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ABSTRACT: Background: Small ubiquitin-like modifier (SUMO)-specific proteases (SENPs) cleave the isopeptidic
bond between SUMO1/2/3 and protein substrates, thus regulating the structure, activity, and lifetime of a variety of
proteins. Recently, accumulating evidence has suggested that SENPs play a role in the initiation and progression of
human cancers. Nevertheless, the potential role of the SENP family of proteins in liver cancer has yet to be fully
elucidated. Methods: This study conducted a comprehensive bioinformatics analysis of the SENP family in liver cancer,
including differential expression profiling, survival analysis, mutation and copy number variations (CNVs) assessment,
immune infiltration and drug sensitivity correlation, functional enrichment analyses using data from The Cancer
Genome Atlas (TCGA), Clinical Proteomic Tumor Analysis Consortium (CPTAC), LinkedOmics, and other public
databases. Furthermore, we performed in vitro experiments using Huh-7 and Hep-3B cell lines to investigate the
functional roles of SENP1 and SENP3 in hepatocellular carcinoma cell proliferation, colony formation, and migration.
Results: Our results indicated that SENP1, 3, and 7 were significantly overexpressed in liver hepatocellular carcinoma
(LIHC). Elevated expressions of SENP1, 3, and 7 are positively correlated with poor overall survival (OS) in LIHC
patients. In addition, SENP1, 3, and 7 expressions are related to immune infiltration and drug sensitivity. SENP1, 3, and 7
co-expressed genes were enriched in mitochondrial function, ribosomal translation, and cell cycle control. Conclusion:
SENP1, 3, and 7 are prognostic biomarkers and potential therapeutic targets for LIHC. Knockdown of SENP1 and SENP3
inhibited the proliferation, clonogenicity, and migration of hepatocellular carcinoma cells.
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1 Introduction
Owing to the increasing prevalence of established risk factors, such as aging, lack of physical activity,

and environmental pollution, cancer has become a key influencing factor of morbidity and mortality in
both developing and developed countries. Liver cancer is one of the most common and prevalent system
tumors, with a high incidence rate and fatality rate, and has received international attention. Globally, LIHC
is the sixth most prevalent cancer and accounts for the fourth highest number of cancer-related deaths [1],
it accounts for 90% of all primary liver cancer cases. The incidence is estimated to reach more than 1 million
cases by 2025 [2]. In very early or early hepatocellular carcinoma (HCC), the most effective treatment is
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surgical resection, liver transplantation, or percutaneous local ablation. In this stage, the 5-year survival rate
was 60%–80%, but the recurrence of LIHC was still a major obstacle, and the 5-year recurrence rate was as
high as 70%. However, the majority of individuals with hepatocellular carcinoma are detected in the middle
or late stage, with a 5-year survival rate of 16% [2]. Systemic therapies, such as immune checkpoint inhibitors,
tyrosine kinase inhibitors, and monoclonal antibodies, are frequently used in advanced illness. Despite the
approval of multiple tyrosine kinase inhibitors for first-line and second-line therapies, advancements in
treatment have remained minimal over time. The recent endorsement of immune checkpoint inhibitors has
enhanced the management of hepatocellular carcinoma. Unfortunately, 75% of LIHC patients fail to respond
to these immunotherapies due to unknown factors, and biomarker data to help decision-making and guide
advanced treatment of hepatocellular carcinoma are limited [3,4]. However, the prognosis of patients was
still poor. The goal of treating LIHC in the future should be to target multiple pathways and combine drug
therapies to improve OS [5]. Therefore, it is imperative to identify new biomarkers and develop targeted drugs
for diagnosis and prognosis, improve the effectiveness of comprehensive treatment, extend the survival of
hepatocellular carcinoma patients, and ultimately enhance their quality of life.

Hepatocarcinogenesis is usually related to gene mutations, abnormal signal transduction, and an
imbalance between oncoproteins and tumor suppressor proteins. The imbalance in the expression of
oncoproteins and tumor suppressor proteins is often related to the post-translational modification (PTMs)
of proteins. Studies have indicated that PTMs are vital in the development and advancement of tumors [6].
Investigating the functions of modifying enzymes holds significant potential for identifying novel therapeutic
targets in cancer. Oncoproteins and tumor suppressor proteins undergo various PTMs. such as acetylation,
methylation, phosphorylation, ubiquitination, SUMOylation, and Neddylation, all of which influence their
expression and function. Abnormal PTMs can lead to changes in cell characteristics, tumor occurrence, and
cancer progression.

The SENP family is an important enzyme family that regulates the PTMs of proteins. It belongs to a
family of cysteine proteases and has a conserved catalytic domain characterized by a papain-like fold [7].
SENP1 and SENP2 can catalyze the maturation of SUMO1–3 and have preferences for SUMO1/2. SENP3 and
SENP5 had preferences for SUMO2/3. SENP6 and SENP7 can edit poly-SUMO2/3 chains. SENP1 and SENP2
exhibit the highest catalytic activities [8]. SENP8 does not act on SUMOylated substrates and specifically
cleaves NEDD8 from its substrate [9]. Several studies have revealed that the SENP family is critically involved
in the onset and progression of various malignancies. Decreasing SENP1 can reduce c-Myc [10] and HIF-
1α [11], activate p53 activity [12], and inhibit cell proliferation, and is closely related to prostate cancer [13],
ovarian cancer [14] and triple-negative breast cancer [15]. High expression of SENP2 is directly connected
to poor advancement of nasopharyngeal cancer [16], head and neck cancers [17], and breast cancer [18].
However, it had also been reported that SENP2 inhibited breast cancer [19], bladder cancer [20], and
chronic lymphocytic leukemia cells [21]. SENP3 is highly expressed in gastric cancer [22], oral squamous
cell carcinoma [23], pancreatic carcinoma [24], and other cancers. SENP5 promotes the proliferation of oral
squamous cell carcinoma [25] and osteosarcoma [26]. SENP6 inhibits the growth and invasion of different
types of cancer [27], while a recent report found that SENP6 is a tumor suppressor in diffuse large B-cell
lymphoma [28]. SENP7 can reduce the degradation of SUMOylated c-myc [29], protect the oxygen and
glucose supply of cancer cells, and is related to the poor prognosis of colorectal cancer [30]. In contrast,
SENP8 is the least studied member of the SENP family in cancer research. When DNA damage occurs
in cancer cells, E2F1 induced apoptosis depends on SENP8 [31]. However, the SENP family has not been
comprehensively analyzed in LIHC.

In this study, we evaluated pertinent data from SENP family members in the LIHC. First, the TCGA
was used to examine the expression and prognosis of SENP family members in liver cancer tissues to match



BIOCELL. 2025;49(8) 1483

with neighboring cancer tissues. We then analyzed gene mutations, correlations with clinical characteristics,
protein interactions, functional enrichment, immune infiltration, signal pathways, and drug sensitivity. Next,
Additionally, we employed a cell-based model to explore the potential role of SENP1 and SENP3 in regulating
key cellular processes in hepatocellular carcinoma, such as proliferation, clonogenicity, and migration. The
findings of this study may contribute to the identification of novel diagnostic and therapeutic targets, thereby
enhancing treatment efficacy for LIHC.

2 Materials and Methods

2.1 Expression Analysis
To explore the expression profiles of the SENP family in cancer, we first analyzed their mRNA levels

in various tumor types and adjacent normal tissues using the “Gene_DE” module of the tumor immune
estimating resource, version 2 (TIMER 2.0) (http://timer.cistrome.org/), based on TCGA data. Protein
expression levels of SENP family members in LIHC from the CPTAC database (https://proteomics.cancer.
gov/programs/cptac) (accessed on 07 July 2025) were analyzed through the University of Alabama at
Birmingham Cancer Data Analysis Portal (UALCAN) website (http://ualcan.path.uab.edu/ (accessed on 01
July 2025)), where SENP5 had no available protein expression data. Moreover, promoter methylation levels
were obtained by UALCAN analysis of data from TCGA.

2.2 Gene Mutation Analysis
We used the cBioPortal (https://www.cbioportal.org/) to analyze gene mutations in SENP family

members in liver cancer. The “OncoPrint” module revealed the frequency, kind, and quantity of mutations.
Mutation data for SENP family members across different liver cancer types were obtained from the “Cancer
Types Summary” module. We analyzed the copy number alteration of SENP family members and the
relationship between copy number alteration and survival time through the “mutation” section of Gene Set
Cancer Analysis (GSCA) web (http://bioinfo.life.hust.edu.cn/GSCA/) (accessed on 01 July 2025).

2.3 Receiver Operating Characteristic (ROC) Curve Analysis
The pROC package [version 1.17.0.] and ggplot2 packages [3.3.3] of the R (3.6.3) software to analyze the

RNA-seq data of LIHC in TCGA (https://portal.gdc.cancer.gov/) and obtain the ROC curve of the SENP
family. The abscissa represents the false positive rate, whereas the ordinate represents the true positive rate.

2.4 Survival Analysis
We used the Kaplan-Meier “Survival Map” module of Gene Expression Profiling Interactive Analysis,

version 2 (GEPIA2) (http://gepia2.cancer-pku.cn/#index) (accessed on 07 July 2025) to analyze the relation-
ship between SENP family expression and OS. Patients were stratified into high- and low-expression groups
based on the median (50%) expression cutoff. Survival analysis was conducted using the Kaplan–Meier
method via the “Survival Analysis” module, with statistical significance evaluated by the log-rank test.

2.5 Correlation Analysis of Clinical Characteristics
The UALCAN web was used to analyze the data of LIHC patients in TCGA and CPTAC databases and

the association between the mRNA and protein expression levels of SENP family members and the particular
clinical features of liver cancer patients (such as tumor stage and grade, TP53 mutation, and lymph node
metastasis).

http://timer.cistrome.org/
https://proteomics.cancer.gov/programs/cptac
http://ualcan.path.uab.edu/
https://www.cbioportal.org/
http://bioinfo.life.hust.edu.cn/GSCA/
https://portal.gdc.cancer.gov/
http://gepia2.cancer-pku.cn/#index
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2.6 Immune Infiltration Analysis, Signal Pathway Correlation, and Drug Sensitivity
We used the GSVA package and ggplot2 in R (3.6.3) to evaluate the association between SENP family

expression levels and immune infiltration. Significance was assessed by Spearman’s correlation analysis.
Samples were classified into two groups (High and Low) by median gene expression, and the difference in
pathway activity score (PAS) between groups was defined by the student’s t-test. p value was adjusted by
false discovery rate (FDR), and FDR ≤ 0.05 was considered significant. And the “Drug” module was used
to investigate the relationship between SENP family expression and current chemotherapy or targeted drug
sensitivity of liver cancer. This section includes the Cancer Therapeutics Response Portal (CTRP) (https://
portals.broadinstitute.org/ctrp/) (accessed on 01 July 2025) and the Genomics of Drug Sensitivity in Cancer
(GDSC) (http://www.cancerrxgene.org/) databases [32–34]. Pearson’s correlation analysis was conducted to
assess the relationship between gene mRNA expression and drug IC50. The p-value was corrected using FDR.

2.7 Functional Enrichment Analysis
LinkedOmics (http://www.linkedomics.org/) was utilized to acquire the co-expressed genes of SENP 1,

3, and 7 and their Gene Set Enrichment Analysis (GSEA) results in LIHC. Pearson’s correlation analysis was
performed. Gene Ontology (GO) and Kyoto Encyclopedia of Genes and Genomes (KEGG) analyses of the
co-expressed genes were performed using R (3.6.3).

2.8 Cell Culture
HEK293T, Huh-7, and Hep-3B cell lines were maintained in our laboratory and cultured in Dulbecco’s

Modified Eagle’s medium (DMEM) (Gibco, Cat#11965092, Grand Island, NY, USA) supplemented with 10%
heat-inactivated fetal bovine serum (FSP500, Excell Bio, Shanghai, China) and 1% penicillin-streptomycin
solution (Procell, PB180120, Wuhan, China). Cell line authentication and assessment of mycoplasma con-
tamination were maintained using DNA fingerprinting and a PCR-based assay, respectively, in our lab. All
cell lines were grown in the logarithmic growth phase at 37○C with 5% CO2 in a humidified incubator. Cells
used for experiments were within 10 passages after thawing. Trypsin (Gibco, Cat#25200056 Grand Island, NY,
USA), phosphate-buffered saline (PBS) (P0096, Beyotime Biotechnology, Shanghai, China), and glutamine
(100×) (Gibco, Cat#25030081 Grand Island, USA) were also used in the culture process.

2.9 Lentivirus Packaging and Hepatocellular Carcinoma Cell INFECTION
shSENP1 (sh-1:5′-TACTGGAACTAAGACATCGAG-3′; sh-2:5′-CCGAAAGACCTCAAGTGGATT-3′;

sh-3:5′-CGAGAAAGATTGCGCCAGATT-3′), shSENP3 lentiviral plasmid (sh-1:5′-CCTCGCTG
ACATTCCACTGGA-3′; sh-2:5′-CATTGGTCCCTCATCTCTGTT-3′), and shNC (5′-TTCTCCGAACG
TGTCACGT-3′) oligos into the pLKO.1-puro vector. Next, the purified shRNA and the packaging plasmids
psPAX2 and pMD2.G were co-transfected into HEK293T cells for 60–72 h by using linear polyethylenimine
40 kDa (40816ES03, Yeasen, Shanghai, China) as transfection reagents for virus production. The supernatant
was sterilized by filtration through a 0.22 μm membrane filter. Huh-7 and Hep-3B cells were inoculated
with the aforementioned supernatant and 8 μg/mL of positively charged polybrene (TR-1003, MERCK,
Burlington, MA, USA). Stable pools were selected using 2 μg/mL puromycin (Amresco, J593, Houston, TX,
USA) for 5 days.

2.10 RNA Extraction and Reverse Transcription–Quantitative Polymerase Chain Reaction (RT-qPCR)
RNA was extracted following the manufacturer’s instructions for TRIzol reagent (Thermo Fisher

Scientific, Cat# 15596026, Waltham, MA, USA). Subsequently, 1 μg of RNA was combined with oligo
(dT) and random primers and reverse-transcribed into complementary DNA (cDNA) using the

https://portals.broadinstitute.org/ctrp/
http://www.cancerrxgene.org/
http://www.linkedomics.org/
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MonScript™ RTIII All-in-One Mix with dsDNase (MR05101M, Monad, Suzhou, China). The resulting
cDNA was diluted and subjected to qPCR using the Dye SYBR Green qPCR Premix (G3321-15,
Servicebio, Wuhan, China) on an LC480 II Real-Time PCR System (Roche, Basel, Switzerland). The
qPCR primers were as follows: SENP1, forward (5′-ACTGTGGGATGTTTGCCTGCA-3′) and reverse
(5′-ACAAAGAGCTGGTCCCCCACAT-3′); SENP3 forward (5′-GGGGTGAAAAGGTGGACCAA-3′)
and reverse (5′-TTCTTTACCGCCTCTGCCTG-3′); β-actin, forward (5′-TCCCCCAAAGTTCACAATGT
GG-3′) and reverse (5′-GAGAAGTGGGGTGGCTTTTAGG-3′). Relative mRNA expression levels were
calculated using the 2−ΔΔCt method, with β-actin as the internal reference gene. All reactions were performed
in triplicate, and results were expressed as the mean ± standard deviation.

2.11 Colony Formation Assay
After enzymatic dissociation with trypsin to obtain a single-cell suspension, 1000–2000 cells were evenly

seeded into each well of 6-well plates and cultured for approximately 14 days, and the medium was changed
once every 3 days. Cell clones were visible with the naked eye. Then, the cells were fixed for 10 min using
4% paraformaldehyde and stained for 20–30 min with 0.1% crystal violet. After taking photographs under
a fluorescence microscope (DMi8, Leica Company, Wetzlar, Germany), we counted the cell clones using
ImageJ software (National Institutes of Health, Bethesda, MD, USA).

2.12 3-(4,5-Dimethylthiazol-2-yl)-2,5-Diphenyltetrazolium Bromide (MTT) Assay
For MTT assays, the indicated cells were seeded at a concentration of 4 × 104 cells/mL in 96-well plates

and grown for 0 to 5 days. The cell viability was determined using the MTT test. Each well received 10 μL of
MTT solution (5 mg/mL; Roche, Cat#11465007001, Switzerland) and was incubated for 4 h at 37○C. Then,
supernatant was carefully removed, and the MTT-formazan crystals produced by metabolically active cells
were solubilized in 150 μL of DMSO. Finally, the absorbance was measured with a SpectraMaxi3 Multi-Mode
Microplate Reader (Molecular Devices, Sunnyvale, CA, USA) at a wavelength of 490 nm, following the MTT
kit protocol.

2.13 Transwell Assay
To investigate the migratory capacities of SENP1 and SENP3 knockdown hepatocellular carcinoma

cells, Transwell migration assays were performed using 8.0 μm pore-size membrane chambers in a
24-well plate format. Cell suspensions (2 × 103 cells in 200 μL serum-free medium) were added to the
upper chambers, while the lower chambers were filled with 600 μL of culture medium containing 10% FBS
as a chemoattractant. After 24 h of incubation, migrated cells were fixed with 4% paraformaldehyde for
10 min and stained with 0.1% crystal violet for 20–30 min. Cells were then visualized under a fluorescence
microscope (Leica DMi8, Leica Microsystems, Germany). Four to five fields/well were chosen and evaluated
with ImageJ software.

2.14 Wound Healing Assay
Briefly, equal numbers of stable knockdown Huh-7 or Hep-3B cells were sown into 6-well plates and

allowed to attain confluence. When the cell monolayer reached 100% confluence, several well-spanning
scratches were produced using a 10-μL pipette tip, and the culture media was changed with serum-free
medium to promote for “wound healing” by cell proliferation-independent migration. Cell migration was
monitored at pre-marked sites below the wells with an inverted microscope (Leica DMi8, Leica Company,
Germany) to assess the cells’ migratory capabilities.
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2.15 Statistical Analysis
All data are expressed as mean ± standard deviation (SD). Statistical analysis was performed using

one-way analysis of variance (ANOVA) in GraphPad Prism version 9.0 (GraphPad Software, San Diego,
CA, USA). Each experiment was independently repeated a minimum of three times. Asterisks indicate
statistically significant differences compared to the control group (*p < 0.05; **p < 0.01; ***p < 0.001).

3 Results

3.1 Expression of the SENP Family in Pan Cancer and LIHC
To investigate the expression level of SENP genes in cancer, we employed the TIMER2.0 database

to analyze TCGA transcriptomic data, focusing on the comparison between tumor and adjacent non-
tumor tissues across multiple cancer types. As illustrated in Fig. 1A, the expression level of SENP1–8
varied significantly between tumor and adjacent normal tissues across different cancer types, with certain
members showing upregulation and others downregulation. Compared with adjacent tissues, SENP1–7
was significantly overexpressed in cancers, including LIHC, cholangiocarcinoma (CHOL), and esophageal
carcinoma (ESCA), while SENP8 was mainly overexpressed in nine cancers, including bladder urothelial
carcinoma (BLCA), breast invasive carcinoma (BRCA), and colon adenocarcinoma (COAD). Furthermore,
we used the online UALCAN database to analyse and compare the protein expression levels of the SENP
family from the CPTAC database in liver cancer tissues and surrounding tissues (SENP5 had no protein
expression data in liver cancer). SENP1, SENP2, and SENP3 exhibited markedly higher protein levels in liver
cancer tissues compared to adjacent non-tumor tissues, whereas SENP8 showed relatively low expression
in tumors. (Figs. 1B and S1A). Promoter methylation often regulates gene expression. As shown in Figs. 2
and S1B–D, promoter methylation levels of SENP2, 3, and 7 were significantly reduced in patients with liver
cancer, and hypomethylation may account for the high expression of SENP2, 3, and 7 in liver cancer. High
SENP1 expression may not be related to the promoter methylation status of SENP1 (Fig. 2A–D).

Figure 1: (Continued)
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Figure 1: Expression levels of SENP family members in LIHC and adjacent normal tissues. (A) Relative mRNA
expression levels of SENPs in tumor and adjacent normal tissues. (B) Protein expression levels of SENP family members
in liver hepatocellular carcinoma and adjacent normal tissues. *p < 0.05; **p < 0.01; ***p < 0.001

Figure 2: Promoter methylation level of the SENP family in LIHC. (A) SENP2 promoter methylation level. (B)
SENP3 promoter methylation level. (C) SENP7 promoter methylation level. (D) SENP8 promoter methylation level.
***p < 0.001
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3.2 Genetic Alteration of SENPs in Liver Hepatocellular Carcinoma
To investigate the SENP family’s differential expression mechanism in LIHC, we analyzed gene point

mutations and chromosomal variants using the cBioPortal web tool. The gene with the highest mutation
frequency was SENP6 (2.6%), followed by SENP3 (1.7%). The main types of SENP6, SENP3, and SENP1
mutations are deep deletions, missense mutations, and truncation mutations. The mutation types of SENP2
(1.6%), SENP7 (1.2%), SENP5 (1.1%), and SENP8 (0.5%) were mainly amplified and missense mutations
(Fig. 3A). In another classification method, four types of gene mutations in the SENP family were found
in 857 samples (10.27%) from patients with hepatocellular carcinoma, with the highest frequency of
gene copy number variation (CNV) (5.6%), followed by 2.68% amplification, 2.92% deletion, and 4.43%
mutation. Amplification (0.55%) and mutations (2.76%) were mainly found in hepatocellular carcinoma
and intrahepatic cholangiocarcinoma. However, the mutation rate in the hepatocellular adenomas was low
(Fig. 3B). According to the analysis of CNV on the GSCA website, the SENP family mainly had heterozygous
CNV, and SENP3 had the highest incidence of CNV, mainly heterozygous deletions (58.11%). The percentages
of heterozygous amplification and deletion in other members were similar (Fig. 3C,D). As for homozygous
CNV, SENP1 and 3 did not have homozygous amplification, and homozygous deletion only occurred in
SENP3 and 6 (Fig. 3E). Of note, the examination of the link between CNV and patient survival revealed
that the occurrence of CNV in SENP3 was positively correlated with shorter disease-free interval (DFI),
disease-specific survival (DSS), OS, and progression-free survival (PFS) in patients with LIHC (Fig. 3F).
In conclusion, genetic alterations may have a significant impact on SENP3 expression but not on SENP1
expression in LIHC.

Figure 3: (Continued)



BIOCELL. 2025;49(8) 1489

Figure 3: The genetic alterations of SENPs in LIHC. (A) The genetic alterations of SENPs in LIHC. (B) The global
percentage showed genetic alterations of SENPs in different liver cancer types detailed based on the cBioprotal website.
(C) Pie plots showed the percentage distribution of SENPs’ Heterozygous and Homozygous CNV in LIHC. (D) Bubble
plot showing the frequency of heterozygous CNVs in SENP genes in liver cancer, with amplifications indicated in
red and deletions in blue. Bubble size reflects the percentage of alterations. (E) Bubble plot showing the frequency of
homozygous CNVs in SENP genes in liver cancer, with amplifications indicated in red and deletions in blue. Bubble
size reflects the percentage of alterations. (F) Survival differences between wild-type and CNV of SENPs

3.3 Association between SENP Family Expression and Clinical-Pathological Features and Prognosis in
LIHC Patients
The above expression and genomic analyses strongly suggest that dysregulated SENPs might be critically

involved in cancer. The results of the receiver operating characteristic (ROC) curve indicated that SENP3
had the highest predictive ability (AUC = 0.901, CI = 0.863–0.939). Followed by SENP1 (AUC = 0.863,
CI = 0.823–0.903), SENP2 (AUC = 0.776, CI = 0.730–0.822), SENP5 (AUC = 0.855, CI = 0.814–0.896), SENP6
(AUC = 0.702, CI = 0.649–0.755), SENP7 (AUC = 0.778, CI = 0.731–0.825) also had a certain accuracy, while
SENP8 had a low accuracy (AUC = 0.539, CI = 0.475–0.603) (Fig. 4). These findings underscore the promise
of SENP1 and SENP3 as indicators and predictive markers for LIHC.

Figure 4: The ROC curves of the SENP family in liver hepatocellular carcinoma
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To further investigate the relationship between SENP family member expression levels and clinical
factors, GEPIA2 was used to examine the impact of SENP family members on the OS of cancer patients in the
TCGA database (Fig. 5A). High expression of SENP1, 3, and 7 was shown to be mostly linked to poor OS in
cancer patients. High SENP1 expression was linked to a lower OS in patients with adrenocortical carcinoma
(ACC), kidney renal papillary cell carcinoma (KIRP), LIHC, and thyroid carcinoma (THCA), but a better
prognosis in patients with kidney renal clear cell carcinoma (KIRC). High SENP2 expression improved the
OS of KIRC patients. High SENP3 expression was linked to a poor prognosis in patients with BLCA, CHOL,
LIHC, mesothelioma (MESO), and sarcoma (SARC), whereas it was associated with favorable outcomes
in those with pancreatic adenocarcinoma (PAAD). SENP5 was not associated with OS. High expression of
SENP6 was beneficial to the prognosis of patients with LIHC. The high expression of SENP7 was related
to shorter OS of patients with COAD and LIHC. High expression of SENP8 was related to longer OS in
patients with COAD and KIRC. In general, SENP1, 3, and 7 had a greater impact on the OS of patients with
LIHC (Fig. 5A). Kaplan-Meier Plotter analysis revealed that the upregulated expression of SENP1, 3, and
7 was positively correlated with shorter OS in patients with LIHC at different time periods (Fig. 5B). The
results indicate that in SENP family membranes, only SENP1, 3, and 7 are potentially valuable biomarkers
and prognostic factors for LIHC.

Figure 5: Correlation between SENP family gene expression and OS in patients with LIHC. (A) Survival map
of Hazardous Ratio of SENP family. (B) Kaplan–Meier survival curves illustrating the relationship between SENP
expression levels and OS. Only curves with statistically significant associations are shown

We also investigated the connection between SENP family expression and clinical factors such as age,
sex, tumor grade, tumor stage, TP53 status, and metastasis in patients with liver cancer. The results indicated
that only SENP6 and 7 mRNA expression levels had a certain degree of correlation with the age of patients
with liver cancer (Fig. 6A). Only SENP7 mRNA expression was associated to sex in liver cancer patients
(Fig. 6B). In other words, SENP1 and 3 are more useful general biomarkers and prognostic factors than
SENP7 for LIHC to exclude the influence of age and sex.
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Figure 6: The violin plot of mRNA expression of SENPs in liver cancer patients of different ages and sexes. (A) The
violin plot of mRNA expression of SENP family in liver cancer patients of different ages. (B) The violin plot of mRNA
expression of SENP family in liver cancer patients of different sexes. *p < 0.05; ***p < 0.001; ns p > 0.05

Analyzing the expression of SENPs based on the grade of liver cancer, we found that the expression
of SENP1–7 (except SENP8) was strongly positively linked with the grade (Figs. 7A and S2A). Based on
stage analysis, the results indicated that the expression levels of SENP1, 3, 5, 6, 7, and 8 (except SENP2) in
patients with stage 3 disease were considerably greater than those in patients with stage 1 disease (Figs. 7B
and S2B). These results demonstrate that SENP1, 3, and 7 are potential biomarkers and prognostic factors for
the development and progression of LIHC.

Figure 7: (Continued)
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Figure 7: The box plots of expression of SENPs in liver cancer patients of different grades and stages. (A) The expression
of SENPs in liver cancer patients of different grades. (B) The expression of SENPs in liver cancer patients of different
stages. *p < 0.05; **p < 0.01; ***p < 0.001

TP53 mutations contribute to cancer malignancy and metastasis [35]. TP53 mutations in LIHC are
related to worse clinicopathological characteristics [36]. Patients with liver cancer from the TCGA database
were classified into TP53 non-mutation and mutation groups. The results showed that, except for SENP3 and
8, other members’ expression was higher in patients with TP53 mutations (Figs. 8A and S2C). The expression
of SENPs was analyzed based on lymph node metastasis. Compared with N0 patients, patients with N1 liver
cancer had significantly higher expression of SENP1, 5, and 6 (Figs. 8B and S2D). In summary, SENP1, but
not SENP3 or SENP7, was positively correlated with TP53 mutations and metastasis in LIHC patients. SENP1
is a better biomarker and prognostic factor than SENP3 for predicting the degree of malignancy in LIHC.

Figure 8: (Continued)
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Figure 8: The box plots of expression of SENPs in liver cancer patients of different TP53 mutation status and lymph
node metastasis. (A) The expression of SENPs in LIHC based on TP53 mutation status. (B) The expression of SENPs in
LIHC based on nodal metastasis status. *p < 0.05; **p < 0.01; ***p < 0.001

3.4 Association of SENP Family Expression with Tumor-Infiltrating Immune Cells, Signaling Pathways,
and Drug Sensitivity in LIHC Patients
The tumor consists of altered cells, stroma, and immune-infiltrating cells. Tumor infiltrating cells

have anti-tumor or tumor-promoting properties. To determine whether the SENP family genes impact
tumor immune infiltration and the microenvironment in LIHC, the correlation between SENP family
expression and tumor-infiltrating immune cell populations was further examined. The results revealed that
greater expression of SENP1, 2, 5, 6, 7 was mostly associated with the increased infiltration of TH2 cells,
T helper cells, Central Memory T cell (Tcm), and eosinophils, and was negatively related to dendritic
cells (DC) and cytotoxic cells. The upregulated expression of SENP3 was mainly positively related to
the increased infiltration of T follicular helper (TFH) cells, NK CD56bright cells, and TH2 cells, and
negatively related to Th17 and DC. SENP8 was positively linked to Tcm and negatively associated with
plasmacytoid dendritic cells (pDC) and NK CD56 bright cells (Fig. 9A). SENP1–3 and SENP5–7 might be
related to immunosuppression, while SENP8 is mainly related to the immune promotion of liver cancer,
suggesting that SENP1, 3, and 7 are potential immune infiltration-related biomarkers in LIHC. In addition,
we explored the involvement of SENP family members in immune checkpoint regulation. Expression profiles
of nine key immune checkpoint-related genes—including CD274, CTLA4, HAVCR2, IDO1, LAG3, PDCD1,
PDCD1LG2, SIGLEC15, and TIGIT—were obtained for correlation analysis. Notably, SENP1, SENP5, and
SENP6 showed strong associations with the expression of these immune checkpoint genes. (Fig. 9B).

Next, we used the CTRP (Fig. 9C) and GDSC (Fig. 9D) databases to investigate the connection between
SENP family gene expression and the sensitivity of current chemotherapeutic treatments for liver cancer.
The results revealed that the expression levels of SENP1, 6, and 7 were negatively correlated with sensitivity
to liver cancer chemotherapy (Fig. 9C,D). Collectively, these results show that SENP1, 3, and 7, especially
SENP1, are helpful in predicting immune and chemical drug sensitivity in LIHC.
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Figure 9: Associations between SENP gene expression and immune cell infiltration, immune checkpoint genes,
signaling pathways, and drug sensitivity in liver cancer. (A) Lollipop plot illustrating the associations between SENP
gene expression and the levels of tumor-infiltrating immune cells. (B) The correlation heatmap between SENP family
expression and immune-checkpoint-associated gene expression. (C,D) Correlation between SENP gene expression and
drugs sensitivity in CTRP (C) and GDSC (D) dataset. Blue bubbles indicate negative correlations, while red bubbles
indicate positive correlations. Color intensity reflects the strength of the correlation, with darker shades representing
higher values. Bubble size is proportional to FDR. The black outline frame indicates FDR ≤ 0.05
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3.5 Enrichment Analysis of SENP1, 3 and 7 Co-Expressed Genes in Patients with LIHC
To explore the possible biological functions of SENP1, 3, and 7, the genes co-expressed with SENP 1,

3, and 7 in liver cancer were obtained from the LinkedOmics database (Fig. 10A). GO analysis was used to
investigate the putative roles of SENP 1, 3, and 7 in the onset and progression of liver cancer. Regarding SENP1,
the results showed that the biological process (BP) terms were mainly enriched for “covalent chromatin
modification” and “histone modification”. The enriched cellular component (CC) keywords mostly included
“Respiratory chain complex” and “Mitochondrial protein complex”. The enriched molecular keywords
mostly included “DNA-dependent ATPase activity” and “histone binding”. KEGG pathway analysis was
mainly related to the terms “Oxidative phosphorylation”. To gain a deeper understanding of the regulatory
relationships of SENP1 on various pathways, we performed GSEA analysis. The results of GSEA showed that
SENP1 activated DNA replication and downregulated the mitochondrial respiratory chain complex assembly
(Fig. 10B). Similarly, SENP3 co-expressed genes predominantly enriched in “mRNA decay”, “ribosome”, and
“translation initiation” (Fig. 10C). SENP7 co-expressed genes predominantly enriched in “Mitochondrial
ATP synthesis coupled electron transport”, “Ribosome” and “beta-Catenin-TCF signaling” (Fig. 10D). Based
on the above data, we determined that SENP1, 3, and 7 are involved in a variety of biological processes in
liver cancer and participate in the development and progression of LIHC.

Figure 10: (Continued)
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Figure 10: Functional enrichment analysis of the SENP1, 3 and 7 co-expressed genes in patients with LIHC. (A) Volcano
plots of the SENP1, 3 and 7 differentially expressed genes (DEGs) in LIHC. (B) Annotation of SENP1’s co-expressed
genes with GO enrichment (left), KEGG pathway enrichment (middle), and molecular function enrichment by GESA
database (right). (C) Annotation of SENP3’s co-expressed genes with GO enrichment (left), KEGG pathway enrichment
(middle), and molecular function enrichment by GESA (right). (D) Annotation of SENP7’s co-expressed genes with
GO enrichment (left), KEGG pathway enrichment (middle), and molecular function enrichment by GESA (right)

3.6 SENP1 and SENP3 Knockdown Inhibit the Proliferation, Clonogenicity, and Migration of Hepatocel-
lular Carcinoma Cells
Because in the aforementioned bioinformatics analysis, SENP1 and SENP3 had the best overall pre-

diction indicators compared to SENP7, we focused on these two members in our further wet experiments.
To explore the precise roles of SENP1 and SENP3 in hepatocellular carcinoma cell proliferation and
migration, we designed and tested multiple shRNA sequences targeting SENP1 (sh-1, sh-2, sh-3) and SENP3
(sh-1, sh-2, sh-3). The knockdown efficiency of each construct was evaluated in Huh-7 and Hep-3B cells
(Fig. 11A,C). Among them, shSENP1-2 and shSENP3-3 exhibited the highest silencing efficiency and were
therefore selected for subsequent experiments. Lentivirus-mediated knockdown of SENP1 and SENP3 was
successfully established in both Huh-7 and Hep-3B cell lines down efficiency and were therefore selected
for all subsequent functional experiments. The MTT cell viability assay indicated that knockdown of SENP1
and SENP3 markedly reduced the proliferative capacity of Huh-7 and Hep-3B cells relative to the scramble
control group (Fig. 11B,D). The colony formation assay revealed substantial inhibition of clonogenicity in
hepatocellular carcinoma cells knocked down for both SENP1 and SENP3 (Fig. 12A,B). Specifically, the
clonogenicity of SENP1 knockdown was inhibited by 87.65%, and that of SENP3 knockdown was inhibited
by 61.39% in Huh-7 cells (Fig. 12A), whereas in Hep-3B cells, SENP1 and SENP3 knockdown decreased
colony formation ability by 88.37% and 58.75%, respectively (Fig. 12B). Transwell migration assays were
conducted to assess how SENP1 and SENP3 knockdown affected hepatocellular carcinoma cell motility. We
discovered that the number of migrated cells with SENP1 and SENP3 shRNA mediated knockdown Huh-7
group was 4.5 ± 1.3 and 27.1± 1.2, respectively, which was much lower than that of Huh-7 shNC control cells
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(39.4 ± 3) (Fig. 12C). Similarly, SENP1 and SENP3 knockdown Hep-3B cells migrated at 24.1 ± 1.2 and 50.3 ±
1.6, respectively, substantially lower than the control group (205.0 ± 12.8) (Fig. 12D). The wound healing test
was also used to evaluate the capacity of liver cancer cells to migrate, which showed that SENP1 and SENP3
knockdown in Huh-7 and Hep-3B cells inhibited the scratch healing rate of hepatocellular carcinoma cells
(Fig. 13A,B). These results showed that knocking down SENP1 and SENP3 lowered hepatocellular carcinoma
cell proliferation, clonogenicity, and migration.

Figure 11: Knockdown of SENP1 and SENP3 inhibits the viability of hepatocellular carcinoma cells. (A) knockdown
efficiency of SENP1 and SENP3 shRNA in Huh-7 cells. (B) MTT assay of SENP1 and SENP3 knockdown in Huh-7
cells. (C) knockdown efficiency of SENP1 and SENP3 shRNA in Hep-3B cells. (D) MTT assay of SENP1 and SENP3
knockdown in Hep-3B cells. **p < 0.01; ***p < 0.001; ns p > 0.05

Figure 12: (Continued)
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Figure 12: SENP1 and SENP3 knockdown suppress the clonogenicity and migration of hepatocellular carcinoma cells.
(A, B) SENP1 and SENP3 knockdown inhibited colony formation in Huh-7 (A) and Hep-3B (B) cells. (C, D) SENP1
and SENP3 knockdown decreased migration in Huh-7 (C) and Hep-3B (D) cells by transwell assay. Scale bars: 200 μm.
**p < 0.01; ***p < 0.001

Figure 13: SENP1 and SENP3 inhibition reduce the migration of hepatocellular carcinoma cells in scratch-wound
healing assay. (A, B) SENP1 and SENP3 knockdown repressed migration in Huh-7 (A) and Hep-3B (B) cells in wound
healing assay. Scale bars: 200 μm. ***p < 0.001

4 Discussion
PTMs are becoming more relevant in several areas of carcinogenesis. SENPs proteins are cysteine pro-

teases with isopeptidase activity facilitating the maturation of the SUMO precursor and the de-conjugation
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of SUMO from SUMOylated substrate proteins, with the exception of SENP8, which is specific for de-
Neddylation [9]. In recent years, a comprehensive understanding of the SENP family’s carcinogenic effects
has been gained. Many studies have reported that abnormal SUMOylation or Neddylation is related to can-
cers, such as breast cancer [37] and colorectal cancer [38]. However, the role and underlying mechanisms of
the SENP family in hepatocarcinogenesis and LIHC progression remain unexplored, and no comprehensive
bioinformatics analysis has been conducted to date.

Previous research has indicated that SENP1 plays a crucial function in carcinogenesis. SENP1 pro-
motes the epithelial-mesenchymal transition (EMT) of prostate cancer cells through de-SUMOylation of
SMAD4 [39] and promotes cell cycle progression of nephroblastoma cells by upregulating the expression
of CCNE1 [11]. In addition, SENP1 enhances CPT-11 resistance in colorectal cancer by regulating the
SUMOylation levels of HIF1α [40]. SENP1 directly regulates the subcellular localization of JAK2 through
de-SUMOylation in ovarian cancer, and SENP1/JAK2 signaling is activated in platinum-resistant ovarian
cancer patients [14]. In liver cancer, SENP1 promotes tumorigenesis by regulating SUMOylation of important
oncoproteins, including HIF1α [41,42], SHP2 [43], UBE2T [44], c-Myc [45], and β-catenin [46]. Despite
emerging evidence, the link between SENP1 expression, immune infiltration, and drug sensitivity remains
unclear. In contrast, SENP3 has been reported to participate in modulating the DNA damage response
in acute myeloid leukemia [47]. SENP3 is also involved in regulating oxidative stress, the cell cycle [48]
mitosis [49], and chromosome stability [50]. Senp3-knockout heterozygous mice have smaller livers [51].
SENP3 was previously identified as an effective prognostic biomarker for HCC [52,53]. SENP3 was rec-
ognized as a prognostic indicator for LIHC in our analysis. The biochemical function of SENP3 in liver
development and LIHC progression should be studied in the future. From a mechanistic perspective, SENP1
and SENP3 may regulate the progression of HCC by modulating key oncoproteins and signaling pathways.
For example, SENP1 is known to deSUMOylate HIF1α, stabilizing it under hypoxic conditions to promote
cancer stemness and proliferation, a phenomenon observed in breast cancer and pancreatic cancer [15].
Similarly, SENP1-mediated deSUMOylation of c-Myc can prevent its degradation, enhancing cell cycle
progression and tumor growth [10]. These mechanisms may underline the proliferation and migration effects
observed in HCC following SENP1 knockdown. Additionally, SENP3 has been implicated in regulating
oxidative stress and DNA damage response pathways [54], which are crucial for cancer cell survival and
metastasis. In HCC, SENP3 might influence similar pathways, potentially via downstream targets such as
p53 or NF-κB, as reported in other studies [12,19]. Beyond HCC, the SENP family plays a significant role in
other cancers. For instance, in prostate cancer, SENP1 promotes EMT by deSUMOylating SMAD4 [55], a
mechanism that may also contribute to HCC metastasis. Similarly, SENP3 enhances pancreatic carcinoma
progression by regulating NFATc3 deSUMOylation under hypoxia [24], mirroring some of our findings in
HCC. These parallels suggest that SENPs may exert conserved oncogenic functions across cancer types.
However, the specific downstream targets and pathways are likely to differ by cancer context, highlighting
the need to further explore HCC-specific regulatory networks. While this study identifies SENP1 and SENP3
as critical regulators of HCC progression, their precise molecular mechanisms remain to be elucidated.
Future studies could employ chromatin immunoprecipitation sequencing (ChIP-seq) or RNA sequencing
(RNA-seq) to identify direct downstream targets of SENP1 and SENP3 in HCC cells. Moreover, exploring
the interplay between SENP-mediated deSUMOylation and other post-translational modifications, such as
phosphorylation or ubiquitination, could provide deeper insights into the regulatory networks driving HCC
development and metastasis. In LIHC, SENP7 may promote tumor cell migration and invasion by regulating
c-Myc SUMOylation and degradation [29]. In the next step of mechanistic and clinical studies on LIHC,
the suppression of SENP1 by inhibitors can be considered, noting that triptolide and hinokiflavone have
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been reported as natural SENP1 inhibitors with anticancer activity [56], while SENP3 and SENP7 inhibitors
remain unexplored.

Our study comprehensively analyzed the SENP family in LIHC using TCGA and CPTAC databases,
revealing the increased expression of SENP1, 3, and 7, their association with clinical factors (e.g., tumor
stage, grade, TP53 mutations, and metastasis), and their negative correlation with overall survival, immune
microenvironment, and chemotherapy sensitivity. Thus, SENP1, 3, and 7, particularly SENP1 and SENP3, can
serve as prognostic biomarkers for LIHC

While this study provides valuable insights into the roles of SENP1, SENP3, and SENP7 in LIHC,
several limitations should be acknowledged. First, our mechanistic exploration is limited, as we primarily
focused on phenotypic observations of SENP1 and SENP3 in HCC cell proliferation and migration, without
identifying specific downstream target genes or signaling pathways. Future studies employing techniques
such as ChIP-seq or proteomics could address this gap. Second, experimental validation was restricted to
SENP1 and SENP3 in two HCC cell lines (Huh-7 and Hep-3B), and lacked in vivo models to confirm these
findings. Additionally, SENP7, despite its prognostic relevance in bioinformatics analyses, was not further
explored through wet lab experiments, limiting our understanding of its functional role in HCC. Third, our
bioinformatics analyses relied on TCGA and CPTAC databases, which may introduce biases due to sample
representation, and validation in independent clinical cohorts is needed to confirm the generalizability of
our findings. Finally, while we propose SENP1, SENP3, and SENP7 as potential prognostic biomarkers for
LIHC, their clinical utility requires further validation through large-scale clinical studies.

5 Conclusion
This study investigated a comprehensive and systematic investigation of the expression patterns, genetic

mutations, prognostic value, function enrichment, immune infiltration, and drug sensitivity of the SENP
family genes in liver cancer. Additionally, we performed cell-based experiments to show that SENP1 and
SENP3 regulate hepatocellular carcinoma cell proliferation and migration. Our results demonstrate that
SENP1, 3, and 7 are diagnostic and prognostic indicators, as well as possible therapeutic targets, for
individuals with liver cancer. Understanding the pathogenic mechanisms of SENP1, 3, and 7 involved in liver
cancer progression will help in designing therapeutic strategies for LIHC treatment.
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