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UFM1 regulates ferroptosis in oral
squamous cell carcinoma by stabilizing SLC7A11
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Abstract: Oral squamous cell carcinoma (OSCC) is highly invasive malignancy with limited effective therapeutic
strategies. Ubiquitin-fold modifier 1 (UFM1) is a ubiquitin-like molecule that has been implicated in several cancers;
however, its role in ferroptosis within OSCC remains unclear. In this study, UFM1 was demonstrated to be upregu-
lated in OSCC. UFM1 depletion suppressed proliferation and dissemination of OSCC cells and induced ferroptosis
characterized by increased lipid peroxidation and Fe?* accumulation. Mechanically, UFM1 deficiency significantly
reduced SLC7A11 levels and sensitized cells to oxidative stress. Reintroduction of SLC7A11 rescued ferroptosis and
restored cell survival in UFM1-deficient cells. In vivo, UFM1 depletion significantly inhibited tumor growth, reduced
SLC7A11 expression, and increased lipid oxidation, as indicated by 4-hydroxynonenal (4-HNE) immunohistochemi-
cal staining. These findings suggest that UFM1 protects OSCC from ferroptosis by stabilizing SLC7A11 protein via
UFMylation, thereby preventing its proteasomal degradation.
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Introduction

Oral squamous cell carcinoma (OSCC) repre-
sents the predominant subtype of head and
neck squamous cell carcinoma (HNSC). HNSC
is a refractory malignancy with limited thera-
peutic strategies [1, 2]. Although the five-year
survival rate of OSCC has shown modest im-
provement, overall prognosis remains unsatis-
factory, largely due to diagnosis at advanced
stage, strong metastatic potential, and pres-
ence of intrinsic or acquired drug resistance
[3-5]. This clinic situation underscores the ur-
gent need to elucidate the underlying molecu-
lar mechanisms of OSCC and identify new ther-
apeutic targets.

Ubiquitin-fold modifier 1 (UFM1), a conserved
ubiquitin-like (UBL) molecule, mediates a dis-
tinct post-translational modification termed
UFMylation [6, 7]. Analogous to the canonical
ubiquitination cascade, UFM1 utilizes unique
triad of enzymes (E1 UBA5, E2 UFC1, E3
UFL1) to covalently conjugate to lysine resi-
dues. UFM1 is involved in multiple cellular pro-
cesses: UFM1 plays a critical role in ribosome-

associated protein quality control by facilitat-
ing the clearance of aberrant nascent chains
and maintaining endoplasmic reticulum (ER)
homeostasis [8]. As a result, UFM1 deficiency
leads to severe consequences, including ne-
urodegeneration and impaired hematopoietic
stem cell function in mammals [9, 10]. Dys-
regulation of UFM1 has also been implicated in
human diseases. For instance, Yan et al. report-
ed aberrant UFM1 accumulation in Alzheimer
disease [11], while Jing et al. demonstrated that
UFM1 depletion destabilizes NLRP3 and trig-
gers inflammatory responses [12]. Emerging
evidence further suggests that UFM1 is involv-
ed in tumorigenesis across multiple cancer
types, including breast cancer and HNSC [13-
16]. However, studies on the expression pat-
tern, biological function, and underlying molec-
ular mechanism of UFM1 in OSCC remains
limited.

Ferroptosis is a regulated form of cell death
characterized by iron dependence and lipid per-
oxidation. It functions as a tumor suppressor in
cancer development [17]. Cancer cells often
exhibit elevated iron levels and metabolic activ-
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ity, rendering them more susceptible to ferrop-
totic stress; therefore, ferroptosis may repre-
sent a potential therapeutic strategy [18].
Solute carrier family 7 member 11 (SLC7A11,
also known as xCT) is a key component of the
cystine/glutamate antiporter system (system
Xc), which mediates cystine uptake for glutathi-
one (GSH) synthesis and protects cells from
oxidative stress [19]. In OSCC, SLC7A11 is fre-
quently up-regulated and contributes to dis-
ease progression and chemoresistance [20,
21]. Studies in breast cancer have reported
that SLC7A11 may serve as a target for UFM1-
mediated modification [22]. However, the regu-
latory relationship between UFM1 and SLC7A11
in OSCC remains unclear.

In this study, we systematically investigated
the role of UFM1 in OSCC through bioinformat-
ics analyses, in vitro experiments, and in vivo
models. UFM1 is significantly upregulated in
OSCC and promotes tumorigenicity by enhanc-
ing resistance to ferroptosis in a SLC7A11-
dependent manner.

Materials and methods
Clinical specimen collection

A total of 25 paired tumor tissues and adjacent
non-cancerous tissues were collected from
OSCC patients who underwent radical resec-
tion at Department of Prosthodontics, Shanxi
Provincial People’s Hospital during March 2024
and February 2025. Adjacent normal epithelial
tissues were obtained at least 2 cm away from
the tumor margin and were histologically con-
firmed to be free of malignant cells. All dia-
gnoses of OSCC were confirmed by postopera-
tive pathological examination. This study was
approved by the Ethics Committee of Shanxi
Provincial People’s Hospital. None of the pa-
tients had received radiotherapy, chemothera-
py, or immunotherapy prior to surgery. Patients
with recurrent OSCC, a history of other malig-
nancies, prior neoadjuvant therapy, or distant
metastasis at initial diagnosis were excluded.
Tissue samples were processed immediately
after surgical resection: one portion was fixed
in formalin for pathological analysis, while the
remaining was snap-frozen in liquid nitrogen for
further molecular analyses. All specimens were
pathologically verified before inclusion in the
study.
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Cell culture and transfection

The human oral keratinocyte strain (HOK) and
three OSCC cell lines (SCC-25, Cal27, Ca9-22)
were purchased from American Type Culture
Collection (ATCC, Manassas, VA, USA). All cell
lines were authenticated by short tandem re-
peat (STR) profiling and tested negative for
mycoplasma contamination using a PCR prior
to experiments. Cells were cultured in their
respective recommended media supplement-
ed with 10% FBS and 1% penicillin/streptomy-
cin under standard conditions.

Regarding gene silencing, Cal27 and Ca9-22
cells were seeded into suitable culture plates
and allowed to adhere for 24 h. Small interfer-
ing RNA targeting UFM1 (si-UFM1: 5-CCTGC-
TGCAACAAGTGCAATT-3’) or scramble negative
control (si-NC: 5-UUCUCCGAACGUGUCACGU-
3’) was transiently transfected into cells using
Lipofectamine 3000 reagent (Invitrogen, Car-
Isbad, CA, USA). As for SLC7A11 overexpres-
sion, the pcDNA3.1-SLC7A11 plasmid was con-
structed by GenePharma (Shanghai, China).
Cells were harvested 48 h after transfection
for subsequent experiments.

Cell proliferation assay

Cells were seeded into 96-well plates at a den-
sity of 2 x 102 cells per well in 100 yL complete
culture medium. At the indicated time points
(0, 24, 48, and 72 h), 10 yL of CCK-8 reagent
(Solarbio, Beijing, China) was added to each
well and incubated at 37°C for 2 h. The optical
density (OD) at 450 nm was measured using a
microplate reader to evaluate cell proliferation.

Colony formation assay

Cells were trypsinized, counted, and seeded
into 6-well plates at a low density of 500 cell
per well. Cells were cultured for 10-14 days,
with culture medium replaced every 3 days.
Subsequently, colonies were fixed with 4%
paraformaldehyde and stained with 0.1% crys-
tal violet (Sigma-Aldrich, St. Louis, MO, USA).
Colonies containing more than 50 cells were
counted manually.

Transwell migration and invasion assays

Cell migration and invasion assays were con-
ducted using Transwell chambers with 8-um
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pore size membranes (Corning, Corning, NY,
US). For invasion, the upper chambers were
precoated with 50 yL of Matrigel (diluted 1:8
in serum-free DMEM) and incubated at 37°C
for 4 h. Transfected cells (1 x 10°) suspended
in 200 pL of serum-free DMEM were seeded
into the upper chamber, while 600 pL of DMEM
containing serum was added to the lower cham-
ber as a chemoattractant. After incubation for
24 h (migration assay) or 48 h (invasion assay),
non-migrated cells on the upper surface of the
membrane were gently removed using a cotton
swab. Cells migrated or invaded to the lower
surface were fixed with 4% paraformaldehyde
and stained with crystal violet (0.1%). Five ran-
dom fields per membrane were photographed
under a microscope, and the number of cells
were counted.

2’,7’-dichlorofluorescin diacetate (DCFH-DA)
staining for intracellular ROS detection

Intracellular reactive oxygen species (ROS) lev-
els were measured using DCFH-DA (Sigma-
Aldrich). Cells were seeded on coverslips in
24-well plates and cultured for 48 h. After
washing with PBS, cells were incubated with 10
UM DCFH-DA diluted in serum-free medium at
room temperature for 30 min. Subsequently,
cells were washed three times with PBS, and
fluorescence images were captured using an
Olympus fluorescence microscope (excitation
wavelength of 488 nm and emission wave-
length of 525 nm).

Mitochondrial superoxide detection

Mitochondrial superoxide production was as-
sessed using MitoSOX™Red reagent (Invitro-
gen, Carlsbad, CA. USA). Cells were treated
with 5 yM MitoSOX™ Red at 37°C for 30 min
in the dark. After incubation, cells were rinsed
with PBS, and fluorescence intensity was
measured using a fluorescence microscope
and a microplate reader (excitation/emission:
510/580 nm).

Measurement of Fe?*, MDA, and GSH levels

Intracellular Fe?*, malondialdehyde (MDA), and
GSH levels were quantified using commercial
assay kits (Nanjing Jiancheng Bioengineering
Institute, Nanjing, China) according to the man-
ufacturer’s instructions. The absorbance val-
ues were measured at 593 nm (Fe?*), 532 nm
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(MDA), and 412 nm (GSH) using spectropho-
tometer. Concentrations were calculated ba-
sed on the corresponding standard curves.

Transmission electron microscopy (TEM)

Cells were fixed using 2.5% glutaraldehyde,
followed by post-fixation in 2% osmium tetraox-
ide. After washing, samples were stained with
0.5% uranyl acetate overnight, dehydrated and
embedded. Ultrathin slices (70-90 nm) were
prepared using an ultramicrotome and exam-
ined under transmission electron microscope
(FEI, USA).

Co-immunoprecipitation (Co-IP)

Cells were lysed in RIPA buffer supplemented
with protease inhibitors. Protein lysates were
incubated with anti-SLC7A11 antibody or con-
trol 1gG overnight at 4°C, followed by incubation
with Protein A/G agarose beads to precipitate
immune complexes. After washing, the immu-
noprecipitated proteins were eluted and sub-
jected to Western blot analysis. UFM1-modified
SLC7A11 was detected using an anti-UFM1
antibody, while total SLC7A11 levels were as-
sessed using an anti-SLC7A11 antibody.

Western blot analysis

Total proteins were extracted from cells and
tumor tissues using RIPA lysis buffer. Equal
amounts of protein samples were separated by
SDS-PAGE and then transferred onto PVDF
membranes. The membranes were blocked
with 5% non-fat milk for 1 h at room tempe-
rature, followed by overnight incubation at
4°C with primary antibodies against UFM1
(1:1000; ab109305; Abcam, Cambridge, MA,
USA), SLC7A11 (1:1000; ab307601; Abcam,
Cambridge, MA, USA), and GAPDH (1:5000;
ab8245; Abcam, Cambridge, MA, USA). After
washing with TBST, membranes were incubat-
ed with HRP-conjugated secondary antibodies
(1:5000; ab150077; Abcam, Cambridge, MA,
USA) for 1 h at room temperature. Protein
bands were visualized using an ECL chemilu-
minescence detection system (Millipore), and
band intensities were quantified with Image)
software.

Xenograft tumor model

28-day-old male BALB/c nude mice were
obtained from Beijing Vital River Laboratory
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Animal Technology Co., Ltd. Mice were ran-
domly divided into two groups (n = 5 per group)
and housed under specific pathogen-free (SPF)
conditions with free access to sterilized food
and water. Housing condition was maintained
at a temperature of 22-25°C, relative humidity
of 40%-70%, and a 12 h light/dark cycle. Cal27
cells stably expressing sh-UFM1 or sh-NC were
suspended in PBS and subcutaneously inject-
ed into the flanks of the mice (1 x 10° cells in
100 pL PBS per mouse). Tumors size was mea-
sured weekKly using a caliper, and tumor volume
was calculated using the formula: volume
=(Length x Width?)/2. At the end of the fourth
week, mice were euthanized by CO, inhalation
followed by cervical dislocation. Tumors were
excised, weighed, and processed for further
analyses. All animal experiments were approv-
ed by the Animal Ethics Committee of Shanxi
Provincial People’s Hospital.

IHC analysis

Tissue specimens were fixed in 4% Parafor-
maldehyde, embedded in paraffin, and sec-
tioned at a thickness of 4 um. Sections were
deparaffinized, rehydrated, and subjected to
antigen retrieval using citrate buffer (PH 6.0).
After blocking with 5% goat serum, the sec-
tions were incubated overnight at 4°C with
primary antibodies against SLC7A11 (1:200;
ab307601; Abcam) and 4-hydroxynonenal (4-
HNE; 1:100; ab48506; Abcam). After wash-
ing, the sections were incubated with HRP-
conjugated secondary antibodies, and immu-
noreactivity was visualized using DAB as ch-
romogen. Subsequently, sections were coun-
terstained with hematoxylin. Images were cap-
tured using an Olympus (Japan) light micro-
scope.

Bioinformatic analysis

The expression profile of UFM1 in HNSC was
analyzed using the UALCAN (http://ualcan.path.
uab.edu) and GEPIA (http://gepia.cancer-pku.
cn) databases. Immunohistochemical profiles
of UFM1 in normal oral epithelium and HNSC
tissues were further obtained from the Human
Protein Atlas (HPA; https://www.proteinatlas.
org).

Statistical analysis

Statistical analysis was performed using Gra-
phPad Prism 8.0 software (SanDiego, USA). All

1105

results were presented as the mean + stan-
dard deviation (SD). Comparisons between two
groups were conducted using an unpaired
Student’s t-test, while comparisons among mul-
tiple groups were performed using one-way
ANOVA or two-way ANOVA followed by Tukey’s
post hoc analysis. For data with repeated mea-
sures across time points (e.g., cell proliferation
curves and tumor growth curves), repeated
measures two-way ANOVA was applied, fol-
lowed by Tukey’'s post hoc test for multiple
comparisons. A P value < 0.05 was considered
statistically significant.

Results
Expression of UFM1 in OSCC

To explore the role of UFM1 in OSCC, we first
analyzed its expression profile in HNSC using
bioinformatics tools. Analysis of the UALCAN
and GEPIA databases revealed that UFM1
MRNA expression was significantly upregulated
in HNSC samples compared with normal con-
trols (Figure 1A, 1B). Consistently, qRT-PCR
analysis showed that UFM1 expression was
significantly upregulated in OSCC tissues com-
pared with their adjacent normal tissues (Figure
1C). Furthermore, IHC data from the HPA dem-
onstrated significantly elevated UFM1 protein
expression in HNSC tissues compared with nor-
mal oral mucosa (Figure 1D). In line with these
findings, western blot analysis showed that
UFM1 protein levels were significantly higher in
OSCC cell lines (Scc-25, Cal27, and Ca9-22)
than in HOK (Figure 1E).

UFM1 knockdown inhibited the malignancy
phenotype of OSCC cells

To further explore the functional role of UFM1
in OSCC, specific small interfering RNA target-
ing UFM1 (si-UFM1) was used to silence UFM1
expression in Cal27 and Ca9-22 cells. Western
blot confirmed that UFM1 protein expression
was significantly reduced in the si-UFM1 group
compared with the negative control group (si-
NC) (Figure 2A). Functional assays showed that
UFM1 knockdown significantly inhibited the
malignant phenotype of OSCC cells. Specifically,
CCK-8 and colony formation assays showed
significant reductions in cell proliferation and
clonogenicity after UFM1 knockdown (Figure
2B, 2C). In addition, Transwell assays demon-
strated significantly impaired migratory and
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Figure 1. UFM1 is overexpressed in OSCC. (A, B) UFM1 expression in HNSC and normal tissues from UALCAN (A)
and GEPIA (B) databases; (C) Validation of UFM1 mRNA upregulation in OSCC clinical specimens by qRT-PCR; (D)
Representative IHC images showing UFM1 protein expression in normal oral mucosa and HNSC tissues from the
Human Protein Atlas (Scale bars = 100 pym; original magnification: x100); (E) Western blot analysis of UFM1 protein
levels in HOK and OSCC cell lines. *P < 0.05.
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Figure 2. UFM1 knockdown suppressed OSCC cell malignant phenotypes. (A) Western blot analysis showing UFM1
protein levels in Cal27 and Ca9-22 cells after UFM1 depletion; (B) Cell viability curves measured by the CCK-8 assay
at indicated time points. (C) Representative images and quantification of colony formation capacity. (D, E) Transwell
assays assessing migration (D) and invasion (E) (Scale bars = 100 um; original magnification: x100). *P < 0.05.
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invasive abilities of OSCC cells following UFM1
knockdown (Figure 2D, 2E).

UFM1 depletion induced ferroptosis in OSCC
cells

To determine the type of cell death induced by
UFM1 depletion, cells were treated with differ-
ent inhibitors targeting different cell death
pathways. Suppression of Cal27 and Ca9-22
cell viability induced by si-UFM1 was signifi-
cantly rescued by the ferroptosis inhibitors
Liproxstatin-1 and Ferrostatin-1, but not by the
apoptosis inhibitor Z-VAD-FMK, the necroptos-
is inhibitor Nec-1, or the autophagy inhibitor
3-MA, as reflected by comparable cell death
rates in the Lip-1 and Fer-1 groups with the
control group but persistently elevated cell
death rates in the Z-VAD-FMK, Nec-1, and 3-MA
groups (Figure 3A, 3B). These findings indicate
that ferroptosis is the predominant form of cell
death induced by UFM1 knockdown.

Next, we examined the features of ferroptosis
and observed that UFM1 knockdown induced
significant oxidative stress, characterized by a
drop in GSH content and a significant rise in
MDA (Figure 3C, 3D). Notably, TEM further re-
vealed characteristic mitochondrial alterations,
including reduced mitochondrial size and de-
creased cristae density in UFM1-deficient cells
(Figure 3E). Moreover, UFM1 knockdown mark-
edly increased intracellular and mitochondrial
ROS levels, as assessed by DCFH-DA and
MitoSOX assays, respectively, along with ele-
vated intracellular Fe?* levels (Figure 3F-J). Con-
sistently, UFM1 depletion significantly reduced
the protein level of SLC7A11, an essential fer-
roptosis-inhibitory factor (Figure 3K), implying
that UFM1 might modulate SLC7A11 via post-
translational mechanism, potentially through
UFMylation-mediated stabilization. These met-
abolic and ultrastructural alterations demon-
strate that UFM1 deficiency causes ferroptotic
cell death in OSCC cells.

UFM1 regulates malignant OSCC phenotypes
via SLC7A11

Given that SLC7A11 is a key ferroptosis inhibi-
tor and has been reported as a candidate for
UFMylation, we assumed that UFM1 exerted
its oncogenic effects by stabilizing SLC7A11 at
the post-translational level. Consistent with this
notion, analysis of public databases (UALCAN)
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and gRT-PCR both revealed that SLC7A11
expression was significantly upregulated in
HNSC and OSCC tissues (Figure 4A, 4B). Fur-
thermore, a significant positive correlation was
observed between UFM1 and SLC7A11 expres-
sion in HNSC samples (Figure 4C).

Co-IP assays further supported the interac-
tion between UFM1 and SLC7A11 (Figure 4D).
To elucidate this regulatory route, rescue ex-
periments were performed by overexpressing
SLC7A11 in UFM1-silenced Cal27 and Ca9-22
cells. Restoration of SLC7A11 successfully res-
cued the reduced protein levels caused by
UFM1 knockdown (Figure 4E). Functionally, res-
toration of SLC7A11 significantly reversed the
inhibitory effects of UFM1 depletion on cell
proliferation, clonogenicity, migration and inva-
sion (Figure 4F-H). These results indicate that
SLC7A11 acts as an important down-stream
effector of UFM1 in promoting OSCC.

SLC7A11 overexpression attenuated UFM 1
deficiency-induced ferroptotic stress

To further verify that UFM1 regulates ferr-
optosis via SLC7A11, we investigated whether
SLC7A11 overexpression could reverse the oxi-
dative stress and metabolic disorders induced
by UFM1 knockdown. In both Cal27 and Ca9-22
cells, SLC7A11 overexpression effectively re-
lieved the oxidative stress and metabolic disor-
der induced by si-UFM1. Specifically, SLC7A11
overexpression significantly suppressed intra-
cellular ROS, mitochondrial superoxide, MDA,
and ferrous iron levels (Figure 5A-D), while
restoring the decreased GSH levels (Figure 5E).
Importantly, CCK-8 experiments showed that
SLC7A11 overexpression significantly alleviat-
ed the reduction in cell viability caused by
UFM1 silencing (Figure 5F). Thus, these find-
ings suggest that SLC7A11 acts as an in-
dispensable downstream effector mediating
UFM1-dependent protection against ferropto-
sis in OSCC cells.

UFM1 knockdown suppressed tumor growth
and modulated SLC7A11 expression in vivo

To evaluate the tumorigenic potential of UFM1
in vivo, a xenograft mouse model was estab-
lished using Cal27 cells stably expressing sh-
UFM1 or sh-NC. Knockdown of UFM1 signifi-
cantly suppressed tumor growth compared
with the control group (Figure 6A-C). Consistent
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Figure 3. UFM1 deficiency triggers ferroptosis in OSCC cells. (A, B) Cell viability of UFM1-knockdown cells treated
with different cell death inhibitors (Fer-1: Ferrostatin-1; Lip-1: Liproxstatin-1; Z-VAD: pan-caspase inhibitor; Nec-
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1: Necrostatin-1; 3-MA: autophagy inhibitor). (C) Quantification of intracellular GSH content. (D) Measurement
of lipid peroxidation by MDA assay. (E) TEM images showing characteristic ferroptotic mitochondrial morphology
(Scale bar =5 ym or 1 ym; original magnification: x2000 or x1000). (F-J) Detection of intracellular ROS (F, G) and
mitochondrial superoxide levels (H, I) using DCFH-DA and MitoSOX Red probes, respectively (Scale bar = 50 ym;
original magnification: x200); (J) Intracellular ferrous iron levels. (K) Western blot analysis of SLC7A11. *P < 0.05.

A Expression of SLC7A11 in HNSC based on Sample types B *
2 * § 5
5. i s
= i S
£ 5g 3
g
£ g4,
—_ £
8 s i 2
Y mm HH i
K]
T ['4 z
b4 T T
P =l Adjacent oscc
TCGA samples
D Input IP: SLC7A11 E Cal27 Cag-22

O N < N SLCTAT & & L i e = e ==
\QO é\'\A 4,0(‘@ \QO é\’\A 4,\)@\\
2 &

SLC7A11 S - - -

GAPDH —— N — — — — —

5\’ \!\ ‘AO’\PL\ (,\I\ V\O»\Pﬁ‘\

_ 9\'
UFM1 o—-— -_— o XO((’ \)Q 09’
5 N N
s °
5\’ ‘é\'
F . si-UFM1+ si-UFM1+
si-UFM1 OE-NC OE-SLC7A11 01 sFNC  mm sFUFM1
- EAR 8, == si-UFM1+OE-NC

~ si-UFM1+OE-SLCTA11
=
[\
]

£

8

£
N °
N o
@
[
o

Cal27 Ca9-22

SI-UFM‘1+OE SLC7A1M1

nanbumtlal,
d:{ofr i

1:‘ r\’b—~‘&ﬁif
R 4,
("' ’J‘J”A\‘

N e
g 5 .'i\l—\ '%{;%%_%
e iw& RETER R Lo

N AL ;{3

;ﬁ;‘%s*

-nv v o 5 5
6
LS " ‘ \
,‘z‘" \7:
} 2 cﬂﬂ
T Pl
5 i
-uc ﬁ’ Q'/.x;'\Q;ﬁ

= 2 (ﬁ&.‘w? ‘)“u ‘;
o ".’.‘Af' G
:':l ‘..j\-\-

o

10g2(SLC7A11 TPM)

Relative protein expression

Relative cell migration (%)

Relative cell invasion (%)

p-value = 3.9e-06 .
R=02 s

1og2(UFM1 TPM)

[ si-NC  mm si-UFM1
= si-UFM1+OE-NC
1.5 si-UFM1+OE-SLC7A11

of SLC7A11

Cal27 Ca9-22

2 siNC  mm si-UFM1
= si-UFM1+OE-NC
si-UFM1+OE-SLC7A 11

cal27 Cas-22

=3 si-NC  mm si-UFM1
= si-UFM1+OE-NC
si-UFM1+OE-SLC7A11

o
S

2
S

o
S

o

cal27 Cag-22
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tissues from the UALCAN database; (B) Validation of SLC7A11 mRNA upregulation in OSCC specimens by qRT-PCR;
(C) Positive correlation between UFM1 and SLC7A11 mRNA expression in HNSC samples from GEPIA database; (D)
Co-IP analysis showing the interaction between SLC7A11 and UFM1; (E) Western blot analysis showing restoration
of SLC7A11 protein expression upon ectopic overexpression in UFM1-knockdown cells; (F-H) Functional rescue as-
says demonstrating that SLC7A11 overexpression reverses the suppressive effects of UFM1 knockdown on clono-
genic survival (F), cell migration (G), and invasion (H) (Scale bars = 100 um; original magnification: x100). *P < 0.05.
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Figure 5. SLC7A11 overexpression attenuates UFM1 knockdown-induced ferroptotic events. A. Intracellular ROS levels detected by DCFH-DA fluorescence (Scale
bar = 50 ym; original magnification: x200); B. Mitochondrial superoxide production measured by MitoSOX Red staining (Scale bar = 50 um; original magnification:
x200); C. Lipid peroxidation assessed by MDA content; D. Cellular ferrous iron levels; E. Measurement of glutathione (GSH) level; F. Cell viability assessed by the

CCK-8 assay. *P < 0.05.
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Figure 6. UFM1 knockdown attenuates tumor growth in vivo. (A) Tumors resected from nude mice at the end point
of experiment; (B, C) Tumor growth curves (B) and final tumor weights (C) measured after 4 weeks of treatment (n=5
mice per group); (D) Western blot analysis of UFM1 and SLC7A11 protein expression in tumor tissues from different
groups; (E) Representative IHC staining images and quantification of SLC7A11 and 4-HNE in tumor tissues (Scale
bar = 50 uym; original magnification: x200). *P < 0.05.

with the in vitro findings, Western blotting on
excised tumor tissues revealed that both UFM1
and SLC7A11 protein levels were markedly
decreased in the sh-UFM1 group (Figure 6D).
Moreover, IHC analysis showed that SLC7A11
expression was significantly reduced in tumors
derived from sh-UFM1 cells. In contrast, the
expression of 4-hydroxynonenal (4-HNE), an
indicator of lipid peroxidation, was significantly
upregulated in sh-UFM1 groups (Figure 6E),
indicating significantly enhanced ferroptosis in
vivo.

Discussion

This study demonstrates that UFM1 acts as a
key oncogenic factor during OSCC progression.
Our results indicated that UFM1 promoted
OSCC progression by stabilizing SLC7A11, con-
ferring resistance against ferroptotic cell death.

UFM1-mediated UFMylation exerts context-de-
pendent effects on downstream targets [23]. In
colorectal cancer, UFM1 has been reported to
modify BAP1, thereby enhancing oncogenic sig-
naling associated with pVHL [24]. Additionally,
UFM1 can promote immune evasion through
PLACS8- mediated upregulation of PD-L1 [25]. In
breast cancer, UFM1 interacts with ASC1 to
activate estrogen receptor o (ERa) signaling
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[14]. In pancreatic ductal adenocarcinoma,
UFM1 suppresses ferroptosis by inhibiting
GPX4 transcription [15]. Notably, metformin
was reported to suppress ferroptosis in breast
cancer through inhibition of UFM1-mediated
UFMylation of SLC7A11, thereby preserving
redox homeostasis [22].

Consistent with previous reports [16, 26], this
study revealed a significant upregulation of
UFM1 in both OSCC and HNSC tissues and
cell lines. Mechanistically, our findings demon-
strated that UFM1 depletion induced ferropto-
sis in OSCC cells, characterized by increased
ROS, lipid peroxidation, Fe?* accumulation,
and reduced GSH and SLC7A11 expression.
Furthermore, targeted rescue experiments
using ferroptosis blockers (Liproxstatin-1, Fe-
rrostatin-1) partially reversed the effects of
UFM1 knockdown, supporting the involvement
of ferroptosis in this process. Our results also
demonstrated that UFM1 knockdown signifi-
cantly suppressed OSCC cell proliferation,
migration, invasion, and tumorigenesis, high-
lighting the pro-tumorigenic role of UFM1 in
0SCC.

SLC7A11 is a key regulator of ferroptosis.
Accumulating evidence has elucidated the reg-
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ulatory network governing SLC7A11 in OSCC.
Xu et al. reported that SLC7TA11 mRNA stabi-
lity is regulated by METTL3, an mSA methyl-
transferase, and its depletion leads to reduced
SLC7A11 expression and suppression of ma-
lignant phenotypes in OSCC cells [27]. In addi-
tion, Liu et al. demonstrated that the deubiqui-
tinase OTUB1 inhibits ferroptosis by reducing
the ubiquitination of SLC7A11, thereby enhanc-
ing OSCC resistance to cisplatin [28]. Zhou et
al. showed that SLC7A11 knockdown effective-
ly suppressed OSCC cell growth through induc-
tion of ferroptosis [21].

In the present study, we demonstrated that
UFM1 promoted OSCC progression by regulat-
ing SLC7A11 at the post-translational level.
Co-IP revealed a potential interaction between
UFM1 and SLC7A11, suggesting that UFM1-
mediated UFMylation may stabilize SLC7A11,
potentially protecting SLC7A11 from degrada-
tion by the proteasome or lysosome. Rescue
assays further indicated that restoration of
SLC7A11 effectively counteracted UFM1 de-
pletion-induced ferroptosis and malignant phe-
notypic alterations. These findings are consis-
tent with previous reports in breast cancer, in
which UFMylation of SLC7A11 was shown to
inhibit ferroptosis [22], suggesting that this re-
gulatory axis may be conserved across multi-
ple cancer types.

Despite the evidence presented in this study
supporting a role for UFM1 in promoting OSCC
progression through stabilization of SLC7A11
and suppression of ferroptosis, several limita-
tions should be acknowledged. First, the up-
stream regulatory mechanisms that activate
the UFM1/SLC7A11 pathway in OSCC remains
unclear. Second, the precise molecular mecha-
nism by which UFM1 maintains SLC7A11 pro-
tein stability has not been fully elucidated.
Future studies should focus on identifying the
specific UFMylation sites on SLC7A11 and in-
vestigating whether this modification directly
affects SLC7A11 degradation, as well as ex-
ploring the upstream factors that drive the
activation of UFM1/SLC7A11 axis in OSCC.

Conclusion

UFM1 acts as a key regulator of OSCC progres-
sion by modulating SLC7A11-mediated resis-
tance to ferroptosis. These findings provide
new insights into the role of UFMylation in can-
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cer biology, offering novel therapeutic target
for OSCC.
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