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Abstract: Objectives: This study investigated the expression, clinical relevance, and functional role of signal se-
quence receptor 1 (SSR1) in liver hepatocellular carcinoma (LIHC). SSR1’s potential as a diagnostic marker and 
its impact on tumor progression was assessed through multi-platform data analysis and in vitro functional assays. 
Methodology: Expression data from The Cancer Genome Atlas (TCGA), UALCAN, Oncomine, TIMER2.0, and Human 
Protein Atlas (HPA) were analyzed to assess SSR1 mRNA and protein expression in LIHC. Clinical correlations with 
tumor stage, race, gender, age, weight, and nodal metastasis were examined using UALCAN. Promoter methylation, 
mutation frequency, and prognostic significance were evaluated using UALCAN and OncoDB. Gene set enrichment 
analysis (GSEA) was conducted to identify pathways enriched in high SSR1 expression. Finally, real-time quantitative 
polymerase chain reaction (RT-qPCR), proliferation, colony formation, and wound healing assays were performed 
in QGY-7703 cell lines to validate the SSR1 function. Results: SSR1 was significantly upregulated in LIHC tissues 
across multiple databases. Promoter hypomethylation was identified as a potential mechanism for this upregula-
tion. High SSR1 expression correlated with worse overall survival and advanced tumor stages. Functional assays 
revealed that SSR1, SSR2, and SSR3 knockdown in LIHC cells significantly reduced cell proliferation and colony 
formation while enhancing migratory capacity. Conclusion: SSR1 was overexpressed in LIHC and is associated with 
poor prognosis. It plays a critical role in promoting LIHC cell proliferation and survival, suggesting its potential as a 
diagnostic marker and therapeutic target.
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Introduction

Liver cancer is a major global health challenge, 
ranking as the sixth most common cancer and 
the third leading cause of cancer-related mor-
tality worldwide [1, 2]. Hepatocellular carcino-
ma (HCC), also referred to as liver hepatocellu-
lar carcinoma (LIHC), accounts for the majority 
of liver cancer cases, making up approximately 
75-85% of all diagnoses [3, 4]. The develop-
ment of LIHC is closely linked to chronic liver 
diseases, such as hepatitis B virus (HBV) and 
hepatitis C virus (HCV) infections, excessive 
alcohol consumption, and non-alcoholic fatty 
liver disease (NAFLD), with liver cirrhosis often 
acting as a precursor [5, 6]. Despite advances 
in surgical and medical treatments, including 
liver transplantation, targeted therapies, and 

immunotherapies, the prognosis for LIHC pa- 
tients remains poor, particularly in advanced 
stages [7, 8]. The five-year survival rate for 
patients diagnosed with late-stage LIHC is less 
than 20%, underscoring the urgent need for 
improved diagnostic, prognostic, and therapeu-
tic strategies [9].

A key hurdle in improving LIHC outcomes is the 
lack of reliable biomarkers for early detection 
and therapeutic targeting [10]. Currently, avail-
able biomarkers, such as alpha-fetoprotein 
(AFP), have limited sensitivity and specificity, 
particularly in early-stage disease [11]. This has 
led to growing interest in identifying novel 
molecular targets that can be used to improve 
diagnostic precision and provide new avenues 
for therapeutic intervention [11]. Among the 
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emerging molecular candidates, signal se- 
quence receptor 1 (SSR1) has garnered atten-
tion for its involvement in protein translocation 
across the endoplasmic reticulum (ER) mem-
brane, a process critical to maintaining cellular 
homeostasis [12, 13]. SSR1 is a subunit of the 
translocon-associated protein (TRAP) complex, 
which facilitates the movement of newly syn-
thesized proteins into the ER for folding and 
post-translational modification [14]. Aberrant 
expression of SSR1 has been reported in sev-
eral cancers, suggesting it may play a role in 
tumorigenesis and cancer progression. In 
breast cancer, SSR1 overexpression has been 
associated with worse clinical outcomes, in- 
cluding increased tumor size and higher meta-
static potential [15]. Similarly, studies in lung 
and colorectal cancers have indicated that 
SSR1 contributes to cancer cell survival, prolif-
eration, and metastasis, though the underlying 
mechanisms remain poorly understood [16, 
17].

Despite its implications in other cancers, the 
role of SSR1 in LIHC has not been comprehen-
sively studied. Given the importance of ER 
stress and protein homeostasis in cancer pro-
gression, SSR1 represents a promising candi-
date for further investigation in LIHC. In this 
study, we sought to elucidate the diagnostic, 
prognostic, and therapeutic relevance of SSR1 
in LIHC through a combination of bioinformatic 
approaches and molecular experiments. Using 
publicly available cancer databases and in vitro 
analyses, we aimed to assess the expression 

patterns of SSR1, its association with clinical 
outcomes, and its potential as a therapeutic 
target in LIHC. 

Our findings provide new insights into the role 
of SSR1 in liver cancer, highlighting its potential 
as a biomarker for diagnosis and prognosis, as 
well as a therapeutic target for intervention. By 
integrating bioinformatics data with experimen-
tal validation, this study contributes to the 
growing body of knowledge on the molecular 
underpinnings of LIHC and lays the groundwork 
for future research into SSR1 as a novel thera-
peutic avenue for liver cancer management.

Methodology

Data acquisition from The Cancer Genome 
Atlas (TCGA) database

Gene expression data from LIHC studies were 
collected using the TCGA database (https://
cancergenome.nih.gov). Datasets included 50 
normal and 374 tumor tissues (Table 1), with a 
workflow type of transcript per million (TPM).

UALCAN, Oncomine, TIMER2.0 and Human 
Protein Atlas (HPA) databases

UALCAN, Oncomine, TIMER2.0, and HPA are 
widely used bioinformatics platforms for can- 
cer research. UALCAN (https://ualcan.path.
uab.edu/) provides access to TCGA data, 
enabling researchers to analyze gene expres-
sion, promoter methylation, and survival rates 
across cancer types [18]. Oncomine (http://
www.oncomine.org) offers a comprehensive 
collection of cancer transcriptome data, allow-
ing for comparative gene expression analysis 
across various tumors and normal tissues [19]. 
TIMER2.0 (http://timer.cistrome.org/) focuses 
on tumor immune infiltration, helping users 
study the association between immune cells 
and cancer prognosis, gene expression, and 
somatic mutations [20]. The HPA (https://www.
proteinatlas.org/) presents data on tissue-spe-
cific protein expression, helping researchers 
link protein levels with histological and patho-
logical data across normal and cancerous tis-
sues, offering insights into the roles of specific 
genes in cancer biology [21]. In the present 
study, UALCAN, Oncomine, TIMER2.0, and HPA 
databases were utilized to analyze the SSR1 
gene expression across different large cohorts 
of LIHC patients. Moreover, UALCAN was also 

Table 1. Clinical characteristics of LIHC patients (n 
= 374)

Clinical Characteristics Number of Patients 
(n = 374)

Percentage 
(%)

Gender
    Male 253 67.6%
    Female 121 32.4%
Age
    ≤ 65 years 177 47.3%
    > 60 years 196 52.4%
LIHC Stage
    Stage 1 173 46.3%
    Stage 2 87 23.3%
    Stage 3 85 22.7%
    Stage 4 5 1.3%
LIHC = Liver hepatocellular carcinoma.
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used to analyze the promoter methylation level 
of SSR1 across LIHC.

OncoDB database

OncoDB (https://oncodb.org/) is a cancer ge- 
nomics database that integrates multi-omics 
data, including mutations, gene expression, 
copy number variations, and survival outcomes 
across various cancer types [22]. It provides 
researchers with tools for analyzing gene al- 
terations, exploring tumor heterogeneity, and 
identifying potential biomarkers or therapeutic 
targets, making it a valuable resource for preci-
sion oncology and cancer biology studies. Here, 
in this study we used the OncoDB database to 
conduct mutational analysis of the SSR1 gene 
across LIHC tissues samples.

Prognostic significance of SSR1

The prognostic significance of SSR1 for overall 
survival was first evaluated using data from 
374 LIHC patients retrieved from the TCGA 
database. Next, the GENT2 database (http://
gent2.appex.kr/gent2/) was used to create a 
forest plot summarizing SSR1 survival data 
from multiple studies. GENT2 is a user-friendly 
database that provides gene expression data 
from various cancer and normal tissues [23]. It 
allows researchers to explore differential gene 
expression, survival analysis, and generate 
visualizations like forest plots, aiding in the dis-
covery of potential cancer biomarkers.

Gene set enrichment analysis (GSEA)

GSEA, a computational method, evaluates the 
statistical significance and consistent varia-
tions in predefined gene sets between two bio-
logical conditions. Genes linked to SSR1 
expression from recent studies was identified 
using GSEA. It also examined survival differ-
ences between high- and low-SSR1 expression 
groups, with 1,000 gene set permutations. 
Gene sets were considered significant with P < 
0.05 and a false discovery rate (FDR) < 25%.

Immune infiltration and drug sensitivity analy-
ses of SSR1

GSCA (Gene Set Cancer Analysis, https://guo-
lab.wchscu.cn/GSCA), developed by Guo Lab, is 
an integrative platform for analyzing cancer 
genomics data [24]. It provides tools for explor-
ing gene set enrichment, mutation analysis, 

and drug sensitivity across various cancers. 
GSCA helps identify key genetic alterations, 
potential therapeutic targets, and drug 
response patterns in cancer research. This 
study utilized the GSCA database to perform 
immune infiltration and drug sensitivity analy-
ses of SSR1.

Protein-protein interaction (PPI) network con-
struction and correlation analysis

The STRING (Search Tool for the Retrieval of 
Interacting Genes/Proteins) database (https://
string-db.org/) is a comprehensive resource 
that provides information on known and pre-
dicted protein-protein interactions [25]. It inte-
grates data from various sources to support 
the functional interpretation of complex biologi-
cal networks. In this work, the STRING data-
base was utilized to construct the PPI network 
of SSR1-related proteins.

GEPIA2 (Gene Expression Profiling Interactive 
Analysis 2, http://gepia2.cancer-pku.cn/#index) 
is a web-based tool for analyzing RNA sequenc-
ing expression data from TCGA and the 
Genotype-Tissue Expression (GTEx) projects 
[26]. It offers customizable analyses such as 
differential expression, survival analysis, and 
correlation analysis, providing an accessible 
platform for exploring cancer genomics. This 
study utilized the GEPIA2 database to explore 
correlations between SSR1 and its other asso-
ciated genes.

Correlations of SSR1 with immune and mo-
lecular subtypes of LIHC

TISIDB (http://cis.hku.hk/TISIDB/index.php) is 
an integrated database designed to analyze 
tumor-immune system interactions [27]. It con-
solidates data from various resources, includ-
ing TCGA and PubMed, to provide insights into 
immune genes, lymphocytes, immunomodula-
tors, and chemokines. Researchers use TISIDB 
to explore immune infiltration, biomarkers, and 
therapeutic targets across cancer types. We 
utilized the TISIDB database to investigate 
SSR1 correlations with immune and molecular 
subtypes, along with its associations with 
immune inhibitor and stimulator genes.

Cell lines and culture conditions

Seven LIHC cell lines, QGY-7703, Huh7, SNU-
449, SNU-475, PLC/PRF/5, Hep3B, and SMMC-
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7721, and three normal liver cell lines, THLE-2, 
THLE-3, and MIHA, were purchased from the 
American Type Culture Collection (ATCC, USA). 
All cell lines were cultured in complete me- 
dium, consisting of Dulbecco’s Modified Eagle 
Medium (DMEM; Thermo Fisher Scientific, 
Catalog #11965092) supplemented with 10% 
fetal bovine serum (FBS; Thermo Fisher 
Scientific, Catalog #26140079) and 1% peni- 
cillin-streptomycin (Thermo Fisher Scientific, 
Catalog #15070063), under standard condi-
tions at 37°C in a humidified incubator with 5% 
CO2. The medium was changed every two days, 
and cells were sub-cultured at 80% confluence 
using TrypLE Express (Thermo Fisher Scientific, 
Catalog #12604021).

Real-time quantitative polymerase chain reac-
tion (RT-qPCR) analysis of SSR1 and other as-
sociated genes

Total RNA was extracted from the seven LIHC 
cell lines (HepG2, Huh7, SNU-449, SNU-475, 
PLC/PRF/5, Hep3B, SK-HEP-1) and three nor-
mal liver cell lines (THLE-2, THLE-3, MIHA) using 
the PureLink™ RNA Mini Kit (Thermo Fisher 
Scientific, Catalog #12183018A) following the 
manufacturer’s instructions. The quality and 
quantity of RNA were assessed using a 
NanoDrop™ 2000 spectrophotometer (Thermo 
Fisher Scientific). cDNA synthesis was per-
formed using the High-Capacity cDNA Reverse 
Transcription Kit (Thermo Fisher Scientific, 
Catalog #4368814). Briefly, 1 µg of RNA was 
reverse transcribed in a reaction volume of 20 
µL according to the kit protocol.

RT-qPCR was carried out to assess the expres-
sion levels of SSR1, SSR2, SSR3, SSR4, RPN1, 
and SEC61A1 using TaqMan™ Gene Expression 
Assays (Thermo Fisher Scientific, Assay IDs: 
SSR1 - Hs00419565_m1, SSR2 - Hs0091- 
2856_m1, SSR3 - Hs00212973_m1, SSR4 - 
Hs00192559_m1, RPN1 - Hs00264494_m1, 
SEC61A1 - Hs00917535_m1). Reactions were 
performed using the TaqMan™ Universal 
Master Mix II (Thermo Fisher Scientific, Catalog 
#4440040) on an Applied Biosystems™ Qu- 
antStudio™ 5 Real-Time PCR System (Thermo 
Fisher Scientific). Each reaction was performed 
in a 20 µL volume containing 10 µL of TaqMan™ 
Universal Master Mix, 1 µL of TaqMan™ gene 
expression assay, and 9 µL of diluted cDNA 
template. Gene expression was normalized to 
the housekeeping gene GAPDH (TaqMan™ 

Assay ID: Hs02786624_g1), and relative 
expression levels were calculated using the 
2^-ΔΔCt method. 

SSR1, SSR2, and SSR3 knockdown

QGY-7703 and SMMC-7721 cells were trans-
fected with specific siRNA duplexes targeting 
SSR1 (5’-AGAAAACAAGGGUUUUGGCAA-3’), SS- 
R2 (5’-CUUCUUGACUGCUAAGGGAUU-3’), and 
SSR3 (5’-GAACCUACUUGUCCGAUAAUU-3’), so- 
urced from RiboBio (Guangzhou, China). The 
knockdown of SSR1 was performed in both 
QGY-7703 and SMMC-7721 cells, whereas 
SSR2 and SSR3 knockdowns were exclusively 
conducted in QGY-7703 cells. Transfections 
were carried out using Lipofectamine™ 
RNAiMAX Transfection Reagent (Thermo Fisher 
Scientific, Catalog #13778075), following the 
manufacturer’s protocol. For each transfection, 
7.5 µL of Lipofectamine™ RNAiMAX was initially 
diluted in 250 µL of Opti-MEM™ Reduced 
Serum Medium (Thermo Fisher Scientific, 
Catalog #31985062) and incubated for 5 min-
utes at room temperature to prepare the lipid 
mixture. Separately, 25 pmol of SSR1, SSR2, 
and SSR3 siRNA duplexes were diluted in an 
additional 250 µL of Opti-MEM™. The diluted 
siRNA was then combined with the prepared 
Lipofectamine™ RNAiMAX solution and incu-
bated at room temperature for 20 minutes, 
allowing the formation of siRNA-lipid complex-
es. For each target, the siRNA-lipid complexes 
were added dropwise to the designated cells in 
6-well plates, ensuring even distribution across 
the well surface. After adding the complexes, 
cells were incubated at 37°C in a humidified 
atmosphere containing 5% CO2 for 48 hours. 

Following the 48-hour incubation, the knock-
down efficiency of SSR1, SSR2, and SSR3 was 
evaluated by RT-qPCR and Western blot analy-
ses. RT-qPCR was performed utilizing afore-
mentioned conditions. While for Western blot, 
cells were lysed using RIPA buffer (Thermo 
Fisher, #89901) with protease/phosphatase 
inhibitors (#78441). Lysates were centrifuged 
at 12,000 × g for 15 minutes at 4°C, and  
protein concentrations were quantified using 
the BCA Protein Assay Kit (#23225). Equal 
amounts (20-30 µg) of protein were denatured, 
separated on SDS-PAGE, and transferred to 
PVDF membranes (#88518). Membranes were 
blocked with 5% milk in TBS-T, then incubated 
overnight at 4°C with primary antibodies for 
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SSR1 (Thermo Fisher Scientific, Catalog # 
TA503263), SSR2 (Thermo Fisher Scientific, 
Catalog # PA5-120727), SSR3 (Thermo Fisher 
Scientific, Catalog # PA5-80072), and GAPDH 
(Thermo Fisher Scientific, Catalog # MA5-
35235) as the loading control. After washing, 
membranes were incubated with HRP-con- 
jugated secondary antibodies for 1 hour, and 
bands were visualized with ECL substrate 
(#32106). Protein levels were quantified by 
densitometry using ImageJ, normalized to 
GAPDH, to confirm SSR1, SSR2, and SSR3 
knockdown.

Cell proliferation assay

Cell proliferation was assessed using the Cell 
Counting Kit-8 (CCK-8; Thermo Fisher Scientific, 
Catalog #A31174). After 48 hours of siRNA 
transfection, QGY-7703 and SMMC-7721 cells 
were harvested and seeded into 96-well plates 
at a density of 2,000 cells per well in 100 µL of 
complete medium. Cells were incubated for 0, 
24, 48, and 72 hours at 37°C with 5% CO2. At 
each time point, 10 µL of CCK-8 reagent was 
added to each well, and the plates were incu-
bated for 2 hours. Absorbance was measured 
at 450 nm using a microplate reader (Thermo 
Fisher Scientific, Catalog #51119000) to deter-
mine cell viability. 

Colony formation assay

To assess the long-term proliferation potential, 
a colony formation assay was performed. After 
siRNA transfection, QGY-7703 and SMMC-7721 
cells were seeded in 6-well plates at a density 
of 500 cells per well in 2 mL of complete medi-
um. The cells were incubated at 37°C with 5% 
CO2 for 10-14 days until visible colonies formed. 
The medium was replaced every 3 days. At the 
end of the incubation period, the colonies were 
fixed with 4% paraformaldehyde (Thermo Fisher 
Scientific, Catalog #28908) for 15 minutes  
and stained with 0.1% crystal violet solution 
(Thermo Fisher Scientific, Catalog #R40052) 
for 30 minutes. Colonies containing at least 30 
cells were counted under a microscope, and 
colony numbers were quantified.

Wound healing assay

The wound healing assay was used to evaluate 
cell migration. After siRNA transfection, QGY-
7703 and SMMC-7721 cells were seeded into 

6-well plates and grown to 90-100% conflu-
ence in a complete medium. A uniform scratch 
was made in the cell monolayer using a sterile 
200 µL pipette tip. The cells were then washed 
twice with phosphate-buffered saline (PBS; 
Thermo Fisher Scientific, Catalog #10010023) 
to remove detached cells and debris, and a 
fresh serum-free medium was added. Images 
of the wound were taken at 0 and 24 hours 
using a phase-contrast microscope (Thermo 
Fisher Scientific). The wound area was mea-
sured using ImageJ software, and the percent-
age of wound closure was calculated. 

Statistics

Box plots were used to evaluate gene expres-
sion levels in LIHC. The association between 
clinical characteristics and SSR1 expression 
was analyzed using the Wilcoxon signed-rank 
test and logistic regression. The Kaplan-Meier 
method, along with the log-rank test, was 
applied to compare overall survival (OS) rates 
between groups with high and low SSR1 levels. 
Diagnostic values were assessed using receiv-
er operating characteristic (ROC) curves, with 
the area under the curve (AUC) indicating diag-
nostic performance. All statistical analyses 
were conducted using R statistical software 
(version 3.5.3) or SPSS software (version 24.0), 
with significance thresholds set at *P < 0.05, 
**P < 0.01, and ***P < 0.001.

Results

High SSR1 expression in LIHC

Firstly, the expression analysis of SSR1 was 
performed using expression data from various 
authentic sources. In Figure 1A, data from the 
TCGA database showed a significant upregula-
tion of SSR1 expression in tumor samples (n = 
374) compared to normal tissue (n = 50). Figure 
1B further substantiates this finding using the 
UALCAN database, comparing SSR1 expres-
sion in normal (n = 50) and primary tumor (n = 
371) samples. Once again, SSR1 was signifi-
cantly upregulated in tumor tissues, strength-
ening the evidence of its involvement in LIHC 
pathology. In Figure 1C, data from the Oncomine 
database (Roessler Liver 2 dataset) shows a 
similar trend. SSR1 expression was significant-
ly higher in LIHC samples compared to normal 
liver tissue (Figure 1C). Figure 1D uses the 
TIMER2.0 platform to analyze SSR1 expression 
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Figure 1. Elevated expression of signal sequence receptor 1 (SSR1) in liver hepatocellular carcinoma (LIHC) across multiple datasets. A. The expression of SSR1 in 
LIHC samples compared to normal liver tissues using data from The Cancer Genome Atlas (TCGA). B. SSR1 expression comparison between normal liver tissues and 
primary tumors in LIHC, visualized via UALCAN database. C. Expression analysis of SSR1 using the Oncomine platform. D. Pan-cancer analysis of SSR1 expression 
across various cancer types using TIMER2.0. E. Immunohistochemical staining of SSR1 in three different LIHC tissue samples from the Human Protein Atlas (HPA) 
database, showing high SSR1 expression levels (brown staining) across all samples. **P < 0.01 and ***P < 0.001.
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across various tumor types. SSR1 appears to 
be upregulated in multiple cancer types, includ-
ing LIHC, further emphasizing its potential as a 
pan-cancer marker (Figure 1D). Lastly, Figure 
1E illustrates immunohistochemistry (IHC) 
results from the HPA, showing high levels of 
SSR1 staining in three representative LIHC tis-
sue samples. The staining is predominantly 
strong, suggesting a high protein expression 
level of SSR1 in LIHC tissues (Figure 1E), which 
aligns with the transcriptomic data presented 
in the earlier panels. Together, these analyses 
strongly suggest that SSR1 was overexpressed 
in LIHC at both mRNA and protein levels, which 
may point to its potential role as a diagnostic 
marker.

Correlations of SSR1 with different clinical 
variables of LIHC

Correlations of SSR with different clinical vari-
ables of LIHC were evaluated using the UAL- 
CAN database. Across different cancer stages, 
SSR1 expression was significantly higher in all 
stages (Stage 1 through Stage 4) compared to 
normal tissue, with a progressive increase in 
expression from Stage 1 to Stage 4, indicating 
that SSR1 is upregulated early in tumorigenesis 
and remains elevated throughout disease pro-
gression (Figure 2A). When examining SSR1 
expression based on race, there was a signifi-
cant increase in SSR1 levels in LIHC patients 
from all racial groups (Caucasian, African-
American, and Asian) compared to normal tis-
sues (Figure 2B). For gender, SSR1 expression 
was significantly higher in both males and 
females with LIHC compared to normal tissues 
(Figure 2C). With respect to age, all age groups 
(21-40 years, 41-60 years, 61-80 years, and 
81-100 years) showed significantly elevated 
SSR1 levels compared to normal tissues 
(Figure 2D). In terms of weight, SSR1 was con-
sistently upregulated across all weight catego-
ries (normal weight, extreme weight, obese, 
and extreme obese) compared to normal tis-
sues (Figure 2E). Finally, in relation to nodal 
metastasis status, both the N0 (no lymph node 
metastasis) and N1 (presence of lymph node 
metastasis) groups show significantly higher 
SSR1 expression compared to normal tissues 
(Figure 2F). Although SSR1 levels are slightly 
higher in the N1 group than in N0, the upregula-
tion in both groups suggests that SSR1 plays a 
role in LIHC, regardless of metastatic involve-

ment (Figure 2F). In summary, SSR1 was con-
sistently overexpressed in LIHC across various 
clinical parameters, including cancer stage, 
race, gender, age, weight, and nodal metasta-
sis status.

Promoter methylation level of SSR1 in LIHC

The promoter methylation analysis of SSR1 in 
LIHC was analyzed using the UALCAN database. 
Overall, the promoter methylation level of SSR1 
in primary LIHC samples was significantly lower 
than in normal tissues (Figure 3A). This sug-
gests that SSR1 is subject to promoter hypo-
methylation in LIHC, potentially leading to its 
overexpression. When stratified by cancer stag-
es, a decrease in SSR1 promoter methylation 
was observed in all stages (Stage 1 through 
Stage 4) compared to normal tissues (Figure 
3B). In terms of race, all groups (Caucasian, 
African-American, and Asian) exhibited signifi-
cantly lower SSR1 promoter methylation com-
pared to normal tissues (Figure 3C). Regarding 
gender, SSR1 promoter methylation was signifi-
cantly lower in both males and females with 
LIHC compared to normal controls (Figure 3D). 
The analysis based on age revealed that all  
age groups (21-40, 41-60, 61-80, and 81-100 
years) had significantly lower promoter methyl-
ation levels in tumor tissues compared to nor-
mal tissues (Figure 3E). In terms of weight, 
SSR1 promoter methylation was significantly 
lower in all weight categories (normal weight, 
extreme weight, obese, and extreme obese) of 
LIHC patients compared to normal tissues 
(Figure 3F). In summary, SSR1 promoter meth-
ylation was consistently lower in LIHC across all 
examined clinical variables, including cancer 
stage, race, gender, age, and weight, compared 
to normal tissues. 

Mutational analysis of SSR1 in LIHC

The mutational analysis of SSR1 in LIHC was 
conducted using combined DNA-seq and RNA-
seq data from the OncoDB database. The 
results indicated that one patient had a muta-
tion in SSR1, corresponding to a mutation fre-
quency of 0.3% out of a total of 373 patients 
(Figure 4). The analysis further identified the 
mutation subtype as a missense mutation 
(N136T) (Figure 4). This mutation occurred 
within the TRAP_alpha domain of the SSR1 pro-
tein (Figure 4). No other mutations were detect-
ed in this analysis of the patient cohort.
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Figure 2. Correlation of signal sequence receptor 1 (SSR1) expression with clinical variables in liver hepatocellular carcinoma (LIHC) based on UALCAN analysis. A. 
Expression of SSR1 in different cancer stages of LIHC. B. SSR1 expression in LIHC based on the patient’s race. C. SSR1 expression in LIHC based on the patient’s 
gender. D. SSR1 expression in LIHC based on the patient’s age. E. SSR1 expression in LIHC based on the patient’s weight. F. SSR1 expression based on nodal me-
tastasis status. *P < 0.05 and **P < 0.01.



SSR1 as a biomarker in LIHC

569 Am J Transl Res 2025;17(1):560-584

Figure 3. Promoter methylation analysis of signal sequence receptor 1 (SSR1) in liver hepatocellular carcinoma (LIHC) based The Cancer Genomics Altas (TCGA) 
data via the UALCAN analysis. A. Promoter methylation levels of SSR1 in normal and primary tumor LIHC samples. B. Methylation levels of SSR1 in different cancer 
stages of LIHC. C. Methylation levels of SSR1 in LIHC based on the patient’s race. D. SSR1 methylation levels in LIHC based on the patient’s gender. E. Promoter 
methylation of SSR1 in LIHC based on the patient’s age. F. Methylation levels of SSR1 in LIHC based on the patient’s weight. *P < 0.05, **P < 0.01, and ***P < 
0.001.
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Prognostic significance of SSR1 in LIHC

Initially, the survival analysis of SSR1 was per-
formed using data from 374 patients in TCGA. 
KM survival curves in Figure 5A to 5I depict the 
relationship between SSR1 expression levels 
(high and low) and overall survival across differ-
ent patient subgroups. In Figure 5A, high SSR1 
expression was associated with worse overall 
survival (HR = 1.55, log-rank P = 0.012). Figure 
5B shows that high SSR1 expression was also 
linked to poorer survival (HR = 1.47, log-rank P 
= 0.035) in patients with T1, T2, and T3 stage 
tumors. Similarly, Figure 5C highlighted worse 
outcomes in patients with T3 and T4 stage 
tumors (HR = 1.67, log-rank P = 0.049). Patients 
with stage I, II, III, and IV tumors exhibited sig-
nificantly lower survival with high SSR1 expres-
sion (HR = 1.51, log-rank P = 0.026) (Figure 
5D), and similar results were seen in patients 
with stages I, II, and III tumors (HR = 1.49, log-
rank P = 0.032) (Figure 5E). Figure 5F demon-
strated a significant decrease in survival in 
patients with high SSR1 expression and poor 
histologic grades (G2 and G3) (HR = 1.70, log-
rank P = 0.003). Figure 5G showed a particu-
larly strong association between high SSR1 
expression and poor survival in patients with 
G1 histologic grade (HR = 3.45, log-rank P = 
0.007). Further analysis in Figure 5H and 5I 
revealed that male patients (HR = 2.06, log-
rank P = 0.001) and patients aged over 60 (HR 

= 1.61, log-rank P = 0.037) with high SSR1 
expression had significantly poorer survival 
outcomes. Figure 5J presents a forest plot 
summarizing the hazard ratios (HR) from multi-
ple studies using the GENT2 database. The 
overall analysis revealed that high SSR1 
expression had a slightly unfavorable effect on 
survival (HR = 0.96) (Figure 5J). The fixed-effect 
and random-effects models yielded similar 
results, with a p-value of 0.037 (Figure 5J), indi-
cating moderate heterogeneity across the 
studies.

GSEA analysis

We performed GSEA using datasets with low 
and high SSR1 expression to identify activated 
signaling pathways in LIHC. Gene sets linked to 
processes such as “cell cycle”, “neuroactive 
ligand receptor interaction”, “axon guidance”, 
“gap junction”, “DNA replication”, “gamma 
R-mediated phagocytosis”, “ECM receptor 
interaction”, “TGF-β signaling pathway”, and the 
“N-cadherin pathway” in LIHC showed notable 
enrichment in the high SSR1 expression pheno-
type, as illustrated in Figure 6A-I.

Correlations of SSR1 with immune infiltration, 
drug sensitivity, and related genes

The correlations of SSR1 with immune infiltra-
tion and drug sensitivity were analyzed using 

Figure 4. Signal sequence receptor 1 (SSR1) mutations across liver hepatocellular carcinoma (LIHC) tissue samples 
by combined DNA sequencing (DNA-seq) and RNA sequencing (RNA-seq) analyses. The figure shows the mutation 
analysis of SSR1 in LIHC, highlighting one missense mutation, N136T, in a sample of 373 patients.
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Figure 5. Kaplan-Meier survival curves for signal sequence receptor 1 (SSR1) expression in liver hepatocellular carcinoma (LIHC) based on various clinical param-
eters. Data was derived from 374 LIHC samples from The Cancer Genome Atlas (TCGA) database, categorized by (A) SSR1 expression, (B) T stage (T1, T2, and T3), 
(C) T stage (T3 and T4), (D) clinical stage (1, 2, 3, and 4), (E) clinical stage (1, 2, and 3), (F) histologic grade (G1 and G2 vs. G3), (G) histologic grade (G1), (H) gender 
(male), and (I) age (> 60). (J) Shows a GENT2-based forest plot of hazard ratios (HR) across multiple studies analyzing SSR1 expression in various LIHC datasets. 
P < 0.05.
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the GSCA database. In Figure 7A, SSR1 expres-
sion demonstrated both positive and negative 
correlations with different immune cell types in 
LIHC. Positive correlations (marked in red) were 
observed with CD8+ T cells, Tregs, and CD4+ T 
cells, indicating that higher SSR1 expression is 
associated with increased infiltration of these 
immune cells (Figure 7A). In contrast, negative 
correlations (shown in blue) were found with 
cell types such as Th1 and monocytes, sug-
gesting lower immune cell infiltration with 
increased SSR1 expression (Figure 7A).

In Figure 7B, the analysis explored the correla-
tion between SSR1 expression and drug sensi-
tivity using the GDSC dataset. While most drugs 
exhibited minimal correlations, some notewor-
thy patterns emerged. There were weak nega-
tive correlations (blue) between SSR1 expres-
sion and sensitivity to AZ628, Lapatinib, and 
Crizotinib, meaning that higher SSR1 expres-
sion may be linked to enhanced sensitivity to 
these drugs (Figure 7B). Conversely, positive 
correlations (red) were observed for Afatinib 
and Erlotinib, suggesting that increased SSR1 

Figure 6. Gene set enrichment analysis (GSEA) plots. Enrichment plots for the following pathways in liver hepatocel-
lular carcinoma (LIHC) cases with high signal sequence receptor 1 (SSR1) expression: (A) Cell cycle, (B) Neuroactive 
ligand-receptor interaction, (C) Axon guidance, (D) GAP junction, (E) DNA replication, (F) FC gamma R-mediated 
phagocytosis, (G) ECM-receptor interaction, (H) TGF-beta signaling pathway, and (I) N-cadherin pathway. P < 0.05.
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Figure 7. Correlation analysis of for signal sequence receptor 1 (SSR1) expression with immune infiltration, drug sensitivity, and co-expression in liver hepatocel-
lular carcinoma (LIHC). A. Correlation between SSR1 expression and various immune cell infiltrates in hepatocellular carcinoma (LIHC), analyzed using the GSCA 
database. B. Correlation between SSR1 mRNA expression and drug sensitivity for different cancer drugs, also analyzed using the GSCA database. C. Protein-protein 
interaction network involving SSR1, created using the Search tool for the retrieval of interacting genes/proteins (STRING) database. D. Scatter plots showing pair-
wise correlations of SSR1 with SSR2, SSR3, RPN1, and SEC61A1 at the mRNA expression level in LIHC samples, analyzed using GEPIA2. P < 0.05.
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expression might enhance resistance to these 
drugs (Figure 7B). Figure 7C presents results 
from STRING, predicting interactions between 
SSR1 and proteins encoded by other genes. 
SSR1 was found to strongly associated with 
SSR2, SSR3, SSR4, RPN1, and SEC61A1 
(Figure 7C). These associations were further 
validated in Figure 7D, where the correlation of 
SSR1 expression with these genes was exam-
ined using the GEPIA2 database. High positive 
correlations were observed between SSR1 and 
SSR2 (R = 0.84), SSR3 (R = 0.91), RPN1 (R = 
0.92), and a moderately positive correlation 
with SSR4 (R = 0.13) and SEC61A1 (R = 0.77), 
indicating a coordinated expression pattern 
between SSR1 and these genes in LIHC (Figure 
7D).

Correlations of SSR1 with immune and mo-
lecular subtypes of LIHC

Correlations of SSR1 with immune and molecu-
lar subtypes as well as with immune-related 
genes were explored using TISIDB database. 
The analysis revealed that SSR1 expression 
varies significantly across immune and molecu-
lar subtypes of LIHC. In Figure 8A, SSR1 expres-
sion differs significantly among immune sub-
types (C1 to C6), suggesting that SSR1 may 
play distinct roles within each immune context. 
Similarly, in Figure 8B, SSR1 expression signifi-
cantly varies among molecular subtypes (iClus-
ter 1 to 3), indicating that SSR1 expression is 
influenced by underlying molecular characteris-
tics. Additionally, Figure 8C, 8D highlights inter-

Figure 8. Differential expression of signal sequence receptor 1 (SSR1) in immune and molecular subtypes of liver 
hepatocellular carcinoma (LIHC) and its correlation with immune inhibitors and stimulators. (A) Violin plot showing 
SSR1 expression across immune subtypes (C1-C6) in LIHC. (B) Violin plot illustrating SSR1 expression across mo-
lecular subtypes (iCluster 1 to 3). (C) Heatmap representing correlations between SSR1 expression and immune 
inhibitor genes. (D) Heatmap showing correlations of SSR1 with immune stimulator genes. The color gradient in (C 
and D) reflects the strength and direction of correlations, with red indicating positive correlations and blue indicat-
ing negative correlations. P < 0.05.
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esting correlations between SSR1 and various 
immune inhibitor and stimulator genes, hinting 
at a potential involvement of SSR1 in immune 
suppression mechanisms. 

Expression validation of SSR1 and its other 
associated genes on LIHC cell lines

The expression levels of SSR1 and its associ-
ated genes, predicted through the STRING 
database, were validated using RT-qPCR in two 
groups of cell lines: one group with seven LIHC 
cell lines and the other with three normal liver 
cell lines. Results showed that the expressions 
of SSR1 and its associated genes, including 
SSR2, SSR3, SSR4, RPN1, and SEC61A1 were 
significantly up-regulated in LIHC cell lines as 
compared to the normal controls (Figure 9A). 
Furthermore, ROC curves analysis was used to 
assess the diagnostic potential of these genes 
in distinguishing between LIHC and normal 
cells. Results showed that SSR1, SSR2, SSR4, 
RPN1, and SEC61A1 have AUC values of 1, indi-
cating perfect sensitivity and specificity for dis-
tinguishing cancerous from normal cells (Figure 
9B). In contrast, SSR3 has a lower AUC of 
0.714, showing moderate diagnostic power 
compared to the other genes, which implies 
that it might not be as reliable a marker for this 
purpose (Figure 9B).

SSR1, SSR2, and SSR3 knockdown affects the 
proliferation and migration of LIHC cells

Finally, to examine the effect of SSR1, SSR2, 
and SSR3 on cell proliferation and migration, 
we transfected QGY-7703 and SMMC-7721 cell 
lines with siRNAs. Figure 10A confirmed a sig-
nificant reduction in SSR1 expression in both 
QGY-7703 and SMMC-7721 cells at the mRNA 
level after transfection, while Figure 10B, 10C 
and Supplementary Figure 1 showed reduce 
SSR1 protein levels via Western blot. Moreover, 
Figure 10D revealed a marked reduction in cell 
proliferation upon SSR1 knockdown in both cell 
lines. Similarly, Figure 10E, 10F indicates a sig-
nificant decrease in colony formation ability in 
the si-SSR1-transfected cells compared to con-
trols. Figure 10G, 10H presents wound-healing 
assay images and quantitative analysis, with 
panel H showing significantly enhanced wound 
closure in si-SSR1 cells as compared to con-
trols, indicating increased migratory capability 
following SSR1 knockdown.

In Figure 11, SSR2 and SSR3 knockdowns in 
QGY-7703 cells show similar trends. Figure 
11A confirmed effective SSR2 and SSR3  
mRNA knockdown, and Figure 11B, 11C and 
Supplementary Figure 1 showed corresponding 
protein level reductions. Figure 11D showed 
that both SSR2 and SSR3 knockdowns signifi-
cantly inhibit cell proliferation. Figure 11E, 11F 
displayed reduce colony formation in cells 
transfected with si-SSR2 and si-SSR3 com-
pared to controls, highlighting the impact on 
cell growth potential. Figure 11G, 11H, through 
the wound-healing assay, shows that knock-
down of SSR2 and SSR3 reduced wound clo-
sure rates, indicating impaired cell migration. 

Discussion

Liver hepatocellular carcinoma (LIHC), also 
known as hepatocellular carcinoma (HCC), is 
the most common form of liver cancer, account-
ing for over 90% of liver malignancies world-
wide [28, 29]. It is a major global health con-
cern, with an increasing incidence and mortali-
ty rate, particularly in regions with high preva-
lence of hepatitis B and C infections, chronic 
liver disease [30], and cirrhosis [6, 31]. 
According to recent epidemiological studies, 
LIHC ranks as the sixth most commonly diag-
nosed cancer and the third leading cause of 
cancer-related deaths globally [32, 33]. Despite 
advancements in diagnostic techniques and 
treatment modalities, the overall survival rate 
of LIHC patients remains low, primarily due to 
late-stage diagnosis and high recurrence rates 
after treatment [34, 35]. Therefore, identifying 
molecular markers that could aid in early diag-
nosis, predict prognosis, or provide therapeutic 
targets is essential to improving outcomes for 
LIHC patients [36, 37].

Signal sequence receptor 1 (SSR1), originally 
identified as part of the translocon complex 
involved in protein translocation across the 
endoplasmic reticulum, has recently gained 
attention for its potential role in cancer biology 
[38]. While SSR1 has been studied in various 
malignancies, its role in LIHC is less well char-
acterized. Previous studies have linked SSR1 to 
cancer progression in other types of cancer, 
including colorectal cancer and breast cancer 
[39]. For instance, SSR1 has been shown to 
promote cancer cell proliferation and metasta-
sis in breast cancer, while its overexpression 
has been correlated with poor prognosis in 
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colorectal cancer [40, 41]. However, the func-
tional role of SSR1 in LIHC has not been thor-

oughly investigated, and this study aims to 
bridge this gap.

Figure 9. Gene expression analysis of signal sequence receptor subunit 1 (SSR1), SEC61 translocon subunit alpha 
1 (SEC61A1), ribophorin 1 (RPN1), signal sequence receptor subunit 2 (SSR2), signal sequence receptor subunit 
3 (SSR3), and signal sequence receptor subunit 4 (SSR4) in liver hepatocellular carcinoma (LIHC) and normal cell 
lines, and receiver operating characteristic (ROC) curve assessment. A. Gene expression levels of SSR1, SEC61A1, 
RPN1, SSR2, SSR3, and SSR4 were measured in LIHC and normal cell lines using real-time quantitative PCR (RT-
qPCR). B. Receiver operating characteristic (ROC) curves were constructed to assess the diagnostic performance, 
measured by the area under the curve (AUC), of the SSR1, SSR2, SSR3, SSR4, RPN1, and SEC61A1 genes for 
distinguishing between LIHC and normal samples. **P < 0.01.
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Figure 10. Effects of signal sequence receptor subunit 1 (SSR1) knockdown on the expression, proliferation, colony formation, and wound healing of QGY-7703 
and SSMC-7721 cells. A. Real-time quantitative PCR (RT-qPCR)-based SSR1 expression was significantly reduced in QGY-7703 and SSMC-7721 cells transfected 
with SSR1 siRNA (si-SSR1-QGY-7703 and si-SSR1-SSMC-7721) compared to control cells (Ctrl-SSR1-QGY-7703 and Ctrl-SSMC-7721). B. Western blot expression 
analysis of SSR1 protein across si-SSR1-QGY-7703 and si-SSR1-SSMC-7721 cells and control cells. C. Down-regulation of SSR1 protein was observed in si-SSR1-
QGY-7703 and si-SSR1-SSMC-7721 cells as compared to control cells. D. Cell proliferation was significantly decreased in the si-SSR1-QGY-7703 and si-SSR1-
SSMC-7721 cells compared to the control cells. E. Colony formation assay showing a significant reduction in the number of colonies formed by si-SSR1-QGY-7703 
and si-SSR1-SSMC-7721 cells compared to control cells. F. Representative images from the colony formation assay for si-SSR1-QGY-7703 and si-SSR1-SSMC-7721 
and control cells. G. Wound healing assay showing the migration ability of si-SSR1-QGY-7703 and si-SSR1-SSMC-7721 cells and control cells at 0 and 24 hours. H. 
Bar and time-lapse graphs showed the quantification of the wound closure percentage, demonstrating that si-SSR1-QGY-7703 and si-SSR1-SSMC-7721 cells had a 
significantly increased wound closure rate compared to control cells. **P < 0.01.
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Figure 11. Effects of signal sequence receptor subunit 2 and 3 (SSR2 and SSR3) knockdown on the expression, proliferation, colony formation, and wound healing 
of QGY-7703 cells. A. SSR2 and SSR3 expression was significantly reduced in QGY-7703 cells transfected with SSR2 and SSR3 siRNAs (si-SSR2-QGY-7703 and si-
SSR3-QGY-7703) compared to control cells (Ctrl-SSR2-QGY-7703 and Ctrl-SSR3-QGY-7703). B. Western blot expression analysis of SSR2 and SSR3 proteins across 
si-SSR2-QGY-7703 and si-SSR3-QGY-7703 cells and control cells. C. Down-regulation of SSR2 and SSR3 proteins was observed in si-SSR2-QGY-7703 and si-SSR3-
QGY-7703 cells as compared to control cells. D. Cell proliferation was significantly decreased in the si-SSR2-QGY-7703 and si-SSR3-QGY-7703 groups compared 
to the control groups. E. Colony formation assay showing a significant reduction in the number of colonies formed by si-SSR2-QGY-7703 and si-SSR3-QGY-7703 
cells compared to Ctrl-SSR2-QGY-7703 and Ctrl-SSR3-QGY-7703 cells. F. Representative images from the colony formation assay for Ctrl-SSR2-QGY-7703, si-SSR2-
QGY-7703, Ctrl-SSR3-QGY-7703, and si-SSR3-QGY-7703 cells. G. Wound healing assay showing the migration ability of si-SSR2-QGY-7703 and si-SSR3-QGY-7703 
cells and control cells at 0 and 24 hours. H. Bar and time-lapse graphs showed quantification of the wound closure percentage, demonstrating that si-SSR2-
QGY-7703 and si-SSR3-QGY-7703 cells had a significantly increased wound closure rate compared to their respective control cells. **P < 0.01.
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In this study, we performed a comprehensive 
analysis of SSR1 expression in LIHC, integrat-
ing transcriptomic and proteomic data from 
multiple sources. Our findings reveal a signifi-
cant upregulation of SSR1 in LIHC tissues com-
pared to normal liver tissues at both the mRNA 
and protein levels. These findings are consis-
tent with reports in other cancer types, where 
SSR1 overexpression has been implicated in 
tumorigenesis [42]. Furthermore, promoter 
methylation analysis indicates that SSR1 is 
subject to promoter hypomethylation in LIHC, 
which likely contributes to its overexpression. 
This is in line with studies in colorectal cancer, 
where hypomethylation of SSR1 was also 
reported to drive its overexpression [43, 44]. 
Interestingly, our study highlights that SSR1 
expression is not confined to LIHC alone but is 
upregulated in multiple other cancer types, as 
evidenced by the pan-cancer data. This raises 
the possibility that SSR1 may function as a 
pan-cancer marker, warranting further investi-
gation in a broader range of cancers.

Mechanistically, SSR1 may contribute to LIHC 
progression by disrupting normal protein trans-
location processes at the ER, leading to ER 
stress and activation of the unfolded protein 
response (UPR) [45]. The ER plays a critical role 
in maintaining cellular homeostasis by ensur-
ing proper folding and maturation of proteins 
[46]. Dysregulation of the ER’s translocon com-
plex, which includes SSR1, can result in an 
accumulation of misfolded proteins, triggering 
ER stress [47]. In response to this stress, cells 
activate the UPR, a survival mechanism that 
aims to restore ER homeostasis. However, 
chronic activation of the UPR has been linked 
to cancer progression, including tumor growth, 
survival, and metastasis [48]. In LIHC, SSR1 
overexpression may lead to increased ER stress 
and chronic UPR activation, which can promote 
oncogenic signaling pathways [49]. The UPR 
can enhance cancer cell proliferation by acti-
vating pathways such as the PI3K/AKT and 
MAPK pathways, which are well-known to pro-
mote cell growth and survival [50]. Additionally, 
the UPR can inhibit apoptosis and increase 
autophagy, allowing cancer cells to survive 
under stressful conditions, such as nutrient 
deprivation or hypoxia, commonly found in the 
tumor microenvironment [51]. SSR1 may also 
influence LIHC progression through its interac-
tions with the ER-associated degradation 

(ERAD) pathway [52]. The ERAD pathway is 
responsible for degrading misfolded proteins to 
maintain cellular homeostasis. Dysregulation 
of ERAD due to SSR1 overexpression can lead 
to the accumulation of oncogenic proteins or 
prevent the degradation of proteins that pro-
mote cancer progression [53]. This can result 
in sustained proliferative signaling and resis-
tance to apoptosis, two hallmarks of cancer.

In addition to expression analysis, we examined 
the prognostic significance of SSR1 in LIHC. 
High SSR1 expression was associated with 
poor overall survival across different patient 
subgroups, including those with different tumor 
stages and histologic grades. These results 
align with previous studies in colorectal cancer, 
where high SSR1 expression was also linked to 
worse survival outcomes [54, 55]. 

Functional assays in this study demonstrated 
that SSR1, SSR2, and SSR3 knockdown signifi-
cantly reduced the proliferation and colony-
forming ability of LIHC cells, while enhancing 
cell migration, as observed in wound healing 
assays. This dual effect is intriguing and some-
what contrasts with previous findings in other 
cancers. For instance, in breast cancer, SSR1 
and SSR2 knockdown has been reported to 
reduce both proliferation and migration, sug-
gesting that the functional role of SSR1 may 
vary depending on the tumor context [41, 56]. 
In LIHC, it is possible that SSR1 primarily drives 
proliferation and survival, while its knockdown 
allows cells to adopt a more migratory pheno-
type, possibly as a compensatory mechanism. 
This observation is in line with studies showing 
that knocking down certain oncogenes can 
lead to increased cell migration due to cellular 
plasticity [41].

In terms of therapeutic implications, SSR1’s 
overexpression and its role in promoting LIHC 
cell proliferation make it a promising candidate 
for targeted therapy. Our drug sensitivity analy-
sis revealed potential interactions between 
SSR1 expression and sensitivity to certain tyro-
sine kinase inhibitors, such as Afatinib and 
Erlotinib, suggesting that SSR1 could be used 
as a biomarker to predict drug response. 
Moreover, the correlation between SSR1 
expression and immune cell infiltration raises 
the possibility of targeting SSR1 in combination 
with immunotherapy, although further studies 
are needed to explore this avenue.
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Conclusion

In conclusion, our study provides strong evi-
dence that SSR1 is overexpressed in LIHC and 
plays a critical role in tumor progression. 
SSR1’s potential as a diagnostic and prognos-
tic marker, along with its role in cell prolifera-
tion and migration, emphasizes its importance 
in LIHC pathology. Future research should focus 
on elucidating the precise mechanisms by 
which SSR1 contributes to LIHC and other can-
cers, as well as exploring its potential as a ther-
apeutic target.
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Supplementary Figure 1. Uncut western blot bands of SSR1, SSR2, and SSR3.


