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Abstract: Objective: To investigate whether HIF-1α promotes SCAF1/COX7A2 replacement in complex IV and thereby 
influences glioma progression. Methods: A172 and U251 cells were subjected to CoCl2-induced hypoxia. The effects 
of hypoxia on cell behavior were assessed via CCK-8 for viability and Transwell for migration and invasion. Stable 
cell lines overexpressing HIF-1α, SCAF1, or CLPP, or knocking down COX7A2, LONP1, or CLPP were established. 
Mitochondrial supercomplex composition was analyzed by Blue Native PAGE. HIF-1α’s binding to the SCAF1 promot-
er was validated by ChIP and dual-luciferase assays. Protein interactions were examined by Co-IP and GST pull-down. 
Xenograft tumor growth experiments conducted in nude mice was evaluated following COX7A2 overexpression or 
SCAF1 knockdown in tumor growth. Results: CoCl2 treatment significantly increased cell viability, migration, inva-
sion, ATP concentration and the formation of I+III2+IV of glioma cells, and similar effects were observed upon HIF-1α 
overexpression, COX7A2 knockdown, or SCAF1 overexpression. HIF-1α targeted the SCAF1 promoter to regulate its 
expression, and HIF-1α regulated COX7A2 protein levels through LONP1 and CLPP. In the tumorigenesis experiment 
in nude mice, SCAF1 knockdown reduced tumor volume and weight, while COX7A2 overexpression reduced tumor 
volume and weight. Conclusion: Hypoxia in glioma cells enhances cell viability, migration, invasion, ATP production, 
and I+III2+IV supercomplex formation, with HIF-1α regulating SCAF1 and COX7A2 levels. These findings highlight the 
promising potential of targeting the HIF-1α/SCAF1/COX7A2 pathway as a treatment option for glioma treatment.
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Introduction

Gliomas is a common form of high-grade brain 
tumor [1, 2]. The standard treatment for Glioma 
patients involves a chemotherapy regimen of 
temozolomide [3]. However, the complex biolo-
gy of Gliomas makes effective treatment chal-
lenging, resulting in poor clinical prognosis, 
with a median survival of only 14.6 months [4]. 
There is an urgent need to unravel the molecu-
lar mechanisms involved in glioma develop-
ment to identify novel drug targets.

Most of the chemical energy (ATP) available to 
cells and tissues meet their energy demands 
primarily through oxidative phosphorylation 
(OXPHOS). It is the synergistic action of five 
polymeric enzyme complexes (CI-CV), embed-

ded in the lipid bilayers of the inner mitochon-
drial membrane, that constitutes this system 
[5]. The term “mitochondrial respiratory chain 
(MRC)” refers specifically to the first four 
enzyme complexes (CI-CIV), through which elec-
trons reduce O2 to water [6]. What constitutes 
the terminal enzyme of the mitochondrial respi-
ratory chain is cytochrome c oxidase (CcO, 
Complex IV), consisting of 14 subunits [7-9]. 
COX7A is one of the subunits with tissue- and 
species-specific subtypes [6]. Cox7A1 is tissue-
specifically expressed in the skeletal muscle  
in conjunction with cardiac muscle, while 
Cox7A2 is a liver-type subtype and is commonly 
expressed [10, 11]. Previous studies have 
shown the clinical prognosis correlates with the 
COX7A2 expression in Barrett’s adenocarcino-
ma [12]. Cox7A2 is also strongly associated 
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with ovarian cancer patients’ prognosis [13]. In 
our earlier research, we demonstrated that gli-
oma patients with high COX7A2 expression 
have a good prognosis, and COX7A2 can be 
used as an independent prognostic factor [14]. 
However, what function COX7A2 exerts in glio-
ma pathogenesis remains to be determined.

The larger supramolecular structures in the 
mitochondrial respiratory chain, including 
supercomplexes (SCs), respirasomes and giant 
complexes, are composed of complexes I, III 
and IV (CI, CIII2 and CIV) [15-17]. To adapt to  
the increased energy demand of cells and 
improve the operational efficiency of the mito-
chondrial respiratory chain, supercomplexes 
(SCs) may be formed [18, 19]. Supercomplex 
assembly factor 1 (SCAF1) is molecularly simi-
lar to COX7A2, also known as COX7A2L or 
COX7RP. Both SCAF1 and COX7A2 can be inter-
changeable, resulting in a change in the assem-
bly form of Complex IV. Studies have shown 
that the CIV subunit COX7A2 is not present  
in CIII-CIV supercomplexes, being replaced 
instead by SCAF1 [20]. Therefore, in gliomas, 
which mechanism induces SCAF1 to replace 
COX7A2?

Studies have shown that COX7A2L is induced  
to express in situations of cellular stress, 
including hypoxia, ER stress, and nutritional 
stress, promoting the formation of mammalian 
cells SC [21-23]. It is the extensive hypoxia  
and necrosis in glioblastomas that make the 
role of hypoxia in driving tumor growth increas-
ingly important [21, 24]. Therefore, hypoxia 
may induce SCAF1 to replace COX7A2 in glio-
mas. Transcriptional adaptation to hypoxia is 
mainly regulated by hypoxia-inducing factors 
(HIF), including HIFα (1-3), aromatic receptor 
nuclear transporter (ARNT) and ARNT2 [22, 23, 
25]. Under normal oxygen tension conditions, 
HIF1α, HIF2α, and HIF3α in the cytoplasm are 
rapidly degraded by the ubiquitin pathway [23]. 
In hypoxic conditions, HIF stabilizes and trans-
locates to the nucleus, forming a dimer with 
ARNT or ARNT2. These heterodimers bind 
genomic DNA at sites called hypoxic response 
elements (HRE) to regulate transcription [23]. 
In this study, six candidate HREs for the pro-
moter of SCAF1 were predicted through the 
JASPAR database, indicating that SCAF1 is  
also the target gene of HIF-1α. Therefore, we 
hypothesize that HIF-1 might mediate the con-

version of SCAF1 and COX7A2 when assem-
bling the mitochondrial respiratory chain com-
plex IV into a supercomplex by regulating SCAF1 
expression, thereby altering the activity of the 
mitochondrial respiratory chain and affecting 
the production of ATP in cells. 

In addition to upregulating SCAF1 expression  
to increase the probability of SCAF1 and 
COX7A2 exchange, does HIF-1α affect COX7A2 
expression and what is the mechanism? Our 
previous study found that the COX7A2 gene is 
activated without HREs, so HIF-1α may regulate 
the level of COX7A2 by influencing other pro-
teins. Mitochondrial protease LON (LONP1) is 
highly conserved during evolution and is an 
ATP-dependent protease. Studies have shown 
that LONP1 gene transcription is activated by 
HIF-1, leading to the modulation of COX4 sub-
unit expression [26]. However, further research 
is needed to determine if HIF-1α can also 
degrade COX7A2 by influencing the level of 
LONP1. 

LONP1 and CLPP share many substrates, which 
can work synergistically to reduce protein toxic 
stress and protect mitochondrial function to 
promote prostate cancer cell survival [27]. It is 
the reduction in the ATP-dependent activity of 
LONP1 and/or CLPP under hypoxia that causes 
mitochondrial transcripts to aggregate [28]. 
Therefore, it is important to explore whether 
CLPP also plays a significant role in HIF-1α-
mediated degradation of COX7A2.

Therefore, we hypothesized that HIF-1α may 
enhance the degradation of COX7A2 by regulat-
ing LONP1 and CLPP, while also upregulating 
SCAF1 expression. This dual mechanism could 
facilitate the replacement of COX7A2 with 
SCAF1, leading to increased ATP production 
and the advancement of glioma progression.

Materials and methods

Cell lines culture and chemical hypoxia

Human glioma cell lines A172 (CL-0012) and 
U251 (CL-0237), obtained from Wuhan Pricella 
Biotechnology Co., Ltd., were used for in vitro 
experiments. After thawing, cells were resus-
pended in DMEM medium (VivaCell, C3113-
0500). DMEM was supplemented with 10% 
(v/v) FBS (BI, 04-001-1ACS) and 1% (v/v) P/S 
(GENOM Bio, GNM15140) to prepare the com-
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plete growth medium. As previously described 
[29], CoCl2 (Sigma, 232696), an inducer of HIF-
1, was used. After being seeded in 12-well 
plates at 1 × 105 cells/well, A172 and U251 
cells were exposed to final concentrations of 
150 µM CoCl2 for 6, 24, or 72 h. 

Lentivirus-mediated stable transduction and 
siRNA transfection

The lentiviruses were provided by Shanghai 
JUSTSCIENCE Co., Ltd. (China). Using restriction 
enzyme digestion and ligation techniques, the 
CDS regions of HIF-1α, SCAF1, and CLPP were 
respectively cloned into the JS037 vector  
(EcoR I → Xho I) to construct overexpression 
recombinant plasmids; additionally, shRNA 
sequences targeting COX7A2 were inserted 
into the JS039 vector (BamH I → EcoR I) to  
construct sh-COX7A2-1/2/3. After amplifica-
tion, the plasmids were mixed with psPAX2  
and pMD2.G plasmids along with a transfec- 
tion reagent, in serum-free Opti-MEM (Gibco, 
31985070). The transfection mixture was then 
added to 293T cells and incubated for 4 h 
before replacing with complete medium for fur-

ther cultivation. After 48-72 h, after collection, 
the supernatant was filtered through a 0.45 µm 
filter. Cells were prepared as a suspension at 5 
× 104 cells/mL in complete medium and subse-
quently transduced with the virus based on 
MOI along with Polybrene (Solarbio, H8761). 
Positive cells were selected using Puromycin 
(Shanghai Shaoxin Biotechnology Co., Ltd., 
SX50113). 

The si-LONP1 and si-CLPP sequences were  
synthesized by GenePharm (Shanghai, China). 
Transfection was carried out when cells seed- 
ed in 24-well plates reached 50-70% conflu-
ence. siRNA and GP-transfect-Mate were pro-
cessed for dilution in Opti-MEM, 5 min in 
advance, and then mixed for 20 min. 
Whereafter, cell samples were exposed to the 
formulated transfection mixture and kept at 
37°C for 6 h before replacing with complete 
medium for further cultivation.

The transfection efficiency was assessed us- 
ing RT-qPCR and Western blotting. Sequences 
for shCOX7A, siLONP1, and si-CLPP were listed 
in Table 1.

Table 1. List of RNA interference sequences used in this study
Gene Sequence (5’→3’)
sh-COX7A2
    sh-COX7A2-1 GATCCTGTATAGAGCCACCATGATTCTCGAGAATCATGGTGGCTCTATACAGTTTTTG
    sh-COX7A2-2 GATCCCGATTCCACAGTGTATGATTCTCGAGAATCATACACTGTGGAATCGGTTTTTG
    sh-COX7A2-3 GATCCCTGCCTGACCAAATGCTTTACTCGAGTAAAGCATTTGGTCAGGCAGGTTTTTG
si-LONP1
    si-LONP1-1 S: GAGAAGGUGUUACGGAAAUTT

A: AUUUCCGUAACACCUUCUCTT
    si-LONP1-2 S: GUCGGCGUCUUUCUAAAGATT

A: UCUUUAGAAAGACGCCGACTT
    si-LONP1-3 S: GGGACAUCAUUGCCUUGAATT

A: UUCAAGGCAAUGAUGUCCCTT
si-CLPP
    sh-CLPP-1 S: CCCGAUCGAUGACAGCGUUTT 

A: AACGCUGUCAUCGAUCGGGTT
    sh-CLPP-2 S: GAGAUCAUGAAGCUCAAGATT

A: UCUUGAGCUUCAUGAUCUCTT
    sh-CLPP-3 S: CCAGGAGUUUGGCAUCUUATT

A: UAAGAUGCCAAACUCCUGGTT
siNC
    siNC S: UUCUCCGAACGUGUCACGUTT

A: ACGUGACACGUUCGGAGAATT



HIF-1α regulated COX7A2 and SCAF1 expression to upregulate ATP level

3341	 Am J Cancer Res 2026;16(8):3338-3358

CCK-8 assay

Changes in cell viability were examined using 
the CCK-8 detection method (Beyotime, 
C0039). After subjecting cells to hypoxia treat-
ment (150 µM CoCl2) or lentiviral infection, 
CCK-8 reagent was supplemented into the cell 
cultures at 0, 24, 48, and 72 h, and kept for an 
additional hour in a 37°C. A microplate reader 
(Thermo, Model 1510) was used to record 
absorbance at 450 nm.

Transwell assay

Membrane inserts characterized by 8 μm 
porous structure (Corning) are designed to 
quantify the migratory and invasive ability of 
target cells. At the start of the migration test, 
cells were placed in the top chamber of 
Transwells pre-filled with serum-free medium, 
and a complete medium was filled in the bot-
tom chambers. Different from the migration 
assay, the invasion assay required the Trans- 
well inserts to be pre-coated with Orgmatrix  
gel (GENOM Bio, 111005). Specifically, the org-
matrix gel was diluted with pre-chilled (4°C) 
serum-free medium to a final concentration of 
0.5 mg/ml before coating. Dispense 60 μL of 
the diluted solution evenly onto the surface of 
the upper chamber membrane of the Transwell 
chamber, then place the coated chamber in a 
37°C, 5% CO2 incubator and leave to stand for 
1 hour. Cells and culture medium were then 
added in the same way. The plates were placed 
in a 37°C incubator and incubated for 24 h. 
Fixed and stained with 0.05% crystal violet 
were the migrated and invaded cells (Beyotime, 
C0121) for 30 min, and images of the stained 
cells were acquired with the aid of an Olympus 
light microscope.

ATP assay

Using an ATP assay kit (Beyotime, S0026), we 
evaluated ATP levels in cells or cancer tissues. 
To measure ATP, we collected the cells, lysed 
them, and obtained the supernatant. For can-
cer tissues, samples were first homogenized 
before lysis. The ATP assay solution and test 
samples were added sequentially, with at least 
2 s reaction to ensure accurate measurements, 
followed by detection of relative luminescence 
units (RLU) using a microplate reader.

Blue native polyacrylamide gel electrophoresis 
(BN-PAGE) 

BN-PAGE [30], a technique used to separate 
membrane protein complexes and assemblies, 
was employed in this study to detect the com-
position or activity of mitochondrial respiratory 
supercomplexes. Approximately 5 × 107 cells 
that underwent hypoxic treatment (150 µM 
CoCl2) or lentivirus infection, or cancer tissues, 
were collected, lysed in pre-chilled Lysis Buffer, 
and homogenized with ice-cold grinding. 
Repeated centrifugation steps ensured effec-
tive separation of mitochondria from other cel-
lular components. High-purity mitochondria 
were then resuspended in PBS loading a pro- 
tease inhibitor cocktail, and we assessed the 
protein concentration by the bicinchoninic acid 
method (Beyotime, P0009). Digitonin (at a 1:8 
ratio; MCE, HY-N4000) was pipetted into the 
mitochondrial suspension, and the sample was 
kept on ice. Mitochondrial protein was loaded 
onto a pre-prepared non-denaturing GLASS  
Gel Hepes-Tris gel (Shanghai Shenger Biote- 
chnology Co., LTD., SKV-0052). After loading 
the samples, electrophoresis was performed  
at 4°C, initially at 70 V for 30 minutes, then at 
150 V for 2-3 h until the dye front reached the 
bottom of the gel, after which Western blotting 
was carried out.

Assessment of mitochondrial oxygen consump-
tion and extracellular acidification

The Elabscience Oxygen Consumption Rate 
(OCR) and Extracellular Acidification Rate 
(ECAR) Fluorescence Assay Kits were used to 
measure OCR and ECAR in the cells, respec-
tively. All procedures were carried out in strict 
accordance with the kit instructions. A graph 
plotting fluorescence intensity against time was 
plotted, and the slope was determined from the 
time interval where the fluorescence intensity 
showed a linear relationship with time; this 
slope was then used to indicate the changes in 
OCR and ECAR.

Flow cytometry

Mitochondrial membrane potential (ΔΨm) was 
measured using the JC-1 Mitochondrial 
Membrane Potential Assay Kit (Tongren 
Chemical). U251 cells from each group were 
treated with trypsin, washed with PBS, and 
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then incubated with JC-1 staining solution at 
37°C in the dark for 15 minutes. Following 
staining, the cells were centrifuged, washed, 
resuspended in buffer, and immediately ana-
lyzed by flow cytometry. Mitochondrial mem-
brane potential was detected via the FL1 chan-
nel (green fluorescence) and the FL2 channel 
(red fluorescence), with results expressed  
as the ratio of red to green fluorescence 
intensities.

Western blotting

Protein levels of SCAF1 (1:1000; Affinity, 
AF9193, 139 kDa), COX7A2 (1:1000; Affinity, 
AF9048, 12 kDa), HIF-1α (1:1000; Affinity, 
BF8002, 120 kDa), LONP1 (1:1000; Affinity, 
DF12119, 100 kDa), and CLPP (1:1000; Pro- 
teintech, 6271-1-Ig, 30 kDa) were detected  
by Western blot analysis. Protein samples or 
mitochondrial protein samples extracted from 
pre-cooled cell lysis buffer were denatured and 
we electrophoresed the samples on a 10% 
SDS-polyacrylamide gel, followed by transfer to 
a nitrocellulose membrane (Pall, 66485). We 
incubated the membrane with a blocking solu-
tion of 5% nonfat dry milk (Sangon, A600669-
0250) for 1 h. Primary antibody probing took 
place overnight at 4°C, with antibodies used at 
the dilutions indicated. The membrane was 
used with the corresponding secondary anti-
bodies at room temperature. An ultra-sensitive 
ECL solution (Beyotime, P0018S) was used to 
visualize the peroxidase-conjugated bands, 
which were then captured using the Tanon 

4600 system (Tanon Science and Technology 
Co., Ltd.). GAPDH (1:5000; Abways, AB0036, 
36 kDa) served as normalization of target 
proteins.

In this study, GAPDH was used as an internal 
loading control. Given that GAPDH is a glycolyt-
ic enzyme, it may be transcriptionally up-regu-
lated by HIF-1α under hypoxic conditions. 
However, previous studies have shown that 
GAPDH expression is not regulated by hypoxia 
in the human glioblastoma cell lines U373, 
U251 and GaMG, and that GAPDH is an ideal 
loading control for determining the expression 
of hypoxia-induced genes in glioblastoma [31]. 
Furthermore, no regulation of GAPDH expres-
sion by hypoxia was observed in hepatocellular 
carcinoma, lung adenocarcinoma and colorec-
tal cancer cells [32]. Consistent with these 
reports, we carefully examined the GAPDH 
band intensities under all conditions in our 
Western blot analyses and found them to be 
highly consistent. Therefore, GAPDH is consid-
ered a reliable internal loading control in the 
hypoxia experiments of this study.

Reverse transcription-quantitative PCR (RT-
qPCR)

mRNA abundance of HIF-1α, COX7A2, SCAF1, 
LONP1, and CLPP in cells was assessed using 
real-time RT-PCR. The primer sequences are 
listed in Table 2. Cells were processed using 
TRIzol™ reagent (Invitrogen, 15596026), and 
total RNA was purified using the Tri Reagent 
method. RNA concentration was measured 
using a spectrophotometer. Whereafter, we 
reverse-transcribed 1 µg of RNA into cDNA 
(Vazyme, R333-01). qPCR analysis was per-
formed on the Analytik Jena qTOWER3G Real-
Time PCR System using Mix (Vazyme, Q711-
02). Target gene expression relative to GAPDH 
was quantified via the 2-ΔΔCt method. The reac-
tion mixture (total volume 20 μL contained: 10 
μL of 2× NovoStart® Universal Fast SYBR qPCR 
SuperMix, 0.4 μL of forward primer (10 μM), 0.4 
μL of reverse primer (10 μM), 1 μL of cDNA 
(diluted 1:5), and RNase-free water to 20 μL. 
The thermal cycling program was as follows:  
initial denaturation at 95°C for 10 min; follow- 
ed by 40 cycles of denaturation at 95°C for 10 
s, annealing at 60°C for 30 s, and extension at 
72°C for 30 s; then a melt curve analysis was 
performed. Each sample was run in triplicate.

Table 2. List of primer sequences for RT-qPCR 
analysis of target genes
Target Gene Sequence (5’→3’)
H-HIF-1α-F GCCAGACGATCATGCAGCTA
H-HIF-1α-R GCAGTCTACATGCTAAATCAGAGG
H-COX7A2-F TTGGGCAGAGGACGATAAGC
H-COX7A2-R TGGCTCTATACAGGAGGGCA
H-SCAF1-F GACACGGCTACTGTGTTGGA
H-SCAF1-R GCTCCAGCATGTCCTCACTT
H-LONP-F GGTCATAACGGCGCTCACG
H-LONP-R TCTCGACCACATCCGACTCA
H-CLPP-F GTGGAGCAGACGGGTC
H-CLPP-R GGCTTCTTGTTGCTCTCGGA
H-GAPDH-F GTTCGTCATGGGTGTGAACC
H-GAPDH-R CATCCACAGTCTTCTGGGTG
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Colony formation assay

Cell cultures were dissociated (VivaCell, 
C3530-0500) and prepared into a cell suspen-
sion. We dispensed 400 cells into each well of 
a 6-well plate, followed by the addition of medi-
um for growth. Plates were incubated at 37°C, 
with the medium being refreshed regularly and 
colony sizes monitored. Culturing was contin-
ued until a sufficient number of colonies had 
formed in each well (approximately 12 days). 
The colonies were then washed and fixed, fol-
lowed by staining a 15-minute staining with 
0.2% crystal violet. The colonies were exam-
ined with a microscope, and images were 
captured.

Chromatin immunoprecipitation (ChIP)

ChIP assays were conducted to validate the 
binding of HIF-1α to the hypoxia response ele-
ments (HREs) within the promoters of SCAF1 
using a Pierce Magnetic ChIP Kit (Thermo, 
25157). Cells overexpressing HIF-1α were pre-
treated with 1% formaldehyde to crosslink  
protein-DNA complexes, followed by glycine 
quenching to a final concentration of 125 mM. 
Whereafter, the cells were lysed on ice. 
Chromatin was further digested with MNase at 
37°C, and subsequently subjected to sonica-
tion to generate chromatin fragments of 200-
1000 bp. Fragmented chromatin was incubat-
ed overnight at 4°C with the HIF-1α antibody, 
and then, incubated with protein A+G beads 
(preadsorbed with salmon sperm DNA) for 2 h 
at 4°C. Immune complexes were washed 
according to the protocol. Crosslinks were 
reversed by incubation at 65°C, and DNA was 
purified using the purification kit (QIAGEN). 
qPCR analysis was performed to quantify the 
enrichment of SCAF1 promoter regions. Non-
specific IgG antibody from the same species 
served as a negative control.

Dual-luciferase reporter assay

To investigate the role of HREs in the SCAF1 
and CLPP promoters in mediating HIF-1α-
dependent transcriptional regulation, we per-
formed dual-luciferase reporter assays and 
introduced site-directed mutations into the 
HRE sequences. The SCAF1 promoter region 
(promoter-1 or promoter-2) and its mutant vari-
ants (promoter-1-Mut1, -Mut2, and -Mut3), as 
well as the CLPP promoter region and its  

Mut1 and Mut2 variants, were cloned into the 
JS002 and JS0017 vectors, respectively, for 
luciferase reporter assays. Cells overexpress-
ing HIF-1α were seeded into a 24-well plate  
pre-filled with Opti-MEM. The constructs were 
subsequently transfected into the cells sepa-
rately using Lipofectamine 3000 (Invitrogen, 
L30000150). After 5 h, the medium was 
replaced with complete culture medium, and 
transfection was continued for 24 h. Luciferase 
activities were measured using the dual-Lucif-
erase® Reporter Assay System (Promega, 
E1910).

Immunofluorescence

Cell smears were fixed. The cells were then 
immersed in 0.5% Triton X-100 solution 
(Amresco, X100) for 5 min, and then blocked 
with 3% BSA blocking solution (Servicebio, 
GC305010) for 30 minutes at room tempera-
ture to reduce non-specific binding. Primary 
antibodies were diluted as follows: Anti- 
LONP1 (Affinity, DF12119) at 1:250, Anti-
COX7A2 (Affinity, AF9048) at 1:200, and Anti-
SCAF1 (Affinity, AF9193) at 1:200. The cells 
were incubated overnight at 4°C with COX7A2 
and SCAF1 or LONP1 antibodies. The corre-
sponding fluorescent secondary antibodies 
were added and incubated for 2 h in the dark 
(Affinity, S0007) at 1:200. DAPI (Beyotime, 
C1002) was used for nuclear staining, and  
an anti-fade mounting medium (Beyotime, 
P0128M) was used to maintain the fluores-
cence on the slides. The results were observed 
and imaged under a fluorescence microscope.

Co-immunoprecipitation (Co-IP)

The Co-IP kit (Beyotime, P2197M) was used to 
validate the interactions between LONP1 and 
CLPP. Cells were resuspended in a pre-pre-
pared lysis buffer, and centrifuged to collect 
the supernatant. Protein A+G beads were pre-
incubated with Flag-Tag Antibody (Affinity, 
T0053) at room temperature. Subsequently, 
the antibody-coated beads were added to the 
protein lysate, and the mixture was incubated 
for 2 h at room temperature to allow immuno-
precipitation. The antibody-bound protein com-
plexes were then eluted using SDS-PAGE load-
ing buffer and analyzed by Western blotting. 
Non-specific IgG antibodies from the same spe-
cies served as negative controls.
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GST pull-down

The Pierce™ GST Protein Interaction Pull-Down 
Kit (Thermo, 21516) was used to validate the 
interaction between COX7A2 and CLPP. The 
GST-tagged LONP1 was expressed in E. coli 
cells induced with 0.1 mM IPTG. Following cell 
lysis and centrifugation, the clarified lysate  
was loaded onto a pre-equilibrated Pierce™ 
Glutathione Spin Column and incubated at 4°C 
for 30 min to immobilize GST-LONP1. After 
washing, the resin was incubated with cell 
lysate overexpressing COX7A2 for 1 h at 4°C 
with gentle rotation. Bound complexes were 
eluted with 10 mM reduced glutathione, and 
eluates were resolved by SDS-PAGE and ana-
lyzed by Western blotting.

Xenograft tumor model

This animal experiment was approved by  
the Animal Experiment Ethics Committee of 
Jiangxi Medical College, Nanchang University 
(authorization number: CDYFY-IACUC-20240- 
8QR041). Nude mice (4-5 weeks) were used in 
this study and housed in a barrier environment 
maintained at 22-24°C with 40%-60% relative 
humidity, with free access to sterilized water 
and food. U251 cells expressing shSCAF1 or 
overexpressing COX7A2 were harvested using 
trypsin and resuspended in physiological 
saline. The cell concentration was adjusted to  
8 × 106 cells/mL, and each mouse received 
subcutaneous injections of 100 µL of this cell 
suspension into the flank. Starting from day 
seven post-inoculation, tumor volumes were 
measured weekly using calipers according to 
the formula: (length × width2)/2. After 4  
weeks, mice were euthanized using CO2, and 
tumor tissues were collected, weighed, and 
processed for WB and ATP analyses.

Statistical analysis

The gray value analysis was performed using 
Image J software (version 1.48v). Quantitative 
data were collected from a minimum of inde-
pendent biological replicates and are present-
ed as mean ± SD. Data analysis was carried out 
using GraphPad Prism (8.0.1). Comparisons 
between two groups were performed using an 
unpaired two tailed Student’s t-test. Three or 
more group comparisons were made using 
One-Way ANOVA with Tukey’s post hoc test, for 
multiple comparisons involving a time variable 

(e.g., cell viability at different days, tumor vol-
ume measured repeatedly), two-way repeated-
measures ANOVA was used. Statistical signifi-
cance was considered when the P-value was 
less than 0.05.

Results

Hypoxia promoted an increase in cell activity, 
migration, invasion and ATP level of glioma 
cells

First, we investigated the impact of hypoxia on 
cell biological behavior. Our findings demon-
strated that CoCl2 significantly increased cell 
viability (Figure 1A). Additionally, CoCl2 was 
found to enhance cell motility and invasion of 
both A172 and U251 cells (Figure 1B and 1C). 

Then, we investigated the impact of hypoxia  
on ATP production in cells. CoCl2 treatment led 
to a rise in ATP concentration (Figure 1D). 
Furthermore, the expression levels of SCAF1 
and COX7A2 were examined, demonstrating 
that CoCl2 triggered an increase in SCAF1 pro-
tein levels and a decrease in COX7A2 protein 
levels in A172 and U251 cells (Figure 1E).

Hypoxia promoted the increase of ATP level 
and respirasomes (CI+CIII2+CIV) in glioma cells

HIF-1α mRNA and protein levels were increas- 
ed by CoCl2 treatment in A172 and U251 cells 
(Figure 2A and 2B). Subsequently, we exam-
ined how HIF-1α affected ATP production and 
the formation of I+III2+IV supercomplexes. 
U251 cells were genetically modified to over- 
express HIF-1α (Figure 2C and 2D). HIF-1α  
overexpression increased SCAF1 protein levels 
and reduced COX7A2 protein levels (Figure  
2E). HIF-1α overexpression also elevated ATP 
levels in U251 cells (Figure 2F). Additionally, 
supercomplex formation was observed using 
BN-PAGE, showing that HIF-1α overexpression 
boosted the I+III2+IV supercomplex formation 
in U251 cells (Figure 2G). Concurrently, a sig-
nificant increase in basal OCR was observed  
in the HIF-1α-overexpression group, whereas 
there was no significant change in ECAR (Figure 
2H, 2I). The red/green fluorescence intensity 
ratio was also significantly elevated in the  
HIF-1α-overexpression group, indicating an 
increase in mitochondrial membrane potential 
(Figure 2J). Following treatment with the ATP 
synthase inhibitor oligomycin, OCR levels 
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decreased. Following treatment with the 
OXPHOS uncoupler CCCP, the red-to-green  
fluorescence intensity ratio decreased signifi-
cantly. These results suggest that the HIF-1α-
induced increase in ATP levels is primarily 
attributable to enhanced oxidative phosphory-
lation rather than glycolysis.

COX7A2 knockdown promoted cell activity, 
clone formation, migration, invasion and the 
increase of ATP in glioma cells

The effect of COX7A2 knockdown on biological 
behavior and ATP generation of in U251 cells 
was investigated. U251 cells were engineered 
to have reduced expression of COX7A2, as 
shown in Figure 3A and 3B. We selected the 
U251 cells of sh-COX7A2-1 for the subsequent 
experiments. This knockdown resulted in 
increased cell viability and clone formation of 
U251 cells (Figure 3C and 3D). In addition, the 

reduced levels of COX7A2 were found to aug-
ment cell dissemination and invasion capabili-
ties of U251 cells (Figure 3E and 3F). 
Furthermore, the knockdown of COX7A2 led to 
an increase in the concentration of ATP within 
U251 cells (Figure 3G). To further examine the 
impact of COX7A2 knockdown on cellular respi-
ration, the supercomplexes were analyzed 
using BN-PAGE. It was observed that down- 
regulation of COX7A2 promoted the formation 
of I+III2+IV (Figure 3H).

HIF-1α targeted the SCAF1 promoter to regu-
late the expression level of SCAF1

We discovered multiple hypoxia-response ele-
ments (HREs) on the promoter of SCAF1. ChIP 
experiment demonstrated under hypoxic condi-
tions, HIF-1α bound to the promoter of SCAF1 
(Figure 4A). We then divided the SCAF1 pro- 
moter region into two parts (SCAF1-1 and 

Figure 1. Hypoxia promoted an increase in cell activity, migration, invasion and of ATP level in glioma cells. A. The 
effect of CoCl2 on cell viability was detected using the MTS assay. B, C. The effects of CoCl2 on cell migration and in-
vasion were detected using the Transwell assay, magnification: ×200. D. The effect of CoCl2 on ATP concentration in 
A172 and U251 cells. E. WB was used to determine the expression levels of SCAF1 and COX7A2. Data are presented 
as mean ± SD from three independent experiments. Statistical analysis was performed using an unpaired two-tailed 
Student’s t-test. **P < 0.01, compared with Control group.
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Figure 2. Overexpression of HIF-1α promoted the increase of ATP and respirasomes (CI+CIII2+CIV) in A172 cells. A, B. RT-qPCR and western blot analysis were used 
to detect the expression of HIF-1α in A172 and U251 cells were treated with CoCl2. C, D. RT-qPCR and western blot analysis were used to detect the expression of 
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SCAF1-2), which both contain two GCGTGS and 
one ACGTG (Table 1). The dual-luciferase 

reporter test was then adopted, revealing that 
the SCAF1-1 region contained promoter binding 

HIF-1α in HIF-1α overexpression U251 cells. E. WB was used to detect the expression levels of SCAF1 and COX7A2 
in HIF-1α overexpression U251 cells. F. The effect of HIF-1α on ATP concentration in U251 cells. G. Immunoblotting 
was performed on blue native polyacrylamide gel electrophoresis (BN-PAGE) gels in U251 cells with overexpressed 
HIF-1α. H, I. Changes in OCR and ECAR; the slope of the time interval during which the fluorescence value shows a 
linear trend is selected and used to indicate the magnitude of the change. J. Flow cytometry measurement of mito-
chondrial membrane potential. Data are presented as mean ± SD from three independent experiments. Statistical 
analysis was performed using an unpaired two-tailed Student’s t-test. **P < 0.01, compared with Control group; 
**P < 0.01, compared with Vector group.

Figure 3. COX7A2 knockdown promoted cell activity, clone formation, migration, invasion and the increase of ATP 
in glioma cells. A, B. RT-qPCR and western blot analysis were used to detect the expression of COX7A2 in COX7A2 
knockdown U251 cells. C. The effect of COX7A2 knockdown on cell viability was detected using the MTS assay. D. 
The effect of COX7A2 knockdown on cell proliferation was assessed through clonal formation assay, magnification: 
×100. E, F. The effect of COX7A2 knockdown on cell migration and invasion was detected using the Transwell assay, 
magnification: ×200. G. The effects of COX7A2 knockdown on ATP concentration in U251 cells. H. Immunoblotting 
of blue native polyacrylamide gel electrophoresis (BN-PAGE) gel in COX7A2 knockdown U251 cells. Data are pre-
sented as mean ± SD from three independent experiments. Statistical analysis between the three or more groups 
was performed using one-way ANOVA followed by Tukey’s HSD post-hoc test. Statistical analysis between two groups 
was performed using an unpaired two-tailed Student’s t-test. C. Uses repeated measures analysis of variance. **P 
< 0.01, compared with sh-NC group.
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sites (Figure 4B). Following this, we mutated 
two GCGTGS of SCAF1-1 to GTGCG (MUT-1 and 
MUT-2), and one ACGTG to CAGGT (MUT-3). 
Further analysis through dual luciferase report-
er gene detection showed that MUT-3 signifi-
cantly reduced luciferase activity (Figure 4C). 
This finding suggests that HIF-1α targets the 
promoter of SCAF1 and underpins in regulating 
the expression level of SCAF1.

Overexpression of SCAF1 promoted cell activ-
ity, clone formation, migration, invasion and 
the increase of ATP in glioma cells

Further investigation was carried out to study 
how overexpression of SCAF1 affected the bio-
logical behavior and ATP production of U251 
cells. U251 cells were genetically modified to 
overexpress SCAF1 as shown in Figure 5A and 
5B, resulting in increased cell viability, clone 
formation (Figure 5C and 5D). The migratory 
and invasive behavior of U251 cells were also 
increased by SCAF1 overexpression (Figure 5E 
and 5F). In addition, overexpression of SCAF1 
led to an increase in ATP concentration in  
U251 cells (Figure 5G). BN-PAGE analysis 
revealed an increased formation of I+III2+IV 
with overexpression of SCAF1, as depicted in 
Figure 5H.

HIF-1α regulated the expression of LONP1 to 
degrade COX7A2 in glioma cells

Absence of HRE sequences was observed in 
the COX7A2 promoter region. Thus, regulation 

of COX7A2 protein level by HIF-1α may in- 
volve alternative mechanisms. It has been 
unveiled that HIF-1α can target the LONP1 pro-
moter to modulate its expression. Therefore, 
we proceeded to ask if LONP1 is implicated  
in the regulation of COX7A2 by HIF-1α. Initially, 
we examined if HIF-1α influenced LONP1 
expression, revealing that its overexpression 
led to increased LONP1 (Figure 6A and 6B). 
Subsequently, we generated U251 cells with 
LONP1 knockdown (Figure 6C and 6D), and 
U251 cells in sh-LONP1-2 group were used  
for the subsequent experiments. We ob- 
served that LONP1 knockdown resulted in 
increased COX7A2 levels, suggesting LONP1’s 
ability to regulate COX7A2 protein levels (Figure 
6E).

Given LONP1’s role in protein degradation, we 
further investigated whether LONP1 targeted 
COX7A2 to modulate its protein level. The 
results from both Co-IP assay and GST-pull 
experiments, indicated that LONP1 indeed tar-
geted and regulated COX7A2 (Figure 6F and 
6G). These findings suggest that LONP1 may 
target and degrade COX7A2, thereby reducing 
its protein levels.

HIF-1α regulated the CLPP level to reduce the 
COX7A2 protein level in glioma cells

Since LONP1 and CLPP share many sub- 
strates, we constructed U251 cells with CLPP 
knockdown and overexpression (Figure 7A-D). 
Knockdown of CLPP increased, while overex-

Figure 4. HIF-1α targeted the SCAF1 promoter to regulate the expression level of SCAF1. A. The ChIP experiment 
proved that HIF-1α binds to the SCAF1 promoter. B. Verify the promoter region of SCAF1 regulated by HIF-1α. C. 
Verify the predicted binding site. Data are presented as mean ± SD from three independent experiments. Statistical 
analysis between the three or more groups was performed using one-way ANOVA followed by Tukey’s HSD post-hoc 
test. Statistical analysis between two groups was performed using an unpaired two-tailed Student’s t-test. **P < 
0.01, compared with NC group, **P < 0.01, compared with WT group.



HIF-1α regulated COX7A2 and SCAF1 expression to upregulate ATP level

3349	 Am J Cancer Res 2026;16(8):3338-3358

pression of CLPP reduced the expression level 
of COX7A2 (Figure 7E). Due to CLPP’s protein 
degradation effect, we further explored wheth-
er CLPP targets COX7A2 to regulate its protein 
level. Both the Co-IP experiment and the GST-
pull down assay proved that CLPP targets and 
regulates COX7A2 (Figure 7F and 7G), suggest-
ing that CLPP may degrade COX7A2 to reduce 
its protein level.

We then investigated whether HIF-1α regulates 
CLPP expression. The results showed that over-
expression of HIF-1α significantly increased 

CLPP expression (Figure 8A and 8B). Next, we 
examined whether HIF-1α directly targets the 
CLPP promoter to regulate its transcriptional 
activity. Bioinformatic analysis identified two 
HREs motifs within the CLPP promoter region. 
To verify whether HIF-1α targets and regulates 
the CLPP promoter, a dual-luciferase reporter 
gene assay was performed. Surprisingly, the 
results indicated that HIF-1α did not influence 
the transcription of CLPP by targeting its pro-
moter (Figure 8C). Therefore, HIF-1α might reg-
ulate the expression of CLPP through other 
mechanisms. 

Figure 5. Overexpression of SCAF1 promoted cell activity, clone formation, migration, invasion and the increase of 
ATP in glioma cells. A, B. RT-qPCR and western blot analysis were used to detect the expression of SCAF1 in SCAF1 
overexpression U251 cells. C. The effect of SCAF1 overexpression on cell viability was detected using the MTS assay 
in U251 cells. D. The effect of SCAF1 overexpression on cell proliferation was assessed through clonal formation 
assay in U251 cells, magnification: ×100. E, F. The effect of SCAF1 overexpression on cell migration and invasion 
was detected using the Transwell assay in U251 cells, magnification: ×100. G. The effects of SCAF1 overexpression 
on ATP concentration in U251 cells. H. Immunoblotting of blue native polyacrylamide gel electrophoresis (BN-PAGE) 
gel in SCAF1 overexpression U251 cells. Data are presented as mean ± SD from three independent experiments. 
Statistical analysis was performed using an unpaired two-tailed Student’s t-test. C. Uses repeated measures analy-
sis of variance. **P < 0.01, compared with Vector group.
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Knockdown of SCAF1 or overexpression of 
COX7A2 inhibited tumor formation in nude 
mice

Finally, a xenograft tumor model in nude  
mice was established using U251 cells with 
SCAF1 knockdown or COX7A2 overexpression. 
The results showed that SCAF1 protein levels 
were significantly reduced in tumor tissues 
from the shSCAF1 group (P < 0.001), indicat- 
ing that the shSCAF1 lentivirus effectively 
knocked down SCAF1 in vivo (Figure 9A). 
Conversely, COX7A2 protein levels were signifi-
cantly elevated in tumor tissues from the 
COX7A2 OE group (P < 0.001), confirming the 
successful overexpression of COX7A2 in vivo 
(Figure 9B). Knocking down SCAF1 reduces the 

volume and weight of the tumor (Figure 9A-E). 
On the other hand, overexpression of COX7A2 
reduces the volume and weight of the tumor. 
Additionally, knocking down SCAF1 has been 
found to reduce the concentration of ATP, 
whereas overexpression of COX7A2 has the 
opposite effect on tumor formation in nude 
mice (Figure 9F).

These findings suggest that HIF-1α promoted 
the degradation of COX7A2 by regulating LONP1 
and CLLP, while also inducing an increase in the 
expression of SCAF1 by targeting its promoter. 
This resulted in an increase in the replacement 
of COX7A2 with SCAF1, ultimately promoting 
ATP generation and furthering glioma progres-
sion (Figure 10).

Figure 6. HIF-1α regulated the expression of LONP1 to degrade COX7A2 in U251 cells. A, B. RT-qPCR and western 
blot analysis were used to detect the expression of LONP1 in HIF-1α overexpression U251 cells. C, D. RT-qPCR and 
western blot analysis were used to detect the expression of LONP1 in LONP1 knockdown U251 cells. E. RT-qPCR 
and western blot analysis were used to detect the expression of COX7A2 in LONP1 knockdown U251 cells. F. CoIP 
analysis of interaction between LONP1 and COX7A2. G. GST pull-down analysis of interaction between LONP1 and 
COX7A2. Data are presented as mean ± SD from three independent experiments. Statistical analysis between the 
three or more groups was performed using one-way ANOVA followed by Tukey’s HSD post-hoc test. Statistical analy-
sis between two groups was performed using an unpaired two-tailed Student’s t-test. **P < 0.01, compared with 
Vector group; ##P < 0.01, compared with sh-NC group.
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Discussion

Glioma often presents with hypoxia as a com-
mon pathological feature. The level of hypoxia 

in glioma is correlated with the grade of the 
tumor [33]. Up-regulating the HIF family in glio-
ma cells is promoted by the hypoxic microenvi-
ronment, leading to their aggressive phenotype 

Figure 7. CLPP targeted and degraded COX7A2 to reduce the protein level of 
COX7A2 in U251 cells. A, B. RT-qPCR and western blot analysis were used to 
detect the expression of CLPP in CLPP knockdown U251 cells. C, D. RT-qP-
CR and western blot analysis were used to detect the expression of CLPP in 
CLPP overexpression U251 cells. E. Western blot analysis was used to detect 
the expression of COX7A2. F. Co-IP analysis of interaction between CLPP and 
COX7A2. G. GST pull-down analysis of interaction between CLPP and COX7A2. 
Data are presented as mean ± SD from three independent experiments. Statis-
tical analysis between the three or more groups was performed using one-way 
ANOVA followed by Tukey’s HSD post-hoc test. Statistical analysis between the 
two groups was performed using an unpaired two-tailed Student’s t-test. **P 
< 0.01, compared with sh-NC group; ##P < 0.01, compared with Vector group.
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Figure 8. HIF-1α increased the level of CLPP but not by targeting the CLPP promoter. A, B. RT-qPCR and western 
blot analysis were used to detect the expression of CLPP in HIF-1α overexpression U251 cells. C. Dual-luciferase 
reporter gene assay. Data are presented as mean ± SD from three independent experiments. Statistical analysis 
was performed using an unpaired two-tailed Student’s t-test. **P < 0.01, compared with Vector group.

Figure 9. Knockdown of SCAF1 or overexpression of COX7A2 inhibited tumor formation in nude mice. A, B. Western 
blot analysis was used to detect the expression of SCAF1 and COX7A2 in tumor tissues. C. Representative images 
of tumors, magnification: ×200. D, E. Tumor volume and weight. F. ATP concentration. Data are presented as mean 
± SD from three independent experiments. Statistical analysis was performed using one-way ANOVA followed by 
Tukey’s HSD post-hoc test. C. Uses repeated measures analysis of variance. *P < 0.05, compared with Control group; 
**P < 0.01, compared with Control group.
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[34-37]. HIF-1 has been widely recognized as a 
regulator of glioma progression by promoting 
hypoxia [38]. A study by Lee et al. found that 
CoCl2 can effectively mimic the molecular 
effects of true hypoxia and serves as an easy-
to-use, stable and controllable platform for 
simulating hypoxia [39]. HIF-1α has a critical 
role in determining cancer outlook, with diverse 
impacts on angiogenesis, cell invasion, metas-
tasis, survival, and metabolic alterations [40, 
41]. Hypoxic exposure upregulated HIF-1α 
expression and enhanced various cellular pro-
cesses such as viability, colony formation, 
migration, and invasion. In conditions of na- 
tural serine/glycine (S/G) deprivation, HIF-1α-
induced expression of glycolysis-related genes 
encourages glucose absorption, glycolysis, and 
glycolytic flow, supporting the de novo serine 
synthesis pathway (SSP) in GBM cells, which 
aids in the survival and rapid proliferation of 
tumor cells [42]. Regarding metabolic regula-
tion, HIF-1α induced an increase in cellular ATP 
and changes in SCs. The study also found that 
the baseline OCR and mitochondrial memb- 
rane potential in the HIF-1α-overexpression 
group were significantly higher than those in 
the control group, whilst there was no signifi-
cant change in ECAR. Oligomycin completely 
blocked the increase in OCR caused by HIF-1α 
overexpression, and CCCP also eliminated the 

it is important to understand how HIF-1α influ-
ences changes in SCs. This study revealed that 
HIF-1α controls the expression of COX7A2 and 
SCAF1. Downregulating COX7A2 and upregulat-
ing SCAF1 led to increased ATP generation, the 
formation of respirasomes (CI+CIII2+CIV), and a 
higher proportion of other SCs. Previous stud-
ies have reported that HIF-1α can enhance  
oxidative phosphorylation (OXPHOS), particu-
larly under conditions where it promotes the 
assembly of mitochondrial supercomplexes 
[48]. ROS are generated as a result of ineffi-
cient OXPHOS, and they are neutralized by 
enzymes like catalase, peroxoreductin, and 
superoxide dismutase [49]. Failure to decrease 
the level of reactive oxygen species (ROS) may 
lead to its toxicity to cells, ultimately hindering 
cell survival. Supercomplexes play a vital role in 
stabilizing individual complexes and aiding in 
substrate transfer, which helps mitigate ROS 
production [43, 50, 51]. Therefore, HIF-1α-
controlled SCAF1 and COX7A2 may be crucial in 
promoting ATP synthesis, reducing ROS levels, 
and safeguarding cells by influencing the struc-
ture and types of SCs.

How does HIF-1α control the expression of 
SCAF1 and COX7A2? It has been observed that 
COX7A2L expression increases in hypoxic con-
ditions [52]. When a cell is in a state of hypoxia, 
HIF-1α accumulates gradually and moves to  

Figure 10. HIF-1α regulated COX7A2 and SCAF1 expression to upregulate 
ATP levels in glioma cells.

increase in membrane poten-
tial, suggesting that HIF-1α 
regulates mitochondrial oxida-
tive phosphorylation.

SCs can have various sub-
types depending on the or- 
ganism, metabolic status,  
and tissue type [20, 43]. 
Mammalian SCs are typically 
made up of combinations 
such as CIII2+CIV, CI+CIII2, 
CI+CIII2+CIV, and CI+CIII2+ 
CIV2-n [44]. The SCs These 
SCs, which include complex I, 
Complex III dimers, and one  
or more copies of complex IV, 
are also known as “respira-
somes (CI+CIII2+CIV)” becau- 
se they have the ability to 
transfer electrons from NADH 
to molecular oxygen inde- 
pendently, allowing them to 
“breathe” [45-47]. Therefore, 
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the nucleus. Following this, HIF-1α binds with 
HIF-1β to create a stable complex that can bind 
to the HRE region of the target gene promoter 
[53]. In this research, HIF-1α directly influences 
the levels of SCAF1 by targeting the HRE in the 
SCAF1 gene promoter. While HIF-1α does not 
directly target COX7A2 gene promoters, it does 
impact COX7A2 levels through alternative 
mechanisms.

It has been demonstrated that hypoxia de- 
creases the ATP-dependent activity of LONP1 
and/or CLPP, resulting in the accumulation of 
mitochondrial transcripts [28]. Our research 
also showed that HIF-1α can target the HRE 
promoter to regulate CLPP levels and LONP1 
gene expression. A previous study demonstrat-
ed that HIF-1α was able to target the promot- 
er of the LONP1 gene in order to control the 
expression of LONP1 [26]. Moreover, both CLPP 
and LONP1 can regulate COX7A2 levels by tar-
geting its promoter. Therefore, HIF-1α directly 
modulates the energy metabolism of mitochon-
dria by targeting the promoters of LONP1 and 
CLPP, impacting glioma progression. LONP1 
and CLPP RNA expression is significantly 
increased in various human cancers, with simi-
lar patterns across different cancer types [27]. 
Elevated levels of LONP1 are associated with a 
poor prognosis [54]. LONP1 and CLPP play a 
crucial role in regulating mitochondrial function 
and OXPHOS in tumor cells. In response to 
HIF1a, LONP1 targets COX4-1 for degradation 
and facilitates its replacement with the more 
efficient COX4-2 subunit under low oxygen con-
ditions [26]. LonP1 is upregulated under stress 
conditions, like hypoxia, in tumors and phos-
phorylated by Akt to enhance its protease  
activity, promoting oxidative metabolism and 
tumor cell metastasis [55]. Inhibition of CLPP in 
leukemia cells results in reduced oxidative 
phosphorylation, mitochondrial metabolism, 
and cell death [56]. Additionally, CLPP inhibi-
tion leads to dysregulation of mitochondrial 
respiratory capacity, activation of cell stress, 
decreased cell proliferation, and impaired 
metastasis and transmission [57, 58]. Com- 
bining inhibition of LONP1 and CLPP increases 
unfolded SHMT2 protein levels and enhances 
sensitivity to SHMT2 inhibitors, producing an 
environment in which cell growth waned and 
cell death rose under metabolic stress [27, 59]. 
However, this study lacked direct evidence of 
proteolytic degradation to demonstrate that 

LONP1/CLPP directly cleaves COX7A2. There- 
fore, we currently define COX7A2 as a candi-
date substrate for LONP1/CLPP. Future studies 
should establish an in vitro degradation system 
using purified recombinant proteases and sub-
strates or employ mitochondrial protease-spe-
cific inhibitors to track substrate accumulation 
to confirm this regulatory relationship.

Our previous research has indicated that high 
levels of COX7A2 are linked to a positive prog-
nosis in glioma and act as an independent  
factor in predicting survival [14]. COX7A2 is a 
component of the final part of the mitochondri-
al respiratory chain complex IV, known as  
cytochrome c oxidase [60, 61]. Studies in 
zebrafish and mice have suggested that  
SCAF1 may improve metabolic efficiency [48]. 
Overexpression of SCAF1 in breast and endo-
metrial cancer cells has been shown to enhan- 
ce growth both in the lab and in living organ-
isms, stabilize mitochondrial supercomplex for-
mation even in low oxygen conditions, and 
increase tolerance to hypoxia [62]. Lower levels 
of SCAF1 result in decreased ATP levels, with a 
particular impact on mitochondrial efficiency in 
low oxygen environments [52]. The findings of 
experiments conducted in vitro and in vivo in 
this study demonstrated that reducing COX7A2 
and increasing SCAF1 resulted in higher ATP 
production, the development of respirasomes 
(CI+CIII2+CIV), and a larger proportion of other 
supercomplexes.

How do COX7A2 and SCAF1 impact the forma-
tion and composition of the SCs in the elec- 
tron transport chain? SCAF1 plays a vital role in 
promoting the interaction between complex III 
and complex IV, which is necessary for creat- 
ing respirasomes (CI+CIII2+CIV) [20, 63]. The 
study has shown that the absence of SCAF1 
hinders the incorporation of complex IV into the 
SC structure, while its presence allows for the 
formation of different SC configurations with 
complex IV [64]. However, these findings have 
also been disputed [65-67]. Research sug-
gests that human SCAF1 primarily binds to  
free complex III, enhancing the stability of the 
III2+IV supercomplex without affecting the for-
mation of respirasomes (CI+CIII2+CIV) [65]. 
Most respirasomes (CI+CIII2+CIV), contain 
COX7A2, but a significant portion (30-40%) of 
them in human cells depend on SCAF1 [15]. 
Therefore, under hypoxic conditions, increased 
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SCAF1 expression and reduced levels of 
COX7A2 result in the substitution of COX7A2 
with SCAF1, which facilitates I+III2+IV assemb- 
ly.

There are some limitations to this study. The 
limited animal sample size and lack of clinical 
data restricted the generalizability and clinical 
relevance of the findings. Due to various con-
straints, BN-PAGE was not completed in the in 
vivo tissue samples. This study is the absence 
of direct rescue experiments, such as re-
expressing COX7A2 or knocking down SCAF1 in 
HIF-1α-overexpressing cells to observe pheno-
typic reversal. Future studies should definitively 
validate the functional necessity of this axis by 
establishing conditional co-expression systems 
or conducting CRISPRa/i-based rescue experi-
ments. Additionally, the study only focused on 
the impact of HIF-1α on oxidative phosphoryla-
tion and did not provide a comprehensive 
assessment of its effect on the overall metabo-
lism of glioma cells. Furthermore, no screening 
or validation of potential therapeutic targets 
was conducted, and there was a lack of assess-
ment of the clinical application prospects of 
these targets. Future studies should aim to vali-
date these findings in in vivo models, increase 
sample sizes, integrate clinical data, elucidate 
the molecular mechanisms involved, and con-
duct metabolomics analyses and drug screen-
ing to gain a deeper understanding of HIF-1α’s 
role in gliomas and to develop new treatment 
strategies.

Conclusion

In summary, this study identified the molecular 
mechanism by which HIF-1α influences the for-
mation and composition of mitochondrial 
supercomplexes. This mechanism involves the 
regulation of SCAF1 and COX7A2, ultimately 
promoting the ATP production to regulate the 
progression of glioma cells. These findings 
offer a new perspective on understanding met-
abolic reprogramming in the hypoxic microenvi-
ronment of gliomas and present a potential tar-
get for developing novel therapeutic strategies 
for this type of cancer.
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