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Abstract: Background: Cancer remains one of the leading causes of mortality worldwide, characterized by uncon-
trolled cell proliferation and metastasis. Protein Inhibitor of Activated STAT (PIAS) family genes, comprising PIAS1,
PIAS2, PIAS3, and PIAS4, are emerging as significant players in cancer biology due to their roles in SUMOylation,
transcriptional regulation, and modulation of signal transduction pathways. This study provides a comprehensive
analysis of PIAS family genes from a pan-cancer viewpoint. Methodology: Detailed in silico analyses using publicly
available databases and in vitro analyses involving cell culture, gene knockdown, colony formation, and wound heal-
ing assays. Results: Expression analysis revealed consistent up-regulation of PIAS1, PIAS2, PIAS3, and PIAS4 genes
in tumors compared to normal tissues. Univariate Cox regression analyses indicate that high PIAS gene expression
correlates with worse overall survival in specific cancers, particularly kidney renal papillary cell carcinoma (KIRP)
and liver hepatocellular carcinoma (LIHC). Kaplan-Meier plots further confirm that higher PIAS gene expression is
significantly associated with reduced survival probabilities in these cancers. Genetic alteration analysis showed low
mutation frequencies in PIAS genes, suggesting their role in cancer progression is likely due to expression regula-
tion rather than genetic mutations. Correlations with immune subtypes, the tumor microenvironment (TME), and
immune stimulatory genes highlight the differential expression of PIAS genes across immune landscapes in KIRP
and LIHC. Gene enrichment analysis emphasizes the involvement of PIAS genes in crucial cellular processes, includ-
ing SUMOylation and ubiquitin-mediated proteolysis. Finally, knockdown experiments in HCC-LM3 cells demonstrate
that PIAS2 and PIAS3 promote tumor growth and metastasis, reinforcing their potential as therapeutic targets.
Conclusion: This study revealed the multifaceted roles of PIAS genes in KIRP and LIHC biology and their potential as
prognostic biomarkers and therapeutic targets.
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Introduction

Cancer remains one of the most formidable
health challenges globally, with its incidence
and mortality rates continuing to rise [1-4]. In
2023, cancer was the second leading cause of
death worldwide, accounting for millions of new
cases and deaths annually [5]. Despite advanc-
es in early detection, treatment modalities, and
supportive care, the complexity and heteroge-
neity of cancer demand continuous research
into novel biomarkers and therapeutic targets
[6, 7]. Understanding the molecular mecha-
nisms underlying cancer development and pro-
gression is crucial for improving diagnostic,
prognostic, and therapeutic strategies.

Among the numerous gene families implicated
in cancer, the Protein Inhibitor of Activated STAT
(PIAS) family has garnered significant interest
[8, 9]. The PIAS family comprises four mem-
bers: PIAS1, PIAS2, PIAS3, and PIAS4, which
are known to play vital roles in various cellular
processes, including transcriptional regulation,
DNA repair, and maintenance of genomic integ-
rity [10]. Acting primarily as E3 SUMO ligases,
PIAS proteins facilitate the sumoylation of tar-
get proteins, thereby influencing their function,
localization, stability, and interactions [11]. In
normal physiology, PIAS1 regulates immune
responses and cell cycle by modulating Sig-
nal Transducer and Activator of Transcription
1 (STAT1) and p53 activities [12]. PIAS2 is
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involved in transcription regulation and cell
differentiation, particularly affecting androgen
receptors and MYB proto-oncogene (MYB) [13].
PIAS3 inhibits STAT3 signaling, suppressing
tumorigenic processes and promoting differen-
tiation [14]. PIAS4 plays a critical role in DNA
damage response and repair by modulating
proteins like BRCA1 and 53BP1, thus prevent-
ing mutation accumulation [15-17]. Collectively,
the PIAS family ensures proper cellular respons-
es to environmental cues, maintains genomic
integrity and regulates immune functions, high-
lighting their potential as biomarkers and thera-
peutic targets in cancer.

Previous studies have explored the involve-
ment of PIAS family genes in different cancers.
For instance, PIAS1 has been shown to modu-
late the activity of tumor suppressor p53 and
the oncogene Signal Transducer and Activator
of Transcription 3 (STAT3), influencing cancer
cell proliferation and survival [18]. PIAS3 has
been reported to inhibit STAT3 signaling, there-
by suppressing tumor growth in glioblastoma
and other cancers [19]. Similarly, PIAS4 has
been implicated in the regulation of androgen
receptor signaling in prostate cancer [11].
However, these studies often focus on individu-
al PIAS genes and specific cancer types, leav-
ing a gap in understanding the broader implica-
tions of the entire PIAS family across diverse
cancers.

Given the crucial roles of PIAS family genes in
regulating key signaling pathways and main-
taining genomic stability, there is a pressing
need for a comprehensive pan-cancer analysis
to evaluate their diagnostic, prognostic, and
therapeutic potential. Such an analysis can pro-
vide valuable insights into the universal and
cancer-type-specific functions of PIAS genes,
aiding in the identification of novel biomarkers
and therapeutic targets.

In this study, we performed an extensive pan-
cancer analysis of PIAS family genes, using
large-scale genomic and molecular experimen-
tal data to assess their expression patterns,
prognostic significance, and potential as thera-
peutic targets across various cancers. Our find-
ings aim to elucidate the multifaceted roles of
PIAS genes in cancer and pave the way for
improved cancer management strategies.
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Methodology

PIAS family gene expression across pan-
cancer

UALCAN [20] and TNMplot [21] are valuable
online databases for cancer research. UALCAN
provides user-friendly access to omics data
from The Cancer Genome Atlas (TCGA), enabling
researchers to analyze gene expression, sur-
vival data, and more factors across various
cancer types. TNMplot allows comparison of
gene expression between normal, tumor, and
metastatic tissues, facilitating the identifica-
tion of biomarkers and therapeutic targets.
Both platforms offer comprehensive, high-qual-
ity data and intuitive interfaces, significantly
enhancing the ability to conduct in-depth can-
cer genomics and transcriptomics research,
ultimately advancing our understanding of can-
cer biology and improving patient outcomes. In
this research, both UALCAN and TNMplot data-
bases were used for the pan-cancer expression
analysis of PIAS family genes.

Cox regression and survival analysis across
pan-cancer

Cox univariate regression analysis was con-
ducted to explore the impact of PIAS gene
expression levels on prognosis risk. Samples
were categorized into high- and low-expression
groups based on the median expression levels
of PIAS family genes. Subsequently, forest plots
were generated using the “forestplot” package
in R software (version 4.3.0). For survival analy-
sis, the KM plotter tool [22] was utilized in this
work.

Genetic alteration analysis of PIAS family
genes

cBioPortal is a comprehensive, open-access
database designed to explore multidimension-
al cancer genomics data [23]. It provides
researchers and clinicians with intuitive visual-
ization tools and advanced analytical capabili-
ties to understand genetic alterations in can-
cer. By integrating data from multiple large-
scale projects, such as TCGA, cBioPortal facili-
tates the identification of potential therapeutic
targets and biomarkers, thus advancing per-
sonalized medicine and enhancing cancer
research globally. In this study, cBioPortal data-
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base was utilized for the genetic alteration
analysis of PIAS family genes.

Correlation analysis of PIAS family genes with
immune subtypes and immune stimulators

TISIDB is an integrated repository designed to
facilitate the exploration of tumor-immune
interactions [24]. It consolidates diverse data
types, including genomic, transcriptomic, and
clinical data, to provide comprehensive in-
sights into the tumor-immune system interplay.
Researchers can utilize TISIDB to identify
immune-related biomarkers, analyze immune
cell infiltration patterns, and evaluate the
impact of various factors on tumor immunoge-
nicity. These resources support the develop-
ment of immunotherapies and enhance our
understanding of cancer immunology. In this
study, TISIDB database was used for the cor-
relation analysis of PIAS family genes with
immune subtypes and immune stimulators.

Correlation analysis of PIAS family genes with-
in the tumor microenvironment (TME)

TISCH2 is a specialized database focused
on the tumor microenvironment, providing a
comprehensive repository of single-cell RNA
sequencing (scRNA-seq) data [25]. It enables
detailed exploration of cellular heterogeneity
within tumors, offering insights into the com-
plex interactions between different cell types.
Researchers can access annotated scRNA-seq
datasets, perform comparative analyses, and
visualize cell-type-specific expression patterns.
TISCH2 aids in identifying potential therapeutic
targets and understanding tumor biology, thus
advancing cancer research and precision on-
cology. In this work, the TISCH2 database was
utilized for correlation analysis of PIAS family
genes in the TME.

Gene enrichment analysis

DAVID is a bioinformatics tool designed to pro-
vide functional interpretation of large lists of
genes or proteins [26]. It integrates a wide
array of biological data sources to offer com-
prehensive annotation and pathway analysis.
Users can uncover biological themes, perform
gene enrichment analysis, and visualize data
through various graphical outputs. DAVID aids
researchers in making sense of complex
genomic data, facilitating discoveries in func-
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tional genomics and systems biology. In our
study, we utilized DAVID for gene enrichment
analysis of the PIAS family genes

Correlation analysis of PIAS family genes with
immune cells and drug sensitivity

GSCA is an advanced bioinformatics tool
designed to analyze and interpret gene sets
within the context of cancer research [23]. It
integrates multi-omics data to provide insights
into the biological functions and pathways
associated with specific gene sets. GSCA offers
capabilities for gene set enrichment analysis,
visualization of molecular interactions, and
identification of potential therapeutic targets.
This tool helps researchers and clinicians
understand the molecular mechanisms of can-
cer and develop targeted treatment strategies.
Herein, GSCA was used to conduct correlation
analyses of PIAS family genes with immune
cells and drug sensitivity.

Cell culture and cell transfection

The human hepatocellular carcinoma cell line
HCC-LM3 was obtained from the American
Type Culture Collection (ATCC). All cells were
cultured at 37°C with 5% CO, in Dulbecco’s
Modified Eagle Medium (DMEM, Gibco, C11-
995500BT) supplemented with 10% bovine
serum (Gibco, 10091148) and 1% penicillin-
streptomycin (Gibco, 15140122).

Two gene-specific siRNAs targeting PIAS2 and
PIAS3 were designed and synthesized by
GenePharma Co., Ltd. (Shanghai, China). Cells
in 6-well plates (1.5 x 1075 cells/well) were
transfected with siRNAs (40 nM) using Lipo-
fectamine 2000 reagent (Invitrogen, Carlsbad,
CA, United States) according to the manufac-
turer’'s guidelines. Typically, gene silencing is
observed at both mRNA and protein levels 72
hours after transfection; therefore, the cells
were harvested and analyzed at this time point.

Reverse transcription quantitative polymerase
chain reaction (RT-gPCR)

Quantitative analysis of PIAS2, PIAS3, and
GAPDH (loading control) mRNA levels was per-
formed by RT-gPCR method using a 2x Power
SYBR Premix Ex TagTM (TaKaRa Bio INC, Japan)
in a Mastercycler ep realplex Real-Time System
(Eppendorf, Germany). The ACt (Delta Ct) meth-
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od was used for the expression analysis.
The following primers were used during
RT-gPCR: GAPDH-F: 5-ACCCACTCCTCCACCTT-
TGAC-3’, GAPDH-R: 5-CTGTTGCTGTAGCCAAA-
TTCG-3’; PIAS1-F: 5-TAAGGAGGATGGCACTTGG-
GCA-3’, PIAS1-R: 5-TGAGACGCTACCTGATGCTC-
CA-3’, PIAS2-F: 5-GTTCTTGGTGTCCAATGAGAC-
CG-3’, PIAS2-R: 5-TGCTTGCCTCACTGGCTACA-
GT-3’, PIAS3-F: 5-ACTCTCAGCCACTGTTCCCA-
AC-3’, PIAS3-R: 5-CAGTCAACTGCCTCACCAGG-
TA-3’, PIAS4-F. 5-CCAACCGCATTACTGTCACC-
TG-3’, PIAS4-R: 5-CGTCTTCAACCTCTGTAGCA-
GG-3.

Western blot analysis

For Western blotting, cells were collected, and
proteins were separated using 10% SDS-PAGE,
then transferred onto polyvinylidene fluoride
(PVDF) membranes. The membranes were
blocked with 5% bovine serum albumin (BSA,
Sigma, CAS No: 9048-46-8) in Tris-buffered
saline with Tween 20 (TBST). Following block-
ing, the membranes were incubated with spe-
cific primary antibodies at 4°C overnight. The
next day, the membranes were incubated with
secondary antibodies for 2 hours at room tem-
perature (15-30°C). Finally, the protein bands
were visualized using the Easysee Western Blot
Kit (Transgene, Alsace, France).

Colony formation and wound healing assays

For the colony formation assay, transfected
cells were seeded into 6-well plates at a densi-
ty of 1073 cells per well. After 8-10 days, the
cells were gently washed with PBS, fixed with
95% ethanol, and stained with 0.1% crystal
violet.

In transfected cells seeded in 12-well plates (2
x 1075 cells/well), a wound area was carefully
created by scraping the cell monolayer with a
sterile 10 yL pipette tip. The cells were then
washed once with Dulbecco’s PBS to remove
detached cells. Subsequently, the cells were
incubated at 37°C with 5% CO,. The width of
the wound area was monitored at various time
points using an inverted microscope.

Statistical analysis

Data were analyzed using SPSS 20.0 (IBM,
Armonk, NY, USA) and GraphPad Prism 5.0
(GraphPad Prism Software Inc., San Diego, CA,
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USA). Correlation analysis was performed using
the Pearson correlation method. Comparisons
between groups were made using Student’s
ttest, with P < 0.05 considered statistically
significant.

Results
Expression of PIAS family genes in pan-cancer

Figure 1 presents the expression analysis of
the PIAS family genes (PIAS1, PIAS2, PIAS3,
and PIAS4) across various cancers using data
from the TCGA database through UALCAN and
TNMplot. Figure 1A-D shows the differential
expression of PIAS1, PIAS2, PIAS3, and PIAS4,
respectively, in tumor versus normal samples
across multiple cancer types via the UALCAN.
PIAS1 (Figure 1A) demonstrates a notable
increase in expression in tumor samples com-
pared to normal samples in several cancers,
including lung adenocarcinoma (LUAD), kidney
renal papillary cell carcinoma (KIRP), liver hepa-
tocellular carcinoma (LIHC), lung squamous cell
carcinoma (LUSC), and stomach adenocarcino-
ma (STAD). PIAS2 (Figure 1B) shows relatively
higher levels in tumor samples for some can-
cers, but the differences are less pronounced
compared to PIAS1. PIAS3 (Figure 1C) also
shows elevated expression in tumor samples in
cancers like LUAD, KIRP, LIHC, LUSC, and STAD,
among others. PIAS4 (Figure 1D) demonstrates
higher expression in tumor samples in various
cancers, with some distinct differences observ-
able in the data. Figure 1E provides a pan-can-
cer analysis from the TNMplot database, com-
paring the log2 gene expression levels among
normal, tumor, and metastatic samples for the
PIAS genes. The density plots indicate that
PIAS1, PIAS2, PIAS3, and PIAS3 show a clear
shift towards higher expression levels in tumor
and metastatic samples compared to normal
samples, suggesting a potential role in cancer
progression. Overall, the data suggest that
PIAS1PIAS2, PIAS3, and PIAS4 have consistent
up-regulation in tumors and metastatic sam-
ples across different cancers.

Prognostic value of PIAS family genes across
pan-cancers

Figure 2 presents the results of univariate Cox
regression analyses evaluating the relationship
between the expression of PIAS family genes
(PIAS1, PIAS2, PIAS3, and PIAS4) and overall
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Figure 1. Expression analysis of PIAS gene family across various cancers using the cancer genome atlas (TCGA) data. A. Expression of PIAS1 across TCGA cancers
(with tumor and normal samples) using UALCAN. B. Expression of PIAS2 across TCGA cancers (with tumor and normal samples) using UALCAN. C. Expression of
PIAS3 across TCGA cancers (with tumor and normal samples) using UALCAN. D. Expression of PIAS4 across TCGA cancers (with tumor and normal samples) us-
ing UALCAN. E. Pan-cancer analysis of PIAS1, PIAS2, PIAS3, and PIAS4 expression across normal, tumor, and metastatic samples using TNMplot. Density plots
show log2 (gene expressions) distributions for each gene across different sample types: normal (red), tumor (blue), and metastatic (green). P-value < 0.05. UVM =
Uveal Melanoma, UCS = Uterine Carcinosarcom, UCEC = Uterine Corpus Endometrial Carcinoma, THYM = Thymoma, THCA = Thyroid Carcinoma, TGCT = Testicular
Germ Cell Tumors, STAD = Stomach Adenocarcinoma, SKCM = Skin Cutaneous Melanoma, SARC = Sarcoma, READ = Rectum Adenocarcinoma, PRAD = Prostate
Adenocarcinoma, PCPG = Pheochromocytoma and Paraganglioma, PAAD = Pancreatic Adenocarcinoma, OV = Ovarian Serous Cystadenocarcinoma, MESO = Meso-
thelioma, LUSC = Lung Squamous Cell Carcinoma, LUAD = Lung Adenocarcinoma, LIHC = Liver Hepatocellular Carcinoma, LGG = Brain Lower Grade Glioma, LAML
= Acute Myeloid Leukemia, KIRP = Kidney Renal Papillary Cell Carcinoma, KIRC = Kidney Renal Clear Cell Carcinoma, KICH = Kidney Chromophobe, HNSC = Head
and Neck Squamous Cell Carcinoma, GBM = Glioblastoma Multiforme, ESCA = Esophageal Carcinoma, DLBC = Lymphoid Neoplasm Diffuse Large B-cell Lymphoma,
COAD = Colon Adenocarcinoma, CHOL = Cholangiocarcinoma, CESC = Cervical Squamous Cell Carcinoma and Endocervical Adenocarcinoma, BRCA = Breast Inva-
sive Carcinoma, BLCA = Bladder Urothelial Carcinoma, and ACC = Adrenocortical Carcinoma.
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Figure 2. Univariate cox regression analyses of PIAS family genes across various cancers. A. Cox regression analyses
of PAIS1. B. Cox regression analyses of PAIS2. C. Cox regression analyses of PAIS3. D. Cox regression analyses of
PAIS4. P-value < 0.05. UVM = Uveal Melanoma, UCS = Uterine Carcinosarcom, UCEC = Uterine Corpus Endometrial
Carcinoma, THYM = Thymoma, THCA = Thyroid Carcinoma, TGCT = Testicular Germ Cell Tumors, STAD = Stomach
Adenocarcinoma, SKCM = Skin Cutaneous Melanoma, SARC = Sarcoma, READ = Rectum Adenocarcinoma, PRAD
= Prostate Adenocarcinoma, PCPG = Pheochromocytoma and Paraganglioma, PAAD = Pancreatic Adenocarcinoma,
QV = Ovarian Serous Cystadenocarcinoma, MESO = Mesothelioma, LUSC = Lung Squamous Cell Carcinoma, LUAD
= Lung Adenocarcinoma, LIHC = Liver Hepatocellular Carcinoma, LGG = Brain Lower Grade Glioma, LAML = Acute
Myeloid Leukemia, KIRP = Kidney Renal Papillary Cell Carcinoma, KIRC = Kidney Renal Clear Cell Carcinoma, KICH
= Kidney Chromophobe, HNSC = Head and Neck Squamous Cell Carcinoma, GBM = Glioblastoma Multiforme, ESCA
= Esophageal Carcinoma, DLBC = Lymphoid Neoplasm Diffuse Large B-cell Lymphoma, COAD = Colon Adenocarci-
noma, CHOL = Cholangiocarcinoma, CESC = Cervical Squamous Cell Carcinoma and Endocervical Adenocarcinoma,
BRCA = Breast Invasive Carcinoma, BLCA = Bladder Urothelial Carcinoma, and ACC = Adrenocortical Carcinoma.

survival (OS) across thirty-three cancer types
from the TCGA dataset. For each PIAS gene, the
hazard ratios (HR) and confidence intervals (Cl)
are displayed for different cancers. A hazard
ratio greater than 1 suggests that higher
expression of the PIAS gene is associated with
worse 0S, while a hazard ratio less than 1 indi-
cates better 0S. Most cancer types show HRs
close to 1, indicating no significant association
between PIAS (PIAS1, PIAS2, PIAS3, and PIAS4)
expression and OS (Figure 2A-D). However,
specific cancer types, notably, KIRP and LIHC,
consistently exhibit trends or significant asso-
ciations where higher expression of PIAS genes
correlates with worse OS (Figure 2A-D). This
pattern suggests that these genes may play a
more critical role in the prognosis of KIRP and
LIHC.

Next, we also used the KM plotter tool to fur-
ther evaluate the prognostic significance of
PIAS family genes in KIRP and LIHC. The KM
survival curves in Figure 3 evaluate the prog-
nostic roles of PIAS1, PIAS2, PIAS3, and PIAS4
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in KIRP and LIHC. The results consistently show
that higher expression levels of these PIAS
genes are associated with worse overall sur-
vival in both cancer types. Specifically, for KIRP,
high expression of PIAS1 (HR = 1.51, P =
0.017), PIAS2 (HR = 1.76, P = 0.0012), PIAS3
(HR=2.49, P=0.0038), and PIAS4 (HR = 2.66,
P = 0.0093) significantly correlate with reduced
survival probabilities (Figure 3A). Similarly, for
LIHC, high expression of PIAS1 (HR = 1.53, P =
0.042), PIAS2 (HR = 1.76, P = 0.0012), PIAS3
(HR = 1.76, P = 0.003), and PIAS4 (HR = 1.67,
P =0.0047) is also linked to poorer overall sur-
vival (Figure 3B). These findings suggest that
PIAS gene expression could serve as a valuable
prognostic biomarkerin KIRP and LIHC patients.

Genetic alteration analysis of PIAS family
genes

The genetic analysis of the PIAS family genes
using cBioPortal reveals distinct mutation pat-
terns in KIRP and LIHC. In KIRP, mutations were
found in 5 out of 281 samples (1.78%), with
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Figure 3. Survival analysis of PIAS gene family using KM plotter. A. Kaplan-Meier overall survival (OS) curves of PIAS family genes for kidney renal papillary cell car-
cinoma (KIRP) patients. B. Kaplan-Meier OS curves of PIAS family genes for kidney renal papillary cell carcinoma (KIRP) patients and liver hepatocellular carcinoma
(LIHC) patients. P-value < 0.05. HR = Hazard Ratio.
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PIAS2 being the most frequently altered gene
(40%), followed by PIAS1, PIAS3, and PIAS4,
each at 20% (Figure 4A). These mutations are
exclusively missense mutations and SNPs, with
a notable presence of T>C and C>T transitions
(Figure 4B). Conversely, in LIHC, only 1 out of
364 samples (0.27%) exhibited mutations, spe-
cifically in the PIAS3 gene (Figure 4C). Like
KIRP, these mutations are missense and single
nucleotide polymorphisms (SNPs), predomi-
nantly T>G and T>C transitions (Figure 4D).
Overall, the data indicate that genetic altera-
tions in the PIAS genes are infrequent in both
KIRP and LIHC, with missense mutations being
the most common type of alteration. The low
frequency of mutations suggests that while
these genes may play a role in cancer progres-
sion and prognosis, genetic alterations are not
the primary mechanism of their involvement.

Correlation of PIAS family genes with immune
subtypes

Figure 5 illustrates the correlation of PIAS fam-
ily gene expression with immune subtypes in
KIRP and LIHC using the TISIDB database. In
KIRP, the expression of PIAS1 and PIAS3 shows
significant variability across immune subtypes,
with PIAS1 being highest in C3 and C6, and
PIAS3 peaking in C3. PIAS2 and PIAS4 exhibit
less pronounced variation, with PIAS2 being
slightly higher in C1 and C5, and PIAS4 in C2
and C3 (Figure 5A). Conversely, in LIHC, PIAS
gene expression is more uniform across im-
mune subtypes (Figure 5B). PIAS2 and PIAS3
show the most variability, with PIAS2 peaking in
C6 and PIAS3 in C3, while PIAS1 and PIAS4 dis-
play minimal variation, with PIAS1 being slightly
higher in C6 and PIAS4 in C2 and C6 (Figure
5B). This analysis suggests differential regula-
tion of PIAS family genes across immune sub-
types in KIRP and LIHC, indicating their distinct
roles in the tumor microenvironment of these
cancers.

Correlation of PIAS family genes with TME

Figure 6 evaluates the correlation of PIAS fam-
ily gene expression with the TME in KIRP and
LIHC using the TISCH2 database. In KIRP
(Figure 6A), the expression of PIAS1, PIAS2,
and PIAS3 is primarily observed in the Mo-
nocytes/Macrophages cluster, indicating a sig-
nificant role in immune cell regulation within
the TME, while PIAS4 shows minimal expres-

6353

sion (Figure 6A). In contrast, LIHC (Figure 6B)
demonstrates that PIAS1, PIAS2, and PIAS3 are
predominantly expressed in the Malignant and
Monocytes/Macrophages clusters, with PIAS2
showing the highest intensity (Figure 6B).
PIAS4 has low expression levels mainly in the
Malignant cluster (Figure 6B). These patterns
suggest that PIAS genes play crucial roles in
both immune and tumor cells within the TME of
these cancers, potentially affecting tumor pro-
gression and immune response.

Correlation of PIAS family genes with immune
stimulators

The correlation analysis of PIAS family genes
with immune modulator genes was conducted
using the TISIDB database. The heatmaps in
Figure 7 reveal that PIAS family genes (PIAS1,
PIAS2, PIAS3, and PIAS4) demonstrate notable
negative correlations with key immune stimula-
tory genes in KIRP and LIHC. Specifically, in
both KIRP and LIHC, the PIAS genes show
negative correlations with ICOSLG (Inducible
T-cell Costimulator Ligand), IL12A (Interleukin
12A), IL6R (Interleukin 6 Receptor), TNFRSF14
(TNF Receptor Superfamily Member 14), and
TNFRSF18 (TNF Receptor Superfamily Member
18) (Figure 7A-D). These correlations suggest
that higher expression of PIAS genes might be
associated with reduced expression or activity
of these crucial immune stimulators, potential-
ly impacting the immune landscape and tumor
microenvironment in these cancers (Figure 7).
This negative correlation emphasizes the pos-
sible role of PIAS genes in modulating immune
responses in KIRP and LIHC, which could
have significant implications for understanding
tumor immune evasion and developing target-
ed therapies.

Gene enrichment analysis

The gene enrichment analysis for PIAS family
genes, illustrated in the attached figure via
DAVID, reveals significant associations across
various biological processes, cellular compo-
nents, molecular functions, and pathways.
Figure 8A highlights the enriched cellular com-
ponents, with PIAS genes being prominently
associated with the “PML body, nuclear speck,
and nuclear body, indicating their localization
and functional relevance within these nuclear
substructures”. Figure 8B focuses on molecu-
lar functions, showing strong enrichment for
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Figure 4. Genetic alteration analysis of PIAS gene family in kidney renal papillary cell carcinoma (KIRP) and liver hepatocellular carcinoma (LIHC) using cBioPortal.
A. Genetic alterations in PIAS1, PIAS2, PIAS3, and PIAS4 in KIRP samples (n = 281). B. Variant classification of observed mutations in KIRP. C. Genetic alterations
in PIAS1, PIAS2, PIAS3, and PIAS4 in LIHC samples (n = 364). D. Variant classification of observed mutations in LIHC. SNP = Single nucleotide polymorphism.
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Figure 5. Correlation analysis of PIAS family genes with immune subtypes in kidney renal papillary cell carcinoma
(KIRP) and liver hepatocellular carcinoma (LIHC) using TISIDB database. A. This panel presents box plots showing
the expression levels of PIAS1, PIAS2, PIAS3, and PIAS4 across six immune subtypes (C1 to C6) in KIRP. B. This
panel B displays similar box plots for LIHC. Each plot delineates the distribution of gene expression within each im-
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Figure 7. Correlation analysis of PIAS family genes with immune stimulator genes across various cancers using
TISIDB database. A. Correlation analysis of PIAS1 with immune stimulator genes. B. Correlation analysis of PIAS2
with immune stimulator genes. C. Correlation analysis of PIAS3 with immune stimulator genes. D. Correlation analy-
sis of PIAS4 with immune stimulator genes. The color scale ranges from blue (negative correlation) to red (positive
correlation), with the intensity of the color indicating the strength of the correlation. P-value < 0.05.
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“SUMO ligase activity and SUMO transferase
activity, emphasizing the role of PIAS genes in
the SUMOylation process”. This panel also
identifies associations with “transcription core-
pressor activity and ubiquitin-like protein ligase
activities, suggesting a broader involvement
in protein modification and gene regulation”.
Figure 8C delineates biological processes, with
significant enrichment in positive regulation of
“protein SUMOylation, and protein modification
by small protein conjugation, underscoring the
critical regulatory functions of PIAS genes in
post-translational modifications”. Lastly, Figure
8D highlights pathway enrichment, with nota-
ble associations in “ubiquitin-mediated prote-
olysis and JAK-STAT signaling pathways, impli-
cating PIAS genes in crucial signaling and pro-
tein degradation pathways”. These enrichment
results collectively emphasize the multifaceted
roles of PIAS genes in cellular processes, pro-
tein modification, and signaling pathways,
potentially contributing to their involvement in
cancer biology.
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Correlation of PIAS family genes with immune
cells and drug sensitivity

The correlation analysis of PIAS genes with
immune cells and drug sensitivity in KIRP and
LIHC was carried out using the GSCA database.
In Figure 9A, the expression of PIAS genes in
KIRP shows significant correlations with vari-
ous immune cell types. PIAS1 and PIAS4 dis-
play a strong negative correlation with CD4+ T
cells, CD8+ T cells, and macrophages, suggest-
ing a potential role in immune suppression
(Figure 9A). Conversely, PIAS2 shows a positive
correlation with these immune cells, indicating
a possible immunostimulatory effect (Figure
9A). PIAS3 has a less pronounced correlation
with immune cells compared to other PIAS
genes (Figure 9A). In Figure 9B, examining
LIHC, PIAS1, and PIAS4 again demonstrate a
strong negative correlation with multiple im-
mune cell types, including Tregs, CD4+ T cells,
and macrophages, while PIAS2 exhibits a posi-
tive correlation with these cells, similar to its
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pattern in KIRP (Figure 9B). This suggests a
consistent immunoregulatory role for PIAS
genes across different cancer types. PIAS3 in
LIHC shows a positive correlation with Tregs
and a negative correlation with CD8+ T cells,
indicating a complex interaction with the im-
mune microenvironment (Figure 9B). Figure 9C
highlights the correlation between PIAS gene
expression and drug sensitivity. All PIAS genes
show a significant negative correlation with
numerous drugs, implying that higher expres-
sion of PIAS genes is associated with increased
drug resistance. This negative correlation is
particularly notable with drugs like Trametinib,
TAK-715, and Afatinib, suggesting that PIAS
genes may contribute to chemotherapy resis-
tance in cancer treatment. Overall, these
results indicate that PIAS genes play critical
roles in modulating immune responses and
drug sensitivity in KIRP and LIHC, which could
have important implications for developing tar-
geted therapies and overcoming drug resis-
tance in these cancers.

Correlation of PIAS family genes expression
with tumor metastasis

Figure 10 presents the results of experiments
evaluating the role of PIAS2 and PIAS3 genes in
tumor metastasis using gene knockdown strat-
egies in HCC-LM3 cells. Gene expression analy-
sis (Figure 10A) and Western blotting (Figure
10B and Supplementary Figure 1) confirm suc-
cessful knockdown of PIAS2 and PIAS3, with
reduced expression levels and diminished pro-
tein bands, respectively. Figure 10C, 10D dem-
onstrates that the Ctrl-HCC-LM3 cells have the
highest colony formation, while the knockdown
of PIAS2 and PIAS3 results in fewer colonies,
suggesting these genes promote tumor growth.
Figure 10E, 10F displays cell migration through
wound healing assays, with PIAS2-HCC-LM3
and PIAS3-HCC-LM3 conditions showing signifi-
cantly enhanced wound healing compared to
the Ctrl-HCC-LM3 condition, indicating increa-
sed cell migration due to gene knockdown.
Overall, the results suggest that PIAS2 and
PIAS3 genes are crucial in tumor metastasis by
promoting colony formation and increasing cell
migration, making them potential targets for
cancer therapy.

Discussion

Cancer remains a leading cause of morbidity
and mortality worldwide, characterized by
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uncontrolled cell proliferation and the potential
for metastasis [27, 28]. The Protein Inhibitor of
Activated STAT (PIAS) family, comprising PIAS1,
PIAS2, PIAS3, and PIAS4, plays crucial roles in
regulating various cellular processes, including
transcriptional regulation and post-translation-
al modifications through SUMOylation [11, 29].
Our study provides a comprehensive analysis
of the expression, prognostic value, genetic
alterations, and functional implications of PIAS
family genes across multiple cancer types.

Our results show a consistent up-regulation of
PIAS1, PIAS2, PIAS3, and PIAS4 in tumor and
metastatic samples across various cancer
types compared to normal tissues. This obser-
vation aligns with previous studies that have
reported the overexpression of PIAS genes in
different cancers. For instance, PIAS1 has been
shown to be up-regulated in lung adenocarci-
noma and gastric cancer, suggesting its role in
promoting tumorigenesis [30]. Similarly, PIAS3
overexpression has been linked to poor progno-
sis in lung and breast cancers [31, 32]. Our
data extends these findings by demonstrating
the elevated expression of PIAS genes in a
broader range of cancers, underscoring their
potential as universal biomarkers for cancer
progression.

The univariate Cox regression analysis high-
lights the prognostic significance of PIAS gene
expression in KIRP and LIHC. Notably, high
expression levels of PIAS1, PIAS2, PIAS3, and
PIAS4 correlate with worse overall survival in
these cancer types. This is consistent with
previous reports where high PIAS1 expression
was associated with poor prognosis in prostate
cancer [33], and elevated PIAS3 levels were
linked to reduced survival in glioblastoma [34].
Our findings reinforce the prognostic value of
PIAS genes, particularly in KIRP and LIHC, sug-
gesting that they could serve as valuable bio-
markers for patient stratification and targeted
therapy.

Our genetic alteration analysis revealed infre-
quent but notable mutations in PIAS genes,
predominantly missense mutations and SNPs.
This low frequency of genetic alterations sug-
gests that while PIAS genes are crucial in can-
cer progression, their involvement might not
primarily depend on genetic mutations. Instead,
their role could be attributed to aberrant
expression or post-translational modifications.
This aligns with previous studies that have high-
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lighted the functional importance of PIAS pro-
teins in cancer through mechanisms such as
SUMOylation rather than genetic mutations
[35, 36].

Our analysis indicates differential expression of
PIAS genes across immune subtypes in KIRP
and LIHC, with significant variability, particular-
ly for PIAS1 and PIAS3. These genes showed
prominent expression in monocytes/macro-
phages and malignant cell clusters, suggesting
their involvement in modulating the TME.
Previous research has demonstrated that PIAS
proteins can influence immune responses,
such as PIAS3’s role in suppressing STAT3
activity, which is crucial for immune evasion in
tumors [11, 37]. Our findings suggest that PIAS
genes may contribute to shaping the TME by
regulating immune cell infiltration and activity,
thereby influencing tumor progression and
immune escape mechanisms.

Our correlation analysis revealed notable nega-
tive associations between PIAS gene expres-
sion and key immune stimulatory genes, such
as ICOSLG and IL12A, in KIRP and LIHC. This
negative correlation suggests that high PIAS
expression may dampen immune stimulatory
pathways, potentially aiding tumor immune
evasion. Additionally, our analysis showed a sig-
nificant correlation between PIAS gene expres-
sion and increased drug resistance, particularly
with targeted therapies like Trametinib and
Afatinib. These results are consistent with pre-
vious findings where PIAS1 was implicated in
resistance to chemotherapy in breast cancer
by modulating DNA damage repair pathways
[38, 39].

The knockdown experiments in HCC-LM3 cells
demonstrated that reducing PIAS2 and PIAS3
expression significantly impaired colony for-
mation and cell migration, highlighting their
roles in tumor growth and metastasis. This
functional evidence aligns with earlier studies
where PIAS2 knockdown inhibited cell proli-
feration and invasion in endometrial cancer
cells [40], and PIAS3 silencing reduced metas-
tasis in melanoma models [11]. Our findings
provide further support for the critical involve-
ment of PIAS genes in promoting metastasis,
suggesting that they could be potential targets
for therapeutic intervention to limit cancer
spread.
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Conclusion

In summary, our study provides a detailed
characterization of the PIAS family genes in
various cancers, highlighting their overexpres-
sion, prognostic value, limited genetic altera-
tions, and significant roles in modulating the
tumor microenvironment, immune responses,
and drug sensitivity. These findings contribute
to the growing body of evidence supporting
PIAS genes as crucial players in cancer biology
and potential targets for novel therapeutic
strategies. Future research should focus on
elucidating the precise mechanisms by which
PIAS proteins regulate these processes and
exploring their potential as biomarkers and tar-
gets in cancer treatment.
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Supplementary Figure 1. Representative uncut western blot analysis bands showing the expression levels of PIAS2
and PIAS3 proteins in HCC-LM3 cells. The Ctrl-HCC-LM3 lane represents control HCC-LM3 cells. The PIAS2-HCC-LM3
and PIAS3-HCC-LM3 lanes represent transfected HCC-LM3 cells. GAPDH was used as a loading control.



