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Full length article
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A B S T R A C T

The pollution of indoor environments and the consequent health risks associated with thirdhand smoke (THS) are 
increasingly recognized in recent years. However, the carcinogenic potential of THS and its underlying mech
anisms have yet to be thoroughly explored. In this study, we examined the effects of short-term THS exposure on 
the development of gastric cancer (GC) in vitro and in vivo. In a mouse model of spontaneous GC, CC036, we 
observed a significant increase in gastric tumor incidence and a decrease in tumor-free survival upon THS 
exposure as compared to control. RNA sequencing of primary gastric epithelial cells derived from CC036 mice 
showed that THS exposure increased expression of genes related to the extracellular matrix and cytoskeletal 
protein structure. We then identified a THS exposure-induced 91-gene expression signature in CC036 and a 
homologous 84-gene signature in human GC patients that predicted the prognosis, with secreted phosphoprotein 
1 (SPP1) and tribbles pseudokinase 3 (TRIB3) emerging as potential targets through which THS may promote 
gastric carcinogenesis. We also treated human GC cell lines in vitro with media containing various concentrations 
of THS, which, in some exposure dose range, significantly increased their proliferation, invasion, and migration. 
We showed that THS exposure could activate the epithelial-mesenchymal transition (EMT) pathway at the 
transcript and protein level. We conclude that short-term exposure to THS is associated with an increased risk of 
GC and that activation of the EMT program could be one potential mechanism. Increased understanding of the 
cancer risk associated with THS exposure will help identify new preventive and therapeutic strategies for 
tobacco-related disease as well as provide scientific evidence and rationale for policy decisions related to THS 
pollution control to protect vulnerable subpopulations such as children.

1. Introduction

Interactions between genes and environmental exposures shape 
health and disease (Mbemi et al., 2020). Among environmental 

exposures, cigarette smoke is particularly pernicious. It consists of 
mainstream smoke, directly inhaled by smokers, and secondhand smoke 
(SHS), which non-smokers inadvertently breathe in. Both contain many 
mutagenic and carcinogenic compounds, including N-nitrosamines, 

Abbreviations: THS, thirdhand smoke; SHS, secondhand smoke; CC, collaborative cross; GC, gastric cancer; SPP1, Secretory Phosphoprotein 1; TRIB3, tribbles 
pseudokinase 3; TCGA-STAD, The Cancer Genome Atlas-Stomach Adenocarcinoma; EMT, epithelial-mesenchymal transition; ECM, extracellular matrix; LC–MS/MS, 
Liquid Chromatograph Mass Spectrometer/Mass Spectrometer; PCA, principal component analysis; PAH, polycyclic aromatic hydrocarbon.
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polycyclic aromatic hydrocarbons (PAHs), and volatile organic com
pounds, some of which have been conclusively linked to the develop
ment of lung cancer (Hecht, 2003; IARC, 2004; Office of the Surgeon 
General (US), 2004; CEPA, 2005; Hecht, 2012). SHS is a mixture of 
sidestream smoke, from the smoldering cigarette, and mainstream 
smoke exhaled by a smoker (IARC, 2004). The carcinogenic effects and 
underlying processes caused by SHS exposure are believed to be largely 
the same as those of mainstream smoke (Zhang et al., 2023; Dehghani 
et al., 2024). The concept of thirdhand smoke (THS) was identified as a 
new route of tobacco-related exposure. THS is the tobacco smoke resi
dues that persist on indoor surfaces and in dust. This residue remains 
long after the smoke itself has dissipated, posing a constant exposure risk 
(Matt et al., 2011; Jacob et al., 2017). Very importantly, THS constitu
ents may react with environmental pollutants to form secondary prod
ucts (Destaillats et al., 2006; Sleiman et al., 2010). The harmful 
constituents of THS have the potential to re-enter indoor air environ
ments leading to continued human exposure through inhalation, 
ingestion, and dermal contact. Moreover, THS residues are stubbornly 
resistant to standard cleaning techniques (Matt et al., 2021), presenting 
a health risk that is not easily mitigated.

Through the application of sophisticated molecular techniques, in 
vitro assays, and in vivo animal models, more than a hundred toxic 
substances have been identified in THS samples, many of which are 
recognized as carcinogens by the International Agency for Research on 
Cancer (IARC), including tobacco-specific nitrosamines (TSNAs, such as 
NNK, NNN and NNA), PAHs, and benzene (IARC, 2007; Jacob et al., 
2017; Schick et al., 2014; Tang et al., 2022). Laboratory studies deter
mined that even at low, environmentally realistic doses, THS exposure 
induces DNA strand breaks and oxidative stress in various human cell 
cultures (Hang et al., 2014; Hang et al., 2018; Bahl et al., 2016a, 2016b; 
Sarker et al., 2020; Tang et al., 2022; Sakamaki-Ching et al., 2022), 
including human bronchial epithelium cell line BEAS-2B (Hang et al., 
2013) and human hepatocellular carcinoma cell line HepG2 (Hang et al., 
2014; Hang et al., 2018) in our own studies, suggesting that THS is a risk 
factor for cancer development. Indeed, in vivo experiments in mouse 
models demonstrated that short-term THS exposure increased lung 
cancer rates in A/J mice (Hang et al., 2018; Hang et al., 2019a, 2019b). 
We have recently used the population-based Collaborative Cross (CC) 
mouse model to further investigate the role of host genetics on cancer 
risk associated with THS exposure (Yang et al, 2023). We showed that 
tumor susceptibility after THS exposure varied significantly across 8 
different CC strains tested (Yang et al., 2023). The CC mouse system 
serves as a proxy for the genetic heterogeneity seen in the human pop
ulation, making it an ideal model system for studying gene-environment 
interactions, as reported in our previous studies (Wang et al., 2019; Mao 
et al., 2015; Kim et al., 2019; Mao et al., 2020; He et al., 2021; Jin et al., 
2021; Snijders et al., 2016).

Smoking tobacco is an important behavioral risk factor for gastric 
cancer (GC) development. Moreover, SHS has been associated with 
H. pylori infection and increased GC risk, especially in non-smoking fe
males (Li et al., 2020). Our current research aims to elucidate the spe
cific pathways and mechanisms by which THS contributes to GC risk 
using the CC036 mouse gastric tumor model, together with in vitro 
human gastric cell lines. Our findings provide significant insight into the 
gene-environment interaction in cancer etiology as well as help make 
smoking regulations associated with THS.

2. Materials and methods

2.1. THS sample generation and characterization

THS samples were generated on cotton terry cloth from a controlled 
laboratory system, which is described in our previous work (Hang et al., 
2013). Briefly, the cloth samples were used as a substitute for indoor 
surfaces and were repeatedly exposed to fresh SHS in a 6-m3 stainless 
steel chamber. During exposure, a total of 2795.6 mg of smoke particles 

was discharged into the chamber. This is equivalent to the smoke from 
200 to 350 cigarettes over 2 years and 9 months, or approximately 1/ 
5–1/3 of a cigarette per day. The THS cloth was vacuum-packed in Mylar 
film after exposure and stored at − 20℃ until use.

For chemical analysis and cellular experiments, both THS-laden and 
clean cloth samples were weighed, cut into small pieces, and immersed 
in serum-free RPMI-1640 at a ratio of 0.1 g paper to 2 ml medium, then 
vortexed and centrifuged as previously described (Hang et al., 2013). 
For chemical analysis, 1 ml of media with THS and another without were 
taken out and stored at 4 ◦C until use. Targeted THS compounds in the 
RPMI 1640 samples were analyzed following the procedures described 
in the previous study (Hang et al., 2013), using liquid chromatography- 
tandem mass spectrometry (LC–MS/MS) as described in Whitehead et al. 
(Whitehead et al., 2015).

2.2. CC036 mouse strain and THS exposure

CC036 mice were obtained from the Systems Genetics Core Facility 
at the University of North Carolina (Welsh et al., 2012). At Lawrence 
Berkeley National Laboratory (LBNL), the cancer study was carried out 
in accordance with NIH IUCAC guidelines and the Animal Welfare and 
Research Committee at LBNL approved the animal use protocol for this 
study. CC036 mice were randomly divided into THS-exposed and un
exposed (control) groups immediately after weaning. Mice were exposed 
to THS from 4 to 9 weeks of age as follows: a 10 × 10 cm2 swatch (3.4 g) 
of THS-exposed or control terrycloth was added to the standard bedding 
in the cages, and the cloth swatches were replaced once a week during 
the standard cage change. The nicotine loading of the swatches was 23.4 
μg/g for a total of 79.56 mg. This value is comparable to the ingestion 
exposure of a toddler estimated by Bahl et al. (Bahl and Jacob, 2014), In 
general, we aimed to apply environmentally relevant doses of THS 
exposure in our studies. Tumor development was monitored for a total of 
18 months.

At Nanjing University Affiliated Drum Tower Hospital, primary 
gastric epithelial cells were isolated from stomach tissues obtained from 
CC036 mice (see details below). The Ethics Committee at this hospital 
approved the animal use protocol.

2.3. Post-mortem examination and histological assessment of THS- 
exposed CC036 mice

Upon reaching their experimental endpoint of the study period, both 
THS-treated and control CC036 mice were subjected to a thorough 
necropsy immediately after euthanasia (Yang et al., 2023). Tumors were 
located through direct observation, and their number, size, placement, 
and any metastases were documented. In instances where mice were 
discovered deceased before the end of the experiment (categorized as 
Found Dead in Cage, or FDIC), the timing of death was noted, along with 
any neoplastic findings during necropsy.

Tissue samples were preserved in 10 % formalin (Azer Scientific, 
USA) and were maintained at ambient temperature for 48 hrs. Subse
quently, the fixed samples were rinsed and stored in 75 % ethanol at 
4 ◦C. All collected tissues were then embedded in a paraffin medium, 
sectioned to a thickness of 4 μm, and stained with hematoxylin and eosin 
(H&E). This process was performed at the Histology and Biomarkers 
Core at the UCSF, Mt. Zion Campus in San Francisco. The stained tissues 
were then evaluated for histopathological changes.

2.4. Ths-exposure of CC036 primary gastric tumor epithelial cells and 
human GC cell lines

For the isolation of primary epithelial cells from CC036 stomach, 
gastric tissues were cut into small pieces. After 2 washes with 
antibiotics-containing PBS, tumor pieces were incubated with an 
enzyme cocktail made of collagenase II (400 U/ml, C2-BIOC, Sigma- 
Aldrich, USA) and DNaseI (350 U/ml, 10104159001, Roche, USA) for 
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30 min at 37 ◦C. The supernatant containing the cell suspension was 
removed and filled with DMEM-F12 medium (01–170-1A, Biological 
Industries, Israel) containing 10 % fetal bovine serum (FBS; 10099141C, 
Grand Island Biological Company, Australia). The remaining tissue was 
incubated with an enzyme cocktail for another 30 min at 37℃. Next, all 
cell suspensions were combined and filtered through a 70-μm cell 
strainer. After additional washes, cells were cultured, and the medium 
was renewed after 5 days and subsequently when necessary.

Two human GC cell lines AGS and MGC803 (Shanghai Institute of 
Biochemistry and Cell Biology, Shanghai, China), were cultured in 
RPMI-1640 medium (BC-M− 017, Biochannel, China) containing 10 % 
FBS, penicillin–streptomycin (100 U/ml, 15140122, Grand Island Bio
logical Company, USA). The cells were placed at 37℃ in a humidified 
incubator containing 5 % CO2 (3131, Thermo Fisher Sientific, USA) and 
used for experiments after they reached 70–80 % confluence.

THS-RPMI-1640 was prepared as above and diluted in a complete 
culture medium at ratio of 1:20, 1:80 and 1:160, respectively. Cells were 
treated with fresh THS or control culture medium for 24 hrs before 
subsequent experiments. Each experiment was repeated at least 3 times, 
with 3 wells each time.

2.5. Transcriptome profiling of CC036 primary cells

At 24 hrs after THS treatment, total RNA from CC036 primary 
epithelial cells was extracted using the TRIzol® reagent (15596018, 
Invitrogen, USA) for high-throughput RNA sequencing. The library 
construction and sequencing were conducted by GENEDENOVO 
following standard protocols for next-generation sequencing. RNA 
integrity was confirmed prior to sequencing. Subsequent bioinformatics 
analysis was performed with STAR v2.5.2b (Alexander Dobin, (c) 
2009–2024) to align reads to the human reference genome (GRCh38), 
including necessary components as per the 1000 Genomes Project. The 
quantification of gene expression levels was performed using HTSeq 
0.6.1p2 (Simon Anders, European Molecular Biology Laboratory 
(EMBL), (c) 2010.) against the Gencode v26 primary assembly annota
tions. Differential gene expression analysis was carried out using 
DESeq2 v1.40.2. Significant genes were identified based on a threshold 
of an absolute log2 fold change greater than 1 and a false discovery rate 
(FDR) below 0.05. A total of 91 differentially expressed genes were 
identified and intersected across varying concentrations of THS treat
ment. Functional annotation and enrichment analysis of the identified 
genes were performed using the clusterProfiler package v4.8.2. Visual
ization of expression patterns across samples was facilitated through 
heatmap representations, leveraging the gplots v3.0.1 R package.

2.6. Survival analysis of samples with THS-related expression patterns in 
TCGA-STAD

The differentially expressed genes were aligned with the human 
genome to identify human THS-related differentially expressed genes 
(N=84). We procured a dataset (N=409) from the TCGA-STAD project 
available on cBioPortal (https://www.cbioportal.org/). The 409 sam
ples in the TCGA-STAD project were obtained from 22 clinical centers in 
the USA. The patients’ racial backgrounds included Asian, White, and 
Black/African Americans. In addition, we used the online tool KMPlot 
and TNMplot to conduct some other analyses where all public available 
datasets were pooled and used for analyses. After filtering out genes with 
missing values, we applied the ConsensusClusterPlus package (version: 
3.18) to perform consensus clustering of the samples using the Spearman 
method for distance calculation (kmdist), stratifying the samples into 
two groups. To compare the survival outcomes between the two groups, 
Kaplan-Meier plots were generated using the survminer package 
(version 0.4.9), and statistical significance was assessed using the log- 
rank test. This comparison allowed us to analyze the survival patterns 
associated with THS-related gene expression within the GC patients in 
the TCGA-STAD database.

2.7. Multiplex immunohistochemistry in mouse tissue using Opal-TSA 
fluorophores

To evaluate the effects of THS exposure on the immune microenvi
ronment in gastric tumor in THS-treated or control CC036 mice, a 
multiplexed immunohistochemical approach was employed utilizing 
fluorescent tyramine signal amplification reagents from PANO 7-plex 
IHC Kit (10082100100, Panovue, China), designed for the sequential 
application and removal of primary and secondary antibodies, while 
selectively preserving the fluorescent signals of bound antigens until all 
target molecules were fluorescently labeled. For the preparation of the 
tissue sections, paraffin-embedded samples underwent xylene and 
graded ethanol deparaffinization followed by antigen retrieval. Endog
enous peroxidase activity was inactivated (SP KIT-A1, Fuzhou Maixin 
Biotech, Fuzhou, China), and non-specific antibody binding was pre
cluded with an appropriate blocking buffer (SP KIT-B1, Fuzhou Maixin 
Biotech, Fuzhou, China). Primary antibody incubation involved the 
following: anti-CD3 (17617–1-AP, Proteintech, China, 1:500 dilution), 
anti-CD4 (ab183685, Abcam, USA, 1:1000 dilution), anti-CD8α (98941, 
Cell Signaling, USA, 1:400 dilution), anti-FoxP3 (12653, Cell Signaling, 
USA, 1:400 dilution), and anti-pan-Cytokeratin (NB600-579, Novus, 
USA, 1:100 dilution). The secondary detection utilized Opal polymer 
HRP-conjugated anti-rabbit antibodies ⋅from PANO 7-plex IHC Kit, fol
lowed by incubation with one of the designated Opal fluorophores-PPD 
520, PPD 540, PPD 570, PPD 620, or PPD 690 (1:100 dilution from 
PANO 7-plex IHC Kit)—in accordance with the manufacturer’s protocol. 
Sections were mounted in SlowFade Gold Antifade Reagent with DAPI 
(Thermo Fisher Scientific). For comprehensive tissue analysis, slides 
were scanned at 10x magnification utilizing the Vectra Polaris System 
(Vectra 3, Akoya Biosciences, USA). The gathered data was analyzed 
using the Inform 2.6.0 software suite (Akoya Biosciences, USA).

2.8. Immunohistochemistry analysis of human GC tissues

After obtaining the patient consent, tissue sections from 10 GC pa
tients were obtained from the Department of Pathology, the Affiliated 
Drum Tower Hospital of Nanjing University. This study received 
approval from the Research Ethics Committee at Nanjing Drum Tower 
Hospital (document number: 2023–614-01). Written informed consent 
was secured from every participant. All procedures involving clinical 
samples were conducted in strict adherence to the tenets of the Decla
ration of Helsinki.

Paraffin-embedded tissues were sectioned to 5 μm-thick slices fol
lowed by deparaffinization in xylene and graded ethanol, then antigen 
retrieval via microwave heating. We used a proprietary solution (SP KIT- 
B1, Fuzhou Maixin Biotech, Fuzhou, China) to inhibit endogenous 
peroxidase activity and a blocking buffer from the same company to 
prevent non-specific antibody binding (SP KIT-A1, Fuzhou Maixin 
Biotech, Fuzhou, China). The slices were incubated with primary anti
bodies against Osteopontin (22952–1-AP, Proteintech, China, 1:200 
dilution) and TRIB3 (13300–1-AP, Proteintech, China, 1:100 dilution) at 
4 ◦C overnight. Subsequently, we used the UltraSensitive™ SP (Rabbit) 
IHC Kit (KIT-0105R, Fuzhou Maixin Biotech, China), following the 
manufacturer’s protocol. After counterstaining with hematoxylin and 
mounting with neutral balsam, the stained sections were evaluated by 
two experienced pathologists. The assessment was based on the pro
portion of cells displaying staining intensity and a scoring system (1 =
low positive; 2 = moderate positive; 3 = strong positive). The IHC score 
was calculated using the formula: 

IHC score = Σ (proportion of stained intensity cells

× staining intensity score)

2.9. Bioinformatics

To ascertain the association between SPP1 and TRIB3 expression and 
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overall survival (OS) in GC patients, we utilized the Kaplan-Meier Plotter 
through the K-M Plotter tool (available at https://kmplot.com/analysis/
) to conduct survival curve analyses.

The TNMplot platform offers a detailed examination of Gene chip 
data, facilitating the investigation of gene expression in specific tissue 
types (available at https://www.tnmplot.com). In our study, we 
assessed the differential expression patterns of SPP1 and TRIB3 between 
normal and gastric tumor tissue samples.

2.10. Statistical analysis

The experiments were independently replicated a minimum of three 
times to ensure reliability. Data analysis was conducted using SPSS 
software (version 19.0, IBM Corp.). Results are expressed as mean values 
± standard error of the mean (SEM) from these replicates. To ascertain 
the statistical differences between datasets, one-way ANOVA was uti
lized, followed by the Tukey post hoc test for multiple comparisons. A p- 
value of less than 0.05 was considered statistically significant, with 
levels of significance denoted as follows: *p < 0.05, **p < 0.01, and ***p 
< 0.001.

3. Results

3.1. THS exposure promotes gastric adenocarcinoma development in 
CC036 mice

To study the effect of THS on the development of gastric tumor, we 
reanalyzed the data in CC036 mice from our previous study (Yang et al., 
2023), where CC036 mice were exposed to standard bedding supple
mented with THS-terrycloth or to standard bedding only, by focusing on 
gastric tumor occurrence and free survival analysis. As shown in Fig. 1A, 
exposure to THS significantly reduced gastric tumor-free survival time in 
CC036 mice exposed to THS (p < 0.05). Exposure to THS significantly 
increased the gastric tumor rate as we previously described (Yang et al., 
2023) (Fig. 1B) and the histopathological analysis revealed that majority 

of tumors occurred were adenocarcinoma (Fig. 1C).
We also assessed the effects of THS exposure on the immune 

microenvironment in gastric adenocarcinoma from THS-treated or 
control CC036 mice using multicolor immunofluorescence analysis. As 
shown in Supplementary Fig. 1A, we observed the distribution and 
proportion of T-helper cells (CD3+/CD4+), T-suppressor cells (CD3+/ 
CD8+), Treg cells (CD4+/FoxP3+), and tumor epithelial cells (PanCK+) 
in GC tissue sections of CC036 mice in both THS-exposed and control 
groups, and no significant differences were found between these two 
groups (Supplementary Fig. 1). Supplementary Fig. 2 showed that there 
was no significant difference in the infiltration of immune cells and 
macrophages in the tumor tissues of the THS-exposed group compared 
to the control group. These findings collectively suggest that there is no 
statistically significant difference in the tumor immune microenviron
ment between THS-treated and control groups.

3.2. THS exposure enhanced the function of genes related to ECM and 
cytoskeletal protein structures in primary CC036 gastric epithelial cells

To delineate the molecular mechanism for the contribution of THS 
exposure to gastric tumor development, we treated primary gastric 
epithelial cells isolated from CC036 mice with different dilutions of THS 
in cell culture medium or control medium for 24 hrs, RNA was isolated 
from these cells for sequencing. Principal component analysis (PCA) 
revealed a distinct separation among the groups, with control samples 
clustering tightly, suggesting minimal variability within the untreated 
cells. Conversely, the THS-treated samples display a distinct divergence 
from the controls along the second principal component (PC2) (Fig. 2A). 
This separation reflects significant changes in gene expression profiles 
attributable to THS treatment.

Differentially expressed genes (DEG) analysis was carried out to 
assess the transcriptional impact of varying THS concentrations. Inter
estingly, gene expression changes were most pronounced in the 1:160 
dilution group, followed by the 1:80 dilution group, with least in the 
1:20 dilution group. The comparison between the 1:160 dilution group 

Fig. 1. Impact of THS exposure on GC incidence and tumor-free survival in CC036 mice. (A) Kaplan-Meier curves depicting tumor-free survival (TFS) in control 
(blue) and THS-exposed (green) cohorts, with statistical significance determined via the log-rank test; (B) Representative photograph of a gastric tumor in a CC036 
mouse; (C) Histopathological analysis of gastric tumors from THS-exposed and control CC036 mice, visualized with H&E staining (100 × magnification). (For 
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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Fig. 2. Transcriptional impact of varying THS concentrations profiled by RNA sequencing. (A) PCA of RNA sequences confirms significant transcriptional changes 
associated with different THS gradients (1:160, 1:80, 1:20); (B) A bar graph illustrating the count of significantly upregulated and downregulated genes between 
control and THS-treated groups.

Fig. 3. Correlation of THS-induced DEGs with ECM and cytoskeletal development in CC036 mice and prognostic relevance in human GC patients. (A) A Venn 
diagram showing 91 DEGs shared across 1:160, 1:80, and 1:20 dilution groups compared to the control; (B) Gene Ontology (GO) analysis elucidating the molecular 
functions of the 91 THS-related DEGs; (C) Application of K-means consensus clustering to separate 409 TCGA-STAD samples into THS-related and non-THS groups, 
based on the 84 THS-related gene expression profiles; (D) Kaplan-Meier plots comparing OS and PFS between the THS-induced-like and non-induced groups. The P- 
values were derived from the log-rank test.
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and the control group showed 183 genes upregulated and 78 genes 
downregulated. The 1:80 dilution group had 132 genes upregulated and 
73 genes downregulated. In the 1:20 dilution group, there were 92 genes 
upregulated and 75 genes downregulated (Fig. 2B). These findings 
suggest that the effects observed at the 1:160 dilution level are the most 
pronounced among the three concentrations, potentially indicating a 
dose-dependent response in gene expression modifications upon THS 
exposure. Compared to the control group, we observed a total of 91 
genes that consistently changed their expression in the primary gastric 
epithelial cells across three different concentration gradients of THS 
(adj. P<0.05 and fold-change >|2|; Fig. 3A, Supplementary Table S1).

Enrichment analysis indicated that the functions of the above 91 
genes are primarily associated with sulfur compound binding, extra
cellular matrix binding, and extracellular matrix structure binding, 
linking them closely with the structure and function of the ECM and 
cytoskeletal proteins (Fig. 3B, Supplementary Fig. 3).

3.3. Evaluation of the prognostic impact of a differentially expressed 84- 
gene signature in human gastric cancers

We further addressed whether the THS exposure-related 91-gene 
signature is associated with overall survival in human gastric cancer 
patients. We identified 84 human homologs of the 91 mouse genes. 
Using K-means consensus clustering, we divided 409 stomach adeno
carcinoma samples from the TCGA-STAD database into two groups 
based on the expression levels of the 84 THS exposure-related genes. 
Based on their expression levels, we assigned one group as THS 
exposure-related group and the other one as the non-THS exposure 
group (Fig. 3C). Kaplan-Meier survival analysis combined with a log- 
rank test revealed that the prognosis of gastric cancer patients in the 
THS exposure-related group was significantly worse than that in the 
non-THS exposure group (Fig. 3D). These findings point to the fact that 
the THS gene signature identified in our study is associated with poor 
survival, providing further evidence for a link between THS exposure 
and GC development at the gene level.

3.4. SPP1 and TRIB3 may be targets in THS-promoted GC

SPP1 and TRIB3 are increasingly recognized for their roles in 
digestive system tumors. In Fig. 4A, the expression levels of the two 
genes are represented using normalized Fragments Per Kilobase of 
transcript per Million mapped reads (FPKM). 

FPKM(gene A) =
106C

NL103 

In the formula, C represents the number of sequencing reads mapped to 
gene A, and N represents the total number of sequencing reads mapped 
to the reference genome, and L is the number of base pairs in gene A. Of 
the human 84-gene signature related to THS exposure, SPP1 and TRIB3 
expression levels were most significantly elevated in cells treated with a 
THS-containing medium at a 1:160 concentration (p = 0.0013, p =
0.0002;). We further confirmed that THS treatment increased protein 
levels of SPP1 and TRIB3 in the CC036 primary gastric epithelial cell 
line, as well as in the human AGS and MGC803 GC cell lines (Fig. 4B), 
consistent with the elevated transcriptional levels of the two genes by 
RNA-seq. Analysis of SPP1 and TRIB3 gene expression levels using 
TNMplot indicated that their transcriptional expression levels were 
higher in tumor tissues compared to normal tissues (p = 2.71e–121, p =
8.23e–11; Table 1 and Fig. 4C). We further validated increased expres
sion of SPP1 and TRIB3 in human GCs by staining 20 pairs of tumors and 
peritumor samples, confirming higher levels of SPP1 and TRIB3 in the 
human GC tumor samples (Fig. 4D). To further assess the significance of 
SPP1 and TRIB3 in GC development, Kaplan-Meier analysis indicated 
that the expression levels of SPP1 and TRIB3 significantly affect the 
overall survival (OS) of GC patients (SPP1: HR=2.23, Logrank P=3.1e- 

14; TRIB3: HR=1.52, Logrank P=1.1e-05) (Fig. 4E). Collectively, these 
findings suggest that both SPP1 and TRIB3 play a role in GC develop
ment, and they may serve as targets through which THS exposure leads 
to poorer patient prognosis.

3.5. THS exposure influences in vitro tumorigenic traits in both mouse and 
human cells

3.5.1. Effects of THS exposure on cell migration and invasion
As shown in Fig. 5A immunofluorescence staining, the primary 

gastric cells we extracted from CC036 mice expressed the epithelial 
marker CK18 and barely expressed a mesenchymal marker, vimentin, 
indicating that these cells are epithelial origin (CK+/vimentin-). Using 
the transwell assay shown in Fig. 5B, we observed a significant increase 
in the number of cells traversing the chambers after treatment with THS 
extract at 1:160 and 1:80 for 24 hrs, demonstrating that THS exposure 
enhances the migration of the primary gastric epithelial cells. For human 
GC cell lines AGS and MGC803, we found that THS exposure (1:160, 
1:80 and 1:20) significantly increased migration in both cell lines under 
no Matrigel culture condition (Fig. 5. C-D). Furthermore, THS exposure 
(1:160) also significantly enhanced cell invasion in both cell lines 
(Fig. 5E-F). Therefore, THS exposure significantly enhances cell migra
tion and invasion in a dose-dependent manner.

3.5.2. THS exposure increases in vitro clonogenic growth
We next investigated whether a 24-hr THS exposure could increase 

clonogenic growth in vitro. As shown in Fig. 6, compared to the controls, 
the total number of colonies of AGS cells treated with THS (1:160, 1:80, 
1:20) significantly increased (Fig. 6A). However, THS extract did not 
affect the clonogenic potential of the MGC803 cells (Fig. 6B). We 
speculate that the genetic component of MGC803 influences its sensi
tivity to THS exposure.

Next, we selected AGS cells for further soft agar assay for THS 
exposure-induced anchorage-independent growth. After three weeks of 
culture, the living cell clusters in agar were stained with NBT, and the 
diameters of five randomly selected cell clusters were measured under a 
microscope for each group. As shown in Fig. 6C, THS exposure (1:160) 
increased the diameter of colonies formed by AGS cells. Collectively, we 
concluded that THS exposure promotes oncogenic traits of the cell lines 
tested, but not universally, possibly dependent on genetic conditions.

3.5.3. THS exposure enhances anti-apoptotic capabilities in human GC cell 
lines

As depicted in supplementary Fig. 4A, a higher concentration (1:20) 
of THS exposure increased the proportion of apoptotic cells in AGS, 
while at lower concentrations (1:80, 1:160) of THS exposure reduced the 
proportion of apoptotic cells compared to untreated cells. However, THS 
exposure did not significantly alter the proportion of apoptotic cells in 
the MGC803 cell line (supplementary Fig. 4B). These results are 
consistent with the outcomes of the colony formation assays. In contrast, 
we observed no significant effect of THS exposure on the distribution of 
cells across the cell cycle in GC cell lines (Supplementary Fig. 5).

3.6. THS exposure activates the epithelial-mesenchymal transition (EMT) 
pathway

Given the RNA-seq results suggesting a functional enrichment of 
genes associated with cytoskeleton, adhesion, and other functions in 
THS-exposed CC036 gastric epithelial cells and considering the signifi
cant impact of THS exposure on cell invasion and migration, it is 
reasonable to speculate that THS exposure might activate the EMT 
pathway, thereby affecting the malignant phenotype of tumor cells. We 
then examined changes in the expression of representative genes in this 
pathway in the AGS and MGC803 cell lines. After a 24-hr treatment with 
1:160 THS extract, qRT-PCR confirmed that the mRNA expression levels 
of CTNNB1, TWIST1, CDH2, ZEB1, and ZEB2 were upregulated in THS- 
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Fig. 4. Impact of THS exposure-upregulated genes SPP1 and TRIB3 on GC. (A) RNA sequencing profiles of SPP1 and TRIB3 expression in primary gastric cells of 
CC036 mice across THS gradients (1:160, 1:80, 1:20). (B) Protein levels of SPP1 and TRIB3 in MGC803, AGS, and CC036 primary gastric cell lines treated with THS. 
(C) TNM plot analysis using the online TNMplot web tool https://www.tnmplot.com/ showcasing SPP1 and TRIB3 expression. (D) IHC detection of SPP1 and TRIB3 
in 20 GC tissues with paired paratumor tissue, with representative images (200 × magnification). (E) IHC detection of SPP1 and TRIB3 in GC tissues from 9 CC036 
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exposed MGC803 cells (Fig. 7A). Similar findings were observed in AGS 
cells, where mRNA levels of CTNNB1, SNAI1, and ZEB1 were overex
pressed in THS-exposed AGS cell lines (Fig. 7B). Western blot results in 
MGC803 (Fig. 7C) and AGS (Fig. 7D) cell lines revealed a significant 
increase in the protein levels of the two EMT transcription factors, 
Twist1 and Snail, upon THS exposure, with the highest levels at a con
centration of 1:160, which is consistent with increased invasion and 
migration observed in this study. These findings indicate that THS 
exposure activates the EMT pathway during the GC oncogenesis.

4. Discussion

This study is the first exploration of the mechanisms by which THS 
exposure causes GC. Many epidemiological studies have confirmed that 
both active and passive smoking are risk factors for GC (Steevens et al., 
2010; Duan et al., 2009). Our recent in vivo studies have revealed that 
THS exposure promotes the development of GC in the CC036 mouse 
gastric tumor model (Yang et al., 2023). To assess the mechanisms by 
which THS causes GC, we selected the CC036 strain based on its 
demonstrated sensitivity to THS in the above publication (Yang 
et al.,2023) and conducted molecular and cellular studies using THS- 
exposed primary gastric epithelial cell lines from the CC036 mice and 
two human GC cell lines.

As previously mentioned, we used the CC mouse system, including 
the CC036 strain, to identify genetic variations associated with various 
phenotypes (Yang et al 2023 and refs therein). This mouse model offers 
distinct advantages for exposure studies because the genetic background 
of the host and THS exposure are well-controlled, which avoids the 
confounding effects of additional SHS exposure characteristic of human 
THS exposures. Our earlier studies have discovered that the CC036 
mouse strain is prone to spontaneous GC (Wang et al., 2019). Therefore, 
we considered that CC036 would be a sensitive mouse model for the 
proposed THS exposure study in GC development.

We next subjected the primary gastric epithelial cells isolated from 
CC036 mice to different concentrations of THS and performed RNA 
sequencing to identify genes that might be involved in THS-promoted 
gastric carcinogenesis. We first identified 91 mouse genes with consis
tently and significantly altered expression across all THS concentrations, 
which were strongly enriched in sulfur compound binding, extracellular 
matrix binding, and ECM structure binding proteins implicating a close 
association with the ECM and structural function of cytoskeletal pro
teins. Dysregulation of ECM composition, structure, and other properties 
is associated with invasive cancer (Bonnans et al., 2014). By identifying 
the 84 human orthologous genes of the 91 mouse genes associated with 
THS exposure, we further build a molecular bridge to explore the 
possible impact of THS exposure on the occurrence of GC in humans. 
Kaplan-Meier survival curve analyses of patient cohorts revealed that 
the patients whose gene expression changes were similar to the THS 
exposure-related group had significantly worse prognosis, as compared 
to the other patients. This supports the hypothesis that THS exposure 
alters gene expression and may lead to a more invasive GC phenotype. 

This gene signature could serve as a tool for risk assessment, potentially 
guiding targeted monitoring and the development of personalized 
treatment plans for those patients demonstrating THS exposure-induced 
gene expression patterns.

Additionally, we note that of the 84 genes, 10 genes (ALDH1L2, 
ASNS, BCAT1, CA6, CHAC1, CTH, FUT1, GPD2, MTHFD2 and P4HA3) 
are involved in metabolic pathways, 8 genes (RASIP1, DCN, FZD4, 
BMPER, CD34, TNFSF15, EDAR and ADM2) in angiogenesis, and 4 genes 
(DCN, FMOD, FST and SMAD6) in TGFb signaling. Importantly, modu
lation of metabolite pathways, anti-angiogenesis or anti-TGFb thera
peutics could potentially be used to prevent THS-induced gastric tumor 
development.

The observation that the THS exposure-related group has a worse 
prognosis may also reflect the broader impact of environmental factors 
on cancer progression and patient survival rates. This underscores the 
critical importance of understanding the role of exogenous agents like 
THS in the molecular etiology of GC. Our findings support the need for 
more detailed mechanistic studies to explore how THS exposure con
tributes to the pathogenesis of GC and whether such an effect is a direct 
causation or a promoter in the process.

SPP1, also known as osteopontin or early T-lymphocyte activation 1, 
binds to and activates matrix metalloproteinases in tumors (Lim et al., 
2012). SPP1 is enriched in ECM-receptor interactions, which are 
significantly associated with the EMT pathway (Masuda et al., 2017; 
Reiner et al., 2017), which is consistent with the results of our enrich
ment pathway analysis. TRIB3 is an important stress-responsive gene, 
upregulated by a variety of stimuli, and plays a vital role in processes 
such as apoptosis, glucose and lipid metabolism, and adipocyte differ
entiation (Yang et al., 2021; Dong et al., 2016). SPP1 is overexpressed in 
various cancers and serves as a biomarker for predicting poor outcomes, 
including hepatocellular carcinoma (Wang et al., 2019), gastric cancer 
(Zhuo et al., 2016), ovarian cancer (Zeng et al., 2018), and glioblastoma 
(Chen et al., 2019). TRIB3 regulates cell proliferation, differentiation, 
apoptosis, and cellular stress; it also participates in signaling pathways 
such as the MAPK, PI3K, NF-κB, and TGF-beta pathways (Yang et al., 
2021). Silencing TRIB3 can downregulate the expression of VEGFA in 
gastric cancer cells, thus inhibiting endothelial cell recruitment and 
angiogenesis, indicating that TRIB3 overexpression is associated with 
tumor angiogenesis and poor prognosis in GC patients (Dong et al., 
2016). Data from our PCR analysis, Western blot experiments, and 
public databases all suggest that SPP1 and TRIB3 are highly expressed in 
tumor tissues, and their high expression levels are indicative of poor 
prognosis in GC patients.

As shown in Fig. 6, The AGS colonies were very different from MGC 
803 colonies. The possible explanations for such difference could be 
several. One is that, under THS exposure, there were different levels of 
upregulation of SPP1 and TRIB3 between AGS and MGC 803 cells 
(Fig. 4B), with changes in TRIB3 being more marked in AGS cells. Pre
vious studies showed that TRIB3 may act as a cellular stress sensor (Xiao 
et al., 2024), which can be activated by endoplasmic reticulum unfolded 
protein and interact with the endoplasmic reticulum stress-related 
sensor HNF4α (Yu et al., 2020). Additionally, TRIB3 regulates auto
phagy flux by activating the PI3K-AKT-mTOR pathway, and improves 
cellular stress adaptation by inhibiting ferroptosis, among other mech
anisms (Chen et al., 2024; Hua et al., 2015). Also importantly, THS in
duces DNA damage and oxidative stress (Hang et al., 2019b; Sarker 
et al., 2020);. The more dramatic change in TRIB3 in AGS cells thereby 
enhances their stress adaptation capabilities, leading to a more signifi
cant promotion of cell proliferation under THS exposure, as observed in 
our colony formation assays.

The development of GC is considered a multifactorial process 
involving cell proliferation, apoptosis, cellular adhesion, motility as well 

mice exposed to THS and 15 unexposed CC036 mice, with representative images (200 × magnification). (F) Kaplan-Meier plot analysis correlating SPP1 and TRIB3 
expression with GC patient outcomes.

Table 1 
TNM Plot Analysis Reveals Elevated Expression in Tumor Tissues Compared to 
Normal Tissues from Gene Chip Data.

Min 17 38 41 38

Q1 172.5 797 152 222
Med 260 2060 341 470
Q3 439 5445 617.5 902
Max 12,272 37,717 2847 5267
Upper whisker 815 12,374 1285 1920
N 360 1221 360 1221
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as multiple signal transduction pathways (Zhang et al., 2020; Dai et al., 
2021; Han et al., 2020; Gao et al., 2020; Li et al., 2021). We employed in 
vitro experiments to observe the effects of THS exposure on the onco
genic traits of CC036 mouse gastric primary epithelial cells and human 
GC cell lines. As previously mentioned, our sequencing analysis revealed 
an enrichment of cell adhesion-related gene pathways following THS 
treatment; therefore, we treated both CC036 mouse gastric primary 
epithelial cells and human GC cell lines with varying concentrations of 
THS and examined migration and invasion. Our results suggest that THS 
exposure significantly promotes the metastatic potential of GC. We also 
observed that, in the AGS cell line, THS exposure significantly increased 
cell proliferation and enhanced anti-apoptotic capabilities. The cell 

migration and invasion induction of THS reduced with the exposure 
concentration increase, as shown in Fig. 4. This phenomenon is known 
as a “bell-shaped curve”, which describes a situation where low to 
moderate doses of a substance can stimulate a biological process (such as 
tumor cell invasion and metastasis), but at higher doses, this effect may 
decrease. When the concentration increases to a certain level, the toxic 
effects become stronger, leading to cell death or other severe damages, 
which affect cell migration and invasion. In contrast, in the MGC803 cell 
line, no significant effect of THS exposure on cell proliferation or 
apoptosis was observed. This could be due to the lower sensitivity to the 
genetic changes described above.

EMT is characterized by a series of phenotypic changes where 

Fig. 5. Effect of THS exposure on cell migration and invasion. (A) Validation of epithelial cell identity via immunofluorescence staining of CD18+/Vimentin in 
extracted cells; (B) Enhanced migration of primary CC036 gastric epithelial cells upon THS exposure, without Matrigel, as visualized on the left (100 × magnifi
cation) and quantified on the right; (C-D) Increased migration of AGS and MGC803 cells under various THS concentrations, without Matrigel. (E-F) Amplified 
migration and invasion of AGS and MGC803 cells across Matrigel-coated membranes under THS treatment. Quantitative results are reported (mean ± SEM), with 
statistical significance denoted (*P<0.05, **P<0.01, ***P<0.001).
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Fig. 6. Influence of THS Exposure on Cell Proliferation. (A) Augmentation of AGS cell clonogenic potential under varied THS exposures; (B) Neutral effect of THS on 
MGC803 cell clonogenicity. The left panel shows representative cultures, and the right panel details colony quantification (mean ± SEM, *P<0.05, **P<0.01, 
***P<0.001); (C) THS exposure enlarges colony diameters in AGS cell soft agar cultures, with representative clusters and quantitative diameters shown (mean ± SEM 
from five random clusters).
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epithelial cells acquire mesenchymal features, including the dissolution 
of cell–cell junctions, changes in cell shape, alterations in cytoskeletal 
structure and adhesion molecules, production of ECM proteins, and an 
increase in motility and invasiveness (Chen et al., 2013). This work has 
demonstrated that THS exposure is associated with enrichment of genes 
related to the ECM pathway and the promotion of invasion in both 

mouse and human gastric cells. Our data from RNA sequencing analysis, 
together with RT-PCR and Western blot, strongly indicate that key EMT 
markers such as CTNNB1, TWIST1, CDH2, ZEB1, ZEB2, and SNAI1 were 
upregulated in the samples exposed to THS. Increased expression of 
CTNNB1, a key component of the cadherin-catenin complex, suggests 
potential disruption of cell–cell adhesion, a hallmark of EMT, thus 

Fig. 7. THS exposure upregulated EMT marker expression in MGC803 and AGS cells. (A) Enhanced mRNA levels of EMT-related genes (CTNNB1, TWIST1, CDH2, 
ZEB1, ZEB2) in MGC803 cells following THS exposure (1:160); (B) Elevated mRNA levels of EMT markers (CTNNB1, SNAI1, ZEB1) in AGS cells upon THS treatment. 
Protein levels of EMT markers (E-cadherin, β-catenin, Vimentin, Twist1, Snail) are depicted for MGC803 (C) and AGS (D) cell lines under different THS gradients 
(*P<0.05, **P<0.01, ***P<0.001).
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supporting increased cell motility. Similarly, the induction of tran
scription factors Twist1 and Snail signifies activation of the EMT 
pathway, as these factors are known to suppress E-cadherin expression 
and promote a mesenchymal phenotype. The consistent overexpression 
of ZEB1 and ZEB2 further confirms the involvement of pathways that 
stimulate mesenchymal transition, typically associated with increased 
tumor invasiveness. The enhanced invasive and migratory capabilities 
shown in our in vitro experiments add a functional layer of evidence to 
the transcriptomic and proteomic findings.

In this study, we also assessed the immune microenvironment within 
the GC tissues of the CC036 mice and found that there was no significant 
difference in the infiltration of helper T cells (CD3+/CD4+), cytotoxic T 
cells (CD3+/CD8+), T regulatory (Treg) cells (CD4+/FoxP3+), total 
macrophages, M1-like macrophages, and M2-like macrophages between 
the THS-exposed group and the control group. Based on our previous 
findings in CC036 (Wang et al., 2019), it is still possible that an in
flammatory response might have already created a carcinogenic 
microenvironment prior to the occurrence of mouse GC. THS exposure 
could further enhance inflammation, as observed in other systems 
(Matins-Green et al., 2014; Sakamaki-Ching et al., 2022), accelerating 
the development of cancer. Future experiments are needed to validate 
such a hypothesis, and it may be necessary to assess the impact of THS 
on the immune system at different stages of tumor development.

This study still has few limitations: First, our study focuses on the 
effect of THS on induction of gastric cancer in a single mouse strain, i.e., 
CC036, mainly because this is the only spontaneous gastric tumor model 
identified in Collaborative Cross mice thus far. Future studies should 
expand on these studies by including additional Collaborative Cross 
strains and other tumor endpoints in addition to gastric cancer. Second, 
we only observed the immune status of the CC036 mouse stomach tis
sues at the endpoint of our experiments. Future studies should investi
gate alterations of the immune microenvironment at additional 
timepoints during tumor development.

In summary, this study provides the first evidence that gene- 
environment interaction plays a critical role in the development of 
GC. We identified a THS exposure-induced 91-gene expression signature 
in CC036 and a corresponding 84-gene signature in human GC patients 
that predicted poorer prognosis, with SPP1 and TRIB3 emerging as po
tential targets through which THS may promote gastric carcinogenesis. 
THS exposure also increases in vitro tumorigenic traits in both mouse and 
human GC cells. THS exposure activates the EMT pathway, leading to 
overexpression and functional enrichment of ECM protein-related genes. 
Together, these findings offer strong evidence that THS exposure con
tributes to the initiation and progression of GC. In conclusion, the 
carcinogenic potential of THS exposure, should be acknowledged as a 
potential etiological factor in gastric carcinogenesis. Ultimately, 
knowledge of the mechanisms by which THS exposure increases the 
chance of disease development in exposed individuals should lead to 
new strategies for prevention as well as help framing and/or enforcing 
tobacco control policies to protect vulnerable subpopulations such as 
children.
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