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SUMOylation inhibitor TAK-981 suppresses proliferation and
induces apoptosis in SK-UT-1B uterine leiomyosarcoma cells
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Abstract. Uterine leiomyosarcoma (Ut-LMS) is an aggressive
smooth muscle malignancy with limited therapeutic options
and a poor prognosis, underscoring the need for new molec-
ularly-targeted therapies. TAK-981 (subasumstat), a selective
inhibitor of small ubiquitin-like modifier (SUMO)-activating
enzymes, exhibits antitumor activity in several types of cancer;
however, to the best of our knowledge, its therapeutic potential
in Ut-LMS has not been explored. The current study evaluated
the effects of TAK-981 on human Ut-LMS cells and revealed
that SK-UT-1B cells exhibited markedly greater sensitivity to
TAK-981 than SK-UT-1 cells. TAK-981 substantially reduced
SK-UT-1B cell viability in a time- and concentration-depen-
dent manner, whereas SK-UT-1 cells demonstrated a minimal
response to TAK-981 at similar doses. Annexin V staining
confirmed that TAK-981 induced the apoptosis of SK-UT-1B
cells after 48 h, with apoptotic populations increasing propor-
tionally with drug concentration. Furthermore, TAK-981
induced G,/G, cell cycle arrest and markedly decreased
Ki67 expression, indicating suppressed proliferative activity.
TAK-981 also triggered substantial intracellular reactive
oxygen species (ROS) accumulation and mitochondrial
membrane depolarization, and antioxidant co-treatment
demonstrated that apoptosis was partially ROS-dependent.
Western blotting indicated robust inhibition of SUMO2/3
conjugation and activation of apoptotic markers, including
cleaved caspase-3 and poly (ADP-ribose) polymerase, with
the upregulation of p21 and p53. By contrast, autophagy
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markers, such as LC3B and p62, were unchanged, indicating
that TAK-981 exerted its cytotoxic effects independently of the
autophagic pathway. Collectively, these findings suggested that
TAK-981 suppressed proliferation and induced apoptosis in
SK-UT-1B Ut-LMS cells, accompanied by SUMOylation inhi-
bition, ROS-associated mitochondrial dysfunction, apoptosis
and G,/G, cell-cycle arrest, and may represent a promising
therapeutic candidate for further investigation in Ut-LMS.

Introduction

Although uterine leiomyosarcoma (Ut-LMS) is rare, it is
a highly aggressive malignancy arising from the uterine
smooth muscle and accounts for less than 1% of all uterine
tumors (1,2). Despite its low incidence, Ut-LMS is associated
with poor clinical outcomes due to rapid tumor expansion,
early hematogenous dissemination, and a high rate of postop-
erative recurrence (3). Current therapeutic options are limited,
with hysterectomy serving as the primary intervention (1).
Conventional chemotherapeutic regimens, including doxo-
rubicin, gemcitabine, and docetaxel, offer only modest
benefits, and the overall survival of patients with advanced
disease has demonstrated little improvement over the last
decade (4,5). These challenges highlight the urgent need for
new molecular-targeted therapies for Ut-LMS.

Recent genomic and transcriptomic studies have indicated
that Ut-LMS harbors substantial molecular heterogeneity
and frequently exhibits alterations in TP53, RB1, ATRX, and
PTEN with widespread chromosomal instability (6-8). These
molecular abnormalities suggest that Ut-LMS cells may rely
on stress-adaptive mechanisms that support DNA damage
responses, cell-cycle progression, transcriptional regulation,
and protein homeostasis. Therefore, targeting regulatory path-
ways that sustain these adaptive survival mechanisms may
provide a rational therapeutic strategy for Ut-LMS.

TAK-981 (subasumstat) is a first-in-class inhibitor of the
small ubiquitin-like modifier (SUMO) activation pathway,
which functions by covalently inhibiting SUMO-activating
enzyme (SAE) complex composed of SAE1 and SAE2 (9,10).
SUMOylation is a crucial post-translational modification
involved in cell cycle regulation, DNA repair, transcription,
and cellular stress responses, and its aberrant regulation
can promote tumor progression and therapeutic resistance
by supporting oncogenic signaling, genome stability, and
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stress-adaptive survival mechanisms in cancer cells (11-13).
These functions are particularly relevant to Ut-LMS, which
is characterized by frequent alterations in tumor suppressor
pathways, chromosomal instability, aggressive prolifera-
tion, and therapeutic resistance. Thus, we hypothesized that
Ut-LMS cells may be vulnerable to SAE inhibition because
blockade of the SUMO pathway could disrupt stress-adaptive
mechanisms required for tumor cell survival. Preclinical
studies have demonstrated that TAK-981 exerts potent anti-
tumor effects in several malignancies by inducing interferon
signaling, apoptosis, and cell cycle arrest (14-16). In addi-
tion, our previous study showed that TAK-981 suppressed
cell viability and modulated apoptosis, cell-cycle arrest, and
autophagy in ELT3 uterine leiomyoma cells (17). Although
uterine leiomyoma and Ut-LMS both originate from uterine
smooth muscle, they represent biologically distinct benign and
malignant tumors, respectively. Therefore, it remains unclear
whether the TAK-981-induced cellular responses observed in
benign uterine leiomyoma cells can be extended to malignant
Ut-LMS cells.

The effects of TAK-981 on cell growth in Ut-LMS
cells were investigated and TAK-981 was found to substan-
tially suppress SK-UT-1B cell growth. TAK-981 induced
G,/G, cell cycle arrest, triggered reactive oxygen species
(ROS)-dependent mitochondrial dysfunction and apoptosis,
and inhibited SUMOZ2/3 conjugation while activating the
tumor suppressors, p21 and p53. These findings suggest that
targeting the SUMOylation pathway is a novel and promising
therapeutic strategy for Ut-LMS.

Materials and methods

Cell culture and reagents. Human Ut-LMS cell lines (SK-UT-1
and SK-UT-1B; ATCC, Manassas, VA, USA) were cultured
in the Minimal Essential Medium (LMO007-07; Welgene,
Gyeongsan, Republic of Korea) supplemented with 10% fetal
bovine serum (FBS; SH30919.03; Hyclone, Logan, UT, USA)
and 1% penicillin-streptomycin (15140122; Gibco, Waltham,
MA, USA) at 37°C in a humidified atmosphere containing 5%
CO,. TAK-981 (HY-111789; MedChemExpress, Monmouth
Junction, NJ, USA) was dissolved in dimethyl sulfoxide
(DMSO; DMSO0100; LPS Solution, Daejeon, Republic of
Korea) and used as vehicle control. N-Acetyl-L-cysteine
(NAC; A7250) and catalase (CAT; C1345) were purchased
from Sigma-Aldrich (St. Louis, MO, USA).

MTT and lactate dehydrogenase (LDH) assays. Cell viability
and cytotoxicity were determined using MTT and LDH assays.
Cells were seeded into 96-well plates at a density of 5x103 cells
per well and allowed to attach for 24 h before TAK-981
treatment. After exposure to TAK-981 for 24 or 48 h, cell
viability was assessed using MTT solution (5 mg/ml; M2128,
Sigma-Aldrich, St. Louis, MO, USA). Following a 2 h incuba-
tion at 37°C, the resulting formazan crystals were dissolved
in 150 ul of DMSO, and absorbance was measured at 570 nm
using a microplate reader (INNO; L-Tek, Seongnam, Republic
of Korea). Cytotoxicity was evaluated using the LDH Plus
Cytotoxicity Assay Kit (GBL-P500; Dyne Bio, Seongnam,
Republic of Korea) according to the manufacturer's instruc-
tions, and absorbance was measured at 490 nm.

Flow cytometric analysis of apoptosis. Apoptotic cell
death was analyzed using a Muse Annexin V & Dead Cell
Kit (MCH100105; Cytek Biosciences, Fremont, CA, USA)
according to the manufacturer's guidelines. Cells were seeded
in six-well plates at a density of 5x10* cells/well and allowed
to adhere for 24 h before treatment with different concentra-
tions of TAK-981 for 48 h. After incubation, both floating and
adherent cells were collected by trypsinization, centrifuged,
and resuspended in 100 ul of assay medium. Subsequently,
100 u1 of Annexin V & Dead Cell Reagent containing 7-AAD
was added, and the mixture was incubated for 20 min at room
temperature in the dark. Stained samples were immediately
analyzed using a Guava Muse Cell Analyzer (0500-3115;
Luminex, Austin, TX, USA).

Flow cytometric analysis of cell cycle progression. The
distribution of cells across different cell cycle phases was
determined using the Muse Cell Cycle Kit (MCH100106;
Cytek Biosciences, Fremont, CA, USA). Briefly, the cells were
harvested, washed with PBS, and fixed with 70% cold ethanol
at -20°C for approximately 3 h. After fixation, the samples
were centrifuged, resuspended in 200 pl of Muse Cell Cycle
Reagent, and incubated for 30 min at room temperature in the
dark. DNA content was analyzed using a Guava Muse Cell
Analyzer to determine the percentage of cells in the G, /G,
S and G,/M phases.

Flow cytometric analysis of Ki67-positive cells. Cell prolif-
eration was assessed using the Muse Ki67 Proliferation Kit
(MCH100114; Cytek Biosciences, Fremont, CA, USA). After
treatment, cells were collected and processed for fixation and
permeabilization according to the manufacturer's protocol.
The cells were then stained with either an anti-Ki67 antibody
or the corresponding isotype control antibody. Ki67-positive
populations were quantified using a Guava Muse Cell Analyzer.

Flow cytometric analysis of intracellular ROS. Intracellular
ROS levels were quantified using the Muse Oxidative Stress
Kit (MCH100111; Cytek Biosciences) following the manu-
facturer's protocol. Cells were seeded in six-well plates at a
density of 5x10* cells per well and allowed to attach for 24 h
before exposure to TAK-981 at concentrations of 0, 0.5, 1,
or 2 uM for 48 h. After incubation, the cells were collected,
washed, and resuspended in 1X assay buffer. Afterward, cell
suspensions were stained with the Muse Oxidative Stress
Reagent and incubated at 37°C for 30 min in the dark. ROS
generation was analyzed using a Guava Muse Cell Analyzer.

Measurement of mitochondrial membrane potential (A¥m).
AWm was evaluated using the Muse MitoPotential Kit
(MCH100110; Cytek Biosciences) according to the manu-
facturer's instructions. After 48 h of TAK-981 treatment, the
cells were harvested, washed with PBS, and resuspended in
1X assay buffer at a concentration of 1-2x10° cells/ml. Next,
the cells were stained with MitoPotential dye working solution
for 20-30 min at room temperature in the dark, followed by
staining with 7-A AD for an additional 5 min. The samples were
analyzed using a Guava Muse Cell Analyzer, and the percent-
ages of live/depolarized, total depolarized, and live/polarized
cells were quantified.



Bzl SPANDIDOS
7] ,§, PUBLICATIONS

Flow cytometric analysis of autophagy. Autophagic activity
was analyzed using the Muse Autophagy LC3 Antibody-Based
Kit (MCH200109; Cytek Biosciences) in accordance with
the manufacturer's instructions. Briefly, both control and
TAK-981-treated cells were collected, washed, and incubated
with anti-LC3 Alexa Fluor 555 antibody and 1X autophagy
reagent for 30 min in the dark. After staining, the cells were
resuspended in 200 gl of 1X assay buffer and subjected to flow
cytometric analysis using a Guava Muse Cell Analyzer. The
degree of autophagy induction was determined by comparing
the fluorescence signal intensities of treated and untreated
samples.

Protein extraction and western blotting. Total cellular
proteins were isolated using radio-immunoprecipitation
assay lysis buffer (R2002; Biosesang, Gyeonggi-do, Republic
of Korea) supplemented with a protease inhibitor cocktail
(04693132001; Roche, Basel, Switzerland). Protein samples
were separated using 15% sodium dodecyl sulphate-polyacryl-
amide gel electrophoresis and transferred onto polyvinylidene
fluoride membranes (IPVHO00010; Merck Millipore, Billerica,
MA, USA). The membranes were blocked with 5% skim
milk (262100; BD Difco, Franklin Lakes, NJ, USA) for 1 h
at room temperature and incubated overnight at 4°C with
primary antibodies. The following primary antibodies were
used: SUMO2/3 (4971T), SAE2 (8688T), poly (ADP-ribose)
polymerase (PARP; 95425), caspase-3 (9665S), cleaved
caspase-3 (9664S), pS3 (2527S), p27 (3686T), p21 (2947S),
p62/SQSTM1 (5114T), LC3B (27758S), and (-actin (4967S) (all
from Cell Signaling Technology, Danvers, MA, USA), as well
as SAELI (sc-398080) from Santa Cruz Biotechnology (Dallas,
TX, USA). After washing, the membranes were incubated
with horseradish peroxidase (HRP)-conjugated secondary
antibodies (7074S or 7076S; Cell Signaling Technology) for
1 h. Immunoreactive bands were visualized using the Western
Pico ECL Kit (PICO-250; LPS Solution, Daejeon, Republic
of Korea) and detected using an Azure c280 imaging system
(Azure Biosystems; Dublin, CA, USA).

Statistical analysis. Statistical analyses were conducted using
GraphPad Prism software (version 8.0; GraphPad Software, La
Jolla, CA,USA). All data are expressed as the mean + standard
deviation obtained from at least three independent experi-
ments. Group comparisons were conducted using one-way
analysis of variance, followed by Tukey's multiple compari-
sons test or Dunnett's post hoc test, when appropriate. P<0.05
was considered to indicate a statistically significant difference.

Results

TAK-981 exhibits stronger cytotoxic effects in SK-UT-1B than
in SK-UT-1 cells. The cytotoxic effect of TAK-981 on Ut-LMS
cells was evaluated, in which SK-UT-1B cells were treated
with increasing concentrations of TAK-981 (0,0.25,0.5, 1, and
2 uM) for 24 and 48 h, and cell viability was measured using
the MTT assay. After 24 h of treatment, TAK-981 displayed
minimal cytotoxicity, with 2 yM treatment maintaining 82.5%
cell viability compared to the control. In contrast, prolonged
exposure for 48 h markedly reduced cell viability, showing
66.7, 38.1, 31.7, and 33.5% viability at 0.25, 0.5, 1, and 2 uM,
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respectively (Fig. 1A). Consistent with these findings, LDH
release, an indicator of membrane integrity loss, demonstrated
no marked change at 24 h but increased substantially after
48 h, with an approximately 2.8-fold elevation at 1 and 2 yM
compared to the control (Fig. 1B).

Other Ut-LMS cell lines (SK-UT-1) exhibited no marked
changes in viability after 48 h of TAK-981 exposure at similar
concentrations (Fig. 1C). SK-UT-1 cells exhibited <5% viability
only at extremely high concentrations (up to 100 xM), indi-
cating nonspecific cytotoxicity at supra-physiological levels
(Fig. 1D). Collectively, these results demonstrate that TAK-981
exerted markedly greater cytotoxicity in SK-UT-1B cells than
in SK-UT-1 cells, particularly at low micromolar concentrations
and with prolonged exposure. Because normal uterine smooth
muscle cells have been reported to show reduced viability only
at TAK-981 concentrations =50 uM (17), SK-UT-1B cells were
selected as the primary model for subsequent mechanistic
analyses.

TAK-981 induces apoptosis in SK-UT-1B cells. Whether the
cytotoxic effect of TAK-981 was associated with apoptosis
was determined using Annexin V staining followed by flow
cytometric analysis in SK-UT-1B cells after 48 h of treatment.
The proportion of apoptotic cells progressively increased
with the concentration of TAK-981, from 7.7% in control
cells to 19.9, 31.0, and 31.7% in cells treated with 0.5, 1, and
2 uM, respectively (Fig. 1E). TAK-981 induced apoptosis
in SK-UT-1B cells and this apoptotic effect became more
prominent at higher drug concentrations.

TAK-981 induces G /G ,-phase cell-cycle arrest and suppresses
proliferation in SK-UT-1B cells. The anti-proliferative effect
of TAK-981 were investigated by analyzing the cell cycle
distribution and proliferation markers in SK-UT-1B cells after
48 h of treatment. Flow cytometry analysis indicated that
TAK-981 caused a marked accumulation of cells in the G,/G,
phase (Fig. 2A). The proportion of G,/G,-phase cells increased
from 59.7% in control cells to 76.7, 78.6, and 78.3% following
exposure to 0.5, 1, and 2 uM TAK-981, respectively, whereas
the proportion of G,/M-phase cells decreased from 23.4% in
control cells to approximately 15% after treatment.

Cell proliferation was evaluated by assessing Ki67 expres-
sion using flow cytometry. The proportion of Ki67-positive
SK-UT-1B cells decreased markedly following TAK-981
exposure, from 90.7% in control cells to 64.5, 50.4, and 48.1%
after treatment with 0.5, 1, and 2 uM, respectively (Fig. 2B).
Thus, TAK-981 suppressed DNA synthesis and the prolif-
eration of SK-UT-1B cells by inducing G,/G,-phase cell-cycle
arrest. Together with the apoptosis data, these findings suggest
that TAK-981 inhibited SK-UT-1B cell growth through coor-
dinated suppression of proliferation and induction of apoptotic
cell death.

TAK-981-induced apoptosis is associated with ROS accu-
mulation and mitochondrial dysfunction in SK-UT-1B cells.
Whether oxidative stress contributed to TAK-981-induced
cytotoxicity was determined by treating SK-UT-1B cells with
TAK-981 (0.5-2 uM) for 48 h, and intracellular ROS levels
were measured using a fluorescent detection assay followed
by flow cytometric analysis. TAK-981 treatment markedly
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Figure 1. Cytotoxic and apoptotic effects of TAK-981 on SK-UT-1B cells (A) SK-UT-1B cells were treated with increasing concentrations of TAK-981
(0-2 uM) for 24 and 48 h, and cell viability was quantified using the MTT assay. Viability is presented as a percentage relative to the untreated control. (B) LDH
release, an indicator of membrane damage, was measured after 24 and 48 h of TAK-981 exposure. (C) SK-UT-1 cells were treated with TAK-981 at the same
concentrations for 48 h, and cell viability was assessed using the MTT assay. (D) SK-UT-1 cells were treated with higher concentrations of TAK-981, up to
100 uM, for 48 h, and cell viability was assessed using the MTT assay. (E) Annexin V flow-cytometric analysis showing increased apoptotic populations
following 48 h of TAK-981 treatment. Data are presented as mean + standard deviation from three independent experiments. The LDH assay was performed
using six replicates per group. 'P<0.05, “P<0.01 vs. control. LDH, lactate dehydrogenase.
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Figure 2. TAK-981 induces G/G,-phase arrest and inhibits cell proliferation in SK-UT-1B cells (A) SK-UT-1B cells were treated with increasing concentra-
tions of TAK-981 (0-2 uM) for 48 h, and cell-cycle distribution was analyzed using flow cytometry. The proportions of cells in the G/G,, S and G,/M phases
were quantified. (B) Proliferating and nonproliferating cell populations were measured using the Muse Ki67 Proliferation Kit based on Ki67 expression. Data
are presented as the mean * standard deviation from three independent experiments. “P<0.01 vs. control.

increased the proportion of ROS-positive cells from 2.0% in
the control group to 12.6, 18.0, and 23.0% at 0.5, 1, and 2 uM,
respectively (Fig. 3A).

Mitochondrial membrane potential (AWm) was evaluated
using the Muse MitoPotential assay after 48 h of TAK-981
exposure. The proportion of total depolarized SK-UT-1B
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Figure 3. TAK-981 induces oxidative stress and mitochondrial dysfunction in SK-UT-1B cells (A) Intracellular ROS generation was analyzed in SK-UT-1B
cells using a ROS-sensitive fluorescent probe followed by flow cytometric analysis after 48 h of TAK-981 (0-2 yM) treatment. (B) Mitochondrial membrane
potential was assessed using the Muse MitoPotential Kit after 48 h of TAK-981 exposure. Representative dot plots and quantitative analyses are shown.
(C) Apoptosis was analyzed in SK-UT-1B cells treated with 2 uM TAK-981 for 48 h in the presence or absence of the ROS scavengers, NAC (5 mM) and CAT
(50 units). Data are presented as mean + standard deviation from three independent experiments. “P<0.01 vs. control. CAT, catalase; NAC, N-acetyl-L-cysteine;

ROS, reactive oxygen species.

cells increased from 3.96% in the control group to 30.6, 28.1,
and 38.5% after treatment with 0.5, 1, and 2 yuM TAK-981,
respectively (Fig. 3B). SK-UT-1B cells were co-treated with
the antioxidants, NAC or CAT, for 48 h in the presence of
2 uM TAK-981 to verify whether ROS accumulation medi-
ated TAK-981-induced apoptosis. NAC markedly reduced
the TAK-981-induced apoptosis, whereas CAT exerted little
effect (Fig. 3C). These results indicate that TAK-981 increased
ROS accumulation and mitochondrial membrane depolariza-
tion in SK-UT-1B cells; ROS contributed, at least in part, to
TAK-981-induced apoptotic cell death.

TAK-981 inhibits SUMOylation without altering SAEI/SAE?2
expression and modulates apoptotic and cell-cycle regula-
tors in SK-UT-1B cells. TAK-981 inhibits SUMOylation by
blocking SAE2 activity without altering protein levels (10).
The expression of SUMO2/3-conjugated proteins, SAE1

and SAE2, was analyzed using western blotting to examine
whether TAK-981 affected SUMO pathway-related proteins
in SK-UT-1B cells. After 48 h of treatment with 0.5-2 uM
TAK-981, SUMO-conjugated proteins were markedly reduced,
whereas SAEl and SAE2 protein levels were unchanged
(Fig. 4A). These findings suggest that TAK-981 suppressed
SUMOylation primarily through functional inhibition rather
than through changes in SAE enzyme expression.

The expression of caspase-3, cleaved caspase-3, and PARP
was analyzed to investigate the apoptosis-related signaling
events. TAK-981 treatment enhanced caspase-3 and PARP
cleavage after 48 h, indicating the activation of apoptotic
signaling in SK-UT-1B cells (Fig. 4B). The downstream
mechanisms associated with TAK-981-mediated growth
suppression were determined by examining the expression
of key cell cycle regulators. Western blotting indicated that
TAK-981 markedly increased p53 and p21 protein expression
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Figure 4. TAK-981 inhibits SUMOylation and modulates apoptotic- and cell-cycle-related pathways in SK-UT-1B cells (A) SK-UT-1B cells were treated with
TAK-981 (0.5, 1, and 2 uM) for 48 h, and the expression of SUMO2/3, SAEI, and SAE2 was analyzed using western blotting with -actin as a loading control.
(B) Apoptosis-associated proteins, including PARP, caspase-3 and cleaved caspase-3, were analyzed using western blotting in SK-UT-1B cells following 48 h of
TAK-981 treatment. Semi-quantified band intensities are shown in the right panels with 3-actin serving as a loading control. (C) Cell cycle-associated proteins,
including p53, p27 and p21, were analyzed using western blotting in SK-UT-1B cells following 48 h of TAK-981 treatment. Semi-quantified band intensities are
shown in the right panels with 3-actin serving as a loading control. Data represent mean + standard deviation from three independent experiments. "P<0.05,
“P<0.01 vs. control. PARP, poly (ADP-ribose) polymerase; SAE, SUMO-activating enzyme; SUMO, small ubiquitin-like modifier.
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Figure 5. TAK-981 does not modulate autophagy in SK-UT-1B cells (A) Flow cytometric analysis of LC3 protein levels in SK-UT-1B cells treated with
TAK-981 (0.5, 1, and 2 uM) for 48 h. After treatment, cells were stained with an anti-LC3 antibody, and the percentage of LC3-positive cells was quantified
to assess autophagy induction. (B) Western blotting of p62 and LC3 expression in SK-UT-1B cells following treatment with TAK-981 (0.5, 1, and 2 uM) for
48 h. Protein levels of p62, LC3-I and LC3-II were determined, with $-actin used as a loading control. Band intensities are shown in the right panel. Data are

presented as mean + standard deviation from three independent experiments.

after 48 h of treatment, whereas p27 levels were unchanged in
SK-UT-1B cells (Fig. 4C). Collectively, these findings indicate
that TAK-981 inhibited SUMOylation, increased p53 and p21
protein expression, and triggered apoptotic signaling cascades

in SK-UT-1B cells.

“P<0.01 vs. control.

intensity markedly at most concentrations, although a slight
increase was observed at 2 uM (Fig. 5A). Consistent with this,
western blotting indicated no marked changes in LC3B-1/11
conversion or p62 expression after 48 h of TAK-981 treatment
(Fig. 5B). TAK-981 therefore did not modulate autophagy in
SK-UT-1B cells, suggesting that its cytotoxic effects were

TAK-981 does not significantly modulate autophagy in
SK-UT-1B cells. Autophagy plays a key role in maintaining cell
survival and homeostasis under normal and stressful condi-
tions. Whether TAK-981 affected autophagy in SK-UT-1B
cells was investigated by measuring LC3B expression by flow
cytometry after treatment with 0.5, 1, or 2 uM TAK-981 for
48 h. TAK-981 treatment did not alter LC3B fluorescence

largely independent of the autophagic pathway.
Discussion
This study provides the first evidence that the SUMO inhibitor

TAK-981 suppressed the viability of SK-UT-1B cells, even at
low concentrations, and was associated with ROS accumulation,
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mitochondrial membrane depolarization, apoptosis, and G,/G,
cell cycle arrest, accompanied by the activation of p21 and
p53. These results suggest that TAK-981 disrupts Ut-LMS cell
survival by simultaneously engaging in ROS-dependent apop-
totic signaling and SUMO-inhibition-mediated transcriptional
pathways.

The present study extends our previous findings in
ELT3 uterine leiomyoma cells to a malignant Ut-LMS cell
model (17). Despite their shared uterine smooth muscle origin,
TAK-981-associated cellular responses differed between
benign leiomyoma and malignant Ut-LMS cells. TAK-981
increased ROS accumulation in both ELT3 and SK-UT-1B
cells; however, apoptosis appeared to be ROS-independent in
ELT3 cells, whereas ROS-associated mitochondrial dysfunc-
tion was more closely linked to apoptosis in SK-UT-1B
cells. In addition, TAK-981 was associated with G,/M arrest,
MEK/ERK inhibition, reduced extracellular matrix-related
protein expression, and autophagy-related changes in ELT3
cells, whereas it was associated with G,/G, arrest and p53/p21
activation in SK-UT-1B cells. These differences suggest that
cellular responses to TAK-981 may depend on tumor type and
cellular context, and further studies are needed to clarify these
model-dependent effects.

Post-translational modification mechanisms have emerged
as critical determinants of tumor survival, proliferation, and
therapeutic resistance (18-20). Of these, the SUMO pathway
has gained particular attention as a key regulatory axis that
governs essential cellular processes, such as DNA damage
repair, cell-cycle progression, stress responses, transcriptional
regulation, and protein stability, which are tightly linked to
tumor growth and progression (13,21). Aberrant SUMOylation
has been reported to promote malignant transformation, cancer
stemness, drug resistance, and metastasis in multiple tumor
types (11,13,22). Consistent with these determinations, the
current study showed that TAK-981 markedly inhibited global
SUMOylation in SK-UT-1B cells and affected multiple cellular
processes, including reduced cell viability, G,/G, cell-cycle arrest,
ROS accumulation, mitochondrial dysfunction, and apoptosis.
Pharmacological inhibition of the SUMO cascade, particularly
through SAE inhibition by TAK-981, may therefore represent a
promising therapeutic strategy for Ut-LMS (14,15,17).

A notable aspect of the findings was the differential sensi-
tivity of Ut-LMS cell lines. SK-UT-1B cells exhibited marked
susceptibility to low micromolar concentrations of TAK-981,
whereas SK-UT-1 cells demonstrated limited responses at
similar concentrations. Several biological factors may be
responsible for this variability. Although SK-UT-1B is a
sub-line derived from the parental SK-UT-1 cell line, it displays
distinct molecular characteristics, including a potentially
wild-type p53 background compared to the p53-mutant status
reported for SK-UT-1 (23-25). As the p53 status influences
cell cycle regulation, DNA damage responses, and oxidative
stress sensitivity (26-28), TAK-981-induced p21/p53 activa-
tion may exert greater biological effects on SK-UT-1B cells.
Based on our findings, the higher sensitivity of SK-UT-1B
cells to TAK-981 may be related to their greater dependence
on SUMOylation-associated stress-adaptive mechanisms and
their susceptibility to pS3/p21-mediated cell-cycle arrest and
ROS-associated mitochondrial apoptosis. In contrast, SK-UT-1
cells may possess distinct molecular features that confer relative
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resistance to TAK-981, such as altered p53 pathway activity,
reduced SUMO pathway dependency, or increased tolerance to
oxidative and mitochondrial stress. These intrinsic differences
highlight the significance of molecular heterogeneity in Ut-LMS
cells and underscore the need to tailor targeted therapies based
on the tumor genotype and pathway dependency.

Compared with conventional agents, such as doxorubicin,
gemcitabine, or docetaxel, which generally exert nonspecific
cytotoxic effects, TAK-981 is highly specific as it directly
inhibits the SUMOylation machinery (29). This provides a
novel therapeutic approach for Ut-LMS, particularly because
SUMO-dependent transcriptional and stress response path-
ways are increasingly recognized as actionable vulnerabilities
in high-grade sarcomas. The robust cytotoxicity observed in
SK-UT-1B cells at pharmacologically-relevant concentrations
supports the existence of a therapeutic window that distin-
guishes TAK-981 from traditional chemotherapeutics that
often damage malignant and healthy tissues.

From a translational perspective, the SUMO pathway inhi-
bition may offer opportunities for precision-guided Ut-LMS
therapy. The molecular diversity observed between SK-UT-1B
and SK-UT-1 cells suggests that biomarkers, such as p53 func-
tionality, SUMO pathway dependency, and ROS-related gene
signatures, could serve to stratify patients most likely to benefit
from TAK-981. Furthermore, combining SUMO inhibition
with agents targeting DNA damage repair, oxidative stress
pathways, or immune activation may enhance therapeutic
responses due to the known role of TAK-981 in amplifying
type I interferon signaling (9,10).

This study had several limitations. These findings are
based solely on in vitro experiments, and additional in vivo
validation using animal models or patient-derived xenografts
is required to confirm the therapeutic potential of TAK-981.
Furthermore, the molecular factors underlying the differential
sensitivity among Ut-LMS cell lines warrant comprehensive
investigation through genomic, transcriptomic, and proteomic
analyses.

In conclusion, the findings provide the first evidence that
TAK-981 exerts strong anti-proliferative and pro-apoptotic
effects in SK-UT-1B cells. These effects were associated with
SUMOylation inhibition, ROS accumulation, mitochondrial
dysfunction, G,/G, cell-cycle arrest, and activation of p53/p21
and apoptotic signaling. These data highlight TAK-981 as a
promising candidate for future therapeutic development and
support the broader concept of targeting SUMOylation as an
emerging strategy for the treatment of aggressive Ut-LMS.
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