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Abstract: Objectives: The incidence of gastric cancer (GC) is increasing worldwide, and it ranks among the leading 
causes of cancer-related mortality. Platinum-based chemotherapeutic agents are commonly employed in the treat-
ment of various solid tumors; however, the development of drug resistance remains a crucial barrier to effective 
treatment. T cell immunoglobulin and mucin domain 1 (TIM1) has been implicated in the initiation and progression 
of various tumors. Nevertheless, the influence of TIM1 on the efficacy of platinum-based chemotherapeutics and its 
biologic implications in GC have not been thoroughly investigated. Methods: This study utilized flow cytometry, cell 
counting kit-8 assays, and western blot to assess the role of TIM1 in modulating sensitivity to platinum drugs. High-
throughput sequencing was employed to elucidate the potential mechanism of TIM1. Additionally, the effect of TIM1 
on the biologic characteristics of GC was further investigated through clinical specimens, cells, and animals. Re-
sults: Knockdown of TIM1 enhanced the sensitivity of GC cells to platinum chemotherapeutic drugs. Furthermore, 
TIM1 expression was elevated in GC tissues, and high TIM1 expression predicted poor survival outcomes in GC pa-
tients. Knockdown of TIM1 inhibited the malignant behaviors of GC cells in vitro and in vivo. The mitogen-activated 
protein kinase (MAPK) signaling pathway may play a role in the regulatory effects of TIM1 on GC cells. Conclusions: 
Overall, TIM1 functions as an oncogene in GC. Knockdown of TIM1 enhances platinum chemosensitivity and inhib-
its malignant behavior in GC through the MAPK signaling pathway. These findings reveal a molecular mechanism 
contributing to chemotherapy resistance and suggest a therapeutic strategy for enhancing chemotherapy.
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Introduction

Gastric cancer (GC) is widely recognized, and 
the fourth most prevalent cancer worldwide [1]. 
Surgical resection is generally regarded as the 
standard and most effective treatment for ear-
ly-stage GC patients; however, many patients 
are diagnosed at an advanced stage [2]. 
Despite the utilization of various treatment 
modalities, including surgical resection, che-
motherapy, radiotherapy, targeted therapy, 
immunotherapy, and combination therapy, the 
5-year overall survival rate for individuals with 
advanced GC is only 5%-20%, with a median 
overall survival time of approximately 10 
months. This poor prognosis is largely attribut-

able to the aggressive nature and high meta-
static potential of advanced GC [3, 4].

Platinum-based chemotherapeutic agents are 
currently among the most effective treatments 
available for GC and are frequently adminis-
tered either as monotherapies or in conjunction 
with other therapeutic agents [5]. These plati-
num compounds form intra-strand and inter-
strand DNA-platinum adducts that inhibit gene 
transcription and can lead to G2/M phase cell 
cycle arrest by sequestering transcription fac-
tors [6]. Nonetheless, the emergence of prima-
ry and acquired resistance to platinum agents 
poses a significant obstacle to antitumor thera-
py [7]. The mechanisms underlying tumor resis-
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tance to platinum drugs are multifaceted, 
encompassing factors such as drug uptake, 
DNA damage repair mechanisms, apoptosis, 
and the modulation of autophagic copper trans-
porters [8]. Xu et al. reported that the chemo-
sensitivity to cisplatin can be enhanced through 
the depletion of intracellular glutathione (GSH) 
[9]. Furthermore, the mitogen-activated protein 
kinase (MAPK) signaling pathway, especially 
the classical extracellular regulated protein 
kinases 1/2 (ERK1/2) signaling pathway, is 
critical in determining sensitivity to platinum-
based drugs [10, 11]. Therefore, it is imperative 
to develop strategies that effectively reverse or 
mitigate chemotherapy resistance, improve the 
efficacy of chemotherapeutic regimens, and 
ultimately enhance patient outcome.

T cell immunoglobulin and mucin domain 1 
(TIM1), also referred to as kidney injury mole-
cule 1 and hepatitis A virus cellular receptor 1 
(HAVCR1), is recognized as a crucial suscepti-
bility gene [12]. TIM1 was initially identified in 
African green monkeys and humans as a cellu-
lar receptor for hepatitis A virus [13]. As a vital 
costimulatory molecule on the surface of T 
cells, TIM1 expression has been observed to be 
elevated in human glioma tissues compared to 
normal tissues at the mRNA and protein levels. 
Notably, high levels of TIM1 expression have 
been associated with a poorer patient progno-
sis [14]. Momoko Nishikori et al. reported that 
primary central nervous system lymphoma 
(PCNSL) is characterized by TIM1 expression 
and that soluble TIM1 in the cerebrospinal fluid 
may serve as a valuable biomarker for PCNSL 
[15]. Alternatively, TIM1 may be a novel prog-
nostic factor and therapeutic target for non-
small cell lung cancer (NSCLC) [16]. These find-
ings imply that TIM1 may function as an 
oncogene with a possible connection to tumori-
genesis. In gastric cancer, Liu et al. were the 
first to report that HAVCR1 expression could 
serve as a novel prognostic factor [17]. A sub-
sequent study indicated that HAVCR1 might 
influence GC tumor progression and patient 
outcomes. However, the carcinogenic effects 
and specific mechanisms by which TIM1 oper-
ates in GC remain unclear [18].

The objective of this study was to explore the 
biologic role and mechanisms of TIM1 in GC. 
Our findings indicate that inhibition of TIM1 can 
enhance GC cell sensitivity to platinum-based 

chemotherapeutic drugs. Furthermore, high-
throughput sequencing suggested that the 
MAPK signaling pathway may be involved in 
TIM1 regulation on GC cells. We subsequently 
assessed the expression of TIM1 in GC and fur-
ther studied its prognostic value and clinical 
significance. Additionally, both in vitro and in 
vivo experiments verified the influence of TIM1 
on the malignant biologic behavior of GC. 
Overall, this study underscores the potential of 
TIM1 as a significant biomarker and a promis-
ing therapeutic target in GC.

Materials and methods

Cell culture

Human gastric mucosal epithelial cells (GES-1), 
human gastric cancer cell lines (BGC-823, SGC-
7901, MGC-803, MKN-45, SNU-16), HGC-27 
(human gastric cancer cells, undifferentiated), 
and human renal epithelial lines (HEK-293T) 
were originally acquired from the American 
Type Culture Collection (ATCC, Manassas, USA) 
and cultured as per instructions.

Plasmid and lentivirus transfection assay

The shNC and shTIM1 primers (sh1 and sh2) 
were designed by Shanghai Sangon Biotech 
(Shanghai, China), and shNC and TIM1 knock-
down plasmids were constructed, respectively. 
The plasmid used to overexpress TIM1 was 
acquired from a public library of proteins and 
plasmids (Nanjing, China). The constructed 
plasmids underwent verification by agarose gel 
electrophoresis and DNA sequencing. HEK-
293T cells were transfected with the above 
plasmids using LipofectamineTM 2000 (Invitro- 
gen, USA), producing a lentiviral vector that was 
then transduced into MGC-803 and MKN-45 
GC cells. After 7 days of puromycin selection, 
the stable cell lines were harvested, and the 
transfection efficiency was further assessed by 
quantitative reverse transcription polymerase 
chain reaction (qRT-PCR) and western blot 
(WB). Stably transfected cells were collected 
for the following assays.

shNC-F: 5’-GATCCCGTCAGTATCGGCGGAATTCC- 
TCGAGGA AT TCCGCCGATACTGACGGT T T T- 
TG-3’, shNC-R: 5’-AATTCAAAAACCGTCAGTATC- 
GGCGGAATTCCTCGAGGAATTCCGCCGATAC- 
TGACGG-3’, sh1-F: 5’-GATCGCCTTTGGAATAACA- 
ATCAAACTCGAGTTTGATTGTTATTCCAAAGGC- 



Knockdown of TIM1 enhances platinum chemosensitivity in gastric cancer

6030	 Am J Transl Res 2025;17(8):6028-6041

TTTTTG-3’, sh1-R: 5’-AATTCAAAAAGCCTTTGG- 
A ATA ACA ATCA A ACTCGAGT T TGAT TGT TA - 
TTCCAAAGGC-3’, sh2-F: 5’-GATCGTGCAGAA- 
GACTGAACAGACATCTCGAGATGTCTGTTCAG- 
TCTTCTGCATTTTTG-3’, sh2-R: 5’-AATTCAAAA- 
ATGCAGAAGACTGAACAGACATCTCGAGATGTCT- 
GTTCAGTCTTCTGCAC-3’.

Cell proliferation assay

We inoculated logarithmic phase cells into 
96-well plates (1 × 103 cells/well) and cultivat-
ed them for 0 h, 24 h, 48 h, and 72 h, respec-
tively. At each designated time, Cell counting 
kit-8 (CCK-8) solutions (Beyotime, China) were 
introduced into per well. After cultivation for 2 h 
in the incubator, the optical density (OD) value 
at 450 nm was determined using a microplate 
reader.

Clone formation assay

Cells were implanted in 6-well plates (5 × 102 
cells/well) and further cultivated for a duration 
of 14-21 days. Upon the emergence of visible 
clones within the wells, the clones were fixed 
with 4% paraformaldehyde solution and stain- 
ed with crystal violet (CV) solution (Solarbio, 
China). Following this, the clones were washed, 
dried, and photographed with a microscope 
(Olympus, Japan). The proliferative potential of 
individual cells was evaluated by the calcula-
tion of the clone formation rate.

Scratch assay

An applicable density to scratch assay was 
established in 6-well plates. Consistent 
scratches were generated with pipette tips. 
After rinsing to clean the debris with phosphate 
buffer saline (PBS), the medium was renewed 
with a serum-free formulation devoid of fetal 
bovine serum (FBS). The cells were maintained 
in a cell incubator and photographed at prede-
termined times (0 h and 48 h). Cell migration 
was quantified by detecting the distance 
between the scratches by Image J software 
(National Institutes of Health).

Invasion assay

Cell invasion was assessed using a BD trans-
well chamber (6-well plates). In the matrigel-
pretreated apical chambers pre-treated with 
matrigel, cells were inoculated with serum-free 

conditions. Then, 20% FBS was added into the 
basolateral compartment of the medium. After 
24 h incubation, the remaining medium was 
removed, and the cells were further fixed at 
room temperature (RT). Subsequently, cells 
were washed with PBS, dyed with CV solution 
(Solarbio, China), and then visualized, photo-
graphed, and analyzed under a microscope.

Cell cycle assay

Briefly, the resuspended samples were fixed 
overnight in 70% ethanol at 4°C. Additionally, 
the cells were incubated at RT for 15 min with 
PBS buffer containing RNase, Triton X-100, and 
propidium iodide (PI). The distribution of the 
cell cycle was ultimately assessed using flow 
cytometry (Navios, Beckman Coulter, US).

Apoptosis assay

In 6-well plates, a similar number of GC cells 
were administered with either cisplatin or oxali-
platin for 24 h. Harvesting cells at a specific 
time, a 100 μL binding buffer was then 
employed to resuspend the cells. According to 
established protocols, annexin V and PI were 
applied to dye the samples in the dark at RT. 
The rate of apoptosis was quantified by flow 
cytometry (Navios, Beckman Coulter, US).

Western blot (WB)

Total cells were gathered and lysed with radio 
immunoprecipitation assay lysis buffer (Thermo 
Fisher Scientific, USA) supplemented with 
phenylmethylsulfonyl fluorid and phosphatase 
inhibitors (MedChemExpresson, USA), and 
maintained on ice for 30 min. The reactant was 
centrifuged (15000 × g, 10 min) to eliminate 
cell debris, and the protein concentration was 
subsequently quantified using the bicinchonin-
ic acid assay protein kit (Beyotime, China). 
Equal quantities of protein were subjected to 
10% sodium dodecyl sulfate-polyacrylamide 
gel electrophoresis, which were further shifted 
to the polyvinylidene fluoride membrane (Merck 
Millipore, USA). The membrane was blocked 
with 5% skim milk in tris buffered saline tween 
and incubated overnight at 4°C with specific 
primary antibodies, including TIM1 antibody 
(Abcam, USA), Na/K ATPase antibody (Abcam, 
USA), β-Actin antibody (Abcam, USA), Bax/Bcl-2 
antibody (Abcam, USA), ERK1/p-ERK1 antibody 
(CST, USA), and p38/p-p38 antibody (CST, USA). 
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After multiple washes with PBS, the above 
membrane was incubated with horseradish 
peroxidase (HRP)-conjugated secondary anti-
body (RT, 1 h). A Chemiluminescence Kit 
(Millipore, MA, USA) was utilized to detect the 
target band, which was visualized by a gel imag-
ing analysis system (Bio-Rad, USA). The target 
protein expression was quantified using ImageJ 
software.

Total RNA extraction and qRT-PCR

Total RNA was conventionally extracted from 
cells and tissues utilizing the conventional 
Trizol reagent (Invitrogen, USA), and further 
analyzed with a nanodrop 2000 spectropho-
tometer (Thermo Fisher Scientific, USA). Then, 
cDNA was synthesized by a reverse transcrip-
tion kit (Promega, USA). According to the manu-
facturer’s guidelines, qRT-PCR was executed 
with a detection system (Roche, Sweden). The 
relative expression of gene in each group was 
determined by the 2-∆∆Ct method. The primer 
sequence of this research is displayed, with 
GAPDH employed as the internal control. All 
primers were sourced from Sangon Biotech 
(Sangon, China).

RNA sequencing (RNA-seq) analysis

RNA-seq analyses were conducted by HaploX 
Biotechnology (Shenzhen, China). The tran-
scriptome correlation analysis was performed 
as follows: total RNA was extracted from cell 
samples across each group, and quality evalua-
tion was performed as previously described. 
The sample library was constructed and 
sequencing was executed in accordance with 
Illumina’s standard protocol. Thereafter, the 
analysis of differential genes between samples 
or groups was based on quantitative gene 
expression data. Differentially expressed genes 
(DEGs) were recognized with the criteria of |log2 
(FoldChange)| > 1 and p.adj < 0.05. The volca-
no plot and heat map were generated by R 
packages. Finally, the identified DEGs were sub-
jected to Kyoto Encyclopedia of Genes and 
Genomes (KEGG) functional enrichment 
analysis.

Animal experiments

Four-week-old female BALB/c nude mice (n = 
18) were acquired from Hangzhou Ziyuan 

Experimental Animal Co., Ltd. (Hangzhou, 
China) which were assigned to the shNC group, 
Sh2 group, and Sh2 + TIM1RES group (n = 6 per 
group) at random. They were maintained under 
a specific pathogen free environment, suitable 
temperature, and humidity with a standard 
diet. MGC-803 cells, which had been infected 
with shRNA, Sh2, and Sh2 + TIM1RES lentivirus 
(5 × 106 cells, 0.2 mL PBS) were inoculated into 
the right axillary region of nude mice in the 
shNC group, Sh2 group, and Sh2 + TIM1RES 
group, respectively. The tumor diameters were 
recorded every 5 days for 3 consecutive weeks. 
Tumor volume was subsequently evaluated by 
the measurements of tumor length and short 
axis diameter. Thereafter, the mice were sacri-
ficed and the tumors were resected to calculate 
the volume and weight. Meanwhile, a portion  
of the tumors were kept at -80°C for the follow-
ing qRT-PCR assay, and the others were fixed 
for staining (Ki-67 antibody, Abcam, USA). All 
animal experiments were approved by the 
Experimental Animal Welfare Ethics Committee 
of the First Affiliated Hospital of Nanchang 
University and were carried out in accordance 
with the criteria and procedures for animal care 
and welfare.

Immunohistochemistry (IHC) staining

The cancer tissues and paracancerous tissues 
were procured from the First Affiliated Hospital 
of Nanchang University with the patient’s writ-
ten consent and approved by Ethics Committee 
of the First Affiliated Hospital of Nanchang 
University. After all the tissues were sufficiently 
fixed under 4% paraformaldehyde, the speci-
mens underwent overnight dehydration and 
were subsequently embedded with paraffin. 
Then the tissues were sectioned to slices  
of appropriate thickness, and a series of pro-
cesses were carried out involving deparaffiniza-
tion, rehydration, microwave-assisted antigen 
retrieval, deactivation of endogenous peroxi-
dase with a hydrogen peroxide solution, and 
serum blocking. After that, the rabbit pAb 
against TIM1 (Abcam, USA) was applied to 
slides and incubated overnight at 4°C away 
from light, followed by incubation with the HRP-
conjugated secondary antibody (Abcam, USA) 
at RT for 1 h. Subsequently, the slices were fur-
ther counterstained under diaminobenzidine 
and Hematoxylin and eosin (H&E). Each slide 
was independently assessed by two qualified 



Knockdown of TIM1 enhances platinum chemosensitivity in gastric cancer

6032	 Am J Transl Res 2025;17(8):6028-6041

pathologists under a microscope and yellow, 
brown yellow, or brown granules were consid-
ered as positive cells.

Statistical analysis

The data were shown as mean ± standard devi-
ation (SD) and were processed by GraphPad 
Prism 9 software (GraphPad InStat Software, 
CA, USA) and SPSS software (version 23.0). 
Each experiment should be repeated three 
times. The Student’s t-test (two-tailed) was 
employed to assess the differences between 
two groups, whereas one-way analysis of vari-
ance (ANOVA) was utilized to evaluate the dif-
ferences among multiple groups. *P < 0.05, 
**P < 0.01, ***P < 0.001, ****P < 0.0001, 
and ns (no significant).

Results

Knockdown of TIM1 enhanced the sensitivity 
of GC cells to platinum drugs

Platinum-based chemotherapeutic agents are 
the primary treatment for GC; however, plati-
num resistance remains a substantial chal-
lenge [6, 19]. A search of the Genomics of Drug 
Sensitivity in Cancer database revealed that 
the half maximal inhibitory concentration (IC50) 
of the platinum drug cisplatin correlated posi-
tively with TIM1 expression in GC cell lines 
Figure S1. To further investigate TIM1 expres-
sion, qRT-PCR and WB were employed to 
assess TIM1 expression in normal gastric epi-
thelial cells (GES-1) and several GC cell lines, 
including BGC-823, SGC-7901, MGC-803, 
MKN-45, SNU-16, and HGC-27. The findings 
revealed that TIM1 was highly expressed in the 
above GC cell lines, especially in MGC-803 and 
MKN-45 cells compared to that of GES-1 cells 
Figure S2A, S2B. Consequently, MGC-803 and 
MKN-45 cells were selected for subsequent 
experimental analysis. In addition, two shRNAs, 
designated as sh1 and sh2, resulted in high 
TIM1 knockdown efficiency in both MGC-803 
and MKN-45 cells Figure S3A, S3B. Next, TIM1 
was overexpressed in these cells via sh2, 
resulting in the designation of TIM1RES Figure 
S3A, S3B.

Cell apoptosis was evaluated by flow cytometry 
to investigate the effect of TIM1 expression lev-
els on the sensitivity of GC cells to platinum-
based drugs. Among the MGC-803 cells, the 

percentages of total apoptotic cells in the 
shNC, sh1, and sh2 groups were 3.0%, 9.5%, 
and 12.5%, respectively. In contrast, the per-
centage of apoptotic cells was reduced to 5.7% 
after the overexpression of TIM1 (Figure 1A, 
1B). Similarly, in MKN-45 cells, the downregula-
tion of TIM1 expression increased cell apopto-
sis, and its upregulation in the sh2 + TIM1RES 
group inhibited apoptosis to a certain extent 
(Figure 1A, 1B). MGC-803 and MKN-45 cells 
were subsequently subjected to treatment with 
platinum-based agents. The proportion of 
apoptotic cells in each group was increased 
with increasing drug concentration. In detail, 
upon 1 μg/mL cisplatin treatment, the total 
percentages of apoptotic MGC-803 cells in the 
sh1 and sh2 groups were 24.2% and 25.0%, 
respectively (Figures 1C, S4A). In contrast, the 
apoptotic rate was only 11.0% in the shNC 
group, while it increased to 19.7% in the sh2 + 
TIM1RES

 group. By increasing cisplatin concen-
tration to 5 μg/mL, the apoptotic rates were up 
to 58.2% and 74.4% in the sh1 and sh2 groups, 
respectively. In contrast, the apoptotic rate was 
just 29.4% in the shNC group and 45.7% in the 
sh2 + TIM1RES group (Figures 1C, S4A). Similarly, 
after 1 μg/mL cisplatin treatment, the apoptot-
ic rates of MKN-45 in the sh1 and sh2 groups 
were 19.3% and 24.5% respectively Figure 
S5A, S5B. Conversely, the apoptotic rate was a 
mere 12.9% in the shNC group and 15.7% in 
the sh2 + TIM1RES group. Raising cisplatin con-
centration to 5 μg/mL, the apoptotic rates 
observed in the sh1 and sh2 groups were 
53.3% and 76.9%, in contrast to 34.6% in the 
shNC group and 44.0% in the sh2 + TIM1RES 
group Figure S5A, S5B. The same tendency 
was also noted after oxaliplatin treatment 
(Figures 1D, S4B, S5C, S5D). Additionally, fol-
lowing exposure to platinum drugs, the cell via-
bility of MGC-803 and MKN-45 cells across all 
groups exhibited a concentration-dependent 
decline, especially in the sh1 and sh2 groups 
(Figures 1E, 1F, S5E, S5F). However, up-regula-
tion of TIM1 appeared to mitigate the trend to a 
certain extent.

The Bcl-2 and Bax genes are integral to the 
regulation of apoptosis, and the reduction of 
the Bcl-2/Bax ratio is associated with the pro-
motion of apoptosis in tumor cells [20, 21]. 
Here, we assessed the expression of Bcl-2 and 
Bax proteins by WB assay. The results displayed 
that the expression level of Bax was notably 
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Figure 1. Knockdown of T cell immunoglobulin and mucin domain 1 (TIM1) enhanced the sensitivity of gastric 
cancer (GC) cells to platinum chemotherapeutic drugs. (A) Cell apoptosis was detected by staining with Annexin V 
and propidium iodide (PI) after shNC, TIM1 knockdown (sh1 and sh2), and TIM1 overexpression (TIM1RES) in MGC-
803 cells and MKN-45 cells. (B) Histograms of the results from each group of apoptotic cells are shown in (B). (C, 
D) After 48 h of treatment with different concentrations of cisplatin (C) and oxaliplatin (D), the histograms of the 
corresponding apoptosis of MGC-803 cells in each group. (E, F) After 48 h of treatment with different concentrations 
of cisplatin (E) and oxaliplatin (F), the cell viability of MGC-803 cells was assessed by cell counting kit-8 (CCK-8) 
assay. (G) The protein levels of Bax and Bcl-2 were determined by western blot (WB) assay (β-Actin: internal control). 
(H) Quantification of Bax and Bcl-2. Data are shown as mean ± standard deviation (SD). *P < 0.05, **P < 0.01, and 
ns (no significant).
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increased in the TIM1 knockdown (sh1 and 
sh2) groups, while expression was suppress- 
ed in the sh2 + TIM1RES group (Figure 1G, 1H). 
Conversely, Bcl-2 levels exhibited an inverse 
pattern, which was consistent with the above 
results of apoptosis and cell viability assays. 
Together, these findings suggest that the inhibi-
tion of TIM1 can enhance the sensitivity of GC 
cells to platinum-based drugs.

Exploring the mechanism of TIM1 in GC

To elucidate the potential mechanism of TIM1 
in GC, mRNA sequencing (RNA-seq) and bioin-
formatic analyses were conducted on MGC-
803 from both the shNC and sh2 groups. In 
Figure 2A, the results of the volcano map show 
that 928 genes were up-regulated, and 563 
genes were down-regulated in the sh2 group 
compared to the shNC group (red represents 
the genes with up-regulation, and green repre-
sents the genes with down-regulation). 
Afterward, GO and KEGG enrichment analyses 
were performed to explore the signaling path-
ways influenced by TIM1 (Figure 2B, 2C). The 
GO enrichment analysis encompassed molecu-
lar function (MF), cellular composition (CC), and 
biological process (BP). Specifically, the results 
of the MF enrichment analysis highlighted a 
dramatic enrichment of MAPK kinase tyrosine/
serine/threonine phosphatase activity (Figure 
2B). Concurrently, the BP enrichment analysis 
revealed substantial enrichment in the stress-
activated MAPK cascade and regulation of cell 
cycle phase transition. Moreover, KEGG enrich-
ment analysis identified pathways that were 
notably enriched including the MAPK signaling 
pathway, interleukin-17 (IL-17) signaling path-
way, and the janus kinase signal transducer 
and activator of transcription (JAK-STAT) signal-
ing pathway, all of which are associated with 
tumor development and progression (Figure 
2C). In particular, the number of DEGs enriched 
in the MAPK signaling pathway was both maxi-
mal and conspicuous.

The MAPK signaling pathway exerts a crucial 
role in tumor genesis and progression [22, 23], 
and it is also closely associated with resistance 
against chemotherapy agents such as oxalipla-
tin and 5-Fluorouracil (5-FU) [24]. Through WB 
assay, we verified whether TIM1 exerted effica-
cy by the MAPK signaling pathway. We found 
that the levels of ERK1 were comparable across 
all groups, while the levels of p-ERK1 and 

p-ERK1/ERK1 were rmarkedly reduced in the 
TIM1 knockdown group and elevated in the sh2 
+ TIM1RES group (Figure 2D-F). Additionally, the 
p-p38/p38 also revealed analogous trends. 
These findings corroborated the results 
obtained from the mRNA-seq analysis. In con-
clusion, TIM1 may exert its effects through the 
MAPK signaling pathway in GC cells.

High TIM1 expression predicted poor survival 
of GC patients

Based on http://gepia.cancer-pku.cn, the ex- 
pression levels of TIM1 in GC tissues were ele-
vated compared to those of non-tumor tissues 
(Figure 3A). The increased expression of TIM1 
was correlated with a poor prognosis of GC 
patients (Figure 3B). A similar phenomenon 
was observed in the TCGA and GSE62254 
databases Figure S6. Additionally, the expres-
sion of TIM1 in both GC tissues and paracancer 
tissues was detected by IHC staining, and a 
representative picture in Figure 3C indicates 
that TIM1 expression is upregulated in GC. The 
samples were categorized into high and low 
TIM1 expression groups by the IHC score based 
on the median TIM1 values. Furthermore, 
Kaplan-Meier analysis, accompanied by the 
log-rank test, revealed that the overall survival 
of the GC patients exhibiting high TIM1 expres-
sion was distinctly lower than that of GC 
patients with low TIM1 expression (P = 0.006, 
Figure 3D). Taken together, TIM1 expression is 
inversely correlated with the prognosis in GC 
patients.

Knockdown of TIM1 inhibited the malignant 
biologic behaviors of GC cells in vitro

The study further explored the function of TIM1 
in the malignant biologic behavior of GC cells. 
The CCK-8 assay indicated that knockdown of 
TIM1 distinctly reduced the proliferation of cells 
(MGC-803 and MKN-45), whereas up-regula-
tion of TIM1 exerted the opposite effect (Figure 
4A, 4B). Additionally, the Clone formation assay 
suggested that clone formation ability to form 
clones diminished with TIM1 inhibition; never-
theless, TIM1 overexpression enhanced this 
ability (Figure 4C, 4D). Furthermore, by scratch 
assay and transwell invasion, it was examined 
that knockdown of TIM1 substantially inhibited 
the metastasis and invasion of cells, in con-
trast to TIM1 overexpression, which facilitated 
these processes (Figures 4E-H, S7A-D). Next, 
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the cell cycle detection also manifested that 
down-regulation of TIM1 upgraded the propor-
tion of G1-phase cells, while upregulation of 

Figure 2. Potential mechanism of TIM1 regulating GC cells. The shNC group and sh2 group in MGC-803 GC cells were 
analyzed by RNA-seq. A. Volcano plots verified the up-regulated and down-regulated genes. Red: the up-regulated, 
green: the down-regulated, grey: normal, log2 (FC): log2 (FoldChange). B. The GO functional enrichment analysis of 
differentially expressed genes (DEGs). MF: molecular function, CC: cell composition, BP: biological process. C. The 
Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway functional enrichment analysis of DEGs. D. The protein 
levels of ERK1, p-ERK1, p38, and p-p38 were determined by WB assay (β-Actin: internal control). E, F. Quantification 
of p-ERK1/ERK1, and p-p38/p38. Data were shown as mean ± SD. *P < 0.05, **P < 0.01, and ns.

TIM1 reversed this phenomenon (Figures 4I, 
4J, S7E, S7F). In summary, down-regulation of 
TIM1 appears to inhibit the malignant charac-
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normal morphology in the sh2 group (Figure 
5D). As a nuclear antigen related to cell prolif-
eration, the expression intensity of Ki-67 can 
determine the proliferative rate of tumors [25]. 
IHC staining presented a marked decrease in 
the number of Ki-67 positive cells in the sh2 
group (Figure 5E). In short, the depletion of 
TIM1 was found to suppress the growth of GC 
cells in vivo.

Discussion

Gasrtric cancer (GC) is prevalent and has a 
poor prognosis despite advancements in clini-
cal diagnosis and treatment [26]. Numerous 
studies have revealed that GC is highly suscep-
tible to metastasis, recurrence, and resistance 
to chemotherapy, all of which are closely linked 
to its biologic characteristics [27]. The patho-
genesis of GC is particularly complex; however, 

teristics of GC cells by repressing proliferation, 
invasion, and migration, as well as inducing cell 
cycle arrest.

Knockdown of TIM1 repressed the growth of 
GC cells in vivo

To further determine the effect of TIM1 on GC 
growth in vivo, we established three stably 
transfected MGC-803 cell lines, designated as 
shNC, sh2, and sh2 + TIM1RES, respectively. 
These cell lines were subsequently inoculated 
the cells into the right armpit tissue of immuno-
deficient mice. The growth of subcutaneous 
tumors (both the volumes and weights) were 
remarkably slower in the sh2 group than in the 
shNC group. Whereas the growth capacity was 
partially restored in the sh2 + TIM1RES group 
(Figure 5A-C). Then, the H&E and IHC staining 
were performed. The cells represented a more 

Figure 3. TIM1 was upregulated in GC and high TIM1 expression predicted poor survival of GC patients. A. The 
expression of TIM1 in tumor tissues and nontumor tissues from the TCGA database. B. The overall survival curve 
between patients expressing high-TIM1 and low-TIM1 was obtained by Kaplan-Meier survival analysis in the TCGA 
database. C. Representative pictures of TIM1 expression level in different groups. D. The TIM1 expression level was 
significantly correlated with overall survival.
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an increasing number of genes correlated with 
its onset are gradually being identified [28]. 
There is an urgent need to further investigate 
the molecular mechanisms underlying GC [29, 

Figure 4. Knockdown of TIM1 inhibited the malignant biological behavior of GC cells in vitro. (A, B) Cell growth of 
MGC-803 (A) and MKN-45 (B) cells with shNC, TIM1 knockdown, and TIM1RES assessed by CCK8 assay. (C, D) Colony 
formation assay and quantification of the number of shNC, TIM1 knockdown, and TIM1RES in MGC-803 and MKN-45 
cells. (E) Cell migration ability of MGC-803 cells with shNC, TIM1 knockdown, and TIM1RES detected by scratch assay. 
(F) Bar graphs showed the percentage of migration rate in each group. (G, H) Representative images of trans-well 
invasion assay in each group of MGC-803 cells (G) and quantification of the number of invaded cells in each group 
(H). (I) Flow cytometry was performed to detect the cell cycle of MGC-803 in each group (left). (J) The percentages 
of MGC-803 cells in the different cycle phases are shown on the right. Data are shown as mean ± SD. *P < 0.05, 
**P < 0.01, and ns.

30]. Consequently, the identification of molecu-
lar markers closely associated with the patho-
genic mechanisms of GC, followed by the devel-
opment of targeted therapies, holds significant 
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by activating the MAPK pathway, which is cor-
related with unfavorable prognoses in cancer 
patients [33]. Furthermore, Li et al. reported 
that halofuginone enhances the sensitivity of 
lung cancer-like organ models to cisplatin by 
inhibiting MAPK signaling [34]. In this study, 
transcriptome sequencing and bioinformatic 
analysis were performed on GC cells from the 
shNC and sh2 groups, revealing that DEGs were 
most abundant and significantly altered within 
the MAPK signaling axis. This finding was cor-
roborated by WB experiments, indicating that 
TIM1 may regulate GC cell biology through the 
MAPK signaling pathway.

Recent research has increasingly demonstrat-
ed a significant correlation between TIM1 
expression and cancer patient prognosis. Zhou 
et al. reported that TIM1 expression is marked-
ly elevated in glioma tissue compared with that 
in adjacent tissues, with patients exhibiting low 
TIM1 expression experiencing prolonged OS 
duration [35]. Additionally, TIM1 is highly ex- 
pressed in cervical carcinoma but is nearly 
absent in normal cervical tissue [36]. Our inves-
tigation revealed that TIM1 is also highly 
expressed in GC tissues and is associated with 
the prognosis of GC patients. The Kaplan-Meier 
survival analysis revealed a negative correla-

Figure 5. TIM1 knockdown repressed the growth of GC cells in vivo. A. Representative photos in each group of 
xenograft tumors. B. Tumor growth in nude mice was assessed by caliper at the indicated time intervals. C. The 
weight of tumors. D. Representative images of H&E staining in each group of xenograft tumors. E. Representative 
images of Immunohistochemistry (IHC) staining for Ki67 in each group. Data are shown as mean ± SD. *P < 0.05, 
**P < 0.01, AND ***P < 0.001.

promise for enhancing the prevention and 
treatment of GC.

Platinum-based agents represent a primary 
class of therapeutic agents utilized in GC, dem-
onstrating significant efficacy in increasing 
patient survival rates [5]. However, the emer-
gence of resistance to these agents remains a 
predominant factor contributing to treatment 
failure [6]. TIM1, a pivotal member of the TIM 
family, is considered a vital co-stimulatory mol-
ecule, and it has garnered considerable atten-
tion for its involvement in oncogenesis [31]. 
This study revealed that knockdown of TIM1 
could enhance the sensitivity of GC cells to 
platinum-based agents. Furthermore, the con-
current application of TIM1 knockdown and 
platinum chemotherapy exhibited synergistic 
anti-tumor effects.

The MAPK signaling pathway plays crucial roles 
in the processes of tumorigenesis, metastasis, 
angiogenesis, chemotherapy resistance, and 
immune responses [23, 32]. Wang et al. dem-
onstrated that dual specificity phosphatase 5 
pseudogene 1 modulates platinum sensitivity-
based agents by mediating MAPK signaling 
[24]. Yu et al. also confirmed that the upregula-
tion of ZXF1 contributes to cisplatin resistance 
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tion between TIM1 expression and OS in these 
patients, suggesting that elevated TIM1 expres-
sion is predictive of poor survival outcomes in 
GC patients. Furthermore, we detected a sig-
nificant increase in TIM1 expression in GC cell 
lines. Knockdown of TIM1 resulted in the inhibi-
tion of the proliferation, migration, and invasion 
of GC cells and slowed the growth rate of sub-
cutaneous tumors. Zheng et al. reported that 
knockdown of TIM1 in NSCLC cell lines signifi-
cantly impaired cell viability [16]. Chen et al. 
demonstrated that the upregulation of TIM1 
enhanced the migration and invasion capabili-
ties of CC cells while inhibiting their apoptosis 
[36]. TIM1 is also highly expressed in human 
glioma cells, and silencing TIM1 can impede 
cell proliferation, invasion, and migration [37]. 
These findings align with our conclusion that 
knockdown of TIM1 can decelerate the growth 
process of GC and suppress the malignant bio-
logic characteristics of tumors. Consequently, 
the data indicate that TIM1 may play a role in 
promoting the initiation and progression of vari-
ous tumors, including NSCLC, cervical cancer, 
glioma and gastric cancer.

Conclusion

TIM1 was identified as an oncogene in GC. 
Knockdown of TIM1 effectively improved plati-
num-based chemosensitivity and suppresses 
biological behaviors by the MAPK signaling 
pathway in GC. TIM1 may play a role in mediat-
ing resistance to chemotherapy and provide  
an underlying therapeutic strategy for enhanc-
ing chemotherapy. Consequently, TIM1 holds 
promise as a target for diagnosing and treating 
GC in clinical uses.
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Figure S1. The correlation between the IC50 of platinum drug (cisplatin) and the TIM1 expression in GC cell lines by 
the Genomics of Drug Sensitivity in Cancer database.

Figure S2. Expression levels of TIM1 in gastric epithelial cells and GC cell lines. a,b: qRT-PCR (A) and WB (B) 
detection of TIM1 expression level in gastric epithelial cells (GES-1) and GC cell lines. Data are shown as mean ± 
SD. ****P < 0.0001.

Figure S3. Expression levels of TIM1 in shNC, TIM1 knockdown and TIM1RES. (A, B) Levels of TIM1 were assessed in 
shNC, TIM1 knockdown (sh1 and sh2) and TIM1RES by qRT-PCR (A) and WB (B). Data are shown as mean ± SD. **P 
< 0.01, and ***P < 0.001.
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Figure S4. Knockdown of TIM1 enhanced the sensitivity of MGC-803 cells to platinum chemotherapeutic drugs. (A, 
B) After 48 h of treatment with different concentrations of cisplatin (A) and oxaliplatin (B), the apoptosis of MGC-803 
cells in each group was detected by flow cytometry.
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Figure S5. Knockdown of TIM1 enhanced the sensitivity of MKN-45 cells to platinum chemotherapeutic drugs. (A, 
B) After 48 h of treatment with different concentrations of cisplatin, the apoptosis of MKN-45 cells in each group 
was detected by flow cytometry (A) and the histograms of the corresponding results from each group apoptotic cells 
(B). (C, D) After 48 h of treatment with different concentrations of oxaliplatin, the apoptosis of MKN-45 cells in each 
group was detected by flow cytometry (C) and bar charts showed the percentage of apoptotic cells in each group 
(D). (E, F) After 48 h of treatment with different concentrations of cisplatin (E) and oxaliplatin (F), the cell viability of 
MKN-45 cells was assessed by CCK8 assay. Data were shown as mean ± SD.*P < 0.05, **P < 0.01, and ns (not 
significant).
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Figure S6. Correlation between TIM1 expression level and survival prognosis of GC patients in the TCGA database 
(A) and GSE62254 database (B).

Figure S7. Knockdown of TIM1 inhibited the malignant biologic behavior of GC cells in vitro. (A) Cell migration 
ability of MKN-45 with shNC, TIM1 knockdown, and TIM1RES detected by scratch assay. (B) Bar charts showed 
the percentage of migration rate in each group of MKN-45 cells. (C, D) Representative images of MKN-45 cells 
transwell invasion assay in each group (C) and quantification the number of invaded cells in each group (D). (E) Flow 
cytometry was performed to detect cell cycle of MKN-45 cells in each group. (F) The percentages of MKN-45 cells 
in the different cycle phases are shown in (F). Data are shown as mean ± SD.*P < 0.05, **P < 0.01, and ns (not 
significant).


