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KEYWORDS Abstract Background/purpose: Head and neck squamous cell carcinoma (HNSCC), including

AIFM2; oral squamous cell carcinoma (OSCC), remains a major malignancy with limited therapeutic ef-

Head and neck ficacy. Apoptosis-inducing factor mitochondria-associated 2 (AIFM2), also known as ferroptosis
carcinoma; suppressor protein 1, regulates ferroptosis and tumor progression. This study investigated the

Oral carcinoma; oncogenic function, clinical relevance, and regulation of AIFM2 in OSCC.

Prognosis Materials and methods: Transcriptomic data from TCGA HNSCC and in-house OSCC RNA-Seq da-

tasets were analyzed to assess AIFM2 expression and its association with clinicopathological
features and outcomes. Functional assays evaluated the effects of AIFM2 knockdown or over-
expression on OSCC cell proliferation, migration, invasion, and therapeutic response. Micro-
RNAs targeting AIFM2 were identified through bioinformatics, luciferase reporter, and mimic
assays. A Light Gradient Boosting Machine (LGBM) model was used for prognostic prediction.
Results: AIFM2 overexpression was associated with advanced stage, poor tumor differentia-
tion, and unfavorable survival in HNSCC/OSCC. AIFM2 knockdown suppressed, whereas its over-
expression enhanced, OSCC cell proliferation, migration, and invasion, while exerting minimal
effects on cisplatin, palbociclib, or cold atmospheric plasma sensitivity. miR-32-5p and miR-
432-5p directly targeted AIFM2 and were downregulated in tumors. AIFM2-associated

* Corresponding author. Institute of Oral Biology, College of Dentistry, National Yang Ming Chiao Tung University, No. 155, Section 2, LiNong
St, 11211, Taipei, Taiwan.
E-mail address: shuchun@nycu.edu.tw (S.-C. Lin).

https://doi.org/10.1016/j.jds.2025.11.007
1991-7902/© 2026 Association for Dental Sciences of the Republic of China. Publishing services by Elsevier B.V. This is an open access article under
the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).


http://creativecommons.org/licenses/by%2Dnc%2Dnd/4.0/
mailto:shuchun@nycu.edu.tw
http://crossmark.crossref.org/dialog/?doi=10.1016/j.jds.2025.11.007&domain=pdf
https://doi.org/10.1016/j.jds.2025.11.007
http://creativecommons.org/licenses/by%2Dnc%2Dnd/4.0/
www.sciencedirect.com/science/journal/19917902
http://www.e-jds.com
mailto:imprint_logo
mailto:journal_logo
https://doi.org/10.1016/j.jds.2025.11.007

C.-H. Chou, K.-W. Chang, W.-W. Hung et al.

transcripts were enriched in pathways related to oxidative stress, lipid metabolism, and E2F
targets. The LGBM-derived AIFM2 gene signature demonstrated strong prognostic predictive

power.

Conclusion: AIFM2 acts as an oncogenic driver in OSCC, regulated by tumor-suppressive miR-
32-5p and miR-432-5p, and serves as a potential prognostic biomarker and therapeutic target.
© 2026 Association for Dental Sciences of the Republic of China. Publishing services by Elsevier
B.V. This is an open access article under the CC BY-NC-ND license (http://creativecommons.
org/licenses/by-nc-nd/4.0/).

Introduction

Oral squamous cell carcinoma (OSCC) is one of the highly
prevalent malignancies in the world, accounting for a sig-
nificant proportion of head and neck cancers (HNSCC).'™
Despite advances in treatment, the therapeutic efficacy
against HNSCC/OSCC is still a challenging issue. Ferroptosis
is an iron-dependent cell death,®> characterized by the
excessive redox species (ROS) accumulation generated by
the Fenton reaction, which causes lipid peroxidation, the
abnormalities of mitochondria, and the activation of the
death cascade.’” "' Recent studies showed that the acti-
vation of ferroptosis regulators can enrich the therapeutic
outcomes of HNSCC/0SCC.">"* We have demonstrated that
cold atmospheric plasma (CAP) irradiation induced the
death of OSCC cells, including the ferroptotic death.™

Previous studies revealed that apoptosis-inducing factor
mitochondria-associated 2 (AIFM2) is a pro-apoptotic fac-
tor, which is downregulated by p53." "7 As AIFM2 harbors
an oxidoreductase box, membrane-anchored AIFM2 cata-
lyzes the reduction of CoQ10 to CoQ10H2, which in turn
prevents lipid peroxidation and restricts the ferroptotic
process.'®"? As a ferroptosis suppressor protein, AIFM2 has
also been named FSP1 accordingly. Inhibition of AIFM2
significantly enhanced ferroptosis sensitivity in multiple
cancer cell lines.?’ The complicated roles of AIFM2 in the
tumor process and therapy resistance have been revealed
in recent studies.'>?' 27 AIFM2 expression promotes tumor
metastasis in hepatocellular carcinoma.?* Knockdown of
AIFM2 attenuated the stemness and oncogenicity of drug-
resistant tongue cancer cells.?® However, knockout of
AIFM2 reverted the oncogenicity being repressed in pros-
tate cancers.” Although database analysis unveiled the
AIFM2 upregulation in HNSCC,%° the oncogenic activity of
HNSCC/0SCC following AIFM2 expression has not yet been
comprehensively defined. Comprehensive assessment is
required to specify the clinicopathological values of AIFM2
in HNSCC/0SCC.

miRNAs play important roles in repressing targets tran-
script and modulating cellular physiology. Oncogenic miR-
NAs significantly upregulated in HNSCC/OSCC tissues
promote tumor cells’ growth, migration, invasion, and
xenografic growth by targeting suppressor networks. 2830
On the contrary, suppressor miRNAs downregulated in tu-
mors may signify a favorable therapeutic outcome.?'3°
CAP irradiation downregulated oncogenic miRNAs and
upregulated suppressor miRNAs, which may underlie the
death of 0SCC cells.™ So far, miR-150-5p, miR-1228, and
miR-3622b-3p, which directly target the 3'UTR of AIFM2
transcript and downregulate AIFM2 expression, have been
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reported in diseases.'>?32%3¢ The epigenetic modulation of
AIFM2 through other miRNAs in HNSCC/OSCC requires
elucidation.

This study demonstrates that AIFM2 is a prognostic pre-
dictor of HNSCC/OSCC. Although AIFM2 mediates the
increased proliferation, migration, and invasion of HNSCC/
0OSCC cells, the influence of AIFM2 expression on thera-
peutic responses could be limited in this malignancy. Our
previous study has stratified that suppressor miRNA miR-
432-5p targeted VGF to modulate the OSCC progression.?
This study also identifies that miR-32-3p and miR-432-5p are
downregulated in HNSCC and they target AIFM2.%337% To
abrogate AIFM2 function would validate HNSCC/OSCC
interception.

Materials and methods
Cells and reagents

Normal oral keratinocyte NOK immortalized with hTERT,
and HNSCC cell lines SAS, OECM1, FaDu, OC3, 0C4, Cal27,
and SCC25 were cultured as previously described.’
Cisplatin (CDDP), Palbociclib, Doxycycline (Doxy), and

other unspecified reagents were purchased from
Sigma—Aldrich (St Louise, MO, USA). TransFectin lipid re-
agent (BioRad, Hercules, CA, USA) was used for

transfection.
HNSCC/OSCC transcriptional signatures

The transcriptomic data and corresponding clinical infor-
mation of HNSCC tumor and normal tissues were obtained
from The Cancer Genome Atlas (TCGA; https://portal.gdc.
cancer.gov/) (Table S1). Transcriptomic data and RNA
samples from OSCC patients were collected after obtaining
written informed consent (Table S2). This study was
approved by the Institutional Review Board (IRB approval
number: 18MMHIS187e). High-quality RNA samples were
subjected to RNA sequencing (RNA-Seq). Transcript abun-
dance was quantified using transcripts per million (TPM),
while miRNA expression levels in TCGA dataset were
normalized as reads per million (RPM).

Assays for proliferation, wound healing, invasion,
and dose—response

Cell proliferation was analyzed using the trypan blue
exclusion assay. Wound healing assay was used to measure
the cell migration.” For the invasion assays, 50 ul of 10 %
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Matrigel (BD Biosciences, San Jose, CA, USA) was used to
coat Transwell membrane, and then cells were seeded onto
the Matrigel-coated Transwell. After incubating cells at
37 °C for 48 h, the Transwell membranes were fixed and
stained with Hoechst 33258. Images of the invaded cells
were captured using a fluorescence microscope. Cell
growth in the wound healing and invasion assays was
arrested by treatment with 1 pM hydroxyurea. The dose
response curves and ICso were generated using MTT assay.’

miRNA mimics and siRNAs

miRNA mimics and the miRNA Scr were purchased from
Applied Biosystems (Waltham, MA, USA). The si-AIFM2
oligonucleotide and si-RNA-A scramble control oligonucle-
otide were purchased from Santa Cruz Biotech (Santa Cruz,
CA, USA) (Table S3). They were used following our previ-
ously established protocols. >

qPCR analysis

Total RNA was isolated from using TriPure Isolation Reagent
(Roche, Basel, Switzerland), and was reversely transcribed.
The AIFM2 mRNA expression was analyzed using quantita-
tive polymerase chain reaction (qPCR), probe (Cat no.
Hs01097300_m1), and reagents supplied by Applied Bio-
systems.”? The resulting information was analyzed using
the —AAC; method, and values were calculated relative to
GAPDH analyzed using probe (Cat No. Hs00266705_g1).

Western blot analysis

Aliquots of cell lysate were subjected to Western blot
analysis according to protocols previously published.” The
primary antibodies for detecting oncogenic kinases, fer-
roptotic proteins and green fluorescence protein (GFP) are
listed in Table S4. Signals were revealed by Western
Lightning Chemiluminescence Reagent Plus kit (Thermo
Scientific, Waltham, MA, USA) and detected using a FUJI-
FILM LAS-4000 mini luminescent image analyzer (GE Life
Sciences, Piscataway, NJ, USA). The signals of tested pro-
teins were normalized against GAPDH or «-tubulin to
designate the expression level.

Plasmid construction and stable cell subclone
establishment

The amplicon of the AIFM2 coding sequence (CDS) was
digested with restriction enzymes, then cloned into the
pcDNA3.1(—) (va) plasmid to enable transient overexpression
(oe) (Table S5). A multiple cloning site (MCS) fragment was
engineered into the TetOn lentiviral vector (pCW57.1,
plasmid #41393, Addgene, Watertown, MA, USA) to generate
a modified vector designated TetOn-MCS. The AIFM2 CDS
amplicon was ligated into the TetOn-MCS vector (Table S5).
Stable AIFM2-expressing cell subclones were established
through lentiviral infection followed by blasticidin selection
and were designated as AIFM2 OE (VA-related). In parallel,
stable GFP OE cell subclones were generated to verify Doxy-
induced expression of GFP (Table S5). The plasmids for AKT,
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ERK, and p38 activation are those we previously used.' The
signals were activated by transient OE in relation to the
control vector.

Construction of miRNA reporters

A 395-bp amplicon of the head (H) part and a 579-bp
amplicon of the tail (H) part of the 3’ untranslated region
(3’'UTR) sequence in AIFM2, which encompasses the pre-
dicted targeted sites of tested miRNAs, were cloned into
the pMIR-REPORT™ Luciferase vector (Life Technologies,
Grand lIsland, NY, USA) to generate reporters (Table S6).
Firefly luciferase activity, after normalizing to transfection
efficiency, represented reporter activity. Following the
treatment with miRNA mimics, the fold change of reporter
activity is determined by normalizing to Scr treatment and
the vector alone reporter (VAR) activity.

Bioinformatic algorithms

In silico searches of prediction modules specified potential
targeting miRNAs overlapped, including Diana, microRNA,
mirDIP, miRBD, or TargetScan. Venn diagram was used for
illustrating the overlaps. The DESeq 2 program and volcano
plot were used to illustrate the differentially expressed
genes in TCGA HNSCC dataset. Gene set enrichment anal-
ysis (GSEA) algorithm and bubble plots annotated the
enrichment of gene sets associated with AIFM2 expression.
The hazard ratio of patients being defined by a regression
model was achieved from a platform established in our
laboratory.>® The prognostic signatures were analyzed using
a Light Gradient Boosting Machine (LGBM) model (https://
lightgbm.readthedocs.i0).>®> The prediction accuracy of
the patient survival was evaluated by time-dependent
receiver operating characteristic curve (ROC) mode.

Statistical analyses

The data were presented as means + SE. Mann—Whitney
tests, unpaired t-tests, two-way ANOVA tests, and
Kaplan—Meier survival analysis were used to compare the
differences between the various groups of results. A P value
of less than 0.05 was considered significantly different.

Results

High AIFM2 expression defines the unfavorable
HNSCC/OSCC prognosis

Analysis of the TCGA HNSCC dataset revealed a progressive
increase in AIFM2 expression corresponding to tumor stage
severity and the presence of lymphovascular invasion
(Fig. 1A, Table S1). In both HNSCC and OSCC cohorts, higher
histolopathologic grades were associated with elevated
AIFM2 expression. Moreover, tumor site was significantly
correlated with AIFM2 expression (Fig. 1A and B; Table S1
and Table S2). Notably, heavy smokers, defined as pa-
tients with tobacco consumption above the median pack-
year value, exhibited higher AIFM2 expression in their
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Figure 1  The association between AIFM2 expression and clinicopathological states in HNSCC/OSCC. (A, C) HNSCC. (B, D) OSCC.
(A, B) Clinicopathological variants as related to AIFM2 expression. (C, D) Kaplan—Meier survival curve. T, tumor size; N, nodal
metastasis; PNI, perineural invasion; LVI, lymphovascular invasion; ENE, extranodal extension; TPM, transcripts per million. *, **,
and ***; P < 0.05, P < 0.01, and P < 0.001, respectively.
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Figure 2 The AIFM2 expression in cell lines. (A) NOK and HNSCC/0OSCC cell lines. Lt, gPCR analysis reveals the higher AIFM2
expression in cancer cell lines relative to NOK, except for OECM1. Rt, Western blot analysis reveals the AIFM2 expression in SAS and
FaDu cells. NOK and OECM1 exhibits scanty and absent AIFM2 expression. (B) AIFM2 knockdown. Cells are treated with si-AIFM2
oligonucleotide or si-RNA-A oligonucleotide. Lt, gPCR analysis. Treatment with 60 or 100 nM si-AIFM2 for 24 h or 48 h decreases
AIFM2 mRNA expression in SAS cells. Rt, Western blot analysis. Treatment with 100 nM for 24 h si-AIFM2 decreases AIFM2 protein
expression in SAS and FaDu cells. (C, D) Wound healing assay and invasion assay, respectively. Knockdown of AIFM2 decreases the
competence of wound healing (in C) and invasion (in D) of SAS and FaDu cells. (E) Western blot analysis of the SAS cell. It reveals
AKT, ERK, and p38 activation following plasmid transfection for 24 h. The slight upregulation of AIFM2 and COX2 follows the ERK and
p38 activation, respectively. Values below the Western blot diagram denote normalized expression levels. oe, transient over-
expression. **, and ***, P < 0.01, and P < 0.001, respectively.

544



Journal of Dental Sciences 21 (2026) 541—550

A 2 SAS SAS sAS c D 200 Fabu
- va 51001 = va 300 % FaDu
18] - AIFM20e S - va ns
LN g z — — 30] > AIFM2ce T 150
2 2 2 200: — K}
X 10 2 60 % ) b
E ) g 3 20. g 100
5 3 8™ 8 3
2 20 10 O 50
1 2 3 4 5 0 4 8 12 16 20 24 va AIFM2 08 or H T " T
B Days hours Days va AIFM2 0e
150 OECM1 250 oEcM 100 Fabu va AIFM2 oe
- va 51 = va g - va
- AIFM2 0e £ 5 = AFM20e o 200 T 80{ = AFM2oe ns
o 100 £ 2 5
2 2w % 150 == é 60.
i S
8w R S R
) ° s 2
od
0 4 8 12 16 20 24 o 4 8 12 16
1 2 Dﬂays 4 5 hours va AIFM2 oe hours
Figure 3  Transient AIFM2 expression in cell lines. (A, B) SAS and OECM1 cells, respectively. Lt, proliferation; middle, wound

healing; Rt, invasion. Transient AIFM2 expression increases cell proliferation, wound healing, and invasion. (C, D) FaDu cells. (C)
Upper, proliferation. Lower, wound healing. Transient AIFM2 expression does not affect such phenotypes in FaDu cells. (D) Invasion
assay. Upper, quantification of invaded cells; Lower, representative fields of invaded cells on the transwell membrane. x200. oe,
transient overexpression; va, vector alone. ns, not significant. **, and ***, P < 0.01, and P < 0.001, respectively.
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The Doxy treatments at the doses more than 1000 ng/mL for 48 h drastically induce GFP expression. (B) AIFM2 OE cell subclones.
The Doxy treatments at the doses more than 500 ng/mL for 48 h drastically induce AIFM2 expression. (C—G) Lt, SAS cell subclones;
Rt, OECM1 cell subclones. (C, D) Proliferation assays. Doxy+, 2000 ng/mL doxycycline treatment for 48 h; Doxy -, no treatment. (C)
Comparison between Doxy treatment and control in OE cell subclones. (D) Comparison between OE cell subclones and VA cell
subclones in the presence of Doxy treatment. (E—G) Dose response curves of CDDP, CAP, and Palbociclib, respectively. par,
parental; OE, stable overexpression; VA, vector alone; CDDP, cisplatin; CAP, cold atmospheric plasma. ***, P < 0.001.

tumors compared with lighter smokers or non-smokers.
0OSCC tumors negative for p16 staining showed increased
AIFM2 expression. Importantly, patients whose tumors were
within the highest quartile of AIFM2 expression experienced
significantly worse survival outcomes compared with those
in the lowest quartile (Fig. 1C and D).
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Knockdown of AIFM2 decreases the invasiveness of
HNSCC/0SCC cell

Compared with NOK cells, six HNSCC cell lines showed
elevated AIFM2 mRNA expression, while the OECM1 cell line
lacked AIFM2 expression (Fig. 2A). Similar protein analysis
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results are shown in the Western blot on the right panel.
Knockdown of AIFM2 expression using siRNA in SAS and FaDu
cells revealed a decrease in both mRNA and protein
expression (Fig. 2B). This is accompanied by a reduction in
wound healing and cell invasiveness (Fig. 2C and D). To
elucidate the potential upstream regulators, transfection
of AKT, ERK, and p38 plasmids activated these three
signaling pathways in SAS cells. ERK activation was associ-
ated with increased AIFM2 expression (Fig. 2E).

The transient AIFM2 expression increases the
oncogenicity

The transient AIFM2 expression mediated by transfection of
pcDNA3.1(—) AIFM2 plasmid for 24 significantly increased
proliferation (Fig. 3A—Lt), wound healing (Fig. 3A, middle)
and invasion (Fig. 3A—Rt) of SAS cells. It also resulted in
increased proliferation (Fig. 3B—Lt), wound healing
(Fig. 3B, middle) and invasion (Fig. 3B—Rt) of OECM1 cells.
However, the transient AIFM2 expression did not affect the
proliferation (Fig. 3C, upper) and wound healing (Fig. 3C,
lower) of FaDu cells. The transient AIFM2 expression was
associated with increased FaDu invasion (Fig. 3D).

The stable AIFM2 expression increases cell growth but
does not necessarily affect drug sensitivity

The induction of GFP expression following the treatment of
Doxy validated the efficacy of TetOn-GFP plasmid (Fig. 4A).

In AIFM2 OE stable cell subclones of SAS and OECM1 carrying
TetOn-AIFM2 construct, the treatment with Doxy dosage
above 500 ng/mL for 48 h drastically increased AIFM2 pro-
tein expression (Fig. 4B). The induced AIFM2 expression
mediated by Doxy treatment was associated with increased
cell proliferation (Fig. 4C). Following Doxy induction, the
increased proliferation in AIFM2 OE cell subclones
comparing to VA (carrying TetOn-MCS vector) cell subclones
further confirmed that AIFM2 accelerated cell proliferation
(Fig. 4D). The survival assays across Doxy-treated AIFM2 OE
and VA cell subclones showed that AIFM2 expression drove
no or a little sensitizing effect of cells to CDDP (Fig. 4E) and
CAP (Fig. 4F) treatments, and a little desensitizing effect to
palbociclib treatment (Fig. 4G).

miR-32-5p and miR-432-5p targets AIFM2

miR-150 has been shown to target of AIFM2 on the 3'UTR of
the transcript.”® Analysis using multiple in silico modules
revealed that miR-150-5p targeted AIFM2, while the tar-
geting of miR-32-5p and miR-432-5p was also predicted by
four distinctive modules (Fig. 5A). The 3'UTR of AIFM2 spans
~1.8 kb. Although miR-150-5p can target site #1881 in the
tail part of the 3'UTR sequence,?>>*¢ algorithms also predict
a potential targeting site at #156 in the head part of the
3'UTR (Fig. 5B). We generated head (H) reporter encom-
passing miR-150-5p, and tail (T) reporter encompassing
miR-150-5p site, miR-432-5p and miR-32-5p (Fig. 5B).
Following the transfection of Scr and miRNA mimics, the
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Normal Tumor

The targeting of suppressor miRNAs on AIFM2. (A) A Venn diagram illustrates the retrieval of potential miRNA repeatedly

predicted by 4 or 5 multiple algorithms. (B) Schematic diagram of AIFM2 3’UTR (1905-bp) and the two reporters being constructed
to prove the potential targeting of miR-32-5p, miR-150-5p, and miR-432-5p on the AIFM2 3'UTR region. The color boxes and arrows
indicate the predicted targeting miRNAs. H and T, the head part and tail part of 3’UTR, respectively. @, the number of the first
nucleotide in the binding sites. (C) Reporter assays. Following the treatment of 60 nM miRNA mimics for 24 h, reporter assays are
performed to disclose the repression of reporter activity. H, AIFM2 3'UTR-H reporter; T, AIFM2 3'UTR-T reporter; VAR, vector alone
reporter. Scr, scramble mimic. Note that miR-150-5p expression represses both H and T reporters, while miR-32-5p and miR-432-5p
expression only represses the T reporter. (D) Western blot analysis. The treatment with 100 nM mimics for 24 h represses AIFM2
protein expression. The repression of miR-150-5p mimic lasts to 48 h. Values below the Western blot diagram denote normalized
expression levels. (E) miR-32-5p (upper) and miR-432-5p (lower) expression are downregulated in the TCGA HNSCC tumor cohort.
RPM, reads per million; Arrows, downregulation. ns, not significant. *, **, and ***, P < 0.05, P < 0.01, and P < 0.001, respectively.
(For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)
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reporter assay was performed. It showed that miR-150-5p identifies 2574 protein-coding genes whose expression
expression rendered the decreased H reporter activity. levels are significantly correlated with AIFM2 in TCGA
Each miR-32-5p, miR-150-5p, and miR-432-5p expression HNSCC tumors, including 1962 upregulated and 612 down-
individually reduced the activity of T reporter (Fig. 5C). The regulated transcripts plotted in volcano plot (Fig. 6B). Using
treatment with 100 nM miR-32-5p mimic for 24—48 h the most stringent analytical criterion (Family-Wise Error
decreased AIFM2 protein expression by 30—40 %. The Rate; FWER P-value) in GSEA, pathways related to ROS
treatment with 100 nM miR-150-5p mimic for 24 h regulation, cell proliferation, lipid metabolism, and E2F
decreased AIFM2 protein expression by 30 % (Fig. 5D). The targets emerge as the most significantly enriched among
TCGA HNSCC tumors exhibited the downregulation of miR- AIFM2-associated transcripts (Fig. 6C; Table S7; Fig. S1).
32-5p and miR-432-5p (Fig. 5E), and the absence of Additionally, pathways involving PI3K-AKT-mTOR, MYC, and
change in miR-150-5p expression (not shown). Notch signaling, as well as glycolysis, DNA repair, and the
unfolded protein response, are implicated as potential
mechanisms underlying AIFM2-related pathogenesis.
Tumor samples are randomly divided into training (60 %)
As patients in both the HNSCC and OSCC cohorts with tu-  and validation (40 %) cohorts. Further screening with our in-
mors in the highest quartile of AIFM2 expression exhibit  house analytical platform identifies 263 genes significantly
worse survival than those in the lowest quartile, we further associated with patient survival. The top 100 genes with the
explore the functional and prognostic implications of this  highest hazard ratios are incorporated into a LightGBM

difference using the strategy conceptualized in Fig. 6A.  model, which constructs an optimized decision tree that
DESeq2 analysis of these expression-defined fractions

Survival prediction using AIFM2-associated genes

A B
AIFM2-based grouping
A 4
TCGA | DESeq2 (AIFM2 high vs. low)
HNSCC 2
cohort | Survival HR screening
A 4
LGBM training Wp External validation *
¥ (OSCC cohort)

Internal validation

" Internal validation:
AUC=0.682

Training: AUC=0.853

 Rate (tain) o T 1m0 200 00 400 500 6600
Risk Score (validate) Event Rate (validate) osys

/" 0SCC validation:
AUC=0.667

Figure 6 Prediction of patient survival based on the AIFM2-associated gene signature. (A) Schematic illustration of the analytical
workflow used for survival prediction. (B) Volcano plot showing significantly dysregulated transcripts correlated with AIFM2
expression in TCGA HNSCC tumors. Red dots indicate upregulated genes, blue dots indicate downregulated genes, and grey dots
represent genes without significant change. Representative genes with prominent differential expression are labeled. (C) Bubble
plot depicting the major functional pathways enriched among AIFM2-associated transcripts in accordance with Normalized
Enrichment Score (NES), False Discovery Rate (FDR)-g value and size of hallmarks. Detailed enrichment results are provided in
Supplementary Table S7 and Fig. S1. (D, E) Survival analysis of the TCGA HNSCC training cohort (D; n = 156) and validation
cohort (E; n = 104) stratified by risk groups predicted using the Light Gradient Boosting Machine (LGBM) model. Upper left:
Kaplan—Meier survival curve; upper right: receiver operating characteristic (ROC) curve; lower left: distribution of risk scores;
lower right: event status plot. (F) Survival analysis of the OSCC validation cohort (n = 100). Upper panel: Kaplan—Meier survival
curve; lower panel: ROC curve. HR, hazard ratio. (For interpretation of the references to color in this figure legend, the reader is
referred to the Web version of this article.)
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effectively stratifies patients into high- and low-risk groups
in the training cohort (AUC = 0.853; Fig. 6D). The model
retains prognostic performance in both the internal vali-
dation (AUC = 0.682; Fig. 6E) and OSCC validation cohorts
(AUC = 0.667; Fig. 6F). We also evaluate the predictive
value using the entire HNSCC cohort. DESeq2-derived genes
are visualized in a volcano plot (Fig. S2A). HNSCC tumors
are divided into training (70 %) and validation (30 %) co-
horts. The LightGBM-based model using the selected genes
demonstrates strong predictive performance in the training
cohort (AUC = 0.861; Fig. S2B), with consistent accuracy in
the internal validation (AUC = 0.691; Fig. S2C) and OSCC
validation (AUC = 0.660; Fig. S2D) cohorts. Collectively,
these results indicate that the AIFM2-associated transcrip-
tional signature provides robust prognostic information for
patients with HNSCC and OSCC.

Discussion

In this study, we demonstrated that AIFM2 expression pro-
gressively increases with tumor progression in HNSCC and is
associated with adverse clinicopathological features of
HNSCC/0SCC, including poor differentiation and p16
negativity. Consistently, patients whose tumors exhibited
the highest quartile of AIFM2 expression had significantly
worse survival outcomes. These findings support the role of
AIFM2 as both a marker of tumor aggressiveness and a
prognostic biomarker in HNSCC/0SCC.242°

Functionally, our in vitro analyses confirmed that AIFM2
promotes tumor cell proliferation, migration, and invasion,
as both transient and inducible stable overexpression
enhanced oncogenic behaviors in SAS and OECM1 cells.
Conversely, AIFM2 knockdown in SAS and FaDu cells sup-
pressed invasiveness, underscoring its contribution to
tumor aggressiveness. As the areca or tobacco ingredients
stimulate multiple oncogenic signals for neoplastic patho-
genesis,”“? we explore the potential of signal activation for
AIFM2 upregulation. Importantly, ERK activation correlated
with AIFM2 upregulation in our preliminary cell studies,
suggesting that AIFM2 integrates with canonical oncogenic
signaling pathways in OSCC. Although the mechanisms
remain to be elucidated, these observations align with
studies in hepatocellular carcinoma and drug-resistant
tongue carcinoma,’*?® where AIFM2 has been shown to
sustain oncogenicity and metastasis.

Despite its clear oncogenic role, AIFM2 overexpression
did not substantially alter therapeutic sensitivity in our
stable cell models, with only modest effects observed for
cisplatin, palbociclib, and cold atmospheric plasma. This
suggests that while AIFM2 accelerates tumor progression,
its role in therapy resistance may be context-dependent or
compensated by parallel survival pathways. Previous work
has shown that AIFM2 suppresses ferroptosis and contrib-
utes to therapy resistance in various cancers.'® 2" There-
fore, additional investigations are warranted to determine
whether HNSCC/OSCC harbor specific ferroptotic vulnera-
bilities that could be therapeutically exploited by targeting
AIFM2.

We further identified miR-32-5p and miR-432-5p as
tumor-suppressive regulators of AIFM2 in HNSCC/OSCC.
Both miRNAs were significantly downregulated in tumors,
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and luciferase reporter assays confirmed their direct bind-
ing to the AIFM2 3'UTR. Restoration of these miRNAs
reduced AIFM2 protein expression, highlighting a potential
therapeutic axis. Given that dysregulation of tumor-
suppressive miRNAs is widespread in 0SCC,* "33 stra-
tegies aimed at restoring their expression may represent a
rational approach to mitigate AIFM2-driven oncogenicity.

Our findings establish a comprehensive analytical
framework linking AIFM2-associated gene expression to
signal activation or patient prognosis in HNSCC/OSCC.
AIFM2-correlated transcripts were significantly enriched in
pathways related to oxidative stress, proliferation, lipid
metabolism, and cell death, consistent with our results in
clinical assessment and functional assay, and previous
studies.”":16:18:19,21.27 However, the versatile roles of
AIFM2 in modulating crucial signals during tumorigenesis
such as mTOR, MYC, and Notch warrant further investiga-
tion. Using a machine learning, we effectively stratified
patients into high- and low-risk groups with strong predic-
tive accuracy in the training cohort.*° Although the model’s
performance declined slightly in the validation cohorts, it
maintained meaningful prognostic value. These results
suggest that this analytical module could facilitate clinical
risk stratification in additional HNSCC/OSCC cohorts.

This study may have several limitations. First, although
our in vitro data strongly support the oncogenic role of
AIFM2, in vivo validation using xenograft or genetically
engineered models is required to confirm its relevance in
tumor initiation and progression. Second, while we identi-
fied miR-32-5p and miR-432-5p as regulators, other epige-
netic mechanisms or upstream oncogenic signals may also
contribute to AIFM2 dysregulation.”?*?> Finally, the
modest influence of AIFM2 on therapy resistance suggests
that combinatorial targeting of ferroptosis pathways may
be necessary to achieve meaningful therapeutic benefit.
Collectively, our findings indicate that the AIFM2-associated
gene signature represents a promising biomarker for prog-
nostic assessment in HNSCC/OSCC.

This study provides evidence that AIFM2 acts as a key
oncogenic driver in HNSCC and OSCC, promoting tumor
progression while being epigenetically regulated by sup-
pressor miRNAs. These findings underscore the dual po-
tential of AIFM2 as both a prognostic biomarker and a
therapeutic target. Future studies should explore the
translational potential of targeting AIFM2 or restoring its
regulatory miRNAs as strategies to improve clinical out-
comes in HNSCC/OSCC patients.
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