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Abstract

Background: Protein inhibitor of activated STAT 2 (PIAS2) is highly expressed in various solid tumors. Its precise function as a
ferroptosis regulator in hepatocellular carcinoma (HCC) is still unknown. The purpose of this work was to determine whether PIAS2
overexpression attenuates erastin-induced ferroptotic changes and, in turn, is associated with the development of HCC in a manner that
correlates with changes in Glutathione Peroxidase 4 (GPX4) protein levels and small ubiquitin-like modifier 3 (SUMO3) modification
signals. Methods: Erastin (Era) was used to induce ferroptosis in HepG-2 and H22 cells, while Ferrostatin-1 (Fer-1) was employed for
validation. Western blotting, qPCR, and co-immunoprecipitation (Co-IP) were used to examine the expression and interaction of PIAS2
and GPX4. Ferroptosis markers (lipid-reactive oxygen species (ROS), malondialdehyde (MDA), glutathione (GSH), Fe2+), cell viability,
migration, and invasion were all analyzed. Functional rescue experiments were performed using PIAS2 overexpression (oe-PIAS2) and
GPX4 knockdown (sh-GPX4). In addition, a murine model of H22 cells in the right groin/lateral abdomen was established for in vivo
validation. Tumor weight and volume were measured in these animals. Additionally, tumor tissues were collected and subjected to
immunohistochemical staining for Ki-67 expression, as well as biochemical analysis of ferroptosis-related markers (GSH, MDA, Fe2+).
Results: In HCC cells, Era-induced ferroptosis resulted in a significant downregulation of PIAS2 and GPX4 expression, as well as
elevated levels of lipid ROS, MDA, and Fe2+, decreased GSH content, and decreased cell viability, migration, and invasion. Under Era-
treated conditions, overexpression of PIAS2 effectively reversed these changes, suppressing ferroptosis and partially restoring malignant
phenotypes within the context of Era challenge. Co-treatment with Fer-1 significantly reversed Era-induced ferroptotic changes and
rescued cell viability, migration, and invasion, without affecting PIAS2 expression, while also restoring GPX4 levels. Mechanistic studies
revealed that PIAS2 and GPX4 co-immunoprecipitate in HCC cells, and PIAS2 overexpression was associated with increased SUMO3
modification signals and higher remaining GPX4 protein levels at the examined 12- and 24-h CHX time points. GPX4 knockdown
attenuated the phenotypes observed under PIAS2 overexpression, suggesting possible involvement of GPX4 in the effects of PIAS2. In
Era-treated tumor-bearing mice, PIAS2 overexpression was associated with increased tumor growth, elevated Ki-67 and GPX4 levels,
and reduced ferroptosis indicators. Conclusion: PIAS2 overexpression was associated with increased GPX4 SUMO3 modification
signals and higher GPX4 protein levels at the examined CHX time points, together with reduced ferroptotic changes under Era-treated
conditions.
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1. Introduction

One of the most prevalent cancers in the world, hep-
atocellular carcinoma (HCC) poses a serious risk to hu-
man health due to its continuously growing incidence and
ranking as the third most common cause of cancer-related
death [1]. Owing to the liver’s strong compensatory capac-
ity, early-stage HCC is often asymptomatic, such that in
most cases it is only diagnosed in a more advanced stage,
at which time patients have missed the optimal window
for curative resection. The overall prognosis for HCC pa-
tients is still dismal, with a low five-year survival rate, de-
spite recent advancements in the development of more ef-

fective targeted treatments and immunotherapies [2]. In or-
der to improve clinical outcomes, it is crucial to understand
the molecular mechanisms underlying the development of
HCC and to find new treatment targets.

Ferroptosis is an iron-dependent kind of cell death that
differs from autophagy, necrosis, and apoptosis in terms of
its genetic regulation, biochemical dynamics, and morpho-
logical presentation. Its defining characteristic is the iron-
dependent build-up of lipid hydroperoxides, and one im-
portant biological characteristic is a substantial rise in in-
tracellular ferrous ions. Excess ferrous ions can cause fer-
roptosis by catalyzing the production of reactive oxygen
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species (ROS) and starting a cascade of lipid peroxidation
[3]. Ferroptosis plays a critical role in the formation and
evolution of a variety of malignancies, and its dysregula-
tion is strongly linked to malignant characteristics such as
invasion, metastasis, and treatment resistance, according to
an increasing amount of data [4,5,6]. Research has demon-
strated that ferroptosis induction significantly suppresses
tumor development in HCC, whereas ferroptosis inhibition
enhances HCC advancement [7,8]. According to these re-
sults, treating HCC may benefit from focusing on the fer-
roptosis pathway.

Small ubiquitin-like modifier (SUMO) modification
is one type of post-translational modification capable of
regulating a range of cellular processes by influencing tar-
get protein stability, nucleocytoplasmic transport, protein-
protein interactions, and transcriptional activity [9]. There
is strong evidence for the aberrant regulation of SUMOyla-
tion in HCC, where it contributes to tumor progression by
affecting HCC cell proliferation, apoptosis, invasion, and
metastasis [10]. Tumor tissues have been shown to pro-
duce more protein inhibitor of activated STAT 2 (PIAS2),
a member of the PIAS family of SUMO E3 ligases, than
nearby normal tissues [11]. Nevertheless, the exact molec-
ular processes by which PIAS2 controls the development
of HCC are still unclear, and its possible role in controlling
ferroptosis has not yet been fully explored.

A critical component of the glutathione system, glu-
tathione peroxidase 4 (GPX4) is essential for maintaining
intracellular redox equilibrium. GPX4 primarily converts
lipid hydroperoxides into non-toxic lipid alcohols, shield-
ing cells from damage caused by oxidative stress [12].
GPX4 is a crucial ferroptosis negative regulator that is
closely linked to the ferroptosis pathway in a number of
malignancies [13,14]. Furthermore, there is strong evi-
dence that GPX4 can be SUMOylated, thereby regulating
ferroptotic activity [15]. For instance, by controlling GPX4
SUMOylation, bone marrow stromal cells can prevent fer-
roptosis in myeloma cells [16]. However, whether PIAS2,
as a SUMO E3 ligase, can modulate GPX4 SUMOylation
and thereby be associated with ferroptosis and progression
in HCC cells has not been reported. Therefore, the current
study’s goal was to use complementary in vitro and in vivo
methods to examine the association between PIAS2’s mod-
ulatory effects on GPX4 SUMOylation and ferroptosis in
HCC cells, providing fresh functional insight into a novel
therapeutic target in this fatal cancer type.

2. Materials and Methods
2.1 Grouping and Cell Culture

Wuhan Procell Life Technology Co., Ltd. supplied
the H22 cells (CL0341) and HepG-2 cells (CL-0103).
The cells were grown at 37 °C in a humidified incuba-
tor with 5% CO2 in DMEM (Gibco, Waltham, MA, USA,
11965092) supplemented with 10% fetal bovine serum
(FBS, Gibco, 10099141C) and 1% penicillin/streptomycin

(Gibco, 15140122). All cell lines were negative for my-
coplasma contamination and were verified using STR pro-
filing. The following groups of cells were created: Con-
trol (Con), Erastin (Era), Era+oe-NC, Era+oe-PIAS2, and
Era+Fer-1 groups. The Con group underwent standard cul-
ture. The Era group was treated with 10 μM Era (Med-
ChemExpress, Monmouth Junction, NJ, USA, HY-15763)
for 24 hours [17]. For the Era+oe-NC and Era+oe-PIAS2
groups, cells were first transfected with the indicated con-
structs (oe-NC or oe-PIAS2) for 48 hours, followed by
treatment with 10 μM Erastin for an additional 24 hours.
The Era+Fer-1 group was co-treated with 10 μMEra and 10
μM Ferrostatin-1 (Fer-1, MedChemExpress, HY-100579)
for 24 hours. For all groups, final analyses were performed
at the end of the 24-hour drug treatment period (i.e., 72
hours after the start of transfection for transfected groups).

2.2 Cell Transfection

Following an overnight culture, transfection was car-
ried out in accordance with the manufacturer’s instruc-
tions using Lipofectamine 3000 (Thermo Fisher Scien-
tific, Waltham, MA, USA, L3000015). As needed, oe-
PIAS2, oe-NC, sh-GPX4, sh-PIAS2 or sh-NC constructs
were transfected into cells at a final concentration of 50
nM for shRNA constructs and 2 μg/mL for overexpres-
sion plasmids. Four hours after transfection, the me-
dia was changed, and the cells were then grown for
a further 48 hours. Shanghai GenePharma Co., Ltd.
(Shanghai, China) created all of the vectors. The fol-
lowing sequences were used for construct generation:
sh-PIAS2: 5′-GCAAGAGTTGCTACAGCATTT-3′; sh-
GPX4: 5′-GCTCATCACCGGTTCCCATTA-3′; sh-NC: 5′-
TTCTCCGAACGTGTCACGT-3′.

2.3 Animal Model and Treatment

Hunan Silaike Jingda Experimental Animal Co., Ltd.
(Changsha, Hunan, China) supplied twenty-four male
BALB/c nude mice that were between four and six weeks
old. Mice were kept in a particular pathogen-free habi-
tat with a temperature of 22 ± 1 °C, a relative humid-
ity of 50–60%, a 12-hour light/dark cycle, and full access
to food and drink. H22 cells in the logarithmic growth
phase were resuspended in PBS and adjusted to a density
of 1 × 107 cells/mL following a week of acclimatization.
Each mouse’s right flank received a subcutaneous injec-
tion of a 200 μL cell solution. Seven days after inocula-
tion, when visible tumors had developed (mean tumor vol-
ume ± SD: 98.3 ± 15.6 mm3), mice were randomized into
four groups (Con, Era, Era+oe-NC, and Era+oe-PIAS2)
by a researcher blinded to treatment using a computer-
generated random number sequence. Baseline tumor vol-
umes showed no significant difference among groups (p
> 0.05). For two weeks, mice in the Era, Era+oe-NC,
and Era+oe-PIAS2 groups were given intraperitoneal injec-
tions of Era (20 mg/kg) every other day in a vehicle con-
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sisting of 5% DMSO + 40% PEG300 + 5% Tween 80 +
50% saline (prepared fresh before each injection) [18]. An
equivalent amount of vehicle (5% DMSO + 40% PEG300
+ 5% Tween 80 + 50% saline) was given to the Con group.
Adeno-Associated Virus (AAV) vectors were constructed
using AAV8 serotype with a CMV/CBA hybrid promoter
driving the PIAS2 coding sequence or empty vector (oe-
NC). The viral titer was 1 × 1012 vg/mL, and each mouse
received 1 × 1011 vg (100 μL) via tail vein injection. Based
on preliminary validation experiments in our laboratory,
PIAS2 protein expression begins to rise approximately 24–
48 hours after AAV injection and remains elevated through-
out the experimental period. AAV vectors were adminis-
tered 30 minutes before the first Era injection. This tim-
ing was chosen to minimize the interval between AAV de-
livery and erastin administration to ensure that the overex-
pression vector is present systemically prior to ferroptosis
induction. The effects observed reflect sustained overex-
pression following AAV transduction over the two-week
treatment period, with erastin administration starting imme-
diately after AAV delivery to maintain temporal alignment
across all experimental groups. Mice were given an in-
traperitoneal injection of 1% sodium pentobarbital (Sigma,
Burlington, MA, USA, P3761, 50 mg/kg) to induce anes-
thesia twenty-four hours following the last treatment, and
they were terminated by cervical dislocation. Calipers were
used to measure, weigh, and remove the tumors. The tu-
mor volume (mm3) was computed as (length × width2)/2.
Tumors were imaged and kept at –80 °C. The complete ex-
perimental timeline was as follows: Day 0, H22 cell inoc-
ulation; Day 7, visible tumor formation and randomization
into groups; Day 7, AAV injection (30 min before first Era
dose); Days 7–20, Era injection every other day (total of 7
injections); Day 20, tumor collection and analysis. Animal
study was approved by the Institutional Animal Care and
Use Committee of Zhejiang Provincial Laboratory Animal
Center (Approval No.: ZJCLA-IACUC-20011376).

2.4 CCK-8 Cell Viability Assay

After being seeded at a density of 8 × 103 cells per
well in 96-well plates, the cells were cultivated for a full
day. Following the treatment protocol described in Sec-
tion 2.1 (48-hours transfection followed by 24-hours drug
treatment), Cell Counting Kit-8 (CCK-8) reagent (Med-
ChemExpress, Monmouth Junction, NJ, USA, HY-K0301)
was added at the end of the 24-hour drug treatment pe-
riod. This was followed by a 1.5-hour dark incubation pe-
riod. A microplate reader was used to measure absorbance
at 450 nm. The formula for calculating cell viability
was: (Absorbance of the experimental group–Absorbance
of the blank group)/(Absorbance of the control group – Ab-
sorbance of the blank group) × 100%. The complete time-
line for CCK-8 experiments was: Day 0, cell seeding; Day
1, transfection (for transfected groups) or no treatment (for
Control and Era groups); Day 3 (48 h post-transfection),

Erastin treatment (for drug-treated groups) for 24 hours;
Day 4, CCK-8 reagent addition and measurement.

2.5 Measurement of Cellular Lipid ROS Levels
HepG-2 and H22 cells were seeded in 6-well plates

and treated according to the protocol described in Section
2.1 (48 h transfection followed by 24 h drug treatment). At
the end of the drug treatment period, cells were stained and
analyzed. After staining the cells with 10 μmol/L BODIPY
581/591 C11 (Thermo Fisher Scientific, D3861) in DMEM,
the cells were incubated for 30 minutes at 37 °C. Cells were
examined under an inverted fluorescent microscope follow-
ing two PBS washes. ImageJ (Bethesda, MD, USA) was
used to measure the relative fluorescence intensity of lipid
ROS. The timeline was: Day 0, cell seeding; Day 1, trans-
fection (for transfected groups) or no treatment (for Control
and Era groups); Day 3 (48 h post-transfection), Erastin
treatment (for drug-treated groups) for 24 hours; Day 4,
staining and imaging.

2.6 Determination of GSH, MDA, and Fe2+ Content
Treated cells were collected at the end of the 24-hour

drug treatment period (i.e., 72 hours after transfection initi-
ation for transfected groups) for biochemical analysis. Ap-
proximately 10 mg of tumor tissue was collected, lysed
or homogenized, and centrifuged to obtain supernatant for
analysis. Malondialdehyde (MDA) and glutathione (GSH)
levels were measured using thiobarbituric acid colorime-
try and DTNB colorimetric methods (Nanjing Jiancheng
Bioengineering Institute, Nanjing, Jiangsu, China; MDA:
A003-1-2, GSH: A006-2-1). The Ferrous Iron Colorimet-
ric Assay Kit (Elabscience, Wuhan, Hubei, China, E-BC-
K773-M) was used to measure absorbance at 593 nm and
calculate Fe2+ concentration in accordance with the kit’s in-
structions. All biochemical parameters (GSH, MDA, Fe2+)
were normalized to total protein concentration in the same
samples, which was determined using a BCA protein as-
say kit (Beyotime, Shanghai, China, P0010). Results are
expressed as μmol/g protein.

2.7 Western Blotting
Proteins were extracted from cells at the end of the 24-

hour drug treatment period (72 hours after transfection ini-
tiation for transfected groups) or from tumor tissues. SDS-
PAGE was used to separate the proteins, which were then
deposited onto PVDF membranes (Millipore, Burlington,
MA, USA, BM3PB0236A) at 100 V in an ice bath. Af-
ter blocking the membranes with 5% non-fat milk for two
hours, the membranes were incubated with primary anti-
bodies at 4 °C for sixteen to twenty hours while being gen-
tly shaken. Following TBST washing, membranes were in-
cubated for 90 minutes at room temperature with match-
ing HRP-conjugated secondary antibodies (Biosharp, Bei-
jing, China, BL003A). Following washing, proteins were
scanned using a Tanon-5200 chemiluminescence imaging
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system (Shanghai Tanon Technology Co., Ltd., Shanghai,
China) and observed using ECL chemiluminescent sub-
strate (BIOMIKY, Shanghai, China, MK042A). ImageJ
was used to assess band intensity. Primary antibodies used
for this experiment included those specific for the follow-
ing: PIAS2 (Abcam, Cambridge, UK, ab137825, 1:1000),
GPX4 (Abcam, ab125066, 1:2000), β-actin (Cell Signaling
Technology, Danvers, MA, USA, 4970, 1:5000).

2.8 Co-Immunoprecipitation (Co-IP) and SUMOylation
Level Detection

Total protein was obtained by collecting and lysing
HepG-2 and H22 cells after 48 hours of transfection. After
adding pre-equilibrated protein A/G magnetic beads (Santa
Cruz Biotechnology, Dallas, TX, USA, sc-2003), the mix-
ture was incubated for a further four hours. Centrifuga-
tion was used to collect and wash the beads. To assess
protein-protein association, the immunoprecipitated com-
plexes were subjected to Western blotting using anti-GPX4
and anti-PIAS2 antibodies.

For detection of GPX4 SUMOylation, cells were
transfected with Flag-GPX4 constructs along with oe-
PIAS2, sh-PIAS2, or corresponding controls for 48 hours.
Cell lysates were first denatured by boiling in 1% SDS
for 10 minutes to break non-covalent contacts before be-
ing diluted ten times with lysis buffer to lower the SDS
content. Anti-Flag (Sigma-Aldrich, F1804, 1:100) was
used to immunoprecipitate Flag-GPX4 from the denatured
lysates overnight at 4 °C. After adding protein A/G mag-
netic beads, the mixture was incubated for a further four
hours. After extensive washing, the immunoprecipitated
complexes were eluted and analyzed by Western blotting
using anti-SUMO3 (Abcam, ab217862, 1:1000). Input con-
trols were also probed for Flag, GPX4 and SUMO3 to con-
firm equal protein loading and successful immunoprecipi-
tation. SUMOylation levels are presented as representative
blots and described qualitatively.

2.9 Transwell Invasion Assay and Migration Assay

For the invasion assay, 50 μL of Matrigel (Corn-
ing, Corning, NY, USA, 356234) was applied to transwell
chambers that included membranes with an 8 μm pore size
(Corning) in 24-well plates. Following treatment according
to the protocol described in Section 2.1 (48 h transfection
followed by 24 h drug treatment), cells were harvested at the
end of the 24-hour drug treatment period and resuspended
at 1 × 105 cells/mL in serum-free DMEM. Next, 600 μL
of DMEM media with 10% FBS was added to the lower
chamber and 200 μL of cell suspension was added to the
top chamber. Non-invading cells on the top surface were
eliminated during a 48-hour incubation period. After invad-
ing cells were fixed for 15 minutes with 4% paraformalde-
hyde (Servicebio, Wuhan, Hubei, China, G1101), they were
stained for 10 minutes with 0.1% crystal violet (Sigma,
C0775). Invaded cells were examined and tallied under a
microscope following washing.

For the migration assay (performed in parallel without
Matrigel), the same procedure was followed except that the
transwell membrane was not coated with Matrigel. Cells
were seeded at the same density in serum-free medium in
the upper chamber, with 10% FBS-containing medium in
the lower chamber as a chemoattractant. After 24 hours of
incubation, non-migrated cells on the upper surfacewere re-
moved, and migrated cells on the lower surface were fixed,
stained, and counted.

2.10 Immunohistochemistry (IHC)
Tumor tissues were sectioned (4 μm thick), fixed, and

paraffin-embedded. Sections were rehydrated with an al-
cohol gradient after being deparaffinized in xylene. 3%
H2O2 was used to stop endogenous peroxidase activity
for ten minutes. Using 0.01 mol/L sodium citrate buffer
(ZSGB-BIO, Beijing, China, ZLI-9064) heated in a mi-
crowave, antigen retrieval was carried out. After blocking
the sections for 20 minutes with 5% bovine serum albumin
(Sigma-Aldrich, A1933), they were treated for an entire
night at 4 °C with primary anti-Ki-67 (Abcam, ab15580,
1:500). Sections were incubated for 20 minutes at room
temperature with a secondary antibody (ZSGB-BIO, PV-
6000, 1:1000) the following day. Following washing, DAB
substrate (ZSGB-BIO, ZLI-9018) was used for color de-
velopment, and hematoxylin (ZSGB-BIO, ZLI-9609) was
used for counterstaining. After being cleansed and dehy-
drated, stained slices were examined under a microscope.

2.11 Real-Time Quantitative PCR (qPCR)
TRIzol reagent (Thermo Fisher Scientific, 15596026)

was used to extract total RNA from cells at the end of the
24-hour drug treatment period (i.e., 72 hours after transfec-
tion initiation for transfected groups, following the proto-
col in Section 2.1), and a reverse transcription kit (Thermo
Fisher Scientific, K1622) was used to reverse-transcribe the
RNA into cDNA. The SYBR Green technique was used for
qPCR. AQuantStudio™ 5 Real-Time PCR System (Thermo
Fisher Scientific) was used for amplification. The inter-
nal control was Actb. The 2–ΔΔCt technique was used to
calculate relative gene expression. The following were the
primer sequences:

Human PIAS2:
F: 5′-AGCTGCATCTACCACCTCCA-3′, R: 5′-

TGTAGCCGAGGTAGGCATTC-3′.
Human GPX4:
F: 5′-GAGGCAAGACCGAAGTAAACTAC-3′, R:

5′-CCGAACTGGTTACACGGGAA-3′.
Human β-actin:
F: 5′-CATGTACGTTGCTATCCAGGC-3′, R: 5′-

CTCCTTAATGTCACGCACGAT-3′.
Mouse PIAS2:
F: 5′-GCTTGCAACACAGCAAGTCT-3′, R: 5′-

TGTTGGCACTCAGGACACAG-3′.
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Mouse GPX4:
F: 5′-GATTGGTCTGTCTGCACGTG-3′, R: 5′-

GCCAGGCCTGTAGTATCCAA-3′.
Mouse β-actin:
F: 5′-CATTGCTGACAGGATGCAGA-3′, R: 5′-

CTGCTGGAAGGTGGACAGTG-3′.

2.12 RNA Stability Assay
Actinomycin D (ActD, 5 μg/mL, MedChemExpress,

HY-17559) was used to suppress transcription in HepG-
2 and H22 cells that had been transfected with oe-NC or
oe-PIAS2 constructs for 48 hours. Following ActD ther-
apy, cells were collected at 0, 6, 12, and 24 hours. GPX4
mRNA levels were assessed by qPCR after total RNA was
extracted. GPX4 mRNA expression at each time point
was normalized to the corresponding 0-hour value within
the same group (fold change relative to time 0) to eval-
uate mRNA decay kinetics. The complete timeline was:
Day 0, cell seeding; Day 1, transfection; Day 3 (48 h post-
transfection), ActD addition (0 h time point); 6, 12, and
24 hours after ActD, cell collection and RNA extraction.
GPX4 mRNA abundance at each time point was normal-
ized to the corresponding 0-h value within the same group,
which was set to 1.0 (100%), and was reported as the rela-
tive remaining GPX4 mRNA level to evaluate mRNA de-
cay over time.

2.13 Cycloheximide Chase Assay
HepG-2 and H22 cells were treated with cyclohex-

imide (CHX, 100 μg/mL, MedChemExpress, HY-12320)
to prevent protein synthesis after being transfected with oe-
NC or oe-PIAS2 for 48 hours. At 0, 12, and 24 hours fol-
lowing CHX treatment, cells were collected. GPX4 protein
levels were measured by Western blotting after total pro-
tein was extracted. Protein decay curves were generated
by plotting the percentage of remaining GPX4 protein rel-
ative to time zero; however, formal curve fitting for half-
life calculation was not performed. The complete timeline
was: Day 0, cell seeding; Day 1, transfection; Day 3 (48 h
post-transfection), CHX addition (0 h time point); 12 and
24 hours after CHX, cell collection and protein extraction.
GPX4 protein abundance at 12 and 24 h was normalized
to the corresponding 0-h value. The percentage of remain-
ing GPX4 protein was plotted descriptively; formal kinetic
curve fitting and half-life estimation were not performed.

2.14 Statistical Analysis
The information is displayed as mean ± standard de-

viation (SD). GraphPad Prism 8.0 (San Diego, California,
USA) was used for statistical analysis. One-way analysis
of variance (ANOVA) was used to examine differences be-
tween many groups, and LSD-t testing was used for pair-
wise comparisons. Statistical significance was defined as a
p-value of less than 0.05.

3. Results
3.1 PIAS2 Overexpression Is Associated With Reduced
Ferroptosis in HCC Cells

We initially looked at the expression of PIAS2 and
GPX4 in HCC cells in order to look into the impact of
PIAS2 on ferroptosis. HepG-2 and H22 cells treated with
Era had substantially lower levels of PIAS2mRNAand pro-
tein as well as GPX4 protein expression compared to the
control group, according to qPCR and Western blotting (p
< 0.05). On the other hand, PIAS2 and GPX4 expression
levels were considerably higher in the Era+oe-PIAS2 group
than in the Era+oe-NC group (p < 0.05). When compared
to the Era group, co-treatment with Fer-1 did not substan-
tially change PIAS2 expression (p > 0.05), but it did sig-
nificantly restore GPX4 expression (p < 0.05, Fig. 1A,B).
Further analysis of ferroptosis-relatedmarkers revealed that
Era therapy significantly reduced GSH content and raised
levels of lipid ROS, MDA, and Fe2+ in comparison to the
control group (p < 0.05, Fig. 1C–F). Conversely, com-
pared to the Era+oe-NC group, PIAS2 overexpression in
the Era+oe-PIAS2 group significantly enhanced GSH con-
tent and decreased lipid ROS, MDA, and Fe2+ levels (p <
0.05, Fig. 1C–F). In contrast to the Era group, co-treatment
with Fer-1 effectively reversed Era-induced ferroptosis, as
seen by reduced lipid ROS and MDA levels, restored GSH
content, and recovered Fe2+ levels (p < 0.05, Fig. 1C–F).
These results indicate that PIAS2 inhibits Era-induced fer-
roptosis in HCC cells.

3.2 PIAS2 Overexpression Correlates With Reduced
Ferroptosis and Is Accompanied by Increased Cell
Viability, Migration, and Invasion Under Era-Treated
Conditions

HepG-2 and H22 cell viability was considerably lower
in the Era group than in the control group, according to the
CCK-8 test findings (p < 0.05). Comparing the Era+oe-
PIAS2 group to the Era+oe-NC group, PIAS2 overexpres-
sion considerably improved cell viability in the presence of
Era (p < 0.05). In comparison to the Era group, co-treatment
with Fer-1 also considerably improved cell viability (p <
0.05, Fig. 2A). Transwell assay results demonstrated that
cells in the Era group exhibited reduced migratory and in-
vasive capacities as compared with the control group (p <
0.05), whereas those in the Era+oe-PIAS2 group were con-
siderably greater than those in the Era+oe-NC group under
Era treatment (p < 0.05). Comparing these cells to the Era
group, Fer-1 treatment considerably increased their abil-
ity to migrate and invade (p < 0.05, Fig. 2B). These re-
sults imply that under Era-induced ferroptotic conditions,
PIAS2 overexpression is associated with changes in HCC
cell motility, invasion, and cell viability within the context
of Era challenge.
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Fig. 1. PIAS2 overexpression is associated with reduced ferroptosis in HCC cells. (A) Western blotting and qPCR measurements of
PIAS2 expression in HepG-2 and H22 cells. (B) GPX4 expression in HepG-2 and H22 cells was examined by Western blotting. (C–F)
Measurement of lipid ROS (Scale bars: 100 μm), GSH, MDA, and Fe2+ levels in cells using appropriate commercial assay kits. n = 3, *p
< 0.05, **p < 0.01, ***p < 0.001. PIAS2, Protein Inhibitor of Activated STAT 2; HCC, Hepatocellular Carcinoma; qPCR, Quantitative
Real-Time Polymerase Chain Reaction; GPX4, Glutathione Peroxidase 4; ROS, Reactive Oxygen Species; GSH, Glutathione; MDA,
Malondialdehyde; Era, Erastin. Unless otherwise indicated, n = 3 independent biological experiments performed using separately cultured
and independently transfected cell batches.

3.3 PIAS2 Overexpression Is Associated With Regulation
of GPX4 Levels and Enhanced SUMOylation

HepG-2 and H22 cells were subsequently treated with
oe-PIAS2, sh-PIAS2, or comparable control constructs in
order to explore the molecular association between PIAS2

and GPX4 regulation. Western blotting confirmed that
overexpression of PIAS2 significantly upregulated both
PIAS2 and GPX4 at the protein level compared to oe-NC
group (p < 0.05, Fig. 3A). To assess SUMOylation, Flag-
GPX4 was immunoprecipitated with anti-Flag and blot-
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Fig. 2. PIAS2 overexpression correlates with reduced ferroptosis and is accompanied by increased cell viability, migration, and
invasion under Era-treated conditions. (A) Cell viability study with CCK-8. (B) Transwell test for invasion and migration of cells
(Scale bars: 100 µm). n = 3, *p < 0.05, **p < 0.01, ***p < 0.001. CCK-8, Cell Counting Kit-8. Unless otherwise indicated, n = 3
independent biological experiments performed using separately cultured and independently transfected cell batches.

ted for SUMO3. Whole cell lysates were also probed for
Flag, SUMO3, PIAS2, and β-actin to confirm equal pro-
tein expression and successful immunoprecipitation. As
shown in Fig. 3B, in both HepG-2 and H22 cells, the
SUMO3-modified GPX4 band intensity appeared consid-
erably higher in the oe-PIAS2 group than in the control
treatment, while it appeared markedly lower in the sh-
PIAS2 group than in the control group by visual inspec-
tion of the representative blots. Co-IP results confirmed co-
immunoprecipitation of PIAS2 and GPX4 in both of these
cell types, indicating that these two proteins are present in
the same protein complex (Fig. 3C). To determine whether
PIAS2 overexpression affects GPX4 mRNA stability, we
first examined GPX4 mRNA decay using actinomycin D
chase assays. As shown in Fig. 3D, in both HepG-2 and
H22 cells, the GPX4 mRNA decay rate was considerably
slower in the oe-PIAS2 group than in the oe-NC group at 6,
12, and 24 hours (p < 0.05, Fig. 3D). This indicates that
PIAS2 overexpression is associated with reduced GPX4
mRNA degradation, suggesting a regulatory effect at the
post-transcriptional mRNA stability levels. Next, we used

CHX chase experiments to investigate how PIAS2 over-
expression affected the stability of the GPX4 protein. As
shown in Fig. 3E, GPX4 protein levels gradually decreased
over time following CHX treatment in both groups. How-
ever, at 12 and 24 hours, the rate of GPX4 protein decline
in the oe-PIAS2 group was noticeably slower than that of
the oe-NC group (p < 0.05, Fig. 3E). These results sug-
gest that PIAS2 overexpression is associated with reduced
GPX4 protein degradation, and this effect correlates with
its physical association with GPX4 in cells and enhanced
SUMOylation signals.

3.4 GPX4 Knockdown Is Associated With Attenuation of
the Phenotypic Changes Observed With PIAS2
Overexpression in HCC Cells

GPX4 knockdown studies were then carried out to
further explore whether GPX4 might be involved in the
PIAS2-associated control of ferroptosis and HCC tumor
growth in HCC cells. GPX4 expression was consider-
ably lower in the Era+oe-NC+sh-NC group than in the
oe-NC+sh-NC group for both examined cell lines, ac-
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Fig. 3. PIAS2 overexpression is associated with regulation of GPX4 levels and enhanced SUMOylation. (A) Western blotting study
of the levels of GPX4 and PIAS2 in HepG-2 and H22 cells. (B) Immunoprecipitation (IP)-based detection of GPX4 SUMOylation levels.
(C) Co-IP assay analysis of PIAS2-GPX4 physical association. (D) Actinomycin D chase assay assessing GPX4 mRNA stability. (E)
CHX chase assay examining GPX4 protein stability. n = 3, *p < 0.05, **p < 0.01, ***p < 0.001. SUMO, Small Ubiquitin-like Modifier;
Co-IP, Co-Immunoprecipitation; CHX, cycloheximide. Unless otherwise indicated, n = 3 independent biological experiments performed
using separately cultured and independently transfected cell batches.

cording to Western blotting (p < 0.05). GPX4 expres-
sion was considerably higher in the PIAS2 overexpression
group (Era+oe-PIAS2+sh-NC) than in the Era+oe-NC+sh-
NC group (p < 0.05). However, knocking down GPX4
(Era+oe-PIAS2+sh-GPX4 group) markedly reversed this

increase (p < 0.05, Fig. 4A). Ferroptosis marker analyses
showed that, in comparison to the oe-NC+sh-NC group,
the Era therapy (Era+oe-NC+sh-NC group) significantly
raised lipid ROS, MDA, and Fe2+ levels while lowering
GSH content (p < 0.05). PIAS2 overexpression ameliorated
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these changes (p < 0.05), but subsequent GPX4 knockdown
reversed the positive effects of PIAS2 overexpression on
these phenotypes, resulting in higher lipid ROS, MDA, and
Fe2+ levels along with a reduction in GSH content (p < 0.05,
Fig. 4B–E). Cell viability, migration, and invasion were
considerably lower in the Era+oe-NC+sh-NC group than in
the oe-NC+sh-NC group, according to functional tests (p
< 0.05). In comparison to the levels seen in the Era+oe-
NC+sh-NC group, overexpressing PIAS2 increased the vi-
tality, migratory, and invasive capabilities of these cells
(p < 0.05), whereas GPX4 knockdown effectively attenu-
ated this restoration (p < 0.05, Fig. 4F,G). These findings
suggest that GPX4 knockdown attenuated the phenotypic
changes associated with PIAS2 overexpression, indicating
a possible involvement of GPX4 in the phenotypic effects
linked to PIAS2 modulation in HCC cells.

3.5 PIAS2 Overexpression Is Associated With Increased
Tumor Growth and Reduced Ferroptosis in Era-Treated
Mice In Vivo

Tumor size, volume, and weight were significantly re-
duced in the Era group compared to the Control group in
tumor-bearing mice (p < 0.05). Conversely, the Era+oe-
PIAS2 group had substantially larger tumor size, volume,
and weight than the Era+oe-NC group in Era-treated ani-
mals (p < 0.05, Fig. 5A). IHC analysis showed that Ki-67
staining intensity appeared substantially lower in the Era
group than in the Control group by visual inspection, while
it appeared higher in the Era+oe-PIAS2 group than in the
Era+oe-NC group under Era treatment (Fig. 5B). Accord-
ing toWestern blotting, tumors from the Era group had con-
siderably lower levels of PIAS2 and GPX4 proteins than
tumors from the control group (p < 0.05), but tumors from
the Era+oe-PIAS2 group had significantly greater levels
than those from the Era+oe-NC group in the presence of
Era (p < 0.05, Fig. 5C). Analyses of intratumoral GSH,
MDA, and Fe2+ levels further revealed that the Era group
had decreased GSH content and considerably higher MDA
and Fe2+ levels than the Control group (p < 0.05). In con-
trast, when compared to the Era+oe-NC group, the Era+oe-
PIAS2 group showed considerably reduced MDA and Fe2+
levels together with greater GSH content under Era treat-
ment (p < 0.05, Fig. 5D–F). These in vivo results confirm
that PIAS2 overexpression is associated with reduced fer-
roptotic activity while correlating with increased HCC tu-
mor growth in Era-treated mice.

4. Discussion
HCC remains a highly prevalent form of cancer

throughout the globe, and is characterized by strong inva-
siveness and poor prognostic outcomes. The development
of tailored therapy approaches appropriate for clinical ap-
plication may be facilitated by research aimed at identify-
ing the primary molecular pathways driving its malignant
growth. Ferroptosis is a unique type of controlled cell death

that is crucial to the formation, initiation, and response to
therapy of tumors. Lipid peroxide buildup, iron-dependent
oxidative damage, and disruption of the antioxidant sys-
tem are all components of ferroptotic cell death. GPX4
is a fundamental antioxidant enzyme that can prevent fer-
roptosis by removing lipid peroxides [19]. By mediating
the SUMOylation of target proteins, PIAS2, a significant
SUMO E3 ligase, influences a number of biological pro-
cesses, such as tumor cell growth and apoptosis [20]. Ac-
cording to the findings of this study, under the Era treatment
conditions, PIAS2 overexpression is associated with HCC
cell viability, migration, invasion, and in vivo tumor devel-
opment in a manner that correlates with enhanced GPX4
SUMOylation and reduced ferroptosis in HCC cells. These
results point to this route as a novel target for treatment of
HCC.

As ferroptosis is a form of programmed cell death con-
trolled by the GPX4-mediated lipid antioxidant system, the
dysregulation of the regulatory pathway is closely linked to
the progression of HCC and other malignancies. This has
spurred growing interest in targeting the ferroptosis path-
way to guide HCC treatment [21,22]. Era is a well-known
ferroptosis inducer that starts this type of cell death by low-
ering GSH levels, decreasing GPX4 activity, and blocking
system Xc-activity [23]. In this study, we first used Era
treatment to establish a model of ferroptotic induction in
HCC cells. In these experiments, Era treatment dramati-
cally reduced the expression of GPX4 and PIAS2 in HepG-
2 and H22 cells, accompanied by characteristic changes in
ferroptosis markers. Overexpression of PIAS2 effectively
reversed these changes, upregulating GPX4 expression and
inhibiting Era-induced ferroptosis. These findings are con-
sistent with a ferroptosis-suppressive role of PIAS2 in HCC
cells, suggesting that PIAS2 may be involved in the regu-
lation of ferroptosis and tumor cell survival. In line with
our findings, Wu et al. [24] reported that PIAS2 binds to
and enhances the activity of the Zinc Finger Homeobox
3 (ZFHX3) transcription factor, thereby accelerating can-
cer cell proliferation. The processes of tumor development
and metastasis depend on the tumor cells’ capacity to mul-
tiply, move, and infect neighboring tissues. The connec-
tion between ferroptosis and these malignant behaviors has
become a focus of intensive research interest [25]. Exper-
imental evidence has confirmed that inhibiting ferroptosis
enhances malignant phenotypes, whereas ferroptotic induc-
tion suppresses tumor progression [26,27,28]. Our results
support these findings, demonstrating that Era-induced fer-
roptosis significantly reduces HCC cell viability and in-
hibits both migratory and invasive activity. PIAS2 overex-
pression attenuates ferroptosis under Era treatment, thereby
markedly reversing the suppressive effects of Era, restoring
cell viability, and enhancingmigratory and invasive activity
in the context of Era challenge. It should be noted that Tran-
swell migration and invasion results may be partially influ-
enced by differences in cell viability, as reduced viability
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Fig. 4. GPX4 knockdown is associated with attenuation of the phenotypic changes observed with PIAS2 overexpression in HCC
cells. (A) GPX4 expression in HepG-2 and H22 cells exposed to the specified conditions was examined using Western blotting. (B–E)
Lipid ROS (Scale bars: 100 μm), GSH, MDA, and Fe2+ levels in cells from the indicated treatment groups. (F) Investigation of cell
viability using the CCK-8 test. (G) Analysis of cell invasion and migration using transwell assays (Scale bars: 100 μm). n = 3, *p < 0.05,
**p < 0.01, ***p < 0.001. Unless otherwise indicated, n = 3 independent biological experiments performed using separately cultured
and independently transfected cell batches.
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Fig. 5. PIAS2 overexpression is associated with increased tumor growth and reduced ferroptosis in Era-treated mice in vivo.
(A) Tumor appearance, volume, and weight in mice from the indicated groups. (B) Ki-67 expression in tumor tissues as determined by
immunohistochemistry (Scale bars: 100 μm). (C) Western blotting study of tumor tissue expression of GPX4 and PIAS2, n = 3. (D–F)
GSH, MDA, and Fe2+ levels as measured in tumor tissue samples. n = 6, *p < 0.05, **p < 0.01, ***p < 0.001. For Western blotting in
panel C, n = 3 independent tumor samples per group. For tumor growth and biochemical measurements in panels A and D–F, n = 6 mice
per group. Each mouse was treated as one biological replicate.

could indirectly affect the number of cells available to mi-
grate or invade. However, the consistency of effects across
multiple assays supports a ferroptosis-associated contribu-
tion to these phenotypic changes. We further performed
validation experiments using the specific ferroptosis in-
hibitor Fer-1, revealing that co-treatment with Fer-1 effec-
tively reversed Era-induced changes in ferroptosis-related
markers, including decreased lipid ROS, MDA, and Fe2+
levels, while also restoring GSH content and rescuing Era-

associated changes in cell viability, migration, and inva-
sion. Notably, Fer-1 treatment did not significantly affect
PIAS2 expression, but it effectively restored GPX4 protein
levels, indicating an association between GPX4 restora-
tion and the reversal of ferroptotic changes. These find-
ings are consistent with the interpretation that the pheno-
typic changes associated with PIAS2 overexpression un-
der Era-induced conditions are closely linked to modulation
of the ferroptosis pathway, although the possibility of con-
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tributions from other pathways cannot be excluded. Con-
sistent with this, studies in HepG-2 and Huh7 cells have
previously demonstrated that Era significantly reduces vi-
ability and migratory activity, while N-Myc Downstream
Regulated Gene 1 (NDRG1) knockdown further ampli-
fies these effects, accompanied by elevated Fe2+, ROS,
and lipid-ROS levels and morphological changes consis-
tent with pronounced ferroptotic induction [29]. Further-
more, in vivo tumor investigations in Era-treated animals
showed that PIAS2 overexpression markedly increased tu-
mor development, tumor volume and weight, and Ki-67 ex-
pression in tumor tissues from Era-treated animals, which
is consistent with our in vitro findings. These consistent
in vitro and in vivo findings obtained under ferroptotic in-
duction conditions suggest that PIAS2 overexpression is
associated with phenotypic changes that correlate with re-
duced ferroptosis in HCC, highlighting a potential associ-
ation that may be relevant to HCC development under fer-
roptotic stress. However, it should be emphasized that the
in vivo experiments were limited to the detection of PIAS2,
GPX4, Ki-67, and redox markers, and did not assess GPX4
SUMO3 modification, the PIAS2–GPX4 complex, or per-
form genetic reversal experiments in tumor tissues. Future
studies incorporating in vivo SUMOylation detection, co-
immunoprecipitation from tumor tissues, and genetic res-
cue experiments will be required to confirm this mechanis-
tic axis in the physiological context.

PIAS family proteins are important SUMO-
conjugating enzymes that regulate target protein sta-
bility, localization, and function via SUMOylation [30].
SUMOylation of many tumor-associated proteins has been
linked to PIAS2 [31]. The protein level stability of GPX4
is essential for it to effectively regulate ferroptosis through
its core antioxidant functions [32], and post-translational
SUMOylation can modulate GPX4 stability and activity
[33]. Here, the association between PIAS2 and GPX4
was explored in greater detail, revealing that PIAS2
overexpression significantly upregulated GPX4 protein
levels and was associated with enhanced GPX4 SUMO3
modification in HCC cells. Co-IP experiments confirmed
co-immunoprecipitation between PIAS2 and GPX4, indi-
cating that these two proteins exist in the same complex
in cells, which is consistent with the notion that PIAS2
may influence GPX4 by associating with it and correlating
with its SUMOylation. Furthermore, the actinomycin D
chase experiment revealed that PIAS2 overexpression
is associated with a slower decay rate of GPX4 mRNA,
suggesting a potential effect at the post-transcriptional
level. By contrast, the cycloheximide chase experiment
demonstrated that PIAS2 overexpression correlates with
a slower decline in GPX4 protein levels, which may
be mechanistically linked to SUMOylation-mediated
enhancement of protein stability. We then conducted
rescue studies to shed light on GPX4’s function in the
PIAS2-mediated control of ferroptosis and the malignant

development of HCC under Era challenge. This method
demonstrated that GPX4 knockdown effectively reversed
the elevation of GPX4 seen in response to PIAS2 overex-
pression and attenuated PIAS2’s inhibitory influence on
ferroptosis, resulting in elevated levels of lipid ROS, MDA,
and Fe2+ along with a decrease in GSH content. Moreover,
the increases in cell viability, migratory, and invasive
activities associated with PIAS2 overexpression under
Era-treated conditions were successfully attenuated by
GPX4 knockdown. These rescue experiments suggest that
PIAS2 overexpression is associated with enhanced GPX4
protein levels and SUMOylation signals, and that GPX4
knockdown attenuates these effects, raising the possibility
that GPX4 may contribute to the phenotypic changes
associated with PIAS2 modulation under erastin-induced
ferroptotic stress. In further support of a potential link
between SUMOylation regulation and GPX4, Wang et
al. [34] discovered that via de-SUMOylating β-catenin,
Sentrin/SUMO-Specific Protease 5 (SENP5) increases
GPX4 expression, preventing ferroptosis and accelerating
the development of endometrial cancer.

5. Limitations
First, although SUMO3 was selected as the focus of

the current study based on our preliminary screening, we
did not examine other SUMO isoforms, such as SUMO1
or SUMO2. Given that PIAS2 also reportedly plays a role
in influencing these modifications, we cannot rule out the
possibility that PIAS2 may additionally modulate GPX4
function through SUMO1 or SUMO2 conjugation. Fu-
ture studies focused on the systematic evaluation of all
SUMO paralogs will be necessary to fully elucidate the
spectrum of PIAS2-mediated GPX4 SUMOylation. Sec-
ond, due to time constraints, we were unable to perform
comprehensive PIAS2 knockdown/knockout experiments
to further verify its regulatory effects on ferroptosis and
its association with GPX4 SUMOylation. We plan to con-
duct experiments in future investigations through the use
of CRISPR/Cas9-mediated knockout or siRNA-mediated
knockdown approaches. Third, while all of our results
point to a regulatory function for PIAS2 in the SUMOy-
lation and expression of GPX4, they do not provide defini-
tive proof that PIAS2 acts as a direct SUMO E3 ligase for
GPX4. To confirm this direct regulatory relationship, in
vitro SUMOylation assays would need to be conducted us-
ing purified proteins to demonstrate direct enzymatic activ-
ity. Fourth, while our rescue experiments demonstrate that
GPX4 knockdown attenuates several phenotypic changes
associated with PIAS2 overexpression, they do not estab-
lish GPX4 as the sole or definitive downstream mediator
of PIAS2, nor do they prove a direct regulatory relation-
ship. Future studies, such as proteomic screening or res-
cue experiments with SUMOylation-deficient GPX4 mu-
tants, will be essential to determine the specificity of the
PIAS2-GPX4 axis. Fifth, due to the limited availability
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of well-annotated clinical specimens, we were unable to
validate the clinical relevance of the PIAS2-GPX4 axis in
HCC patient samples. Its translational importance has to
be confirmed by additional research using separate cohorts.
These limitations may partially constrain the direct trans-
lational implications of our current findings, but they also
open promising avenues for future investigations, includ-
ing site-directed mutagenesis studies, approaches employ-
ing immunocompetent mouse models, and retrospective or
prospective clinical analyses.

6. Conclusion
In summary, this work shows that PIAS2 and GPX4

co-immunoprecipitate in HCC cells, and PIAS2 overex-
pression is associated with enhanced SUMOylation signals
and stabilization as well as upregulation of GPX4 protein
levels. Under erastin-induced ferroptotic conditions, this
correlates with increased resistance of HCC cells to ferrop-
tosis, which is accompanied by restoration of tumor cell in-
vasion, cell viability, and in vivo tumor development in the
context of Era challenge. Furthermore, GPX4 knockdown
attenuated the phenotypes observed under PIAS2 overex-
pression, suggesting possible involvement of GPX4. These
discoveries provide fresh perspectives to guide HCC treat-
ment while also extending our knowledge of SUMOyla-
tion’s function in tumor metabolism and cell death. Tar-
geting PIAS2 or its association with GPX4 SUMOylation
may represent an effective approach to disrupting ferrop-
totic defenses in tumor cells, rendering themmore sensitive
to existing treatments.
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