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Abstract: Hepatocellular carcinoma (HCC) is a leading cause of cancer-related death worldwide, yet effective treat-
ment options remain limited. NDUFA12, a subunit of mitochondrial complex |, plays a crucial role in oxidative phos-
phorylation and cellular energy metabolism; however, its expression pattern, clinical significance, and biological role
in HCC remain unclear. In this study, the expression profile and clinical relevance of NDUFA12 were analyzed using
The Cancer Genome Atlas (TCGA) data. Genomic and functional features, including differentially expressed genes
(DEGSs), tumor mutation burden (TMB), functional enrichment, and immune infiltration, were assessed. An institu-
tional cohort of 25 patients with advanced HCC receiving targeted-immunotherapy at our hospital was enrolled,
and baseline tumor samples were subjected to RNA sequencing for validation. MHCC-97H and PLC/PRF/5 cells
were transfected with small interfering RNAs (siRNAs) targeting NDUFA12. Functional assays, including CCK-8, EdU,
wound healing, Transwell assays, Seahorse XF mitochondrial stress tests, Seahorse XF glycolysis stress tests, ATP
production, lactate accumulation, mitochondrial membrane potential, and reactive oxygen species (ROS) detection,
were performed to evaluate malignant phenotypes and metabolic alterations. NDUFA12 expression was markedly
elevated in HCC and was associated with advanced tumor stage, increased TMB, and poorer overall survival and
progression-free survival. DEG analysis suggested enrichment in cell cycle-, mitochondrial-, and metabolism-related
pathways. Low NDUFA12 expression was associated with distinct immune infiltration patterns according to the
CIBERSORT algorithm, and RNA-sequencing data of our cohort further confirmed longer overall survival in patients
with low NDUFA12 expression. Functionally, NDUFA12 knockdown reduced cell proliferation, invasion and migration
in HCC cells. Metabolic assays showed that NDUFA12 knockdown decreased oxygen consumption rate, ATP produc-
tion, mitochondrial membrane potential, and intracellular ROS levels, while increasing extracellular acidification
rate and lactate production, suggesting impaired mitochondrial respiration and compensatory glycolytic activation.
Collectively, these findings suggest that NDUFA12 is associated with poor prognosis, malignant cellular phenotypes,
and mitochondrial metabolic alterations in HCC. NDUFA12 may serve as a prognostic biomarker and a candidate
target for further functional and translational investigation in HCC.
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Introduction ity around the world. According to GLOBOCAN

2022 statistics, HCC ranks the sixth in inci-
Hepatocellular carcinoma (HCC) ranks among dence among all tumor types (865,269; 4.3% of
the most frequent cancers of the digestive tract all sites) and third in mortality (757,948; 7.8%
and persists as a major driver of cancer mortal- of all sites) [1]. In China, it is estimated that the
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incidence of HCC ranked the fourth with
368,000 new cases in 2022. The mortality of
HCC ranked the second with 317,000 estimat-
ed deaths. Although a decrease in the inci-
dence of HCC was observed, a high mortality
continues to be observed [2]. Besides, due to
the asymptomatic characteristic of HCC, the
disease is usually in its advanced stage by
the time it is detected, thus making surgical
intervention impossible. Since 2020, the IM-
bravel50 had made significant progress in
treating unresectable HCC patients [3]. Simul-
taneously, a randomized, phase 2-3 study
ORIENT-32 was conducted in China to assess
the efficacy of immune-targeted combination
therapy compared to sorafenib in unresectable
hepatocellular carcinoma. Results suggest that
sintilimab plus the bevacizumab biosimilar
IBI305 could improve the prognosis of patients
with hepatitis B virus (HBV)-related unresect-
able HCC, further laying the groundwork for
combination therapy to become the first-line
treatment [4]. Nevertheless, the treatment
prospects for patients with HCC is still gloomy,
making the hunt for novel molecular targets all
the more imperative.

Tumor vasculature and immune cells engage in
bidirectional crosstalk that critically influences
anti-tumor immunity, making immune-targeted
combination therapy particularly imperative in
HCC. On the one hand, dysfunctional tumor
vessels impair CD8* T cell infiltration into the
tumor microenvironment (TME), reducing their
effector activity and promoting cell death.
Additionally, vascular endothelial growth factor
(VEGF) not only disrupts dendritic cell matura-
tion and T cell priming but also promotes CD8*
T cell exhaustion [5]. Conversely, both innate
and adaptive immune cells actively participate
in generating abnormal tumor vasculature. Pro-
angiogenic factors secreted by M2 macro-
phages, Th2 cells, and regulatory T (Treg) cells
drive uncontrolled, immature vessel formation,
while interferon-gamma (IFN-y) from CD8* and
CD4* Thl cells suppresses angiogenesis and
facilitates vascular normalization [6]. These
findings have prompted preclinical evidence
that concurrent targeting of both tumor vascu-
lature and immune components is a viable
approach to correct these disrupted interac-
tions and improve immunotherapy outcomes.

The liver is responsible for a range of physiolog-
ical processes, including metabolic processes,
detoxication, glycogen storage, blood coagula-
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tion factor production, and immune functions
[7], which requires substantial energy supply,
positioning mitochondria at the core of cellular
energy metabolism. Increasing evidence indi-
cates that mitochondrial dysfunction and meta-
bolic reprogramming are two important contrib-
utors to HCC progression [8]. Alterations in oxi-
dative phosphorylation, redox homeostasis,
mitophagy regulation, and mitochondrial dy-
namics have been implicated during this pro-
gression [9]. NDUFA12, a subunit of mitochon-
drial complex | (Cl) [10], participates in electron
transport and ATP generation through oxidative
phosphorylation. It has been previously report-
ed that NDUFA12 is essential for the proper
assembly of Cl and mitochondrial function [11],
while loss of NDUFA12 [12] or NDUFA12 muta-
tions [13] are closely related to mitochondrial
diseases such as Leigh syndrome, a progres-
sive, neurodegenerative disorder of the central
nervous system [14]. Recently, emerging evi-
dence has suggested a potential link between
NDUFA12 and cancer biology. Se et al. revealed
that in HepG2 cells, NDUFA12 could be
repressed by directly binding to Ertredin (a
growth inhibitor selective for EGFRvIII-mutant
cancer cells), therefore suppressing cancer
cell survival [15]. Later they made a step for-
ward and compared the antitumor activity of
Ertredin with 7MeERT, a methylated analogue
of Ertredin. Results demonstrated that 7TMeERT
showed an improved anti-proliferative effect
than Ertredin, similarly via a direct binding to
NDUFA12 and inhibition of oxidative phosphor-
ylation [16]. Nevertheless, the expression pro-
files, clinical significance, and biological role of
NDUFA12 in HCC await further elucidation.

Therefore, we systematically explored the
expression profile and clinical role of NDUFA12
in HCC. We further investigated its connection
with clinicopathological characteristics and
patient prognosis. Functional assays were con-
ducted to evaluate the role of NDUFA12 in can-
cer cell proliferation, migration, invasion, and
metabolic phenotypes of HCC cells. Our find-
ings aim to yield novel insights into the poten-
tial impact of NDUFA12 on HCC and its value as
a candidate treatment target.

Materials and methods
Bioinformatics analysis

The Cancer Genome Atlas (TCGA) public data-
base was mined for bioinformatics analysis,
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including differentially expressed gene (DEG),
immune infiltration of the TME, and tumor
mutation burden (TMB) analyses. The GEPIA3
tool (https://gepia3.bioinfoliu.com/) was pre-
liminarily utilized to explore NDUFA12 expres-
sion across various cancers, as well as to con-
duct overall survival (0S) and progression-free
survival (PFS) analyses in liver hepatocellular
carcinoma (LIHC) patients with different
NDUFA12 expression levels [17]. The expres-
sion profiles, along with the clinical data of 363
HCC cases from the TCGA database were down-
loaded via the GDC portal (https://portal.gdc.
cancer.gov/). The expression datasets were
normalized and converted using log2 transfor-
mation for subsequent analysis. Thereafter,
NDUFA12 expression was compared between
paired normal and tumor samples. Patients
were stratified based on the median expression
level, and clinicopathological characters, in-
cluding age, gender, grade, stage and TNM,
were analyzed between different groups of
patients. Pearson correlation test was applied
to screen for genes strongly correlated with
NDUFA12, defined by |Pearson R| > 0.6 and P
< 0.001. Perl (version 5.30.1) and R (version
4.2.2) were used for data processing, analysis,
and plotting.

DEG analysis and functional enrichment

DEG analysis were conducted among patients
between high- and low-expression groups using
the “limma” package [18]. Genes fulfilling the
following criteria were classified as DEGs: |log2
fold change (FC)| > 1 and false discovery rate
(FDR) < 0.05. The top 25 DEGs were visualized
by a heatmap using the “pheatmap” package.
Gene Ontology (GO) enrichment analysis was
conducted across the biological process (BP),
cellular component (CC), and molecular func-
tion (MF) categories, as well as Kyoto Ency-
clopedia of Genes and Genomes (KEGG) path-
way enrichment analysis. The “clusterProfiler”
package was utilized for conducting the afore-
mentioned analysis [19], and the “enrichplot”,
“ggplot2”, “ComplexHeatmap” [20], and “cir-
clize” [21] packages were deployed for visual-
ization. Both P and adjusted P (P.adj) values <
0.05 were considered statistically significant.

Immune infiltration and TMB analyses

For immune infiltration analysis, the “estimate”
package was used to calculate the stromal
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(stromal cell infiltration in tumor samples),
immune (immune cell infiltration in tumor sam-
ples) and estimate (tumor purity) scores [22].
The CIBERSORT algorithm served to quantify
the infiltration levels of 22 immune cell sub-
types [23], whose correlations with NDUFA12
expression was assessed by the Spearman cor-
relation testand Wilcoxon test. Immunogenomic
profiles of hepatocellular carcinoma patients
were retrieved from The Cancer Immunome
Atlas (TCIA) (https://tcia.at/home). Patients
with different NDUFA12 expression levels
were compared for differences in TME [24].
Correlations of the expression of NDUFA12
with immune checkpoints were determined by
a Pearson correlation test, with P < 0.001
deemed to be significant. TMB, defined as the
total number of somatic mutations per million
bases, was analyzed with the “maftools” pack-
age [25]. The correlation between TMB and
NDUFA12 expression was analyzed, along with
the comparison of TMB between different
expression groups.

Patients

Among advanced HCC patients admitted to
Cancer Hospital, Chinese Academy of Medical
Sciences and Peking Union Medical College
from May 2021 to November 2021, twenty-five
patients receiving PD-(L)1 inhibitor combined
with either bevacizumab or a tyrosine kinase
inhibitor (TKI) were retrospectively reviewed,
and patients with tumor specimens available
were enrolled in our study. All patients were
diagnosed as HCC histologically. The clinical
characteristics of each patient, including gen-
der, age, Child-Pugh, BCLC, infection status,
extrahepatic disease, ECOG, AFP and treat-
ment lines were collected. The best overall
responses (BORs) of all patients were evaluat-
ed and patients were followed up according to
the mRECIST standard. This work was condu-
cted in accordance with the Declaration of
Helsinki. The protocol was approved by the
Ethics Committee of the Cancer Hospital,
Chinese Academy of Medical Sciences
(Approval No. 21/197-2868). The signed in-
formed consent forms were provided by all
patients.

RNA-sequencing assay

RNA was isolated from formalin-fixed paraffin-
embedded (FFPE) samples using the Qiagen
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AllPrep DNA/RNA FFPE Kit (Hilden, Germany).
Subsequently, the Qubit RNA HS assay (Thermo
Fisher Scientific, Waltham, MA, USA) and the
LabChip GXIl touch 24 system (Perkin Elmer,
Waltham, MA, USA) were employed to evaluate
quantity and quality of extracted RNA, respec-
tively. The fragmented RNA underwent a series
of specialized procedures, including the pro-
cesses of synthesizing strand-specific cDNA,
adding dA tails, ligating unique molecular iden-
tifier (UMI) adaptors, amplifying via polyme-
rase chain reaction (PCR), and hybridizing with
capture probes. Subsequently, the prepared
NGS libraries were sequenced on an lllumina
NovaSeq 6000 system (San Diego, CA, USA). A
minimum threshold of more than 25 million
reads per sample was established to ensure
data quality. Following sequencing, data refine-
ment steps were implemented, encompassing
the deduplication of sequences, the stripping
of UMI sequences from headers, and the re-
moval of both adaptors and reads of low quali-
ty. The resulting clean reads were mapped to
the human reference genome 19 via STAR (ver-
sion 2.7.3a). Subsequently, based on the UMI
sequences and read alignment positions, con-
sensus reads were generated, followed by a
second alignment to the human reference
genome 19, performed with STAR2 (version
2.7.3a). The expression value of genes was
normalized by log2 transformation.

Cell culture and transfection

The human HCC cell line PLC/PRF/5 (Cat. No.
1101HUM-PUMCO00674) was sourced from
Chinese Academy of Medical Sciences. The
MHCC-97H cell line was obtained from Prof.
Song at Chinese Academy of Medical Sciences.
Cells were maintained at 37°C in a humidified
atmosphere containing 5% CO,, using DMEM
(BasalMedia Technologies, Shanghai, China,
Cat. No. L610KJ) with the addition of 10% fetal
bovine serum (FBS; Gibco, USA, Cat. No.
A5256701) and 1% penicillin-streptomycin (Gi-
bco, USA, Cat. No. 15140-122). Cells were
digested with 0.25% trypsin (BasalMedia
Technologies, Shanghai, China, Cat. No.
S320KJ) and passaged at a 1:3 ratio upon
reaching 80-90% confluence. For NDUFA12
knockdown, commercially synthesized small
interfering RNAs (siRNAs) targeting human
NDUFA12, along with a negative control siRNA
were obtained from Genechem (Shanghai
Genechem Co., Ltd., China), and the sequences
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were provided in Table S1. These siRNAs were
separately transfected into MHCC-97H and
PLC/PRF/5 cells using Lipofectamine 3000
transfection reagent (Invitrogen, USA, Cat. No.
L3000008) in line with the manufacturer’'s
instructions.

RNA extraction and quantitative real-time PCR

Extraction of total RNA was performed employ-
ing the AG RNAex Pro Reagent (ACCURATE
BIOTECHNOLOGY (HUNAN) Co., Ltd., Changsha,
China, Cat. No. AG21101) conforming to the
manufacturer’s instructions. The HiScript Il
SuperMix Perfect for gPCR Kit (Vazyme Biotech
Co., Ltd., China, Cat. No. R333-01) was used for
reverse transcription. Quantitative PCR was
carried out with Hieff gPCR SYBR Green Master
Mix (Yeasen Biotechnology (Shanghai) Co., Ltd.,
China, Cat. No. 11202ES0O3) on a Real-Time
PCR System. Each 20 pL quantitative PCR
(gPCR) reaction contained 10 pyL SYBR Premix
Ex Taqg Il (2x), 0.8 pyL forward primer (10 uM),
0.8 pyL reverse primer (10 pM), 0.4 yL ROX
Reference Dye Il (50%), 2 yL cDNA template,
and 6 uL sterile distilled water. Each sample
was analyzed in triplicate. The PCR cycling con-
ditions were as follows: initial denaturation at
95°C for 2 min, followed by 40 cycles of dena-
turation at 95°C for 5 s and annealing/exten-
sion at 60°C for 34 s. A melting curve analysis
was then performed at 95°C for 15 s, 60°C for
1 min, and 95°C for 15 s to confirm amplifica-
tion specificity. The 222°t method was applied
to calculate the relative expression of target
genes after normalization to human [B-actin.
The primer sequences used were provided in
Table S1.

Protein extraction and western blot

Cells were lysed in 200 pL of 1x SDS lysis buf-
fer for protein extraction. The lysates were sup-
plemented with 1 pL of 100x Protease Inhibitor
Cocktail (TargetMol, Shanghai, China, Cat. No.
C0001), and denatured by boiling at 100°C for
10 min. The mixture underwent centrifugation
at 12,000 rpm for 10 min. The supernatant was
then aspirated, and protein concentration was
assayed using a BCA Protein Assay Kit (Epizyme,
Shanghai, China, Cat. No. ZJ101) by a standard
curve. A 10% sodium dodecyl! sulfate polyacryl-
amide gel (SDS-PAGE; Epizyme, Shanghai,
China, Cat. No. PG212) served for protein elec-
trophoresis. Following transfer onto a PVDF
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membrane (Millipore, Cat. No. ISEQO0010), the
membrane was blocked with 5% non-fat milk
for 2 h at room temperature. Subsequently, it
was incubated overnight at 4°C with primary
antibodies targeting NDUFA12 (Proteintech,
Wuhan, China, Cat. No. 15793-1-AP; 1:800)
and Tubulin (Proteintech, Wuhan, China, Cat.
No. 66031-1-Ig; 1:2000). After washing, the
membrane was incubated with horseradish
peroxidase-conjugated goat anti-mice IgG
(ZSGB-Bio, Beijing, China, 1:10000 dilution;
Cat. ZB-2305) or anti-rabbit 1gG (ZSGB-Bio,
Beijing, China, 1:10000 dilution; Cat. ZB-2301)
for 2 h at room temperature. An enhanced
chemiluminescence detection reagent (Pro-
teintech, Wuhan, China, Cat. No. PK10003)
was used to visualize the immunoreactive
bands, and signals were captured with a Tanon
5200 Chemiluminescence Imaging System
(Tanon, Shanghai, China).

Cell proliferation assay

Using the CCK-8 assay, we evaluated the viabil-
ity of MHCC-97H and PLC/PRF/5 cells on days
1, 2, 3, and 4 after planting them in 96-well
plates at a density of 2,000 cells per well.
Briefly, the medium in each well was replaced
with 100 pyL of a mixture containing CCK-8
reagent (Epizyme, Shanghai, China, Cat. No.
CX001) and fresh DMEM medium (1:9 ratio).
After incubating at 37°C for 1 h in a 5% CO,
humidified incubator, absorbance readings at
450 nm and the reference wavelength of 630
nm were acquired via a microplate reader. For
EdU assay, MHCC-97H and PLC/PRF/5 cells
were seeded into 12-well plates at a density of
1x10°5 cells per well. After cell adhesion, the cell
proliferation EdU assay was performed in line
with the instructions (BeyoClic EdU-594 Cell
Proliferation Assay Kit Cat. COO78S). The EdU-
positive cell rate was calculated to evaluate cell
proliferation.

Wound healing and transwell

Cell migration was evaluated using a wound
healing assay. Transfected cells were cultivated
in plates until confluency reached approximate-
ly 90%. A linear wound was introduced into the
monolayer using a sterile 20-uL pipette tip.
After washing gently with PBS (Servicebio, Cat.
No. G4202) to remove floating cells, the plates
were replenished with serum-free DMEM and
then transferred back to the incubator. The
wound area was observed and photographed
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under a microscope at O and 24 h. Scratch
width was measured at multiple predefined
points using the ImageJ software. The percent-
age of wound closure was then calculated to
quantify the migration rate. For Transwell
assays, NDUFA12-NC and siNDUFA12 HCC
cells (1.5x10%/well) were resuspended in
serum-free DMEM and loaded into the upper
Transwell chambers (8 um pore size; Corning,
USA, Cat. No. 3422), which were either pre-
coated or uncoated with Matrigel for invasion
or migration assays, respectively. After adding
20% FBS/DMEM (chemoattractant) to the
lower chamber and allowing 24 h of incubation,
cells on the upper-side were swabbed away,
and the invading cells on the lower-side were
fixed with 4% paraformaldehyde (Servicebio,
Wuhan, China, Cat. No. G1101) for 20 min and
stained with 0.2% crystal violet (Beyotime
Biotechnology, Shanghai, China, Cat. No.
C0121) for 10 min. Following washes with PBS
for three times, the stained cells were imaged
under a microscope and counted using Image)
software.

Seahorse XF analyzer assay

To evaluate mitochondrial function after
NDUFA12 knockdown, a Seahorse XF Cell Mito
Stress Test was performed. Briefly, cells were
seeded into an XF 24-well cell culture micro-
plate and allowed to adhere overnightina 37°C
incubator with 5% CO,.. On the day of the assay,
the growth medium was replaced with pre-
warmed Seahorse XF assay medium. Oxygen
consumption rate (OCR) and extracellular acidi-
fication rate (ECAR) were measured in real
time using an XF24 Extracellular Flux Analy-
zer (Agilent Technologies, CA, USA). The Mito-
chondrial Stress Test profile was generated
by injecting the following compounds sequen-
tially: 1.25 yM oligomycin (ATP synthase inhibi-
tor), 2 uM carbonyl cyanide-p-trifluoromethoxy
phenylhydrazone (FCCP; uncoupler), and a mix-
ture of 1 yM rotenone and 1 uM antimycin A
(complex | and lll inhibitors). OCR values were
normalized to the cell counts in each well. For
the Glycolysis Stress Test, cells were treated
with 10 mM glucose, 1.5 yM oligomycin, and
50 mM 2-deoxy-glucose (2-DG) in sequence for
measurement of ECAR.

ATP production assay

Cellular ATP levels were determined using an
ATP assay kit according to the manufacturer’s
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protocol (Beyotime Biotechnology, Shanghai,
China, Cat. No. S0026). Briefly, cells were lysed
on ice with ATP detection lysis buffer and cen-
trifuged at 12000xg for 5 min at 4°C. The
supernatants were collected for ATP measure-
ment. ATP standards were prepared using ATP
detection lysis buffer, and the ATP detection
working solution was prepared. A total of 100
uL ATP detection working solution was added to
each well and incubated at room temperature
for 5 min to reduce background luminescence.
Then, 20 pL sample or standard was added and
rapidly mixed, and luminescence was mea-
sured using a luminometer. ATP concentrations
were calculated based on the standard curve
and normalized to total protein concentration
determined by BCA assay.

Lactate accumulation assay

L-lactate levels were measured using a com-
mercial lactate assay kit according to the
manufacturer’s instructions (Beyotime Biote-
chnology, Shanghai, China, Cat. No. SO208S).
Briefly, cells were lysed on ice with lysis buffer
10 min, followed by centrifugation at 12000xg
for 5 min at 4°C. The supernatants were col-
lected for subsequent measurement. L-lactate
standard solution underwent a gradient dilu-
tion for the preparation of the standard curve.
For each sample or standard, 50 uL was added
to a 96-well plate. Then, 50 pL freshly prepared
WST-8 working solution was added to each well
and mixed thoroughly. The plate was incubated
at 37°C for 30 min in the dark, and the absor-
bance was measured at 450 nm using a micro-
plate reader. The lactate concentration of each
sample was calculated based on the standard
curve after subtracting the blank background.
Lactate levels were normalized to total protein
concentration determined by BCA assay.

Mitochondrial membrane potential assay

Mitochondrial membrane potential was evalu-
ated using a TMRE mitochondrial membrane
potential assay kit (Beyotime Biotechnology,
Shanghai, China, Cat. No. C2001S). Briefly,
cells were incubated with freshly prepared
TMRE staining working solution at 37°C for 30
min in the dark. After staining, cells were
washed twice with pre-warmed culture medium
and observed under a fluorescence microscope
using the red fluorescence channel. Images
were acquired under identical exposure set-
tings, and relative fluorescence intensity was
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quantified using the Imagel) software after
background subtraction.

Reactive oxygen species (ROS) detection

Intracellular ROS levels were measured using
a DCFH-DA ROS assay kit (Beyotime Bio-
technology, Shanghai, China, Cat. No. SO0345S).
Briefly, cells were incubated with 10 yM DCFH-
DA working solution at 37°C for 20 min in the
dark. After staining, cells were washed three
times with PBS to remove excess probe.
Fluorescence images were acquired using a
fluorescence microscope with the green fluo-
rescence channel. Images were captured under
identical exposure settings, and relative fluo-
rescence intensity was quantified using the
Imagel software after background subtraction.

Statistical analysis

Perl (version 5.32.1) and R (version 4.2.2) were
used for bioinformatics analyses and visualiza-
tion, and all R packages used were indicated in
the earlier sections. Data are presented as the
mean * standard deviation (SD) unless other-
wise indicated. All in vitro experiments were
independently repeated at least three times.
Differences between two groups were analyzed
using Student’s t-test or Wilcoxon rank-sum
test, as appropriate. For comparisons among
multiple groups, one-way ANOVA followed by
post hoc multiple comparisons was used. Cell
proliferation curves were analyzed using two-
way repeated measures ANOVA. Survival di-
fferences were evaluated using the Kaplan-
Meier method with the log-rank test. Correlation
analyses were performed using Pearson or
Spearman correlation tests. A two-sided P
value < 0.05 was considered statistically sig-
nificant unless otherwise indicated.

Results

NDUFA12 is aberrantly expressed and associ-
ated with prognosis in pan-cancer and HCC

Regarding the pan-cancer expression pattern
of NDUFA12, expression levels were compara-
ble between tumor and normal samples in dif-
fuse large B-cell ymphoma (DLBC), pheochro-
mocytoma and paraganglioma (PCPG), etc.
NDUFA12 was upregulated in the left types of
cancers, including LIHC, except acute myeloid
leukemia (LAML) and sarcoma (SARC) (Figure
1A). The comparison in paired normal and LIHC
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Figure 1. Aberrant upregulation of NDUFA12 in pan-cancer and its prognostic significance in LIHC. A. Comparison
of NDUFA12 expression between tumor and normal samples across pan-cancer types. B, C. Kaplan-Meier survival
analyses of LIHC patients stratified by median NDUFA12 expression levels, demonstrating a significantly different
OS and PFS of patients with high or low NDUFA12 expression levels. D. Distribution of clinicopathological features
between high- and low-expression groups, indicating a significant difference in tumor grade. E. Association between
NDUFA12 expression and tumor grade, showing a progressive increase in expression with higher histological grade.
F. Correlation between NDUFA12 expression and clinical stage. *P < 0.05.

samples yielded the same results, with an
upregulation of NDUFA12 expression in tumor
samples (Figure S1). For patients with different
expression levels, survival analyses demon-
strated a significantly longer OS and PFS in the
low-expression group in comparison with the
high-expression group (median 0S, 69.52 vs.
48.95 months, P = 0.032; median PFS, 29.34
vs. 13.08 months, P = 0.008) (Figure 1B, 1C).
With respect to clinicopathological features,
tumor grade was significantly differentiated
between two groups of patients (Figure 1D).
Although a marked difference in NDUFA12
expression was observed only between grade 1
and grade 3 patients (P = 0.008), a trend of
increasing expression with higher tumor grade
was noted (Figure 1E). Besides, LIHC patients
of stage Il exhibited a notably higher NDUFA12
expression level compared to patients of stage
| (P=0.037) (Figure 1F).

Different NDUFA12 expression groups exhibit
distinct DEG profiles and functional enrich-
ment

Correlation analysis identified 30 genes that
were strongly positively correlated with
NDUFA12 expression according to the pre-
defined threshold of Pearson R > 0.6 and P <
0.001 mentioned above. The six genes with the
highest positive correlation coefficient (cor R) -
NDUFB4, UQCRH, NDUFS3, MRPL47, NDUFB3,
and NUDT1 - were all mitochondria-related. For
descriptive visualization, the top-ranked nega-
tively correlated genes included ADH1B, TTPA,
CFHR4, SLC13A5, C8A, and SLC9B2, were also
illustrated in the circular plot (Figure 2A; Table
S2). However, their absolute correlation coeffi-
cients did not exceed 0.6, and therefore they
were interpreted only as exploratory features
rather than strongly correlated genes. The
associations between expression of NDUFA12
and NDUFB4 (cor R = 0.73), UQCRH (cor R =
0.68), NDUFS3 (cor R=0.67), NDUFB3 (cor R =
0.66) were displayed (Figure 2B-E). A total of
168 genes were discovered to be differentially
expressed between two expression groups.
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Briefly, 100 genes including BEX2, MYBL2, and
CDC20, etc. were upregulated in the high group,
while the remaining 68 genes including CYP2E1,
ADH4, and CYP3A4, etc. were downregulated
(Figure 2F). Regarding the results of functional
enrichment, the most upregulated genes in the
high group were enriched in nuclear division
(BP, n = 37), chromosomal region (CC, n = 24),
and tubulin binding (MF, n = 12) (Figure 3A). In
contrast, downregulated genes were linked to
steroid metabolic process (BP, n = 16), blood
microparticle (CC, n = 8), and three MF terms -
monooxygenase activity, iron ion binding, and
oxidoreductase activity - each with 12 genes
(Figure 3B). KEGG pathway enrichment analy-
sis revealed that the cell cycle was the most
enriched among upregulated pathways (Figure
3C), whereas the retinol metabolism was the
leading pathways among downregulated ones
(Figure 3D), conforming to the physiological
functions of the liver.

The immune landscape and TMB vary across
different NDUFA12 expression groups

The ESTIMATE algorithm showed that the low-
expression group had markedly higher stromal
(P = 0.008) and ESTIMATE (P = 0.035) scores,
whereas the immune score was comparable
between the two groups (Figure 3E). To be more
precise, naive B cells (P = 0.020) and resting
natural killer (NK) cells (P = 0.006) were more
infiltrated in the low-expression group, while
memory B cells (P = 0.047), follicular helper T
cells (P = 0.007), and Treg cells (P = 0.006)
were more infiltrated in the high-expression
group, suggesting transcriptomic differences
related to NDUFAl12-associated immune fea-
tures. However, both memory B cells and rest-
ing NK cells constituted only a minor fraction
of the immune infiltrate (Figure 3F). With
respect to the correlation between NDUFA12
expression and immune cells, follicular helper T
cells displayed the strongest positive correla-
tion with NDUFA12 (cor R = 0.21; P < 0.001),
whereas naive B cells showed the strongest
negative correlation (cor R =-0.17; P = 0.003)
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Figure 2. Distinct gene correlation patterns and differential expression profiles associated with NDUFA12 in LIHC.
A. Circular plot showing genes correlated with NDUFA12 expression. The six strongest positively correlated genes
meeting the predefined threshold of Pearson R > 0.6 and P < 0.001 included NDUFB4, UQCRH, NDUFS3, MRPL47,
NDUFB3, and NUDT1. The top-ranked negatively correlated genes, including ADH1B, TTPA, CFHR4, SLC13A5, C8A,
and SLC9B2, were also displayed for descriptive visualization. B-E. Scatter plots showing strong positive correlations
between NDUFA12 and representative mitochondrial genes, including NDUFB4, UQCRH, NDUFS3, and NDUFB3. F.
Heatmap depicting the top 25 upregulated and downregulated differentially expressed genes (DEGs) between high-
and low-NDUFA12 expression groups.

(Figure 4A; Table S3). The TCIA-derived immu- PD1(-) cells were slightly increased in the low-
ne phenotype scoring featured the CTLA4(-)/ expression group (P = 0.098) (Figure 4B).
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Figure 3. Functional enrichment and immune landscape differences between high- and low-NDUFA12 expression
groups in LIHC. A, B. Gene Ontology (GO) enrichment analyses of differentially expressed genes (DEGs) between
high- and low-NDUFA12 expression groups. C, D. KEGG pathway enrichment analyses of DEGs between high- and
low-NDUFA12 expression groups. E. ESTIMATE analysis of the tumor microenvironment between two groups, includ-
ing the stromal, immune and ESTIMATE scores. F. Comparison of immune cell infiltration profiles, demonstrating
higher proportions of naive B cells and resting NK cells in the low-expression group, and increased infiltration of
memory B cells, follicular helper T cells, and Treg cells in the high-expression group. *P < 0.05, **P < 0.01.

Moreover, NDUFA12 indicated the strongest 0.001) (Figure 4C). The high-expression group
association with CD276 (cor R = 0.40; P < also showed a higher TMB (P = 0.017) (Figure
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Comparison of tumor mutation burden (TMB) between groups, demonstrating significantly higher TMB in the high-
expression group. E. The positive correlation between NDUFA12 expression and TMB.

4D), and NDUFA12 expression and TMB was
unveiled to be positively associated (cor R =
0.13; P =0.013) (Figure 4E).

NDUFA12 correlates with a relatively poor
prognosis in our clinical cohort

The cohort from our hospital was composed of
25 patients including 1 female and 24 male
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patients. The average age of the cohort was
54.72 (10.41) years. All patients were HBV
infected, and 7 patients had extrahepatic dis-
ease. The median AFP level [interquartile range
(IQR)] was 45.42 [10.98, 2013.75]. For immu-
notherapy, 22 patients received a programmed
cell death protein 1 (PD-1) inhibitor, while the
left 3 patients received a programmed death-
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Table 1. Baseline characteristics of 25 patients from our
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was stratified into high- and low-expres-
sion groups based on the median

NDUFA12 value. Both PFS (Figure 5C)

hospital
Characteristics Level Number (n, %)
Gender Female 1(4.0)

Male 24 (96.0)
Age (mean (SD?)) 54.72 (10.41)
HBV infection 25 (100.0)
AFP (median [IQR]) 45.42 [10.98, 2013.75]
Extrahepatic disease No 13 (52.0)

Yes 7 (28.0)

NA 5 (20.0)
ECOG 0 12 (48.0)

1 8 (32.0)

NA 5 (20.0)
Child Pugh A 23 (92.0)

B 1(4.0)

NA 1(4.0)
BCLC A 4 (16.0)

B 5 (20.0)

C 11 (44.0)

NA 5 (20.0)
Immunotherapy PD-1 inhibitor 22 (88.0)

PD-L1 inhibitor 3(12.0)
Targeted therapy TKI 18 (72.0)

Bevacizumab 7 (28.0)
Treatment lines 1 11 (44.0)

2 14 (56.0)
BOR CR 2(8.0)

PR 6 (24.0)

SDP 13 (52.0)

PD 4 (16.0)

and OS (Figure 5D) tended to be longer
in patients with low NDUFA12 expres-
sion than in those with high NDUFA12
expression, although the differences
did not reach statistical significance
(PFS, P=0.24; OS, P =0.094). In terms
of DCR and ORR, the two expression
groups are comparable with each
other (Figure 5E). The CIBERSORT algo-
rithm was again conducted using the
RNA-sequencing results, as mentioned
above. The follicular helper T cells were
confirmed to be positively and signifi-
cantly correlated with NDUFA12 expres-
sion (cor R = 0.48; P = 0.025), even
though the memory B cells and Treg
cells were not significantly correlated
(Figure 5F). Moreover, the notable neg-
ative correlation between resting NK
cells and NDUFA12 expression (cor R =
-0.63; P < 0.001) was validated in our
cohort (Figure 5F; Table 2).

NDUFA12 promotes the proliferation,
migration, and invasion of liver cancer
cells

NDUFA12 knockdown in MHCC-97H
and PLC/PRF/5 cells was validated by
gPCR and western blotting. Results
showed that NDUFA12 was significantly

Note: SD?, standard deviation; IQR, interquartile range; ECOG, Eastern
Cooperative Oncology Group; BCLC, Barcelona Clinic Liver Cancer;
BOR, best overall response; PD-1, programmed cell death protein 1;
PD-L1, programmed death-ligand 1; TKI, tyrosine kinase inhibitor; CR,
complete response; PR, partial response; SD®, stable disease; PD,

progressive disease.

ligand 1 (PD-L1) inhibitor. For targeted-therapy,
18 patients received a TKI, whereas the remain-
ing 7 received bevacizumab. The BORs of all
patients including 2 complete response (CR), 6
partial response (PR), 13 stable disease (SD)
and 4 progressive disease (PD) (Table 1). In our
cohort, the objective response rate (ORR) was
32%, while the disease control rate (DCR) was
84%. As of November 1, 2024, the median fol-
low-up time was 23.02 [21.34, NA] months.
The median PFS (mPFS) was 14.1 months
(Figure 5A), and the median OS (mOS) was
22.95 months (Figure 5B). Then, the cohort
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downregulated in both cell lines at RNA
and protein levels (Figure 6A, 6B).
The siNDUFA12-1 and siNDUFA12-3 se-
quences were used for further experi-
ments. The CCK8 assay demonstrated
that the proliferation of MHCC-97H
and PLC/PRF/5 cells was significantly
inhibited by NDUFA12 knockdown (Figure 6C).
The EdU results further confirmed the repre-
ssed cell growth of MHCC-97H and PLC/PRF/
5 cells with downregulated expression of
NDUFA12 (Figure 6D). Then the invasion and
migration ability was measured. A shorter
migration distance at 24 h was observed in
MHCC-97H and PLC/PRF/5 cells with NDUFA12
knockdown, compared to the control group, as
delineated by the wound healing assay (Figure
6E). The Transwell assay showed a smaller
number of migrating and invading MHCC-97H
and PLC/PRF/5 cells in the lower chamber

Am J Cancer Res 2026;16(6):2258-2277
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Table 2. Correlation of NDUFA12 expression with were reduced after NDUFA12 knockdown
immune cell infiltration estimated by the CIBER- (Figure 7F). These findings indicate that
SORT algorithm in our cohort NDUFA12 knockdown suppresses mitochon-
drial oxidative phosphorylation in HCC cells,

Cell type Correlation P_value al o .
NK cell resting 0.628390802 0.000768643 whﬂg increasing the ECAR and lactate pro-
B cell naive 0088803751 0.672035714  Cuction:

T cell regulatory 0.317548907 0.121909622 Discussion

B cell memory 0.34696277 0.089272328
NK cell activated 0.389210742 0.054475989
T cell follicular helper 0.447368928 0.024941377

Here, we systematically explored the expres-
sion profiles, prognostic value, and biological

when NDUFA12 was downregulated (Figure
GF).

Knockdown of NDUFA12 alters energy metabo-
lism of liver cancer cells

To further elucidate the role of NDUFA12 in reg-
ulating cellular energy metabolism in HCC cells,
we systematically evaluated mitochondrial oxi-
dative phosphorylation and glycolysis-related
parameters in MHCC-97H and PLC/PRF/5 cells.
Seahorse XF mitochondrial stress tests showed
that NDUFA12 knockdown reduced the OCR in
both cell lines, indicating impaired mitochon-
drial oxidative phosphorylation (Figures 7A,
S2A-F). Further analysis of mitochondrial
respiratory parameters revealed reductions in
basal respiration, maximal respiration, ATP-
linked respiration, and spare respiratory capac-
ity after NDUFA12 knockdown. Consistent with
the suppression of mitochondrial respiration,
glycolysis stress tests showed that ECAR was
increased after NDUFA12 knockdown, indicat-
ing enhanced glycolytic activity (Figures 7B,
S2G-J). Quantitative analysis further showed
that glycolysis and glycolytic capacity were sig-
nificantly increased in MHCC-97H cells, with
similar trends observed in PLC/PRF/5 cells.

We next evaluated ATP production and mito-
chondrial functional status. Cellular ATP levels
were decreased after NDUFA12 knockdown
(Figure 7C). Lactate assays further showed that
lactate production was significantly increased
in both MHCC-97H and PLC/PRF/5 cells follow-
ing NDUFA12 knockdown compared with con-
trol cells (Figure 7D). Mitochondrial membrane
potential staining revealed markedly reduced
red fluorescence intensity in NDUFA12-silenced
cells, indicating decreased mitochondrial mem-
brane potential (Figure 7E). In addition, intra-
cellular ROS detection showed that ROS levels

2271

function of NDUFA12 in hepatocellular carcino-
ma. Our findings demonstrated that NDUFA12
was significantly upregulated in HCC samples
and was closely associated with advanced
tumor stage and unfavorable prognosis.
Analyses of DEGs, immune infiltration, and TMB
suggested that the NDUFA12 low-expression
group exhibited a distinct immune infiltration
pattern and lower TMB. A total of 25 patients
treated with targeted-immunotherapy at our
hospital were enrolled (Table S4). The RNA-
sequencing assay of baseline tumor samples
confirmed a longer overall survival in patients
with low NDUFA12 expression. Functional
experiments further confirmed that NDUFA12
knockdown suppressed proliferation, migra-
tion, and invasion, and altered cellular energy
metabolism of HCC cells, suggesting that
NDUFA12 may play a tumor-promoting role and
serve as a candidate target of HCC treatment.

As one of the most prevalent cancers world-
wide, HCC imposes a significant global burden.
A substantial proportion of cases are detected
at advanced stages, thus losing the opportunity
for surgical resection [26]. Despite recent
advances in systemic therapies for unresect-
able HCC, including immune checkpoint
inhibitors combined with targeted therapy [27],
therapeutic resistance and heterogeneous
responses remain major challenges [28].
Therefore, identifying novel molecular markers
and therapeutic targets is still of great clinical
importance. In the present study, NDUFA12
was found to play a vital role in HCC, highlight-
ing its potential value as a prognhostic biomark-
er in HCC.

Mitochondrial dysfunction plays a role in vari-
ous diseases, including nervous system diseas-
es, metabolic syndromes [29], and cancers
[30]. The modification of mitochondrial char-
acteristics, such as oxidative damage, mitopha-
gy dysregulation, mitochondrial dysregulation,

Am J Cancer Res 2026;16(6):2258-2277
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Figure 6. NDUFA12 knockdown inhibits proliferation, migration, and invasion in liver cancer cells. A, B. Validation
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gPCR and western blot analyses. C. CCK-8 assay showing significantly reduced proliferation of MHCC-97H and
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PLC/PRF/5 cells following NDUFA12 knockdown. D. EdU assay confirmed the suppressed cell growth in NDUFA12-
silenced cells. E. Wound healing assay demonstrating decreased migratory capacity in NDUFA12-knockdown cells
at 24 h. F. Transwell migration and invasion assays revealing fewer migrated and invaded cells in the lower chamber
upon NDUFA12 knockdown. Data are presented as the mean + SD. *P < 0.05, **P < 0.01, ***P < 0.001; ns, not
significant.
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cells after NDUFA12 knockdown. C. Cellular ATP levels were decreased after NDUFA12 knockdown in both cell lines.
D. Lactate production was increased following NDUFA12 knockdown in both cell lines. E. Representative mitochon-
drial membrane potential staining images and quantitative analysis showing reduced mitochondrial membrane
potential in NDUFA12-silenced cells. F. Representative ROS fluorescence images and quantitative analysis showing
decreased intracellular ROS levels after NDUFA12 knockdown. Data are presented as the mean + SD. *P < 0.05,

**P < 0.01, ***P < 0.001; ns, not significant.

and mitochondrial DNA (mtDNA) alteration, are
likely to occur during cancer development [30,
31]. For example, a low mtDNA copy number
has been reported as a significant predictor of
large tumor size, liver cirrhosis, and reduced
5-year survival in HCC [32]. Besides, a number
of studies have highlighted the critical role of
oxidative damage in HCC progression. On the
one hand, mitochondrial dysfunction induced
by certain mtDNA mutations is known to pro-
mote reactive oxygen species overproduction
[33], which might activate oncogenic pathways
and/or increase genome instability [34]. How-
ever, numerous studies have disclosed the det-
rimental role of ROS in cell survival, and that
the elimination of ROS could promote tumor
progression. It was demonstrated that the
improved mitochondrial function could mitigate
excessive intracellular ROS, thus promoting
HCC progression [35]. According to other stud-
ies, the intracellular mitochondrial ROS could
be enhanced by sorafenib treatment, leading to
ferroptosis in liver cancer cells [36, 37].
Therefore, it is interesting to see the dual
effects of mitochondrial ROS in HCC progres-
sion, where a low or moderate level might
potentially cause tumor progression via activa-
tion of oncogenic pathways, while a high level
might contribute to ferroptosis, or other forms
of mitochondria-related cell death [31, 37].

As a subunit of mitochondrial complex |,
NDUFA12 participates in oxidative phosphory-
lation and cellular energy production. Studies
focusing on Ertredin treatment indicated that
NDUFA12 inhibition could suppress cancer
cells, including HepG2 cells [15, 16]. Addi-
tionally, Song et al. reported that NDUFA12
downregulation suppressed oxidative phos-
phorylation, thereby shifting energy production
to glycolysis and mitigating progression pheno-
types of lung cancer cells [38]. Consistent
with these observations, our functional experi-
ments demonstrated that NDUFA12 knock-
down impaired mitochondrial respiration in
MHCC-97H and PLC/PRF/5 cells. Expanded
metabolic analyses further showed that
NDUFA12 silencing reduced multiple OCR-
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related parameters, including basal respira-
tion, etc., accompanied by decreased ATP pro-
duction and mitochondrial membrane poten-
tial. In contrast, ECAR and lactate production
were increased after NDUFA12 knockdown,
suggesting a compensatory activation of gly-
colysis. Notably, intracellular ROS levels were
also reduced, which may reflect decreased
mitochondrial electron transport activity and
overall electron flux under suppressed respira-
tory conditions. Together, these findings indi-
cate that NDUFA12 downregulation induces a
metabolic alteration characterized by attenuat-
ed oxidative phosphorylation and enhanced
glycolytic activity in HCC cells.

From a clinical perspective, our results further
suggest that NDUFA12 may have potential
value as a prognostic biomarker in HCC.
Patients with lower NDUFA12 expression tend-
ed to exhibit a longer OS in both public data-
base analyses and our cohort. Moreover,
immune deconvolution analyses indicated that
NDUFA12 expression was associated with dis-
tinct immune-related transcriptomic features.
Nevertheless, the immune infiltration analyses
in this study were mainly based on tran-
scriptomic algorithms, including ESTIMATE,
CIBERSORT, and TCIA-derived analyses. Al-
though these approaches provide useful
insights into immune-related features associ-
ated with NDUFA12 expression, they cannot
replace direct histological or spatial validation.
Future studies using larger cohorts with suffi-
cient tissue availability should incorporate
immunohistochemistry, multiplex immunofluo-
rescence, or spatial transcriptomic analyses to
further validate these findings.

Nevertheless, several limitations of this stu-
dy should be acknowledged. For example,
although in vitro functional assays confirmed
the role of NDUFA12 in regulating malignant
phenotypes of HCC cells, the precise molecular
mechanisms underlying its effects remain
unclear. Intriguingly, whether NDUFA12 knock-
down induces mitophagy or ferroptosis is wor-
thy of exploration, which might serve as the
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downstream target. Future studies should
focus on the downstream pathways of NDUFA12
and its role in animal models and clinical
samples.

Conclusion

This study demonstrated that NDUFA12 is
upregulated in hepatocellular carcinoma and
is associated with poor prognosis and aggres-
sive tumor phenotypes. Functional experiments
indicated that NDUFA12 knockdown suppre-
ssed malignant phenotypes and induced mito-
chondrial metabolic alterations, characteriz-
ed by reduced oxidative phosphorylation, de-
creased ATP production and mitochondrial
membrane potential, and compensatory glyco-
lytic activation in HCC cells. These findings indi-
cate that NDUFA12 may function as a potential
prognostic biomarker and candidate treatment
target in HCC. We believe that further mecha-
nistic investigations and clinical studies are
warranted to fully define its role in hepatocellu-
lar carcinoma progression.
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Table S1. Primer sequences

Sequence
siNDUFA12-1 sense 5-CCUUAUUCUACCACUAGAATT-3’;
antisense 5-UUCUAGUGGUAGAAUAAGGTT-3’
siNDUFA12-2 sense 5-GACUGAUGAUCCUCCAACATT-3’;
antisense 5’-UGUUGGAGGAUCAUCAGUCTT-3’
siNDUFA12-3 sense 5-CGAUGGGUUGUAUAUACUATT-3’;
antisense 5’-UAGUAUAUACAACCCAUCGTT-3’
NDUFA12-NC sense 5-UUCUCCGAACGUGUCACGU-3’;
antisense 5-ACGUGACACGUUCGGAGAA-3’
NDUFA12 primer forward 5’-CTGCCACTCTATGAGCTTAAGA-3’;
reverse 5’-TATCCCTGCTTGCACATCTC-3’
ACTB primer forward 5’-AGAGCTACGAGCTGCCTGAC-3’;

reverse 5’-AGCACTGTGTTGGCGTACAG-3’

Type Bl Normal EE Tumor

o e
IS) 3

NDUFA12 expression
[$,]
[$,]

5.01

4.54

Normal Tumor

Figure S1. The NDUFA12 expression between paired tumor and normal samples in LIHC patients from TCGA data-
base. Paired comparison of NDUFA12 expression between tumor and matched adjacent normal samples in LIHC
patients from the TCGA database. Each gray line connects paired normal and tumor tissues from the same patient.
NDUFA12 expression was significantly higher in tumor tissues than in matched normal tissues. ***P < 0.001.
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Table S2. Gene correlation test found 30 genes significantly associated with NDUFA12 expression

Gene Correlation P value

ANAPC7 0.621569511 3.53E-40
ARPC3 0.627766767 3.53E-41
ATP5F1C 0.651949848 2.64E-45
ATP5MC2 0.652632673 1.99E-45
BOLA3 0.628780469 2.41E-41
C18orf21 0.60430557 1.65E-37
CCDC59 0.60510959 1.25E-37
COX5A 0.63394975 3.37E-42
COX8A 0.601407871 4.46E-37
GGCT 0.606680905 7.24E-38
GTF2A2 0.610302157 2.03E-38
MCRS1 0.616499271 2.23E-39
MRPL47 0.655477975 6.14E-46
NABP2 0.604284693 1.66E-37
NDUFB3 0.655054111 7.32E-46
NDUFB4 0.728873072 2.31E-61
NDUFS3 0.67128618 6.93E-49
NUDT1 0.654350877 9.81E-46
PA2G4 0.632026532 7.04E-42
PYM1 0.6123658 9.80E-39
RFC2 0.627211507 4.35E-41
RFC4 0.608161964 4.32E-38
SLC25A3 0.649838184 6.27E-45
SNRPF 0.624566867 1.17E-40
SNRPG 0.630876725 1.09E-41
TIMM50 0.605504969 1.09E-37
TPRKB 0.601469798 4.37E-37
UBE2M 0.601153813 4.87E-37
UQCRH 0.680105012 1.31E-50
VPS29 0.640681158 2.46E-43
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Table S3. The correlation between NDUFA12 expression and immune cells

Cell Correlation P value

B cells naive -0.170549197 0.0029937
B cells memory 0.121155926 0.035643052
Plasma cells 0.001740267 0.976013701
T cells CD8 0.009488481 0.869780157
T cells CD4 naive 0.052491984 0.364122105
T cells CD4 memory resting -0.10531734 0.068051963
T cells CD4 memory activated -0.002526746 0.965179346
T cells follicular helper 0.212117233 0.000209683
T cells regulatory (Tregs) 0.124454522 0.030879631
T cells gamma delta 0.080246218 0.164933872
NK cells resting -0.142517342 0.013325795

NK cells activated
Monocytes
Macrophages MO
Macrophages M1
Macrophages M2
Dendritic cells resting
Dendritic cells activated
Mast cells resting
Mast cells activated
Eosinophils
Neutrophils

0.159597879
0.017485904
0.037532985
-0.053694748
-0.075462806
-0.002464495
0.095099679
0.046362196
-0.049673138
0.076875337
-0.068199038

0.005516623
0.762553004
0.516537366
0.353015265
0.191560105
0.966036701
0.099601814
0.422877925
0.390483297
0.183466533
0.238135491
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Figure S2. Quantitative analysis of mitochondrial respiration and glycolytic parameters after NDUFA12 knockdown.
(A-F) Quantitative analysis of Seahorse XF mitochondrial stress test parameters in MHCC-97H and PLC/PRF/5 cells
after NDUFA12 knockdown, including basal respiration (A), non-mitochondrial oxygen consumption (B), maximal
respiration (C), proton leak (D), ATP-linked respiration (E), and spare respiratory capacity (F). NDUFA12 knockdown
reduced multiple OCR-related mitochondrial respiratory parameters, indicating impaired mitochondrial oxidative
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phosphorylation. (G-J) Quantitative analysis of Seahorse XF glycolysis stress test parameters, including non-glycolytic acidification (G), glycolysis (H), glycolytic capac-
ity (1), and glycolytic reserve (J). NDUFA12 knockdown increased glycolysis-related parameters, particularly in MHCC-97H cells, with a similar trend observed in PLC/
PRF/5 cells. Data are presented as the mean + SD. *P < 0.05, **P < 0.01, ***P < 0.001; ns, not significant.

Table S4. The original data of our cohort used in this study

Sample_ID PFS_ PFS_ 0S_ 0S_ B cell naive_ B cell memo- T cell follicular T cell regulatory NK cell resting_  NK cell activat- NDUFA12
- status months  status  months CIBERSORT  ry_CIBERSORT helper_CIBERSORT (Tregs)_CIBERSORT CIBERSORT ed_CIBERSORT
1 0 9.508197 0 9.508197 0.002268 0 0 0.001583 0.097095 0.000309 3.012279
2 0 12 0 12 0 0 0 0 0 0.002205 4.705912
3 1 13.40984 1 22.95082 0.156238 0 0.134439 0 0.036236 0 3.260623
4 1 6.42623 1 21.21311 0.026832 0 0.015308 0.037638 0.06747 0 4.523995
5 1 3.639344 1 13.40984 0.021827 0 0 0 0 0.10871 4.406918
6 0 13.31148 0 13.31148 0.047995 0 0.044563 0.022777 0.005946 0.073698 5.420866
7 1 3.704918 1 7.081967 0.025426 0.073491 0.045919 0.016349 0 0.1015 5.381363
8 0 21.34426 0 21.34426 0.096695 0 0.021743 0.049463 0 0.08237 4.787647
9 1 5.04918 1 15.27869 0.044858 0 0 0.043077 0 0.101496 4.555693
10 0 12.36066 0 12.36066 0.209679 0 0 0 0.125002 0 3.528321
11 1 27.86885 0 32.09836 0.115232 0 0 0.023366 0.044805 0 4.456195
12 1 30.59016 1 39.60656 0.176635 0 0.026799 0.020808 0 0.063376 5.42196
13 0 22.55738 0 22.55738 0.067904 0 0.029166 0.037086 0 0.039778 5.631637
14 0 23.60656 0 23.60656 0.030056 0 0 0 0 0.104443 4.54422
15 1 8.557377 1 11.14754 0.031811 0.006576 0.000919 0.038818 0 0.040175 5.196965
16 1 6.459016 1 7.540984 0 0.004796 0.013419 0 0 0.113262 5.157969
17 1 23.01639 0 23.01639 0.030541 0 0.043446 0.010549 0 0.027991 5.595047
18 0 31.86885 0 31.86885 0.027357 0 0.042073 0 0.024021 0.056096 4.776851
19 1 0.983607 1 1.081967 0 0.012373 0.01054 0.047495 0 0.081328 4.99222
20 1 13.80328 1 18 0.072294 0 0.127277 0 0 0.067313 5.036877
21 1 14.09836 0 32 0.033265 0 0.004914 0 0.014404 0.000465 3.855372
22 0 5.737705 0 5.737705 0.091844 0 0.048398 0.000883 0 0.058884 4.985218
23 0 10.98361 0 10.98361 0 0 0.008991 0 0 0.056063 4.997274
24 1 2.95082 1 3.934426 0 0 0 0.001832 0 0.052719 5.137831
25 1 3.934426 1 14.36066 0.079905 0 0 0.030699 0.015675 0.019701 4.821924




