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Abstract
Mitochondria dysfunction has been closely linked to a wide spectrum of human cancers, whereas the molecular 
basis has yet to be fully understood. SLC25A35 belongs to the SLC25 family of mitochondrial carrier proteins. 
However, the role of SLC25A35 in mitochondrial metabolism reprogramming, development and progression in 
human cancers remains unclear. Here, we found that SLC25A35 markedly reprogramed mitochondrial metabolism, 
characterized by increased oxygen consumption rate and ATP production and decreased ROS level, via enhancing 
fatty acid oxidation (FAO). Meanwhile, SLC25A35 also enhanced mitochondrial biogenesis characterized by 
increased mitochondrial mass and DNA content. Mechanistic studies revealed that SLC25A35 facilitated FAO and 
mitochondrial biogenesis through upregulating peroxisome proliferator-activated receptor γ coactivator 1α (PGC-
1α) via increasing acetyl-CoA-mediated acetylation of PGC-1α. Clinically, SLC25A35 was highly expressed in HCC 
and correlated with adverse patients’ survival. Functionally, SLC25A35 promoted the proliferation and metastasis 
of HCC cells both in vitro and in vivo, as well as the carcinogenesis in a DEN-induced HCC mice model. Moreover, 
we found that SLC25A35 upregulation is caused, at least in part, by decreased miR-663a in HCC cells. Together, our 
results suggest a crucial oncogenic role of SLC25A35 in HCC by reprogramming mitochondrial metabolism and 
suggest SLC25A35 as a potential therapeutic target for the treatment of HCC.
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Introduction
Hepatocellular carcinoma (HCC) is the most com-
mon malignant cancer in liver, which represents the 
fourth leading cause of cancer mortality worldwide [1]. 
Although great progress has been made in diagnosis and 
therapy during recent years, the survival of patient with 
HCC remains unsatisfactory due to the lack of effec-
tive therapeutic options for advanced patients with this 
malignancy [2]. Thus, deepening molecular mechanisms 
underlying the progression of HCC is urgently needed to 
uncover new therapeutic biomarkers and strategies.

Metabolism reprogramming has been recognized as 
a major hallmark of cancer [3]. In addition to enhanced 
aerobic glycolysis for rapid energy and biosynthetic inter-
mediates supply, fatty acid oxidation (FAO) has also been 
recognized play a crucial role in malignancy progression 
of cancer by serving as a major source of adenosine tri-
phosphate (ATP) and NADPH to fulfill energy demand 
and counteract oxidative stress [4]. Fatty acids are fully 
oxidized in mitochondria, which serve as the major met-
abolic hub of the cell [5], through the TCA cycle coupled 
with oxidative phosphorylation in the electron trans-
port chain (ETC). Although accumulating evidence has 
revealed the close association between mitochondrial 
malfunction and cancer [6], the relationship between 
mitochondrial dysfunction and fatty acid oxidation in 
the malignant progression of cancer remains largely 
unknown.

Members of the mitochondrial carrier family (SLC25) 
play a central role in linking the cytosol and mitochon-
drial matrix by transporting a variety of compounds 
across the mitochondria membrane, and their dysfunc-
tion have been associated with a large number of diseases 
and pathologies [7]. SLC25A35 belongs to the SLC25 
family of mitochondrial carrier proteins and has been 
speculated as putative antiporter that exchanges dicar-
boxylates and sulfur oxoanions across mitochondrial 
inner [8, 9]. However, the role of SLC25A35 in mitochon-
drial metabolism reprogramming and disease progres-
sion remains unexplored in human cancers. In this work, 
we find a crucial oncogenic role for SLC25A35 in the car-
cinogenesis and progression of HCC by reprogramming 
PGC-1a-mediated mitochondrial fatty acid oxidation and 
biogenesis via increasing acetyl-CoA-mediated acetyla-
tion of PGC1α, suggesting that SLC25A35 might serve as 
a potential druggable target for the treatment of HCC.

Materials and methods
Tissue samples
A total of 238 pairs of HCC and adjacent non-tumor tis-
sues were obtained from surgical patients at Xijing Hos-
pital of the Air Force Medical University. Of these, 30 
pairs were used for qRT-PCR analysis and the remain-
ing 208 pairs were used for Immunohistochemistry 

(IHC) staining. Informed consents in writing have been 
obtained from all participates before surgery to use their 
specimens for research. This study has been approved by 
the Institutional Ethics Committee of the Xijing Hospital 
of the Air Force Medical University.

Cell lines
The human HCC cell lines SNU-368, HLE, SNU739, 
SNU-354, HLF and HUH-7 were purchased from ATCC 
or the Cell Bank of the Chinese Academy of Sciences in 
Shanghai. All cell lines were grown in DMEM medium 
supplemented with 10% FBS at 37 ℃ and tested by short 
tandem repeat (STR) DNA fingerprinting.

Knockdown or overexpression of interest genes
Small interfering RNAs (siRNAs) or pcDNA3.1 plas-
mids containing full-length of interest genes were trans-
fected into HCC cells using Lipofectamine 3000 (Thermo 
Fisher) to achieve knockdown or overexpression. Trans-
fections were conducted according to the manufac-
turer’s instructions. The sequences of siRNAs targeting 
SLC25A35 were 5’-  C G C T T T C T G A C A C C C A T T T T T A 
C-3’ for si-SLC25A35#1 and 5’- G G C A T G T A C A A G G G T 
A T A G G T G C − 3’ for si-SLC25A35#2.

Quantitative reverse-transcription PCR (qRT-PCR)
Total RNA was extracted using TRIzol reagent (Takara) 
and reversely transcribed into cDNA using PrimeScript 
RT Reagent Kit (Takara). The SYBR Green PCR Master 
Mix (Life Technologies) was used to perform RT-qPCR. 
β-actin and U6 were used as endogenous controls and 
the results were calculated by 2−∆∆CT method. The prim-
ers utilized in this study were provided in Table S1.

Western blotting analysis
Cells were lysed in RIPA lysis buffer supplemented with 
protease inhibitor (Roche). Protein concentration was 
determined by BCA assay. Equal amount of cell lysate 
was separated by SDS-PAGE and transferred to PVDF 
membranes. After blocking in 5% milk for 1  h at room 
temperature, the membranes were incubated with pri-
mary antibodies overnight at 4 ℃. After washing, HRP-
linked secondary antibody was added and incubated at 
room temperature for 1.5 h. The blots were visualized by 
ECL, and β-actin was used as a loading control.

Hematoxylin and eosin (H&E) staining and 
immunohistochemical (IHC) analysis
Paraffin-embedded tissue sections were firstly deparaf-
finized and rehydrated. For H&E staining, sections were 
stained with Mayer’s hematoxylin dye for 5 min and then 
washed with tap water. For IHC analysis, tissue sections 
were treated for heat-mediated antigen retrieval in citrate 
buffer, blocked and incubated with specific primary 
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antibodies listed in Table S2 at 4  °C overnight. After 
washing, the sections were incubated with HRP-labeled 
secondary antibody for 1 h and DAB for 5 min at room 
temperature. The images were obtained using an Olym-
pus microscopy with lightning model.

Cell proliferation and colony formation assays
Cell Counting Kit-8 (CCK-8) assay was used for evalu-
ation of cell proliferation. Cells were seeded in 96-well 
plates (5000 cells/well) and cultured for indicated time. 
The CCK8 reagent was added to each well and the absor-
bance at 450 nm was measured by a microplate reader.

For colony formation assay, HCC cells (500 cells/well) 
were plated in six-well plate. After culturing for two 
weeks, colonies were fixed with 4% paraformaldehyde 
and stained by crystal violet. After washing, the number 
of colonies was counted.

Cell apoptosis and cycle analysis
Cell apoptosis and cycle distribution were analyzed with 
a cell apoptosis or cycle kit from US Everbright Inc (#F-
6012 and #C-6031) according to their manufacturer’s 
instructions. The results were detected using flow cytom-
etry (Beckman).

Evaluations of oxygen consumption rate (OCR) and 
contents of ATP and NADPH
The oxygen consumption rate (OCR) was measured with 
a Seahorse XF96 Extracellular Flux Analyzer as per the 
manufacturer’s instructions. The contents of ATP and 
NADPH were measured with two commercial kits pur-
chased from Abcam (#ab83355 and #ab65349) following 
their manufacturer’s instructions. The results were mea-
sured by a plate reader.

Detections of mitochondrial mass, membrane potential 
and ROS content
MitoTracker green fluorescent dye purchased from 
Molecular Probes (#M7514) was used to determine 
mitochondrial mass according to the manufacturer’s 
instruction. For evaluation of mitochondrial membrane 
potential, a JC-1 dye purchased from Beyotime Biotech-
nology (#C2006) was used following the manufacturer’s 
instruction. The content of reactive oxygen species (ROS) 
was detected by a fluorescent probe DCFH-DA (Beyo-
time Biotechnology, #S0033) as per the manufacturer’s 
instruction.

Fatty acid oxidation (FAO)
FAO was measured with 3H-labeled oleic acid (Amer-
sham Pharmacia Biotech, Italy) as a tracer. Briefly, cells 
were seeded to 24-well plate and cultured to about 80% 
confluence. Fresh culture medium containing 3H-labeled 
oleic acid (1 µCi) was added to each well and incubated 

overnight. A L6500 scintillation counter was used to 
detect the production of 3H2O in each cell sample.

Wound healing assay
HCC cells were seeded in a 6-well plate. When grown 
to 70–80% confluence, a scratch was made with a 100 µl 
pipette tip. Wounds were photographed at 0 h and 24 h 
after scratching. Wound closure (%) was measured using 
Image J software.

Transwell migration and invasion assays
Cell migration and invasion abilities were evaluated using 
Transwell chambers without or with matrigel (Corning). 
Briefly, a total of 5 × 104 cells were seeded in the upper 
chamber in serum-free medium. Medium with 10% FBS 
was added to the bottom of the well. After culturing for 
24–48  h, migrated or invaded cells were stained with 
crystal and their numbers were counted under a light 
microscope.

In vivo tumor xenograft and metastatic animal model
Male BALB/c nude mice (4- to 6-week-old) were main-
tained in a specific-pathogen-free (SPF) facility under 
12-hour light-dark cycles. The study was approved by 
the animal ethics committee of Xijing Hospital of the Air 
Force Medical University.

For construction of in vivo tumor xenograft, HCC cells 
(1 × 107) with indicated treatment were subcutaneously 
injected into the right flanks of the nude mice. Tumor 
was monitored and their volumes were measured every 
7 days. Animals were finally anesthetized and the tumors 
were excised for further studies.

For in vivo metastatic nude mice model, 5 × 106 HCC 
cells with indicated treatment were injected into male 
BALB/c nude mice through their tail veins. Five weeks 
post cells injection, animals were anesthetized and their 
lungs were excised for H&E staining.

Generation of DEN-induced HCC mice model
The 2-week-old male mice were given adeno-associated 
virus (AAV)-control or AAV-SLC25A35 (1 × 1011 viral 
genomes in 100 µl saline) by intravenous injection. One 
week after AAV injection, the mice were intraperitoneal 
(i.p.) injected with 25  mg/kg DEN. Then the mice were 
fed normally until the end of the study at 28 weeks post 
DEN injection and sacrificed using CO2 chamber. The 
body weight and liver weight were determined and visible 
tumors (> 1 mm) were counted.

Measurement of serum ALT and AST
To determine the activities of serum ALT and AST, an 
Alanine Aminotransferase Assay Kit (C009-2-1) and 
Aspartate Aminotransferase Assay Kit (#C010-2-1) 
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purchased from Nanjing Jiancheng Bioengineering 
Institute were used according to their manufacturer’s 
instructions.

Statistical analysis
SPSS 17.0 software was used for statistical analyses. 
Results are represented as mean ± SD from at least 3 
repeats. Difference between two or more than two groups 
was determined by Student’s t test or one/two-way 
ANOVA. Patient survival was analyzed by the Kaplan-
Meier method and log-rank test. P < 0.05 was accepted 
for statistically significant.

Results
SLC25A35 promotes mitochondrial oxidative respiration 
and ATP production accompanied by decreased oxidative 
stress
To elucidate the role of SLC25A35 in mitochondrial 
metabolism in HCC cells, we knocked-down SLC25A35 
expression with two distinct siRNAs in SNU-739 and 
SNU-354 cells expressing high SLC25A35, and overex-
pressed SLC25A35 in SNU-368 and HLE cells expressing 
low SLC25A3, among HCC cell lines tested in Fig S1A 
and S1B. Successful knockdown and overexpression of 
SLC25A35 were validated by qRT-PCR and Western blot-
ting analysis (Fig S1C and S1D). Evaluations of oxygen 
consumption rate (OCR) and extracellular acidification 
rate (ECAR) using the Seahorse XF96 analyzer revealed 
markedly decreased or increased OCR when SLC25A35 
was silenced or overexpressed in HCC cells (Fig.  1A), 
while ECAR was not changed significantly (Fig S1E), sug-
gesting that SLC25A35 promotes mitochondrial metabo-
lism with no significant effect on aerobic glycolysis, which 
is the well-recognized characteristic of cancer cell metab-
olism also known as the Warburg effect. In agreement 
with this, significant decreased mitochondrial membrane 
potential (Fig S1F), activities of mitochondrial respiratory 
chain complexes I-IV (Fig S1G), contents of ATP (Fig. 1B) 
and metabolic intermediates in the TCA cycle (Fig. 1C), 
while increased ROS levels were observed in SLC25A35-
knockdown HCC cells (Fig. 1D), which is contrary to our 
original thoughts that enhanced mitochondrial metabo-
lism would produce more ROS. By contrast, the opposite 
effects were observed in SLC25A35-overexpressed HCC 
cells.

To determine the mechanism underling enhanced 
mitochondrial metabolism by SLC25A35 in HCC cells, 
the effects of SLC25A35 knockdown or overexpression 
on mitochondrial morphology was analyzed by trans-
mission electron microscopy (TEM). The results showed 
that SLC25A35 knockdown or overexpression had no 
significant effects on mitochondrial length and length-to-
width ratio (Fig. 1E), indicating that SLC25A35 promotes 
mitochondrial metabolism may not through changes in 

mitochondrial dynamics. In line with this, the expres-
sion levels of crucial factors involved in mitochondrial 
dynamics, including mitochondrial fission factors DRP1, 
FIS1 and MFF, and mitochondrial fusion factors MFN1, 
MFN2 and OPA1, were not altered significantly follow-
ing knockdown or overexpression of SLC25A35 in HCC 
cells (Fig S1H). When measuring the biogenesis of mito-
chondrial, we discovered a significant decrease in both 
the content of mitochondria and mitochondrial DNA 
(mtDNA) measured by MitoTracker Green staining 
and qRT-PCR assays when SLC25A35 was knockded-
down, whereas the opposite effects were observed when 
SLC25A35 overexpressed (Fig. 1F and G).

Together, these results suggest that SLC25A35 pro-
motes mitochondrial energy metabolism accompanied by 
decreased oxidative stress.

Enhanced mitochondrial metabolism by SLC25A35 was 
principally fueled by fatty acid oxidation
Glucose, fatty acid and amino acid are the three main 
substrates for mitochondrial metabolism. To clarify 
the energy source of enhanced mitochondrial metabo-
lism by SLC25A35, the three major metabolic path-
ways, including glycolysis, fatty acid oxidation (FAO), 
and glutaminolysis were suppressed by treatment with 
specific inhibitors. Evaluation of mitochondrial energy 
metabolism by detecting ATP production indicated 
that blockage of either glycolysis or glutaminolysis 
had no significant effect on increased ATP production 
caused by SLC25A35 overexpression, while inhibition 
of FAO greatly attenuated the elevation of ATP produc-
tion induced by SLC25A35 overexpression (Fig.  2A). In 
line with this, inhibition of FAO greatly attenuated the 
increase of OCR caused by SLC25A35 overexpression 
(Fig.  2B), implying that SLC25A35 enhances mitochon-
drial metabolism mainly by activating fatty acid oxida-
tion. To test this prediction, the effect of SLC25A35 on 
FAO was evaluated using 3H-labeled oleic acid. We found 
a significant increase in the rate of FAO upon SLC25A35 
overexpression in HCC cells, while a significant decrease 
of FAO upon SLC25A35 silencing in HCC cells (Fig. 2C). 
In agreement with this, obviously increased lipid accu-
mulation (Fig. 2D) and triglyceride content (Fig. 2E) were 
observed in SLC25A35 silencing HCC cells as compared 
with control, while the opposite were seen in SLC25A35 
overexpression HCC cells. Besides energy production, 
FAO also serves as an important source of NADPH, 
which plays an important role in the maintenance of 
redox homeostasis by quenching ROS [4]. Given that 
SLC25A35 reduces ROS level in HCC cells, we hypoth-
esized that SLC25A35 may reduce ROS level by increas-
ing FAO-mediated NAPDH production. The results 
showed that NADPH/NADP+ ratio were significantly 
decreased upon SLC25A35 silencing, while increased 
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upon overexpression of SLC25A35 in HCC cells (Fig. 2F). 
Furthermore, we found that suppression of FAO by Eto-
moxir treatment significantly attenuated the increase of 
NADPH/NADP+ ratio and ATP production and restored 
the decrease of ROS level caused by SLC25A35 overex-
pression (Fig. 2G and I). These findings suggest that the 
enhanced mitochondrial metabolism by SLC25A35 was 

fueled principally by FAO to not only satisfy the energy 
demands but also prevent oxidative stress in HCC cells.

SLC25A35 upregulates PGC-1α expression via facilitating 
acetyl-CoA-mediated acetylation of PGC1α
We next investigated the mechanism by which SLC25A35 
promotes fatty acid oxidation in HCC cells. Using the 

Fig. 1 SLC25A35 promotes metabolism oxidative respiration and ATP production accompanied by decreased oxidative stress. (A) Detection of oxygen 
consumption rate (OCR) using the Seahorse XF96 analyzer in SLC25A35 silenced or overexpressed HCC cells. (Olig, Oligomycin; Rot, Rotenone). (B-D) The 
levels of ATP (B), metabolic intermediates in the TCA cycle (C) and ROS (D) were measured in SLC25A35 silenced or overexpressed HCC cells (D, Scale 
bars = 20 μm). (E) Electron microscopy was used for evaluation of changes in mitochondrial morphology. Representative electron microscopy images of 
mitochondria are shown in the left panel. Alterations in mitochondrial dynamics was evaluated by mitochondrial length (middle panel) and length-to-
width ratio (right panel) (Scale bars = 0.2 μm). (F) MitoTracker Green staining assay was used for evaluations of mitochondrial mass in SLC25A35 silenced 
or overexpressed HCC cells (Scale bars = 5 μm). (G) qRT-PCR assay was used to detect the content of mtDNA in SLC25A35 silenced or overexpressed HCC 
cells
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Fig. 2 Enhanced mitochondrial metabolism by SLC25A35 was fueled principally by fatty acid oxidation. (A) The effects of UK5009 (20 nM for 72 h), BPTES 
(100 nM for 72 h) and Etomoxir (100 nM for 72 h) treatments on ATP production was determined in indicated HCC cells. (B) Oxygen consumption rate 
(OCR) was evaluated using the Seahorse XF96 analyzer upon Etomoxir treatment (100 nM for 72 h). (C) 3H-labeled oleic acid was used to evaluate fatty 
acid oxidation in HCC cells upon SLC25A35 silencing or overexpression. (D and E) Lipid accumulation (D) and triglyceride content (E) were evaluated in 
SLC25A35 silenced or overexpressed HCC cells using BODIPY-based immunofluorescence staining assay and a colorimetric assay kit, respectively (D, Scale 
bars = 20 μm). (F) The ratio of NADPH/NADP+ was determined in SLC25A35 silenced or overexpressed HCC cells. (G-I) The ratio of NADPH/NADP+ (G) and 
levels of ATP (H) and ROS (I) were determined in HCC cells treated with Etomoxir (I, Scale bars = 20 μm)
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mass spectrometry analysis, we found a total of 8 pro-
teins that were significantly changed (> 2.5 fold change) 
upon SLC25A35 silencing and overexpressing in HCC 
cells (Fig.  3A). Among those proteins, peroxisome pro-
liferator-activated receptor gamma coactivator 1-alpha 
(PGC-1α) has been known as a master transcriptional 
coactivator that regulates the expressions of multiple 
enzymes involved in FAO. To confirm the regulation of 
PGC-1α expression by SLC25A35 in HCC cells, qRT-
PCR and western blotting assays were then performed. 
The results indicated that both total cellular and nuclear 
expressions of PGC-1α at protein level, but not at mRNA 
level, was significantly decreased upon SLC25A35 silenc-
ing, while increased upon SLC25A35 overexpressing 
(Fig.  3B and C and Fig S2A), suggesting a post-transla-
tional regulatory mechanism of PGC-1α by SLC25A35 in 
HCC cells. In line with this, a significant positive corre-
lation was found between the expressions of SLC25A35 
and PGC-1α in tumor tissues from 208 HCC patients 
(Fig. 3D). To determine whether the stability of PGC-1α 
protein was regulated by SLC25A35, protein synthe-
sis in HCC cells was inhibited by CHX. Results showed 
that SLC25A35 silencing significantly shortened the 
half-life of PGC-1α, while SLC25A35 overexpression led 
to extended half-life of PGC-1α (Fig.  3E and Fig S2D). 
Considering the existence of two major routes, including 
autophagy-lysosomal pathway and ubiquitin-proteasome 
pathway, in the degradation of intracellular proteins, we 
treated SLC25A35-silencing HCC cells with CQ (autoph-
agy-lysosomal inhibitor) and MG132 (proteasome 
inhibitor), respectively. As shown in Fig.  3F, decreased 
PGC-1α expression by SLC25A35 silencing was markedly 
restored by MG132 treatment, but not CQ, suggesting 
that SLC25A35 silencing downregulates PGC-1α expres-
sion by activating the ubiquitin-proteasomal degrada-
tion pathway. Expectedly, SLC25A35 silencing obviously 
enhanced the ubiquitination of PGC-1α, while SLC25A35 
overexpression exerted an opposite effect (Fig. 3G).

Next, we explored the precise molecular mechanisms 
by which SLC25A35 downregulates ubiquitin-protea-
somal degradation of PGC-1α in HCC cells. Acetylation 
has been known to play an important role in the regula-
tion of PGC-1α activity and expression [10]. Given that 
metabolome analysis in Fig. 1C indicated a positive effect 
of SLC25A35 on the level of acetyl-CoA, which serves as 
the donor of acetyl for protein acetylation, we therefore 
asked whether SLC25A35 regulate PGC-1α expression 
through acetyl-CoA-mediated protein acetylation. To 
answer this question, the effects of SLC25A35 on acetyl-
CoA level and acetylation of PGC-1α were evaluated. 
We first used an ELASA assay to confirm the metabo-
lome analysis results in Fig. 1C and found that the total 
cellular and cytoplasmic levels of acetyl-CoA were posi-
tively regulated by SLC25A35 (Fig. 3H). Western blotting 

assay further showed that the acetylation of PGC-1α was 
obviously diminished by SLC25A35 knockdown, while 
enhanced by SLC25A35 overexpression (Fig.  3I), sug-
gesting that SLC25A35 may facilitate the acetylation of 
PGC-1α by increasing acetyl-CoA level in HCC cells. To 
further determine whether the acetylation of PGC-1α 
contribute to its upregulation by SLC25A35 in HCC cells, 
HCC cells were treated with the inhibitor or agonist of 
SIRT1, which was reported as a crucial deacetylase of 
PGC-1α [10]. We found that decreased acetylation and 
expression of PGC-1α caused by SLC25A35 silencing 
were significantly rescued by treatment with the SIRT1 
inhibitor EX-527. Conversely, increased acetylation and 
expression of PGC-1α caused by SLC25A35 overexpres-
sion were markedly attenuated by treatment with SIRT1 
agonist resveratrol (Fig.  3J and K). GCN5 and SIRT1 
are responsible for the deacetylation and acetylation 
of PGC-1α [11]. To provide more insights, we assessed 
the roles of GCN5 and SIRT1 in SLC25A35-regulated 
PGC-1α acetylation by examining their interactions with 
PGC-1α in HCC cells after silencing or overexpressing 
SLC25A35. The results indicated that SLC25A35 did not 
significantly affect the interactions between PGC-1α and 
GCN5 or SIRT1 in HCC cells (Fig S2C). This suggests 
that SLC25A35 may promote PGC-1α acetylation not 
by enhancing GCN5-mediated acetylation or reducing 
SIRT1-mediated deacetylation, but primarily by increas-
ing cytoplasmic acetyl-CoA levels.

Together, these results suggest SLC25A35 upregulates 
the expression and nuclear translocation of PGC-1α 
through facilitating cytoplasmic acetyl-CoA-mediated 
acetylation of PGC1α.

SLC25A35 promotes FAO and mitochondrial biogenesis by 
upregulating PGC-1α
In light of the well-known role of PGC-1α in FAO and 
mitochondrial biogenesis [12], we set out to determine 
whether the SLC25A35 promotes mitochondrial biogen-
esis and FAO by upregulating PGC-1α. Using 3H-labeled 
oleic acid, we found that the effect of SLC25A35 silenc-
ing on the suppression of FAO was markedly restored 
by PGC-1α overexpression, while the activation of FAO 
by SLC25A35 overexpression was abolished by PGC-1α 
knockdown (Fig.  4A). In line with this, the effect of 
SLC25A35 silencing or overexpression on lipid accu-
mulation was also markedly rescued by PGC-1α over-
expression or knockdown (Fig.  4B and C). In addition, 
the involvement of PGC-1α in SLC25A35-regulated 
ATP production and oxidative stress was also explored. 
The results showed that reduced ATP production and 
increased oxidative stress caused by SLC25A35 silencing 
were obviously reversed by PGC-1α overexpression. On 
the contrary, increased ATP production and decreased 
oxidative stress caused by SLC25A35 overexpression 
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Fig. 3 SLC25A35 upregulates PGC-1α expression via facilitating acetyl-CoA-mediated acetylation of PGC1α. (A) Venn diagram for proteins that are signifi-
cantly changed (> 2.5 fold change) both upon SLC25A35 silencing and overexpressing in HCC cells, as detected by mass spectrometry-based proteomic 
analysis. (B and C) qRT-PCR (B) and Western blotting (C) assays were used to detect PGC-1α expression in indicated HCC cells. (D) Immunohistochemistry 
analysis for the correlation between SLC25A35 and PGC-1α expressions in HCC tumor tissues (n = 208) (Scale bars = 20 μm). (E) SLC25A35 and PGC-1α ex-
pressions were detected by western blotting assay in HCC cells treated with CHX (10 µM). (F) PGC-1α expression was detected by western blotting assay 
in HCC cells treated with MG132 (20 µM) or CQ (20 µM). (G) Ubiquitination of PGC-1α was determined western blotting assay in with indicated treatment. 
(H) An ELASA assay was used to evaluate the effect of SLC25A35 on acetyl-CoA level in HCC cells. (I) Western blotting assay was used to detect the effect 
of SLC25A35 on the acetylation of PGC-1α. (J and K) The acetylation (J) and expression (K) of PGC-1α were detected by western blotting assay in HCC cells 
treated with SIRT1 inhibitor EX-527 or agonist resveratrol
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Fig. 4 SLC25A35 promotes FAO and mitochondrial biogenesis by upregulating PGC-1α. (A)3H-labeled oleic acid was used to evaluate fatty acid oxidation 
in HCC cells with indicated treatment. (B and C) Lipid content was evaluated with a BODIPY-based immunofluorescence staining assay (B) and colori-
metric assay kit (C) in HCC cells with indicated treatment (B, Scale bars = 20 μm). (D and E) The levels of ATP (D) and ROS (E) were measured in HCC cells 
with indicated treatment. (E, Scale bars = 20 μm). (F) MitoTracker Green staining assay was used for evaluation of mitochondrial mass in HCC cells with 
indicated treatment (Scale bars = 5 μm). (G) The content of mtDNA was determined by qRT-PCR assay in HCC cells with indicated treatment
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were rescued by PGC-1α knockdown (Fig.  4D and 
E). Moreover, we also explored whether the effect of 
SLC25A35 on mitochondrial biogenesis was mediated by 
PGC-1α. Our results showed that suppression of mito-
chondrial biogenesis caused by SLC25A35 silencing was 
reversed by PGC-1α overexpression, while increased 
mitochondrial biogenesis by SLC25A35 overexpression 
was impaired by PGC-1α knockdown (Fig. 4F and G).

SLC25A35 is upregulated and correlated with 
aggressiveness and adverse patients’ survival in HCC
The crucial roles of SLC25A35 in mitochondrial bio-
genesis and FAO prompted us to determine whether 
SLC25A35 was dysregulated in HCC. Using the 

UALCAN [13] online database, we found that SLC25A35 
was significantly upregulated in HCC tissues as com-
pared with normal liver tissues (Fig.  5A). SLC25A35 
upregulation was also confirmed by qRT-PCR analysis 
in 30 pairs of HCC tumor and adjacent non-tumor tis-
sues (Fig. 5B), as well as by immunohistochemistry (IHC) 
staining in another 208 pairs of HCC tumor and adjacent 
non-tumor tissues (Fig.  5C). Analysis of the correlation 
between SLC25A35 and the clinicopathological features 
of these patients showed that SLC25A35 expression was 
positively associated with the size of tumor and the inci-
dence of metastasis (Supplementary Table S3). Addi-
tionally, high SLC25A35 expression was associated with 
a worse overall survival (Fig. 5D) and higher recurrence 

Fig. 5 SLC25A35 is upregulated and correlated with aggressiveness and adverse patients’ survival in HCC. (A) SLC25A35 expression was analyzed using 
the online UALCAN database. (B) SLC25A35 expression was detected by qRT-PCR analysis in 30 pairs HCC tumor and adjacent non-tumor tissues. (C) 
SLC25A35 expression was evaluated using immunohistochemistry (IHC) staining in another 208 pairs HCC tumor and adjacent non-tumor tissues. (D and 
E) Overall survival (D) and recurrence free survival (E) were evaluated based on IHC staining results of SLC25A35. (F) The correlation between SLC25A35 
expression and HCC patients’ survival were analyzed using the online UALCAN database. (G-K) Correlations analysis between the expressions of SLC25A35 
and cell proliferation and metastasis markers, including Ki-67 (encoded by the MKI67 gene) (G), Snail1 (H), Twist1 (I), N-cadherin (encoded by the CDH2 
gene) (J) and Vimentin (encoded by the VIM gene) (K) were analyzed in the TCGA HCC data using the online database GEPIA
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(Fig.  5E). Consistent with the results from our cohort, 
prognosis analysis in TCGA cohort using the online 
UALCAN database also showed that HCC patients with 
high SLC25A35 expression had significant worse survival 
than patients with low SLC25A35 expression (Fig.  5F). 
Moreover, significant positive correlations were existed 
between the expressions of SLC25A35 and cell prolif-
eration and metastasis markers, including Ki67, Snail1, 
Twist1, N-cadherin and Vimentin in the TCGA HCC 
data (Fig.  5G and K), as analyzed by using the online 
database GEPIA [14]. Together, the above evidence sug-
gests that SLC25A35 may play a crucial role in the malig-
nant progression of HCC.

Further analysis of SLC25A35 expression in pan-cancer 
using the online database Sangerbox [15] showed that, in 
line with our observations in HCC, SLC25A35 expression 
were also significantly upregulated in 10 other types of 
cancer, including cholangiocarcinoma, the second most 
common primary liver cancer (Fig S2), providing further 
evidence for the frequent upregulation of SLC25A35 in 
human cancers.

SLC25A35 promotes the proliferation and metastasis of 
HCC cells both in vitro and in vivo
Next, we determined the function of SLC25A35 in 
HCC. CCK-8 and colony formation assays indicated that 
knockdown of SLC25A35 suppressed both the short-
term and long-term cell proliferation of SNU-739 and 
SNU-354 cells (Fig. 6A and B). Cell apoptosis and cycle 
distribution assays using flow cytometry revealed that 
SLC25A35 knockdown led to significantly increased 
apoptosis and G1/S cell cycle arrest (Fig.  6C and D). In 
line with this, EdU staining assay also indicated no signif-
icant change in the percentage of proliferating cells upon 
SLC25A35 knockdown or overexpression (Fig S3A). 
Using transwell migration and wound healing assays, we 
found that the migrations of SNU-739 and SNU-354 cells 
were both markedly suppressed upon SLC25A35 silenc-
ing (Fig S3B and 6E). In keeping with this, transwell inva-
sion assay also indicated markedly suppressed invasion 
abilities of SNU-739 and SNU-354 cells upon SLC25A35 
silencing (Fig.  6F). Enhanced epithelial-to-mesenchymal 
transition (EMT) [16] and increased matrix metallopro-
teinases (MMPs) production [17] have been considered 
to play crucial roles in invasiveness of tumor cells. qRT-
PCR analysis revealed that SLC25A35 knockdown had 
no significant effect on expressions of MMPs, including 
MMP1, MMP2, MMP7 and MMP9, while caused obvi-
ously increased expression levels of EMT markers Snail, 
Twist, N-cadherin and vimentin (Fig S3C and S3D), 
which is consistent with the results from TCGA data 
analysis in Fig. 4H and K, suggesting that SLC25A35 may 
promote HCC metastasis by facilitating EMT.

To validate the above results from in vitro HCC cells, 
stable SLC25A35 knockdown SNU-739 cells was con-
structed (Fig S3E and S3F). In the subcutaneous xeno-
graft mice model, the growth rates were lower in 
SLC25A35 silencing group when compared with control 
group (Fig. 6G). SLC25A35 silencing group also showed 
significantly deceased tumor weight as compared with 
the control group (Fig.  6H). Immunohistochemistry 
(IHC) staining assay indicated decreased expressions 
of SLC25A35 in SLC25A35 knockdown group relative 
to control group (Fig S3G), suggesting that the tumor 
growth suppressive effect was exerted by SLC25A35 
silencing. Hematoxylin and eosin (H&E) staining assay 
revealed that the number of lung metastases was also 
reduced when SLC25A35 was knocked-down (Fig.  6I). 
IHC staining revealed that the expressions of prolifera-
tion (Ki-67) and metastasis markers (Snail) were signifi-
cantly lower in SLC25A35 knockdown group than in 
control group (Fig S3H and S3I). TUNEL staining assay 
for cell apoptosis also revealed remarkable decreased 
percentage of apoptotic cells in SLC25A35 knockdown 
group, as compared with control group (Fig S3J).

The effects of SLC25A35 overexpression on cell pro-
liferation and metastasis were also evaluated to provide 
more supports. In CCK-8 and colony formation assays, 
the proliferation of SNU-368 and HLE cells was signifi-
cantly enhanced when SLC25A35 was overexpressed (Fig 
S4A and S4B). In addition, wound healing and transwell 
migration and invasion assays indicated that the migra-
tion and invasion abilities of SNU-368 and HLE cells 
were all significantly enhanced upon SLC25A35 overex-
pressing (Fig S4C-S4E).

Additionally, given that SLC25A35 overexpression 
led to reduced ROS level in HCC cells, the impact of 
ROS reduction on the proliferation and metastasis were 
examined in SLC25A35-overexpressing cells. The results 
showed that restoration of ROS level with H2O2 treat-
ment (100 mM for 12  h) did not significantly affect the 
proliferation and invasion in SLC25A35-overexpressing 
HCC cells (Fig S5A-S5B), suggesting that ROS reduc-
tion does not contribute to the oncogenic functions of 
SLC25A35 in HCC cells.

Furthermore, to explore the impact of SLC25A35 on 
the tumor microenvironment in HCC, the correlation 
between SLC25A35 expression and immune infiltration 
was analysis using the online Tumor immune estimation 
resource (TIMER), a web server for comprehensive anal-
ysis of tumor-infiltrating immune cells [18]. The results 
indicate that SLC25A35 expression levels are positively 
correlated with the infiltration of B cells, CD8 + T cells, 
CD4 + T cells, macrophages, neutrophils, and dendritic 
cells in HCC (Fig S6A), suggesting that SLC25A35 may 
play a role in regulating immune cell infiltration in HCC, 
which is worthy of further investigation. Additionally, we 
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Fig. 6 SLC25A35 promotes the proliferation and metastasis of HCC cells both in vitro and in vivo. (A and B) CCK-8 (A) and colony formation (B) assays 
for short-term and long-term cell proliferation in HCC cells of SNU-739 and SNU-354 with SLC25A35 knockdown. (C and D) Cell apoptosis (C) and cycle 
distribution (D) assays in HCC cells of SNU-739 and SNU-354 with SLC25A35 knockdown. (E) Wound healing assay was used to detect the migration abili-
ties of SNU-739 and SNU-354 upon SLC25A35 silencing. (F) Matrigel-coated transwell assay was used to determine the invasion abilities of SNU-739 and 
SNU-354 upon SLC25A35 silencing. (G) The growth rate of subcutaneous tumors was compared between SLC25A35 silencing and control groups. (H) 
Gross appearance of tumors from the nude mice and their weights were compared between SLC25A35 silencing and control groups. (I) Hematoxylin and 
eosin (H&E) staining assay was used to compare the number of metastases in the lungs of SLC25A35 silencing and control groups (Scale bars = 50 μm)
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evaluated the effect of SLC25A35 on extracellular matrix 
remodeling. IHC analysis revealed comparable levels of 
MMP-2 and MMP-9 between the control and SLC25A35 
knockdown tumor tissues from nude mice (Fig S6B-S6C), 
indicating that SLC25A35 may not significantly affect 
extracellular matrix remodeling.

Forced SLC25A35 expression in liver promotes the 
carcinogenesis of DEN-induced of HCC
To further explore whether SLC25A35 is a driving fac-
tor for hepatocarcinogenesis in vivo, diethylnitrosamine 
(DEN)-induced HCC mice model was then constructed. 

The results showed that mice with adeno-associated virus 
(AAV)-mediated SLC25A35 overexpression had signifi-
cantly more and larger tumor than the control mice 28 
weeks post DEN injection (Fig.  7A), which was further 
histological verified by H&E staining (Fig.  7B). We also 
observed higher liver and liver-to-body weight ratio (LW/
BW) in SLC25A35 overexpression mice than the control 
group, which fit the observed phenotypes (Fig.  7C). In 
line with these findings, higher levels of AST and ALT 
(molecular marks for liver damage) in serums (Fig.  7D 
and E) and higher expressions of HCC marks AFP, GPC3, 
CD44 and Epcam in liver tissues (Fig.  7F) were also 

Fig. 7 Forced SLC25A35 expression in liver promotes the carcinogenesis of DEN-induced of HCC. (A) Gross appearance of livers from DEN-induced HCC 
with or without SLC25A35 overexpression and the number of surface tumors were compared. (B) Representative H&E staining of livers from DEN-induced 
HCC mice model with or without SLC25A35 overexpression (Scale bars = 100 μm). (C) Liver/body weight ratio of the DEN-induced HCC mice with or 
without SLC25A35 overexpression. (D and E) Quantifications of the levels of ALT (D) and AST (E) in the serums from the DEN-induced HCC mice with or 
without SLC25A35 overexpression. (F) Quantitative RT-PCR analysis for expressions of AFP, GPC3, CD44 and Epcam in the livers from the DEN-induced 
HCC mice with or without SLC25A35 overexpression. (G) IHC staining of SLC25A35 in the livers from DEN-induced HCC mice with or without SLC25A35 
overexpression (Scale bars = 20 μm)
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observed in SLC25A35 overexpression mice as compared 
with the control mice. Moreover, the AAV-mediated 
upregulation of SLC25A35 in the livers of mice were con-
firmed by IHC staining assay (Fig.  7G), indicating that 
the oncogenic effect was exerted by forced SLC25A35 
expression.

SLC25A35 promotes HCC cell proliferation and invasion by 
enhancing PGC1α-mediated mitochondrial metabolism
Numerous studies have reported that mitochondrial 
metabolism plays an important role in the prolifera-
tion and metastasis of human cancers [19]. We thus 
explored whether SLC25A35 promotes the progression 
of HCC by enhancing PGC1α-mediated mitochondrial 

metabolism. The results indicated that the suppression 
of HCC cell proliferation, migration and invasion caused 
by SLC25A35 silencing could be obviously rescued by 
PGC-1α overexpression, while the PGC-1α knockdown 
significantly attenuated the effect of SLC25A35 over-
expression on the promotion of HCC cell proliferation, 
migration and invasion (Fig. 8A and E). These data indi-
cate that SLC25A35 promotes HCC cell proliferation and 
invasion mainly by enhancing PGC1α-mediated mito-
chondrial metabolism.

Fig. 8 SLC25A35 promotes HCC cell proliferation and invasion by enhancing PGC1α-mediated mitochondrial metabolism. (A and B) CCK-8 (A) and 
colony formation (B) assays for short-term and long-term cell proliferation in HCC cells with indicated treatment. (C-E) Transwell migration (C), wound 
healing (D) and transwell invasion (D) assays were conducted in HCC cells with indicated treatment
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SLC25A35 upregulation is caused, at least partially, by 
decreased miR-663a level in HCC cells
SLC25A35 is upregulated in HCC at both mRNA and 
protein levels, indicating that SLC25A35 upregulation 
may occur at transcriptional level. Although a signifi-
cant negative correlation was found between the mRNA 
expression and DNA methylation levels of SLC25A35 
in HCC by using the online cBioPortal-based [20] bio-
informatics analysis (Fig. S7A), the promoter methyla-
tion level of SLC125A35 was not changed significantly in 
HCC (Fig.  9A), implying that SLC44A2 downregulation 
may not occur at epigenetic level. Given that miRNAs 
play important roles in tumor progression by regulating 
expressions of multiple target genes, potential miRNA 
targeting SLC25A35 was therefore analyzed using the 
online mirDIP, which is a computational miRNA–target 
prediction database [21]. Among the top five predicted 
miRNAs targeting SLC25A35 (Table S7B), transfection 
with miR-663a significantly reduced SLC25A35 expres-
sion, while transfections with other miRNAs showed no 
obvious effect on SLC25A35 expression (Fig. 9B and C). 
Bioinformatics analysis using the UALCAN online data-
base [13] and qRT-PCR analysis revealed a significant 
downregulation of miR-663a in HCC tissues as com-
pared to normal liver tissues (Fig. 9D and Fig S7C). Addi-
tionally, significant negative relationships between the 
expression levels miR-663a and SLC25A35 expressions at 
both mRNA (n = 30) and protein (n = 208) levels were also 
existed (Fig.  9E and F). To validate the binding of miR-
663a at the 3’-UTR of SLC25A35, a luciferase reporter 
assay was conducted (Fig.  9G). MiR-663a transfection 
in HCC cells with wild-type SLC25A35 3’-UTR showed 
significant decreased luciferase activity, while miR-
663a transfection in HCC cells with mutated SLC25A35 
3’-UTR showed no significant change in luciferase activ-
ity (Fig.  9H). Moreover, miR-663a transfection also 
attenuated SLC25A35 overexpression-promoted HCC 
proliferation, migration and invasion (Fig.  9I and L and 
Fig S7D). Together, these data indicate that SLC25A35 
upregulation is caused, at least partially, by decreased 
miR-663a expression in HCC cells.

Discussion
Cumulative evidences have shown that mitochondrial 
metabolism plays crucial roles in oncogenesis of various 
human cancers [22]. However, the mechanisms underly-
ing the activation of mitochondrial metabolism in cancer 
cells are still not fully understood. SLC25A35 is a mem-
ber of the SLC25 family that has been speculated as puta-
tive antiporter that exchanges dicarboxylates and sulfur 
oxoanions across mitochondrial inner [9]. However, the 
role of SLC25A35 in mitochondrial metabolism repro-
gramming and disease progression remains unexplored 
in human cancers. Here, we find a crucial oncogenic role 

for SLC25A35 in the carcinogenesis and progression of 
HCC by reprogramming PGC-1a-mediated mitochon-
drial fatty acid oxidation and biogenesis via increasing 
acetyl-CoA-mediated acetylation of PGC1α. Our findings 
suggest a crucial oncogenic role of SLC25A35 in HCC by 
reprogramming mitochondrial metabolism and suggest 
SLC25A35 as a potential therapeutic target for the treat-
ment of HCC.

The SLC25 mitochondrial carrier family is the larg-
est solute transporter family in mammals with a total of 
53 members, which play crucial physiological roles by 
transporting a variety of compounds across the imper-
meable mitochondrial inner membrane to linking the 
cytosol and mitochondrial matrix [8]. Although they 
were discovered decades ago, their functions in mito-
chondrial metabolism and physiology remain incom-
pletely understood. SLC25A35 belongs to the SLC25 
family of mitochondrial carrier proteins. However, the 
biological functions of SLC25A35 in mitochondrial 
remain unexplored [7]. Metabolism reprogramming have 
been widely accepted as a hallmark of cancer, contrib-
uting to tumor cell proliferation, survival and metasta-
sis [23]. Although enhanced aerobic glycolysis has been 
regarded as the major metabolic change in cancer cells, 
it is now clear that mitochondrial metabolism also plays 
crucial roles in oncogenesis [24]. Mitochondria metabo-
lism not only provides building blocks for anabolism 
of tumor cells, but also necessary to meet the energy 
demands [25]. Accordingly, mitochondria metabolism 
has been well recognized as a promising anticancer tar-
get [26]. However, the mechanisms underlying the activa-
tion of mitochondrial metabolism in tumor cells remains 
incompletely understood. In the present study, we for the 
first time demonstrate that SLC25A35 markedly repro-
gramed mitochondrial metabolism in HCC cells, which 
was characterized by increased oxygen consumption 
rate and ATP production and decreased oxidative stress. 
Subsequent investigation further revealed that enhanced 
mitochondrial metabolism by SLC25A35 was fueled 
principally by fatty acid oxidation to not only satisfy the 
energy demands but also prevent oxidative stress in HCC 
cells. Meanwhile, SLC25A35 also enhanced mitochon-
drial biogenesis with no significant effects on the length, 
length-to-width ratio and expressions of key factors 
involved in mitochondrial fission and fusion, indicating 
that SLC25A35 promotes mitochondrial metabolism not 
by changing their morphology. Together, these data sug-
gest that SLC25A35 plays a critical role in mitochondrial 
metabolism reprogramming in cancer cells by facilitating 
FAO and mitochondrial biogenesis. However, the exact 
substrate of SLC25A35 remains unclear and deserves fur-
ther exploration.

Peroxisome proliferator–activated receptor gamma 
coactivator-1 alpha (PGC-1a) is one of the key regulators 
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Fig. 9 SLC25A35 upregulation is caused, at least partially, by decreased miR-663a level in HCC cells. (A) DNA methylation level of SLC25A35 in HCC was 
analyzed using the online UALCAN database. (B and C) SLC25A35 expression was detected by qRT-PCR (B) and Western blotting (C) analysis in HCC cells 
transfected with indicated miRNAs. (D) The expression levels of miR-663a were analyzed by qRT-PCR assay in HCC (n = 30). (E and F) Correlations analysis 
between the expression levels of miR-663a and SLC25A35 expressions at both mRNA (E, n = 30) and protein (F, n = 208) levels were conducted. (G) The 
sequence of wild- or mutant-type of SLC25A35 3’-UTR at the binding sites of miR-663a. (H) Luciferase activity was determined in HCC cells with wild- or 
mutant-type of SLC25A35 3’-UTR upon miR-663a transfection. (I and J) CCK-8 (I) and colony formation (J) assays for short-term and long-term cell prolif-
eration in HCC cells with indicated treatment. (K and L) Wound healing (K) and transwell invasion (L) assays were conducted in HCC cells with indicated 
treatment
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of mitochondrial biogenesis and oxidation through serv-
ing as a transcriptional coactivator with multiple nuclear 
receptor family transcription factors [12]. It has been well 
documented that the expression and activity of PGC-1 
is tightly regulated by multiple posttranscriptional 
modifications, such as acetylation, phosphorylation and 
methylation [11]. However, the molecular factors influ-
encing the acetylation of PGC-1α and thus mitochondrial 
metabolism in cancer cells remains largely unclear. The 
present study shows that SLC25A35 downregulates ubiq-
uitin-proteasomal degradation of PGC-1α via increas-
ing acetyl-CoA-mediated acetylation of PGC-1α in HCC 
cells, further supporting acetylation as a crucial mecha-
nism in the regulation of PGC-1αexpression and activ-
ity. Acetyl-CoA not only function as a critical metabolic 
intermediate in mitochondrial, but also serves as the ace-
tyl group donor for the acetylation of protein [27], sup-
porting the interpretation that fatty acid oxidation and 
mitochondrial biogenesis are fine-tuned by metabolic 
state through the change in acetyl-CoA level. Upregula-
tion of PGC-1α by increased acetylation modification 
could be explained by the competition of acetylation with 
ubiquitination on the same lysine residue, which still 
needs more investigations.

Clinically, SLC25A35 was highly expressed in HCC and 
its upregulation is closely associated with poor prognosis 
for patients with this malignancy, suggesting SLC25A35 
as a potential prognostic marker in HCC. Functional 
studies showed that SLC25A35 enhanced the prolifera-
tion and metastasis of HCC cells both in vitro and in vivo, 
as well as the carcinogenesis in a DEN-induced HCC 
mice model. Moreover, the effects of SLC25A35 on the 
promotion of HCC cell proliferation and invasion could 
be rescued by PGC-1α, suggesting a crucial oncogenic 
role for SLC25A35 in the carcinogenesis and progression 
of HCC by reprogramming PGC-1a-mediated mitochon-
drial fatty acid oxidation and biogenesis.

Upregulation of SLC25A35 at both mRNA and protein 
levels suggests a transcriptional regulation mechanism. 
Even though a negative correlation was existed between 
the mRNA expression and DNA methylation levels of 
SLC25A35 in HCC cells, the promoter methylation level 
of SLC125A35 was comparable between HCC and nor-
mal liver tissues, suggesting that the upregulation of 
SLC25A35 may not occur at epigenetic level. Given that 
microRNAs (miRNAs) are well-known endogenously 
expressed small non-coding RNAs that play impor-
tant role in gene expression and play important roles in 
tumor progression and and drug resistance by regulat-
ing expressions of multiple target genes [28], we there-
fore explored potential miRNA that contributed to the 
upregulation of SLC25A35 and found that SLC25A35 is 
a direct target of miR-663a. Actually, miR-663a has been 
reported to be downregulated in HCC tissue compared 

with adjacent non-tumor tissue and inhibits tumor 
growth, migration and invasion [29, 30]. These findings 
suggest that SLC25A35 upregulation in HCC is caused, at 
least partially, by decreased miR-663a level.

In conclusion, our study identified SLC25A35 as a cru-
cial oncogene in HCC by reprogramming mitochondrial 
metabolism and suggests SLC25A35 as a potential thera-
peutic target for the treatment of this malignancy.

Limitations of the study: Although our results indi-
cate that SLC25A35 upregulates PGC-1α expression by 
increasing acetyl-CoA-mediated acetylation of PGC1α, 
the precise mechanisms through which SLC25A35 
elevates cytoplasmic acetyl-CoA are still under investi-
gation. This is partially due to the fact that the specific 
substrates that SLC25A35 transports within mitochon-
dria are not well-defined. Beside, given that one gene 
can be targeted by multiple miRNAs, we cannot exclude 
the possibility that other miRNAs may also contribute 
SLC25A35 upregulation in HCC.
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