected mice (Fig. 1g).

The change of CMTM3 was verified by H. pylori-cell 
co-culture experiments, in  vitro. CagA + VacA + H. 
pylori strain 26,695 infection increased the expression 
of CMTM3 in GES-1 and AGS cells (Fig. 1h–k). A dual-
luciferase activity assay of GES-1cells, transiently trans-
fected with pGL3-Basic-CMTM3-promotor, revealed 
that H. pylori infection induced an increase in CMTM3 
at the transcriptional level (Fig. 1l).

CMTM3 promotes IL‑8 production and inhibits apoptosis 
of gastric epithelial cells during H. pylori infection
Some CMTM family members are immunity regula-
tors [22–24]. H. pylori induces IL-8 expression in gas-
tric epithelial cells, which is an important source of IL-8 
[25]. Therefore, we explored the function of CMTM3 
on IL-8. Firstly, we measured the CMTM3 expression 
level in GES-1 and AGS cells. GES-1 is a immortalized 
gastric epithelial cell line and AGS is a gastric adeno-
carcinoma cell line. CMTM3 expression was higher in 
GES-1 compared to AGS cells (Fig.  2a). Therefore, we 
knocked out CMTM3 in GES-1 cells (Fig. 2b) and over-
expressed CMTM3 in AGS cells (Fig.  2c). We treated 
CMTM3 knockout (CMTM3 KO) GES-1 cells with H. 
pylori for 24 h and measured IL-8 levels with qRT-PCR 
and enzyme-linked immunosorbent assay (ELISA). We 
found that the expression levels of IL-8 were lower in 
CMTM3 KO GES-1 cells than in control cells (LentiV2) 
(Fig. 2d, e). IL-8 levels were elevated in CMTM3-overex-
pressing (pCMV-CMTM3) AGS cells 24 h post-infection, 

Fig. 1 CMTM3 expression increases during H. pylori infection. a CMTM3 expression level in the gastric mucosa from the same patient before 
and after H. pylori infection (n = 11) were investigated by immunohistochemistry of CMTM3. b Graph showing the average quantification of 
CMTM3-positive cells in at least 6 random fields of one patient. Data are expressed as means ± SEM. c Establishment of the C57BL/6 mouse model 
of H. pylori infection. d&e H. pylori colonization was identified by H. pylori immunohistochemical staining (d) and 16S rRNA qRT-PCR (e). f, g The 
gating strategy for the percentage of CMTM3-positive cells in mice gastric tissue (f). EPCAM is a maker of gastric mucosa epithelial. Total cells 
(1 ×  106) were counted for analysis. The percentage of CMTM3-positive cells in the Brucella broth (negative control, NC) and PMSS1 groups was 
compared (g). h–k CMTM3 expressions in GES-1 and AGS cells, treated with H. pylori, were detected by qRT-PCR (h, i) and western blotting (j, k). 
β-Actin was used as a loading control. Data is representative of three independent experiments and presented as the mean ± SEM. l Luciferase 
assay of GES-1 transfected with control (pGL3-Basic) or pGL3-Basic-CMTM3-promotor plasmid. Renilla vector was used as an internal control 
plasmid. The relative luciferase activity was calculated as Firefly/Renilla ratio. Data is representative of three independent experiments and presented 
as the mean ± SEM. *p < 0.05, **p < 0.01

(See figure on next page.)
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compared to the control cells (pCMV) (Fig. 2f, g). These 
data indicate that CMTM3 acts as a positive regulator of 
IL-8 during H. pylori infection.

H. pylori induces apoptosis of healthy gastric epithe-
lial cells [26]. Annexin V/propidium iodide assay was 
used to detect apoptosis induced by H. pylori in CMTM3 
KO GES-1 cells. CMTM3 inhibited H. pylori-induced 

Fig. 1 (See legend on previous page.)
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apoptosis 24  h post-infection, compared to the control 
cells (LentiV2) (Fig. 2h, i).

Proteomics analysis reveals the role of NEMO 
in inflammation related to H. pylori‑CMTM3
CMTM3 affects many proteins at the post-transcrip-
tional level [21]. Accordingly, we used proteomics 
technology to identify proteins affected by CMTM3, to 
explain why CMTM3 promoted IL-8 production and 
inhibited apoptosis of gastric epithelial cells during H. 
pylori infection. CMTM3 KO GES-1 cells were co-cul-
tured with H. pylori (MOI 100:1) for 24  h and evalu-
ated by whole protein label-free proteomics technology. 

We identified 2187 differentially expressed proteins 
between CMTM3 KO and LentiV2 GES-1 cells, includ-
ing 122 up-regulated proteins and 151 down-regu-
lated proteins (fold change > 2; Fig.  3a). Differentially 
expressed proteins were analyzed using the Kyoto 
Encyclopedia of Genes and Genomes pathway enrich-
ment analysis. Four differentially expressed proteins, 
NEMO and three subunits of V-type proton ATPase, 
were involved in epithelial cell signaling in H. pylori 
infection (Fig. 3b). The heat map showed the Z-score of 
these proteins (Fig. 3c).

The expression of NEMO, a key molecule in the NF-κB 
pathway, was decreased following CMTM3 knockout. 

Fig. 2 CMTM3 promotes IL-8 expression and inhibits the apoptosis of gastric epithelial cells. a CMTM3 expression in GES-1 and AGS cells were 
analyzed by western blotting. b The knockout efficiency of CMTM3 was analyzed by western blotting in GES-1 cells. c The overexpression efficiency 
of CMTM3 was analyzed by western blotting in AGS cells. d, e CMTM3 knockout (CMTM3 KO) and control (LentiV2) GES-1 cells were treated with H. 
pylori infection for 24 h. Levels of IL-8 were evaluated by qRT-PCR (d) and ELISA (e). f, g CMTM3 overexpression (pCMV-CMTM3) and control (pCMV) 
AGS cells were treated with H. pylori for 24 h. Levels of IL-8 were evaluated by qRT-PCR (f) and ELISA (g). h, i Representative Annexin V/propidium 
iodide staining of CMTM3 KO and control (LentiV2) GES-1 cells treated with H. pylori for 24 h (h) and the proportions of Annexin V-positive cells (i). 
*p < 0.05, **p < 0.01, ***p < 0.001
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We confirmed these results via western blotting, reveal-
ing that NEMO expression was down-regulated in 
CMTM3 knockout cells compared to the control cells 
(LentiV2) (Fig.  3d). However, CMTM3 had no obvious 
effects on NEMO expression at the mRNA level (Fig. 3e). 
These results suggested that CMTM3 might contribute 
to NEMO protein synthesis and degradation.

Using paired gastric tissues from the same patient 
before and after H. pylori infection, we evaluated the 
protein expression of NEMO by immunohistochemistry. 
The NEMO protein expression levels during H. pylori 
infection were significantly higher than those of H. pylori 
uninfected patients (Fig. 3f, g).

CMTM3 promotes IL‑8 production and inhibits apoptosis 
of gastric epithelial cells during H. pylori infection by NEMO
To explore that CMTM3 promotes IL-8 production and 
inhibits apoptosis of gastric epithelial cells were depend-
ent on NEMO, we overexpressed NEMO in CMTM3 
KO cells. The IL-8 level was higher in pCMV-NEMO 
CMTM3 KO cells than the control (pCMV) CMTM3 KO 
cells on the mRNA (Fig.  4a) and protein level (Fig.  4b). 
These results suggested CMTM3 promoted IL-8 produc-
tion during H. pylori infection by NEMO.

We overexpressed NEMO in CMTM3 KO cells. The 
proportion of apoptotic cells decreased in pCMV-NEMO 
CMTM3 KO cells than control (pCMV) CMTM3 KO 
cells (Fig. 4c, d). These results suggested CMTM3 inhib-
ited apoptosis of gastric epithelial cells during H. pylori 
infection by NEMO.

CMTM3 reduces NEMO degradation
To further explore the detailed molecular mechanism 
between CMTM3 and NEMO, we expressed Flag-tagged 
NEMO in GES-1 cells and conducted a Flag pulldown 
assay. We found that CMTM3 interacted with NEMO 
(Fig.  5a). Additionally, we confirmed co-localization of 
CMTM3 and NEMO. As shown in Fig.  5b, co-localiza-
tion of CMTM3 and NEMO occurred in the nucleus.

Thus, we assessed the functions of CMTM3 on NEMO 
degradation using cycloheximide, which could bind to 
the 80S ribosomes to inhibit protein biosynthesis in 
eukaryotes. As shown in Fig.  5c, d, NEMO degradation 
was accelerating in CMTM3 KO cells compared with 

control (LentiV2) cells. Altogether, CMTM3 upregulated 
NEMO expression by inhibiting NEMO degradation in 
GES-1 cells.

ubiquitylation, a kind of protein modification, is cru-
cial for NEMO degradation. We discovered that CMTM3 
inhibited total ubiquitylation level of NEMO (Fig.  5e). 
Next, we treated GES-1 cells with proteasomal inhibitor 
MG132 to investigate the possibility that NEMO is regu-
lated by CMTM3. Expression of NEMO was recovered in 
the presence of MG132 (Fig. 5f ), suggesting that CMTM3 
regulated the proteasomal degradation of NEMO.

As CMTM3 reduced NEMO degradation, we detected 
the effect of CMTM3 KO in IKBα and p65 phosphoryla-
tion which reflected the NF-κB pathway activity. Upon 
H. pylori treatment, IKBα and p65 phosphorylation 
decreased iKO cells compared with control (LentiV2) 
cells (Fig. 5g). Therefore, these data suggest that CMTM3 
may promote the NEMO/NF-kB pathway.

Discussion
H.pylori is related to peptic ulcer disease and gastric can-
cer [27–29]. Although most people develop asympto-
matic infections, the eradication of H. pylori reduces the 
risk of gastric cancer in asymptomatic individuals [30]. 
But the eradication rate under triple antibiotic therapy is 
less than 80% in most countries [3]. Therefore, treating H. 
pylori infection is problematic.

Many studies have demonstrated that CMTM3 con-
tributes to cancers and acts as a gastric cancer suppressor 
[20, 21]. However, the role of CMTM3 during H. pylori 
infection, representing an early stage in the develop-
ment of gastric cancer, is unclear. Here, we revealed that 
CMTM3 increased in the acute H. pylori infection and 
promoted IL-8 expression, suggesting that CMTM3 may 
play an important role in the inflammatory response to 
the H. pylori. More and more members of the CMTM 
family have been reported to participate in the immune 
response. CMTM6 and CMTM4 reduce the ubiquityla-
tion of PD-L1 and increase its protein half-life, which 
affects tumor immune responses [22, 23]. CMTM4 is also 
identified as a component of IL-17R and mediates auto-
immune diseases [24]. This work characterizes a new role 
of CMTM3 as an immunity regulator during H. pylori 
infection.

Fig. 3 Proteomics analysis indicates that NEMO is involved in H. pylori-CMTM3-inflammation. a Differentially expressed proteins (P.adj < 0.05). b 
Kyoto Encyclopedia of Genes and Genomes. enrichment analysis. The TOP regulated signaling pathways were shown of CMTM3 KO vs control 
(LentiV2) in GES-1 cells (padj < 0.05). c Heat map of the expression levels of the differentially expressed proteins enriched in epithelial cell signaling 
in H. pylori infection signaling pathway. Red indicates high and blue indicates low protein expression. d NEMO expression was detected in CMTM3 
KO GES-1 and HEK 293 T cells by western blotting. β-Actin was used as a control. Data are representative of three independent experiments. e 
NEMO expression was detected in CMTM3 KO GES-1 cells by qRT-PCR. Data is representative of three independent experiments. f Representative 
immunohistochemistry images of NEMO by human gastric tissues from the same patient before and after H. pylori infection (n = 11). g Summary 
of immunohistochemistry results for NEMO. Graph showing the average quantification of NEMO positive cells in at least 6 random fields of one 
patient. Data is expressed as means ± SEM. *p < 0.05. ns, no statistical difference

(See figure on next page.)
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Fig. 3 (See legend on previous page.)
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Fig. 4 CMTM3 promotes IL-8 production and inhibits the apoptosis of gastric epithelial cells by NEMO. a, b The expression level of IL-8 was 
analyzed by qRT-PCR (a) and ELISA (b). After overexpression of NEMO (pCMV-NEMO) in CMTM3 KO GES-1 cells for 24 h, cells were treated with H. 
pylori for 24 h. pCMV was the control vector. Data is representative of three independent experiments. c, d Representative Annexin V/propidium 
iodide staining results (c). After overexpression of NEMO (pCMV-NEMO) in CMTM3 KO GES-1 cells for 24 h, cells were treated with H. pylori for 
24 h. pCMV was the control vector. Annexin V-positive cells were analyzed (d). Data is representative of three independent experiments. *p < 0.05, 
**p < 0.01, ***p < 0.001

Fig. 5 CMTM3 reduces NEMO degradation. a The immunoprecipitation analysis of GES-1 cells. Cells expressing pCMV-NEMO-3Flag were 
immunoprecipitated by an anti-Flag antibody and immunoblotted by anti-NEMO and anti-CMTM3 antibodies. b Co-localization of CMTM3 and 
NEMO in GES-1 cells was investigated by immunofluorescence co-localization analysis after H. pylori infection for 24 h. Scale bar, 10 μm. Hochest 
was used for nuclear staining. c, d CMTM3 knockout GES-1 cells were treated with cycloheximide (25 µg/mL) and proteins were subjected to 
immunoblotting (c). Data is representative of three independent experiments. The remaining NEMO was quantified (d). e The ubiquitylation of 
NEMO. HEK 293 T cells were transfected with the indicated vectors. After 48 h transfection, cells were treated with MG132 (10 μM) for 6 h. Then cells 
were lysed and immunoprecipitated with anti-Flag antibody and analyzed by immunoblotting with the indicated antibodies. f CMTM3 KO GES-1 
cells were treated with MG132 (10 μM) and collected at indicated time points. Whole-cell lysates were subjected to immunoblotting with indicated 
antibodies. g The expression the phosphorylated IKBα (p-IKBα) and phosphorylated p65 (p-p65) were analyzed in CMTM3 KO GES-1 cells.*p < 0.05

(See figure on next page.)
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Fig. 5 (See legend on previous page.)
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A whole genome analysis of the gastric epithelial cells 
response to H. pylori exposure reveals that IL-8 is the 
most markedly up-regulated gene [31]. IL-8 recruits neu-
trophils and lymphocytes to the infected gastric tissue to 
eliminate H. pylori in the early stage of infection. IL-8 is 
also involved in Th17 cell differentiation [32, 33]. Th17 is 
involved in protection against H. pylori via IL-17 secre-
tion, which is important for eliminating H. pylori [34]. 
However, extremes are dangerous. The milieu of exces-
sive chronic inflammatory reaction increases the risk 
of neoplastic changes. It is reported that IL-8 is up-reg-
ulated in many cancers and has tumourigenic effects by 
long-term stimulating angiogenesis, neutrophil recruit-
ment and proliferation and migration of tumour cells 
[35–37]. However, it takes a long time for from inflam-
mation to tumor. GES-1 cells are co-cultured with H. 
pylori for 45 days and present with the characteristics of 
intestinal-type gastric cancers in  vitro [38]. In another 
study, treating cells with H. pylori repeatedly every 24 h 
for approximately 8  weeks is considered as a chronic 
infection model [39]. In our study, the cell-H. pylori 
coculture for 24  h may only represent the conditon of 
an acute inflammatory. Moreover, we should notice that 
only a few H. pylori-infected individuals will develop a 
chronic inflammatory response, suggesting that there 
are precise regulatory mechanisms for the inflammation. 
Next, We plan to generate CMTM3 KO mouse models to 
study the long-term role of CMTM3 in the development 
of H. pylori-related diseases.

H. pylori strongly adheres to gastric cells and causes 
diverse cell damage via its major cytotoxins, and pro-
teins. We have previously shown that H. pylori consid-
erably induces apoptosis in gastric epithelial cells at the 
early stage of infection [26]. H. pylori induces the apop-
tosis of gastric epithelial cells to reduce the production 
of gastric acid secretion in the stomach, which is benefit 
for its gastric colonization [40]. Elevated apoptosis cor-
relates with increased disintegration of cell monolayers, 
which destroys the local homeostasis [41]. According to 
the report, IL-33 can promote the restoration of gastric 
cell homeostasis, due to the inhibition apoptosis [42, 43]. 
Besides, gastric epithelial cells are part of gastric mucosal 
barrier, which integrity is crucial for the prevention of 
H. pylori- related gastric diseases [44]. In this study, we 
discovered that CMTM3 inhibits the H. pylori-induced 
apoptosis of gastric epithelial cells, which may affect the 
integrity of the gastric mucosal epithelial barrier and H. 
pylori colonization.

NEMO, a crucial scaffolding molecule in the activa-
tion of NF-κB, was identified in the proteomics analysis 

(LentiV2 vs. CMTM3 KO GES-1 cells) [45]. The NF-κB 
pathway induces the expression of cytokines and anti-
apoptosis proteins in gastric epithelial cells, which is 
critical for the immune response and cell survival [46]. 
In hepatocytes, NEMO physiologically inhibits apoptosis 
by regulating NF-κB activation and also preventing the 
formation of the complex RIPK1- FADD- Caspase-8 [47, 
48]. TRIM14 induces IL-8 expression by directly binding 
to NEMO and promotes the phosphorylation of IKBα 
and p65 [49]. Many pathogens, such as SARS-CoV-2, 
Brucella melitensis, and Shigella, disrupt NF-κB signal-
ing and immune responses by targeting NEMO during 
infection, resulting in persistent infection [50–52]. In 
this study, we discovered that CMTM3 inhibited the H. 
pylori-induced apoptosis and promoted the IL-8 expres-
sion in gastric epithelial cells. CMTM3 interacts directly 
with NEMO in the nucleus under H. pylori treatment. It 
has been reported that NEMO can be ubiquitinated in 
the nucleus under genotoxic stress, which is a key step in 
the activation of NF-κB [53]. DNA damage activates IKK-
unbound NEMO in the nucleus via SUMO (small ubiq-
uitin-like modifier) -1 attachment and ATM-dependent 
ubiquitylation. Then NEMO shifts from the nucleus to 
the cytoplasm to activate IKK [54]. TRIM37, a novel E3 
ligase, plays a vital role in the nuclear export of NEMO 
and IKK/NF-κB activation via ubiquitylation of NEMO in 
the nucleus [55]. Therefore, we speculated that CMTM3 
regulated the ubiquitylation of NEMO in the nucleus, 
thereby affecting NEMO degradation and NF-κB activa-
tion [56]. While we characterized the CMTM3 inhibited 
total ubiquitylation level of NEMO, further research is 
needed to identify the type of NEMO ubiquitylation reg-
ulated by CMTM3 and its underlying mechanism.

Long-term asymptomatic H. pylori infection is asso-
ciated with an increased risk for the development of H. 
pylori-related diseases. CMTM3 is up-regulated dur-
ing H. pylori infection, which promotes IL-8 produc-
tion and inhibits the apoptosis of gastric epithelial cells. 
Accordingly, the appropriate expression of CMTM3 
may play a vital role in the immunity for the eradication 
of H. pylori.

Conclusion
CMTM3 reduces apoptosis and promotes IL-8 expres-
sion in the gastric epithelial cells by stabilizing NEMO 
during H. pylori infection. These findings characterize 
a new role for CMTM3 in host–pathogen interactions 
and provide novel insight into the molecular regulation 
of NEMO (Fig. 6).
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Methods
Tissues and immunohistochemistry
Human gastric mucosal tissues were collected from the 
Department of Digestive Pathology of the Peking Uni-
versity Third Hospital (Beijing, China). Eleven paired 
samples of the gastric mucosa were obtained from the 
same patient who was infected with H. pylori and suc-
cessfully eradicated H. pylori for more than one year. 
Because H. pylori can adsorb anions and appear black, 
Warthin-Starry staining was used to confirm H. pylori 
infection. If there is H. pylori infection, there are helix 
rods in the gastric mucosa under Warthin-Starry stain-
ing [57]. CMTM3 and NEMO immunohistochemistry 
were performed as previously described, following the 
instructions of the antibodies [58]. Six fields were ran-
domly selected for analysing by ImageJ 1.52a software 
(Silver Spring, Maryland, USA). Average number of the 
positive area was compared by paired t-tests. The Eth-
ics Committee of the Peking University Third Hospital 
approved the study (decision numbers S2022179).

Antibodies
Detailed information regarding the antibodies used in 
this study is provided in Table 1.

Animals
Six- to eight-week-old male C57BL/6 mice were obtained 
from the Laboratory Animal Science of Peking University 
(Beijing, China). The mice were divided into 2 groups, 
the control (NC) and H. pylori-infection (PMSS1) group. 
H. pylori strain PMSS1 was utilized in this study [39]. 
Briefly, after fasting for 24  h, mice in PMSS1 and NC 
groups were intragastrically administered 2.5 ×  109 CFU 
PMSS1 and isometric Brucella broth respectively every 
other day for 3 times. After 8 weeks of infection, the mice 
were sacrificed [40]. The Ethics Committee of the Peking 
University Third Hospital authorized the animal research 
(decision numbers SA2022156).

H. pylori strains
H. pylori strain PMSS1 was a kind gift from the Chinese 
Center for Disease Control and Prevention. H. pylori 
26695 was maintained in our laboratory. H. pylori strain 
was verified by H. pylori urease test kit (Begen, San-
ming, China), Gram staining, and sequencing results. H. 
pylori urease test kit is based on that H. pylori secretes 
a large amount of highly active urease which can cata-
lyze urea and produce ammonia. The pH value increases 
and causes the indicator to change into red. H. pylori 

Fig. 6 Schematic diagram of CMTM3 function during H. pylori infection. H. pylori induces CMTM3 expression, and CMTM3 promotes IL-8 production 
and inhibits the apoptosis of gastric epithelial cells by stabilizing NEMO
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infection can be determined according to the color 
change [59]. Besides, H. pylori is a gram-negative bacil-
lus which is a blue curved rod under the gram staining. 
H. pylori was cultured following standard protocol [58]. 
Briefly, H. pylori was cultured on Karmali solid medium 
containing 10% sterile defibrinated sheep blood. Every 
two days, the H. pylori was passaged. H. pylori was cul-
tured under micro-aerobic conditions (10%  CO2, 85%  N2, 
5%  O2, and 37 °C).

Gastric epithelial single cell suspension and flow 
cytometry
Briefly, the stomachs of the mice in each group were 
removed and washed with PBS. The glandular stomachs 
were cut and incubated in 5  mM EDTA for 2  h at 4  °C 
with gentle shaking. Then, isolated glands were passed 
through a 70 µm nylon mesh cell strainer, and centrifuged 
at 150 × g for 5 min [60]. Surface antigen stainings were 
performed using antibodies against CMTM3 (kindly pro-
vided by Prof. Han Wenling) and Fixable Viability Dye 
eFluor on ice for 30  min. The percentage of CMTM3 
positive cells was analyzed using a BD flow cytometer 
(Franklin Lake, New Jersey, USA) and results were ana-
lyzed by FlowJo 10.8.1 (Franklin Lake, New Jersey, USA).

Cell culture and infection
Human cell lines HEK 293 T, and AGS were maintained 
from ATCC (Manassas, Virginia, USA). Human cell 
line GES-1 was from Shanghai Institute of Cell Biol-
ogy, Chinese Academy of Sciences (Shanghai, China). 
GES-1 and AGS cells were cultured in Roswell Park 
Memorial Institute 1640 medium (HyClone, Logan, 
Utah, USA) containing 10% fetal bovine serum (Gibco, 
Waltham, Massachusetts, USA), and 100 U/mL 

penicillin–streptomycin (Gibco). HEK 293  T cells were 
cultured in DMEM (HyClone) supplemented with 10% 
fetal bovine serum and 100 U/mL penicillin–streptomy-
cin. Cells were cultured at 37 °C with 5%  CO2.

The H. pylori-cell co-culture experiment was car-
ried out as described previously [61]. Briefly, cells were 
seeded in proper cell culture plates or dishes. After 12 h, 
H. pylori was collected from the solid medium, washed, 
and resuspended in PBS. The quantity of H. pylori was 
measured at 530 nm absorbance using a spectrophotom-
eter. The H. pylori was added to the culture medium of 
cells at the multiplicity of infection (MOI) 100:1 at 37 °C 
with 5%  CO2, without penicillin–streptomycin.

Western blotting
Cells were washed with cold PBS and then lysed by RIPA 
buffer (Solarbio, Beijing, China) with protease and phos-
phatase inhibitors (Solarbio) on ice for 30 min. The pro-
tein concentration was estimated using the BCA Protein 
Assay Kit (Thermo Fisher Scientific, Waltham, Massa-
chusetts, USA). For SDS-PAGE and immunoblotting, 
samples were heated at 99  °C for 10  min, separated on 
Tris–Glycine gels at the constant condition of 30  mA, 
and transferred onto membranes (Millipore, Billerica, 
Massachusetts, USA) at the constant condition of 100 V 
for 2 h. After blocking with 5% nonfat milk or 5% bovine 
serum albumin for 1  h at room temperature (RT), the 
membranes were incubated with the first antibodies 
for 16 h at 4 ℃ and the second antibodies for 1 h at RT. 
Enhanced chemiluminescence reagent (Yamei, Shanghai, 
China) or the Odyssey detection system (LI-COR, Lin-
coln, Nebraska, USA) were used to detect protein expres-
sion. Gray values obtained by western blotting were 
analyzed by ImageJ 1.52a software.

Table 1 Detailed information about antibodies

Name Vendor Catalog number Application City Country

Anti-CMTM3 Affinity DF3943 WB Liyang China

Anti-NEMO Abcam ab178872 WB, IHC Cambridge UK

Anti-β-Actin Proteintech 66009-1 WB Wuhan China

Phospho-p65 Immunoway YP0191 WB California USA

p65 Proteintech 66535-1-Ig WB Wuhan China

IKBα Abmart T55026 WB Shanghai China

Phospho-IKBα Abmart TP56280 WB Shanghai China

Fixable viability dye efluor Invitrogen 65-0866-18 FCM Shanghai China

Anti-CMTM3 Sigma HPA013870 IHC Shanghai China

Anti-flag Thermo 14-6681-80 Co-IP Shanghai China

Anti-HA Proteintech 66006-2-Ig WB Wuhan China

Mouse IgG isotype Proteintech B900620 Co-IP Wuhan China

TRITC-anti-rabbit ZSGB-BIO ZF-0136 IF Beijing China
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Generation of CMTM3 knockout cells
For the generation of CMTM3 knockout (CMTM3 KO) 
cells, HEK 293 T or GES-1 cells were infected with a len-
tivirus (lentiCRISPR v2) encoding a guide RNA (gRNA) 
(5′-CCT GCC GGC GGC TCC CGT CCCGG-3′). The 
gRNA was designed via Zhang Lab (https:// zlab. bio/ 
guide- design- resou rces). The lentiviruses were produced 
by HEK 293  T cells with three vectors, lentiCRISPRv2-
gRNA, pCMV-VSV-G, and psPAX2. Cells were infected 
with the lentivirus containing lentiCRISPRv2-gRNA. 
The CMTM3 stable knockout cells were screened out by 
puromycin (Yuanye, Shanghai, China).

Plasmids and cell transfection
The plasmid pCMV-MCS-IKBKG-3FLAG (pCMV-
NEMO-3FLAG) was bought from Yibaike, (Beijing, 
China). pCMV-CMTM3 was a kind gift from Prof. Wen-
ling Han. Cells were transfected with plasmids using 
Lipofectamine 2000 transfection reagent (Invitrogen, 
Shanghai, China) and Opti-MEM (Gibco). After the 
transfection for 24 h, cells were applied to H. pylori-cell 
co-culture.

siRNA transfection
To knock down endogenous NEMO, small interfering 
RNA (siRNA) constructs were purchased from RIBOBIO 
(Guangzhou, China; genOFFTM st-h-IKBKG_001:5′-
AGT TGC AGG TGG CCT ATC A-3′). AGS cells were 
transfected with siRNA at a final concentration of 50 nM, 
using RFect siRNA Transfection Reagent (Baidai, Chang-
zhou, China). After the transfection for 48 h, cells were 
applied to H. pylori-cell co-culture.

qRT‑PCR
The total RNA was extracted by TRIzol (Invitrogen). 
Reverse transcription and qRT-PCR were performed 
using the Fast-King RT Kit and qPCR Mix SYBR Green 
Kit (Tiangen Biotech, Beijing, China). Amplifications 
were performed according to the manufacturer’s instruc-
tions. Sequences of quantitative qRT-PCR primers are 
mentioned in Table  2. β-ACTIN was used as a control. 

Relative mRNA expression levels of IL-8 and H. pylori 
16S rRNA were determined using the  2−∆∆Ct method.

Apoptosis assay
GES-1 cells were seeded in 12-well plates at a density 
of 2 ×  105. After co-culture with H. pylori (MOI 100:1) 
for 24  h, the culture medium and cells were collected 
and washed with PBS. An Annexin V/propidium iodide 
Apoptosis Detection Kit (Dojindo, Shanghai, China) was 
used according to the instruction of the manufacturer. 
The samples were analyzed by flow cytometry (Beckman, 
Bria, California, USA). A blank and positive control were 
made. Apoptosis was induced as a positive control at 55 
℃ for 2 min.

Proteome and data analysis
CMTM3 KO GES-1 cells were seeded at a density of 
4 ×  106 cells per 10  cm dish. After 12  h, GES-1 cells 
were co-cultured with H. pylori (MOI 100:1) for 24  h. 
Cells were washed with PBS, collected, and preserved at 
− 80 °C for the label-free proteome analysis by Novogene 
Co. Ltd. (Beijing, China).

Proteins were quantified by Bradford protein quanti-
tative kit. 20 μg protein sample was loaded to 12% SDS-
PAGE gel. The concentrated gel was carried out at 80 V 
for 20 min, the separation gel at 120 V for 90 min. Then, 
the gel was stained by Coomassie Brilliant Blue R-250 
and decolored. Protein samples were treated with DB 
lysis buffer, trypsin, and TEAB buffer at 37  °C for 4  h. 
Then trypsin and  CaCl2 were added to digest the proteins 
overnight. Formic acid was added to the digested sam-
ples and centrifuged at 12,000 × g for 5  min, at RT. The 
supernatant was slowly loaded to the C18 desalting col-
umn and washed 3 times with washing buffer, then added 
to an elution buffer. The eluents of each sample were col-
lected and lyophilized. The powder was dissolved in 10 
μL of solution A (100% water, 0.1% formic acid), and cen-
trifuged at 14,000 × g for 20 min at 4 ℃. 1 µg peptide were 
separated and analyzed by Q ExactiveTM HF-X mass 
spectrometer (Thermo Fisher Scientific). All spectra were 
searched against the homo_sapiens_uniprot_2021_7_15.
fasta (202,195 sequences) database, using Proteome Dis-
coverer 2.2 (PD 2.2; Thermo).

Differentially expressed proteins, with an adjusted 
p-value (padj) < 0.05 and a fold change > 2, were consid-
ered as differentially expressed, as shown by the volcano 
map. The Cluster Profiler R package was used to test the 
statistical enrichment of differentially expressed pro-
teins in the Kyoto Encyclopedia of Genes and Genomes 
database. The difference was considered significant at 
padj < 0.05. Proteins of interest were analyzed by Z-score 
and presented in a heat map.

Table 2 Sequences of qRT-PCR primers

Gene name Sequence

β-ACTIN (F)5′-CAT GTA CGT TGC TAT CCA GGC-3′

(R)5′-CTC CTT AAT GTC ACG CAC GAT-3′

H.pylori 16S rRNA (F)5′GCT CGT GTC GTG AGA TGT T3′

(R)5′ACG GAG GCA GTA TCC TTA GA3′

IL-8 (F)5′-ACT GAG AGT GAT TGA GAG TGGAC-3′

(R)5′-AAC CCT CTG CAC CCA GTT TTC-3′

https://zlab.bio/guide-design-resources
https://zlab.bio/guide-design-resources
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Immunoprecipitation
GES-1 cells, transfected with pCMV-MCS-IKBKG-
3FLAG for 48 h, were used for immunoprecipitation. The 
cells were collected and lysed by immunoprecipitation 
RIPA buffer (Solarbio) with protease and phosphatase 
inhibitors, on ice for 30 min. The whole cell lysate (2 mg) 
was used for immunoprecipitation with 8 µg anti-flag or 
mouse IgG isotype control antibody for 16 h at 4 °C with 
rotation. Then, 50 µL of pre-cleared Protein G Sepharose 
beads (Thermo Fisher Scientific) were added to the anti-
body-antigen complex and incubated for another 4 h at 
4 °C. The bead-antibody-antigen compound was washed 
5 times and analyzed by western blotting.

NEMO degradation assay
GES-1 KO cells were treated with 25  μg/mL cyclohex-
imide (Selleck, Shanghai, China). At the 0, 4, 8, 12  h, 
cells were washed with PBS and collected. The remaining 
NEMO was measured by western blotting, as described 
above.

Immunofluorescence
GES-1 cells were seeded on a glass culture dish. The cells 
were fixed with paraformaldehyde for 15 min. After the 
cells were permeabilized by 1% TritonX-100 for 15  min 
at RT, cells were blocked with 5% bovine serum albumin 
for 1  h at RT. Cells were then incubated with the pri-
mary antibodies at 4 °C for 16 h, washed, and incubated 
with the secondary antibodies for 1  h at RT. Cells were 
stained with Hoechst 33,342 (Beyotime, Beijing, China) 
for 10 min at RT. Images were acquired by a Zeiss confo-
cal microscope (Oberkochen, Badenwueberg, Germany).

Luciferase reporter assay
GES-1 cells were seeded in 12-well plates at a density of 
2 ×  105 cells for 16 h. GES-1 cells were transfected with 
1  µg pGL3-Basic-CMTM3-promotor vector or 1  µg 
pGL3-Basic vector and 1 µg thymidine kinase promoter-
Renilla (TK-Renilla)luciferase reporter vector, using 4 µl 
Lipofectamine2000. pGL3-Basic-CMTM3-promotor 
vector and TK-Renilla vector were bought from Sangon 
(Shanghai, China). After 24  h transfection, cells were 
treated with H. pylori (MOI 100:1) for 24  h. Luciferase 
activity was then determined, using a dual-luciferase 
reporter assay system (Meilunbio, Dalian, China) follow-
ing the instruction of the manufacturer. Renilla vector 
was measured as a control. The relative luciferase activity 
was calculated as Firefly/Renilla ratio.

HA‑ubiquitin pull‑down assay
HEK 293 T cells were seeded in 10 cm dishes at a den-
sity of 4 ×  106 for 16 h and transfected with 4 µg pCMV-
NEMO-3FLAG, 4  µg Ha-Ub (Yibaike, Beijing, China), 

and 4  µg pCMV-CMTM3, or 4  µg pCMV vector, using 
24  µl Lipofectamine2000. After 48  h transfection, cells 
were treated with 10 μM MG132 (Selleck) for 6 h. There-
after, the cells were washed with cold PBS, collected, and 
lysed by immunoprecipitation RIPA buffer (Solarbio) 
with protease and phosphatase inhibitors (Solarbio) and 
N-ethyl malebutylene diimide (Meilun, Dalian, China), 
on ice for 30 min. 2 mg of whole cell lysate was used for 
immunoprecipitation with 8  µg anti-Flag antibody or 
mouse IgG isotype control antibody overnight at 4  °C 
with rotation. Then, 50 µL pre-cleared Protein G Sepha-
rose beads (Thermo) were added to the antibody-anti-
gen complex and incubated for another 4 h at 4 °C. The 
bead-antibody-antigen compound was washed 5 times 
with immunoprecipitation RIPA buffer, containing pro-
tease and phosphatase inhibitors and N-ethyl malebutyl-
ene diimide buffer. The samples were loaded onto a 7.5% 
SDS-PAGE gel and analyzed by western blotting.

Statistical analysis
Statistical analyses were performed using SPSS software 
27.0 (Chicago, Ilinois, USA). Student’s t-test or ANOVA 
was used to evaluate significant differences. p < 0.05 was 
considered statistically significant.
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