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Abstract 

Glioblastoma (GBM) is the most common and aggressive primary brain cancer in adults. While chemo- and radiotherapy are often 
effective in treating newly diagnosed GBM, increasing evidence suggests that treatment-induced metabolic alterations promote tumor 
recurrence and further resistance. In addition, GBM tumors are typically hypoxic, which further contributes to treatment resistance. 
Recent studies have shown that changes in glioma cell metabolism driven by a shift in the isoform expression of mitochondrial 
cytochrome c oxidase (CcO) subunit 4 (COX4), a key regulatory subunit of mammalian CcO, may underlie the treatment-induced 
metabolic alterations in GBM cells. However, the impact of hypoxia on GBM energetics is not fully understood. Using isogenic 
GBM cell lines expressing either COX4-1 or the alternative COX4 isoform, COX4-2, we found that COX4-1 expressing cells 
maintained a more oxidative metabolism under hypoxia, characterized by increased CcO activity and ATP production, enhanced 
assembly of CcO-containing mitochondrial supercomplexes, and reduced superoxide production. Furthermore, COX4-1 expression 
was sufficient to increase radioresistance under hypoxic conditions. Untargeted metabolomic analysis revealed that the most 
significantly upregulated pathways in COX4-1-expressing cells under hypoxia were purine and methionine metabolism. In contrast, 
COX4-2-expressing cells showed increased activation of glycolysis and the Warburg effect. Our study provides new insights into 
how CcO regulatory subunits influence cellular metabolic networks and radioresistance in GBM under hypoxia, identifying potential 
therapeutic targets for improved treatment strategies.

Abbreviations: 

CcO, cytochrome c oxidase 

ETC, electron transport chain 

OXPHOS, oxidative phosphorylation 

SCs, mitochondrial supercomplexes 

OCR, mitochondrial oxygen consumption rate 

ROS, reactive oxygen species 

O2 
•-, superoxide 

ATP, Adenosine triphosphate 

PRPP, phosphoribosyl pyrophosphate  

IMP, inosine monophosphate 

XMP, xanthosine 5′-monophosphate 

5′AMP, 5’ adenosine monophosphate 

GBM, glioblastoma.

Keywords: Cytochrome c oxidase; Glioma; Hypoxia; COX4-1; 
Mitochondrial supercomplexes; Radioresistance.

Introduction 

GBM is a highly aggressive cancer that almost invariably recurs, 
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largely due resistance of some GBM cells to standard therapy, 
including chemotherapy and radiotherapy [1-4]. Within GBM 
tumors, the median partial pressure of oxygen is reported to be 
between 5-9 mm Hg (~0.65% to 1.18% O2), and this hypoxic 
environment is linked to tumor growth and resistance to both 
chemotherapy and radiation therapy due to the lack of the oxygen 
enhancement effect [5, 7]. Consequently, identifying the molecular 
mechanisms that exacerbate the tumor-supporting effects of 
hypoxia may aid in developing more effective therapeutic options 
for GBM. Recent studies have revealed that cytochrome c oxidase 
(CcO) plays a significant role in regulating tumorigenesis and 
treatment responses across various cancer types [8-11], including 
GBM, but the molecular mechanisms underlying these tumor 
regulating processes remain poorly understood.    

CcO is the terminal enzyme of the electron transport chain (ETC) 
and thus critically regulates oxidative phosphorylation (OXPHOS) 
and ATP generation. Mammalian CcO comprises 13 subunits, of 
which three (COX1-3) are encoded by mitochondrial DNA. The 
remaining ten subunits are encoded by nuclear genes and are 
imported into different mitochondrial compartments to assist in 
CcO complex assembly [12-14]. Research by us and others has 
shown that the expression of specific isoforms of these regulatory 
CcO subunits is associated with aggressive tumor behavior and 
resistance to apoptosis in breast carcinoma cells (COX7AR), lung 
adenocarcinoma cells (COX6B2), and GBM cells (COX4-1) [8-
10, 15, 16]. 

Under physiologic conditions, COX4 controls the enzymatic 
activity of CcO in response to cellular ATP concentrations, 
enhancing CcO activity and, consequently, OXPHOS when ATP 
levels are low [17]. Two isoforms of COX4, COX4-1 and COX4-
2, are found in mammals [12, 13]. COX4-1 expression is necessary 
for coupling ATP production to cellular energy demands, a process 
that is directly regulated by the allosteric binding of ATP to COX4-
1. In contrast, COX4-2 lacks the serine 58 residue that regulates ATP 
binding and contains three cysteine residues that likely function as 
redox sensors [18, 19]. Our research also revealed that treatment 
of glioma cells with ionizing radiation triggers a switch from 
high COX4-2 and low or no COX4-1 expression to high COX4-1 
and low or no COX4-2 expression. This switch from COX4-2 to 
COX4-1 expression leads to an OXPHOS phenotype, a reduction 
in superoxide (O2

•-) levels, and the development of resistance to 
both radio- and chemotherapy under normoxic conditions [9, 16].    

Considering the hypoxic conditions within GBM tumors, 
the reliance on the oxygen-consuming OXPHOS pathway in 
therapy-resistant GBM cells may seem paradoxical, and the 
mechanisms facilitating this effect remain largely unknown. 
However, our research further showed that COX4-1 expression 
in glioma cells drives the assembly of individual ETC complexes 

into mitochondrial supercomplexes (SCs) [9]. The presence of 
mitochondrial SCs has been shown to enhance ETC efficiency, 
and recent research suggests that the assembly of such SCs is vital 
for the survival of pancreatic, breast, and endometrial cancer cells 
under severe hypoxia [8, 10, 20]. 

In this study, we explored the role of mitochondrial respiration 
and SC assembly in the radioresistance of glioma cells under low-
oxygen conditions, using an untargeted metabolomic profiling 
platform to quantify biochemical differences in glioma cells 
developed in our prior studies to overexpress the COX4 isoforms 
[9, 15, 16, 21].

Materials and Methods

Glioma cell lines 

The generation of COX4-1- and COX4-2-overexpressing U251 
cells was previously described [9, 15, 21]. Cells were grown in 
DMEM F-12, L-glutamine and 7% FBS. Hypoxia was induced by 
placing the cells in a BioSpherix hypoxia chamber (Parish, NY) 
with a humidified atmosphere containing 1% O2 for 24-48 hours.  

Mitochondrial isolation and assays 

Mitochondrial fractions were prepared from cultured cells as 
we previously described [9, 15, 16]. Briefly, cells pellets were 
resuspended in buffer (10 mm NaCl, 1.5 mm MgCl2, and 10 
mm Tris-HCl, pH 7.5) and then disrupted with a Dounce glass 
homogenizer. The homogenate was then centrifuged at 1000 × g 
for 10 min, and the resulting supernatant was further centrifuged 
at 20,000 × g for 20 min. Mitochondria were solubilized in 10 mM 
potassium phosphate buffer supplemented with 0.2% n-dodecyl β-d-
maltoside. The mitochondrial oxygen consumption rate (OCR) was 
measured after the induction of state 3 respiration. Mitochondrial 
complex activities were determined as previously described [9, 
15, 16]. For blue native polyacrylamide gel electrophoresis (BN-
PAGE), mitochondrial pellets were solubilized in NativePAGE 
Sample Buffer (4X; Invitrogen, catalog # BN20032) containing 
digitonin (Invitrogen, catalog # BN2006) at a digitonin/protein 
ratio of 4 g/g. Samples were separated on 3–12% NativePAGE 
Bis-Tris gels (Invitrogen, catalog # BN2012BX10) [9].  

Mitochondrial superoxide determination 

Intracellular ROS production was determined by measuring the 
levels of O2

●– produced in the cells by flow cytometry after staining 
the cells with MitoSOX™ Red (Invitrogen, Carlsbad, CA) as 
previously described [9, 22]. Briefly, cells were plated in six well 
plates and then exposed to 1% O2 for varying time periods. Cells 
were further incubated with MitoSOX™ Red (2 µM) for 25 min. 
Fluorescence was analyzed by flow cytometry (510 nm excitation 
and 580 nm emission). A total of 10,000 events were obtained per 
sample. The data were then analyzed using FlowJov10 software.  
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2.4 Cell proliferation assay To assess cell proliferation, cells were 
seeded into 6-well plates. Cell number was assayed every 24 hours 
for 5 days using a TC20 automated cell counter (BioRad, Hercules, 
CA) as we previously described [23].  

Clonogenic survival assays  

To assess cell survival after ionizing radiation, cells were plated 
in 60-mm dishes and 2, 4, 6, or 8 Gy was then delivered to the 
cells, with a dose rate of 0.805 Gy/min, using a 6000 Ci137Cs 
cesium irradiator (J.L. Shepherd, San Fernando, CA). Cells were 
then plated at low density and clones were allowed to grow under 
normoxia or 1% O2 for 10–14 days, then were fixed with 70% 
ethanol and stained with Coomasie blue for analysis of clonogenic 
survival [9, 24].  

Metabolomic analysis 

Sample preparation and metabolomic analysis was performed as 
previously described [21]. 

Xenograft Mouse Model with Intracranial Tumors  

All animal experiments and surgical procedures were conducted 
with approval from the Institutional Animal Care and Use 
Committee of the University of Iowa. Six-week-old female 
athymic nude mice were obtained from Envigo (Indianapolis, 
IN) and randomly divided into two groups of five. A total of 3 
× 10⁵ of COX4-1 and COX4-2-expressing cells suspended in 
5% methylcellulose, were injected intracranially as previously 
described [15, 23]. The primary endpoint of the study was animal 
survival; moribund animals that became unresponsive to mild 
external stimuli were euthanized, and this date was recorded as the 
estimated date of death.  

Statistics Analysis 

All data were evaluated using GraphPad Prism (GraphPad 
Software, San Diego, CA). Results are expressed as the mean ± 
SD, and p < 0.05 was considered significant. Statistical analyses 
were performed using two-way analysis of variance (ANOVA), 
followed by Tukey’s multiple comparison test or (un)paired 
Student t test. Statistical significance was indicated with asterisks: 
* p < 0.05, ** p < 0.01, *** p < 0.001 and **** p < 0.0001.

Results

COX4-1 expression promotes oxidative metabolism in glioma 
cells under hypoxia 

Cytochrome c oxidase subunit 4 (COX4) is a key regulatory 
subunit of CcO, and recent studies have demonstrated that COX4 
isoform 1 (COX4-1) could have a role in glioma chemo- and 
radioresistance [9, 15, 16]. 

To determine the metabolic effects of glioma cell COX4 isoform 
expression in hypoxic conditions, we assessed the metabolic 
phenotypes of COX4-1- and COX4-2-expressing GBM cells, first 
determining the mitochondrial oxygen consumption rate (OCR) to 
reflect mitochondrial OXPHOS activity. In mitochondria isolated 
from cells maintained under normoxia or exposed to hypoxia (1% 
O2) for 24-48 hours, respiration was induced by the addition of 
glutamate and malate to activate complex I or succinate to activate 
complex II, and state 3 (OXPHOS) respiration was induced by the 
subsequent addition of ADP. 

Under normoxia, the OCR was significantly higher in the 
mitochondria from COX4-1 expressing cells than in the 
mitochondria from the isogenic COX4-2 lines, regardless of 
the substrate (Fig. 1A). In addition, COX4-1 expression largely 
prevented the hypoxia-induced reduction in state 3 respiration 
observed with COX4-2 expression (Fig. 1A). To determine the 
maximal mitochondrial uncoupled respiration rate (reserve capacity 
[RC]), carbonyl cyanide p-trifluoromethoxy-phenylhydrazone 
(FCCP) was added sequentially at increasing concentrations, 
and maximal uncoupled respiration was determined at 1.0 µM 
FCCP. Under normoxia, the RC was also significantly higher 
in the mitochondria from the COX4-1-expressing cells than in 
the mitochondria of the COX4-2-expressing cells (Fig. 1B). 
Furthermore, COX4-1 expression largely prevented the hypoxia-
induced reduction in RC observed in COX4-2-expressing cells 
(Fig. 1B).  

In the OXPHOS phenotype, higher OCR is linked to higher 
cellular energy (ATP) production [25, 26]. To further confirm that 
COX4-1 expression is associated with an OXPHOS phenotype 
rather than a glycolytic phenotype under hypoxia, we examined 
the rate of ATP production and assessed the rate of glucose uptake 
and lactate production to reflect glycolytic activity in each cell 
line. Under normoxia, COX4-1- and COX4-2-expressing cells had 
similar levels of ATP production. However, COX4-1 expression 
led to a higher rate of ATP production under hypoxia (Fig. 2A). 
In contrast to OCR, cellular glucose consumption and lactate 
production were higher in the COX4-2 cells under normoxia (Fig. 
2B-C). Furthermore, COX4-1 expression largely prevented the 
hypoxia-induced increase in glucose uptake and lactate production 
observed in COX4-2-expressing cells. These results indicate that 
expression of COX4-1 in GBM cells is associated with OXPHOS 
under hypoxic conditions. 
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Figure 1: COX4-1-expressing glioma cells maintain higher mitochondrial respiration under hypoxia. OCR (A) and RC (B) in glutamate/
malate-dependent and succinate-dependent state 3 respiration induced in mitochondria isolated from COX4-1- and COX4-2-expressing 
cells cultured under normoxia (gray bars) or hypoxia (red bars) for 24 hours. Data are presented as the mean ± SEM of hree independent 
experiments. *, p<0.05; **, p<0.01; ***, p<0.001; ****, p<0.0001.

Figure 2: COX4-1-expressing glioma cells maintain an OXPHOS phenotype under hypoxia. (A) Quantification of the ATP production 
rate in COX4-1- and COX4-2-expressing cells cultured under normoxia (gray bars) or hypoxia for 24 hours (red bars). Data are 
presented as the mean ± SEM of three independent experiments. (B)  Quantification of cellular glucose uptake, estimated with the non-
phosphorylatable fluorescent glucose analogue 2-NBDG, in COX4-1- and COX4-2 expressing cells cultured under normoxia (gray 
bars) or hypoxia (red bars) for 24 hours. Data are presented as the mean ± SEM of three independent experiments. (C) Quantification 
of extracellular lactate concentrations in COX4-1 and COX4-2 cells cultured under normoxia (gray bars) or hypoxia (red bars) for 24 
hours. Data are presented as the mean ± SEM of three independent experiments. *, p<0.05; ***, p<0.001; ****, p<0.0001; N, normoxia; 
H, hypoxia.
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COX4-1 promotes changes in ETC complex activities and 
O2 

•- production in glioma cells under hypoxia 

Under normoxia, the activity of complex I and complexes II-III were 
higher in COX4-1-expressing cells than in COX4-2 expressing 
cells. Hypoxia exposure increased complex I activity in COX42-
expressing cells but did not further increase the activity in COX4-
1-expressing cells (Fig. 3A). Hypoxia exposure also increased the 
activity of complexes II-III in COX4-2-expressing cells, but did 
not further increase the activity in COX4-1-expressing cells (Fig. 
3B). Under normoxia, COX4-1 expression also led to greater CcO 
activity than COX4-2 expression did, as we previously described 
[15, 16]. In contrast to the effects of hypoxia on complexes I and 
II-III, hypoxia exposure further reduced the activity of CcO in 

COX4-2-expressing cells. (Fig. 3C). However, hypoxia did not 
cause a significant change in CcO activity in COX4-1-expressing 
cells (Fig. 3C). 

We next used the mitochondria-targeted probe MitoSOX to 
determine O2

•- production in the intact COX4-1- and COX4-
2-expressing cells exposed to hypoxia. In agreement with the 
observation that hypoxia increased the activity of complexes 
I and II-III in COX4-2-expressing cells, hypoxia also increased 
O2

•- production in these cells (Fig. 3D). Despite the relatively high 
activity of each ETC complex detected in COX4-1-expressing 
cells, however, O2

•- production in these cells was approximately 
3-fold lower than that in COX4-2-expressing cells under normoxia 
and was comparable with pre-hypoxia levels. (Fig. 3D).

Figure 3: COX4-1 cells maintain mitochondrial function under hypoxia. Relative activities of (A) complex I, (B) complexes II-III, 
and (C) CcO activity, normalized to citrate synthase (CS) activity from COX4-1 and COX4-2 cells exposed to hypoxia are shown. 
(D) Quantification of mitochondrial O2

●- production in COX4-1 and COX4-2 cells under normoxia and hypoxia. Columns represent 
the average from triplicate determinations from at least two independent experiments. p<0.05 (*), p<0.01 (**), p<0.001 (***),  and 
p<0.0001 (****).

Because we previously demonstrated that overexpression of 
COX4-1 in glioma cells was sufficient to promote the incorporation 
of CcO into SCs under normoxia [9], we investigated whether 
COX4-1-expressing cells maintain SCs assembly during hypoxia. 
Mitochondria were prepared from the COX4-1 cells cultured in 
normoxic or hypoxic conditions and analyzed by BN-PAGE with 

subsequent IGA and western blot. Under normoxia, only a small 
fraction of CI was present as a free complex in COX4-1-expressing 
mitochondria, whereas the rest was found in SCs that contained 
CI, CIII, and CIV at varying ratios (Fig. 4). We have previously 
demonstrated that cells expressing only the COX4-2 isoform do 
not assemble mitochondrial complexes into SCs [9]. 



Citation: Oliva CR, Flor S, Ali MY, Griguer CE (2025) The Nuclear-Encoded Cytochrome c Oxidase Subunit COX4-1 Enhances Hy poxia Tolerance 
in Glioblastoma Cells. J Oncol Res Ther 10: 10299. DOI: 10.29011/2574-710X.10299.

6 Volume 10; Issue 03
J Oncol Res Ther, an open access journal
ISSN: 2574-710X

Figure 4: COX4-1-expressing glioma cells maintain SC assembly under hypoxia. Digitonin solubilized mitochondria from COX4-1-
expressing cells cultured under normoxia or hypoxia for 24-48 hours were subjected to BN-PAGE followed by IGA to detect complex I 
and IV activity and Western blot for complex III. Representative images from three separate experiments are shown.

COX4-1 promotes cell proliferation and radioresistance in 
glioma cells under hypoxia 

We next determined if the COX4-1-related changes in cellular 
energetics correlated with changes in cell proliferation under 
hypoxia. Compared with COX4-2-expressing cells, COX4-1 
expressing cells had a significantly faster proliferation rate under 
hypoxia in vitro (doubling time: 32.75 ± 2.87 h vs 13.58 ± 1.21, 

respectively; Fig. 5A). To further determine whether this effect 
occurred in vivo, we orthotopically implanted COX4-1-expressing 
or COX4-2-expressing glioma cells into the brains of nude mice. 
Mice inoculated with COX4-1-expressing tumor cells had a 
median survival of only 22 days. In contrast, all mice inoculated 
with COX4-2-expressing cells remained alive at the end of the 
study (60 days) (Fig. 5B).  
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Figure 5: COX4-1-expressing glioma cells maintain a high proliferation rate under hypoxia. (A) Quantitative analysis of cell proliferation 
over time under hypoxia in adherent cultures of COX4 1-expressing and COX4-2-expressing cells (n=6). ** p<0.01; and **** p<0.0001, 
by two-way ANOVA. (B) Kaplan-Meier survival curves of overall survival in nude mice harboring orthotopic brain tumors generated 
by inoculation with glioma cells expressing COX4-1 (n = 5) or COX4-2 (n = 5). The log-rank test yielded a p-value of < 0.01, and the 
fraction of survival is expressed with a 95% confidence interval (CI) using the asymmetrical method.

To investigate whether COX4-1-expressing cells maintain the radioresistant phenotype [9, 24] with secondary irradiation, we tested cell 
viability in response to varying amounts of single-dose irradiation using a clonogenic assay, which is considered a gold standard for 
assessing the long-term effects of radiation [27]. Cells were exposed to 2, 4, 6, and 8 Gy under normoxia or hypoxia, and colony-forming 
ability was measured after 14 days. Under normoxia, COX4-1 cells exhibited greater resistance to radiation than COX4-2 cells did. 
Significantly, hypoxia further enhanced the resistance to radiation of COX4-1-expressing cells relative to that of COX4-2-expressing 
cells (Fig. 6). 

Figure 6: COX4-1 cells exhibit increased radioresistance under hypoxia. Clonogenic survival curves for COX4-1 and COX4-2-
overexpressing cells under (A) normoxia, and (B) hypoxia. Cells were irradiated with 2, 4, 6, or 8 Gy and immediately plated. Clonogenic 
survival was estimated on day 14 after irradiation. p < 0.001 (***) and p < 0.0001 (****), calculated using two-way ANOVA followed 
by Tukey’s multiple comparison test.
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COX4-1 promotes alterations in purine and methionine 
metabolism in glioma cells under hypoxia 

To understand the global metabolomic changes related to hypoxia 
exposure, untargeted metabolomic analysis was performed on 
COX4-1-expressing and COX4-2-expressing cells exposed to 
1% O2 for 24 hours (Fig. 7). Using an integrated metabolomics 
platform [21], we identified 519 compounds of known identity 
(biochemicals) in the COX4-1- or COX4-2-expressing cells 
exposed to hypoxia. Analysis by two-way ANOVA identified 
364 biochemicals that achieved statistical significance (p ≤ 
0.05) and exhibited significant interaction and main effects for 
experimental parameters of genotype. Among those biochemicals, 
208 biochemicals were upregulated and 156 biochemicals were 
downregulated in the COX4-1-expressing cells compared with 

the levels in COX4-2-expressing cells. To identify the metabolites 
driving the distinction between the two isoform-overexpressing 
cells, we performed an ANOVA to compare the relative levels 
of individual metabolites and altered common pathways in each. 
The two most significantly upregulated pathways associated with 
COX41 expression under hypoxia were purine and methionine 
metabolism (Fig. 7B); the two most significantly upregulated 
metabolic pathways associated with COX4-2 expression under 
hypoxia were glycolysis and Warburg effect (Fig. 7C). These 
findings indicate that changes in the glioma cell metabolome under 
hypoxia correlate with a change in the COX4 isoform expressed, 
prompting us to further examine the effect of COX4 isoform 
expression on the metabolites involved in these pathways. 

Figure 7: Comparison of metabolomic profiles of COX4-1 and COX4-2 cells under hypoxia. (A) Heatmap of the top 100 altered 
metabolites in COX4-1 and COX4-2 cells under hypoxia. Blue indicates decreased value and red indicates increased value of each 
compound listed. Pathway enrichment analysis of (B) COX4-1 and (C) COX4-2 cells under hypoxia.

Metabolic pathway analysis in glioma cells overexpressing 
COX4 isoforms under hypoxia  

Under hypoxia, the levels of metabolites involved in the de novo 
synthesis of purines were upregulated in the COX4-1-expressing 
cells relative to levels in the COX4-2-expressing cells. Specifically, 
phosphoribosyl pyrophosphate (PRPP), inosine monophosphate 
(IMP), xanthosine 5′monophosphate (XMP), and 5′AMP were 1.5-
fold, 4.0-fold, 1.4-fold higher, and 5.0-fold higher, respectively, in 

COX4-1-expressing cells. Additionally, the level of adenosine and 
adenine metabolites involved in the purine salvage pathway were 
18-fold and 30-fold higher, respectively, in the COX41-expressing 
cells (Fig. 8). Interestingly, the levels of some metabolites involved 
in the purine degradation pathway were upregulated in the COX4-
2-expressing cells, including the levels of hypoxanthine (65-fold) 
and inosine (30-fold) (Fig. 8).  
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Figure 8: Effects of COX4-1 and COX4-2 expression on purine cycle metabolites in glioma cells under hypoxia. Bars represent the 
levels of key metabolites involved in the purine pathway analyzed in COX4-1-expressing (gray bars) and COX4-2-expressing (red bars) 
glioma cells cultured under hypoxia for 24 hours. The numbers below each graph indicate the mean value ± SD for each metabolite, based 
on five independent measurements. *, p < 0.05; **, p < 0.01; ***, p < 0.001; ****, p < 0.0001; ns, not significant; PRPP, phosphoribosyl 
pyrophosphate; IMP, inosine monophosphate; XMP, xanthosine 5’-monophosphate.

Levels of metabolites associated with the transmethylation and 
transsulfuration pathways were also significantly upregulated 
in the COX4-1-expressing cells relative to levels in the COX4-
2-expressing cells under hypoxia. Levels of methionine, 

S-adenosylmethionine, and S-adenosylhomocysteine were 2-fold, 
17-fold, and 4-fold higher, respectively, and levels of cystathione, 
cysteine, hypotaurine, and taurine were 3.0-fold, 1.3-fold, 3-fold, 
and 2.5-fold higher in the COX4-1-expressing cells (Fig. 9).  
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Figure 9: Effects of COX4 isoform expression on methionine pathway metabolites in glioma cells exposed to hypoxia. Bars represent 
the levels of key metabolites involved in the methionine pathway analyzed in COX4-1-expressing (gray bars) and COX4-2-expressing 
(red bars) glioma cells cultured under hypoxia for 24 hours. The numbers below each graph indicate the mean value ± SD for each 
metabolite, based on five independent measurements.  *, p < 0.05; **, p < 0.01;***p < 0.001; ****p < 0.0001.

In contrast, the levels of most glycolysis pathway metabolites were lower in the COX4-1-expressing cells relative to those in the 
COX4-2-expressing cells under hypoxia. Levels of glucose, glucose-6-phosphate, fructose 6-phosphate, glyceraldehyde 3-phosphate, 
dihydroxyacetone phosphate, 3-phosphoglycerate, and phosphoenolpyruvate were, respectively, 1.6-fold, 8-fold, 20-fold, 1.4-fold, 32-
fold, 5-fold, and 3.5-fold lower in the COX4-1-expressing cells. Although pyruvate levels were not greatly influenced by the COX4 
isoform expressed, lactate levels were also 2.3-fold lower in the COX4-1-expressing cells (Fig. 10). These findings indicate the molecular 
mechanisms by which COX4-1 expression enhances glioma cell survival in hypoxic conditions.

Figure 10: Effects of COX4 isoform expression on glycolysis metabolites in glioma cells under hypoxia. Bars represent the levels of key 
metabolites involved in the glycolytic pathway analyzed in COX4-1-expressing (gray bars) and COX4-2-expressing (red bars) glioma 
cells cultured under hypoxia for 24 hours. The numbers below each graph indicate the mean value ± SD for each metabolite, based on 
five independent measurements.  *, p < 0.05; **, p < 0.01; ***p < 0.001; ****, p < 0.0001; ns, not significant.
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Discussion

GBM tumors commonly exhibit intrinsic or acquired resistance 
to standard therapeutic modalities, including chemotherapy 
and radiotherapy, and the hypoxic environment of these tumors 
exacerbates tumor growth, progression, and the resistance to 
treatment [28-30]. Additionally, hypoxia supports the maintenance 
of GBM stem cell populations, which are inherently resistant to 
standard treatments [31, 32]. This study reveals that expression 
of the CcO regulatory subunit isoform COX4-1 enhances GBM 
cell survival, proliferation, and radio resistance under hypoxic 
conditions.  

Our previous studies underscore the significance and clinical 
implications of COX4-1 expression in GBM. We demonstrated a 
marked difference in OS between patients with tumors exhibiting 
high versus low COX4-1 expression. The median OS for patients 
with low COX4-1 expression was 22.18 months, compared to only 
5.43 months for those with high COX4-1 expression. Additionally, 
our research revealed that COX4-1 plays a critical role in regulating 
glioma cancer cells’ capacity for self-renewal and tumorigenicity 
[15]. Recent studies have also identified COX4-1 as essential 
for cell survival, proliferation, and in vivo progression of acute 
myeloid leukemia. Analysis of consortium databases further 
revealed pronounced COX4-1 expression and gene dependency in 
blood cancers, while COX4-2 expression remained undetectable 
[33]. These studies highlight the critical role of COX4-1 in 
maintaining mitochondrial homeostasis and suggest that targeting 
COX4-1 could have broad therapeutic potential, opening avenues 
for novel treatments across multiple cancer types. 

Although glioma cells typically rely on glycolysis for energy, 
our previous studies showed that glioma cells expressing COX4-
1 isoform, exhibit an increased reliance on OXPHOS under 
normoxic conditions [9, 15, 16, 21, 22]. The effects of this 
metabolic change in the context of hypoxia remained unknown, 
however. Our assessment of mitochondrial OCR, ATP production 
rate, glucose consumption, and lactate production in glioma cells 
in this study indicated that COX4-1 expression also prevents the 
hypoxia-induced downregulation of OXPHOS, and upregulation 
of glycolysis observed in COX4-2-expressing glioma cells. The 
COX4-1-dependent upregulation of OXPHOS was mediated 
by increased activity of each mitochondrial ETC complex. 
However, the maintenance of CcO activity in the context of 
hypoxia was particularly notable, as the activity of this complex, 
which links mitochondrial respiration to ATP production, was 
uniquely downregulated by hypoxia in COX4-2-expressing cells. 
Accordingly, the production of ATP increased only in the COX4-1-
expressing cells upon exposure to hypoxia. This increase in energy 
production likely sustained the accelerated proliferation of the 
COX4-1-expressing cells observed under hypoxia in vitro and in 
the orthotopic mouse models of GBM.

However, despite the COX4-1-induced increase in the activity of 
complexes I and III, which are the major sources of mitochondrial 
O2

•- production [34, 35], mitochondrial O2
•- production was 

drastically lower in COX4-1-expressing glioma cells than in COX4-
2-expressing cells. Furthermore, COX4-1 expression prevented 
the hypoxia-induced increase in mitochondrial O2

•- production 
observed in COX4-2-expressing cells. Several publications have 
now shown that the assembly of mitochondrial complexes into 
SCs enhances the efficiency of electron transport through the ETC, 
thus minimizing ROS production while enhancing OXPHOS [9, 
36-39]. We previously confirmed that COX4-1 expression triggers 
SC assembly in glioma cells [9]. The maintenance of these COX4-
1-induced SCs observed under hypoxia in this study suggests 
that SC assembly is also responsible for the enhanced survival 
and proliferation of COX4-1-expressing glioma cells in hypoxic 
tumors. 

Although the reliance on OXPHOS in a low-oxygen environment 
seems counterintuitive, similar findings have been reported in other 
cancer cells. For example, Ikeda et al. [10, 40] recently demonstrated 
in breast and endometrial cancer cells that overexpression of 
COX7RP, a CcO subunit that functions as an assembly factor 
of mitochondrial SC, promotes in vitro and in vivo growth, 
stabilizes mitochondrial SC assembly in hypoxic conditions, and 
increases hypoxia tolerance. Similarly, it was recently reported 
that SC assembly in pancreatic cancer cells maintains intact ETC 
functionality under hypoxia and SCs promote pancreatic cancer 
cell growth in hypoxia both in vitro and in vivo [20]. Additionally, 
COX6B2 was found to enhance CcO activity, increase OXPHOS, 
and facilitate SC assembly in lung adenocarcinoma cells, which 
enhanced the growth and proliferation of these cells under hypoxia 
[8]. These results highlight a crucial metabolic pathway that 
enables some cancer cells to thrive despite low oxygen levels and 
suggest potential targets for therapeutic intervention. 

In addition to promoting the overall survival and proliferation 
of glioma cells under hypoxic conditions, COX4-1 expression 
exacerbated the hypoxia-induced radioresistance of these tumor 
cells upon re-exposure to ionizing radiation. This effect was likely 
mediated in part by the assembly of mitochondrial SCs, which 
substantially reduced the production of O2

•- that would otherwise 
promote cell damage. Supporting this possibility, Lopez-Fabuel 
et al. observed that the high abundance of free complex I in 
the mitochondria of astrocytes correlated with increased ROS 
production compared with that in neurons, in which complex I 
was found predominately in SCs [38]. Furthermore, COX4-1 
expression increased the mitochondrial reserve capacity, a measure 
of the ability of cells to resist oxidative stress [26], suggesting 
another mechanism by which these cells could resist the normally 
damaging effects of hypoxia and ionizing radiation.  
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Untargeted metabolomic analysis under hypoxia indicated that 
COX4-1 expression affect the steady-state levels of purine and 
methionine pathway intermediates, consistent with findings that 
purine synthesis contributes to aggressive behavior and therapy 
resistance in GBM [41, 42]. For instance, brain tumor-initiating 
cells activate de novo purine synthesis to maintain self-renewal and 
proliferation, which is associated with therapy resistance and tumor 
recurrence [41, 42]. In addition, abundance of the purinosome, the 
multi-enzyme complex responsible for de novo purine synthesis, 
is upregulated in response to low-oxygen environments [43]. 
Several reports have also suggested the malignant transformation 
or recurrence of GBM is associated with increased methionine 
[44, 45]. Methionine is crucial for cell growth and supports 
various cellular activities through its role in the folate cycle and 
as a methyl donor in the form of S-adenosylmethionine. Our 
results suggest that methionine metabolism and de novo purine 
synthesis in glioma cells expressing COX4-1 and containing SCs 
contributes to the increased hypoxia tolerance and resistance to 
ionizing radiation.  

Conclusion

We conclude that COX4-1 enhances mitochondrial respiration, 
promotes SC assembly, reduces O2

•- production, and increases 
resistance to ionizing radiation during hypoxia. These insights 
suggest that COX4-1 could be a valuable therapeutic target in 
radioresistant glioma cells in hypoxic tumors. Future research 
should explore the broader implications of COX4-1 expression 
and SC assembly in different cancer types and evaluate potential 
therapeutic strategies that target these pathways to overcome 
hypoxia-induced therapy resistance.
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