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Abstract
COX7A1 is a subunit of cytochrome c oxidase, and plays an important role in the super‐as-
sembly that integrates peripherally into multi‐unit heteromeric complexes in the mitochon-
drial respiratory chain. In recent years, some researchers have identified that COX7A1 is 
implicated in human cancer cell metabolism and therapy. In this study, we mainly explored 
the effect of COX7A1 on the cell viability of lung cancer cells. COX7A1 overexpression 
was induced by vector transfection in NCI‐H838 cells. Cell proliferation, colony formation 
and cell apoptosis were evaluated in different groups. In addition, autophagy was analyzed 
by detecting the expression level of p62 and LC3, as well as the tandem mRFP‐GFP‐
LC3 reporter assay respectively. Our results indicated that the overexpression of COX7A1 
suppressed cell proliferation and colony formation ability, and promoted cell apoptosis in 
human non‐small cell lung cancer cells. Besides, the overexpression of COX7A1 blocked 
autophagic flux and resulted in the accumulation of autophagosome via downregulation of 
PGC‐1α and upregulation of NOX2. Further analysis showed that the effect of COX7A1 
overexpression on cell viability was partly dependent of the inhibition of autophagy. 
Herein, we identified that COX7A1 holds a key position in regulating the development 
and progression of lung cancer by affecting autophagy. Although the crosstalk among 
COX7A1, PGC‐1α and NOX2 needs further investigation, our study provides a novel 
insight into the therapeutic action of COX7A1 against human non‐small cell lung cancer.
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1 |  INTRODUCTION

Cytochrome c oxidase (COX) is a complex in the mitochon-
drial respiratory chain. To catalyze the reduction of molecular 
oxygen to water, the cytochrome c is used as a substrate by 
COX. This is the terminal and rate‐limiting step of mitochon-
drial respiration, which contributes to the energy stored in the 
electrochemical gradient.1-3 COX consists of 13 individual 
subunits, and one of these is subunit 7a (COX7A). COX7A 
also contains two different isoforms encoded by separate nu-
clear genes: COX7A1 and COX7A2. COX7A1 is located on 
chromosome 19q13.12, and it is most abundantly expressed in 
skeletal and heart muscles. In addition, this protein plays an 
important role in the super‐assembly that integrates peripher-
ally into multi‐unit heteromeric complexes in the mitochon-
drial respiratory chain.4,5 The generation of mitochondrial 
energy is essential for the function of cardiac tissue, and some 
researchers have found that the mice lacking both homozy-
gous and heterozygous heart‐type COX7A1 develop dilated 
cardiomyopathy at 6 weeks of age,6 indicating the key position 
of COX7A1 in energy generation and metabolism.

In recent years, scientists have noticed that mitochondrial 
dysfunction is implicated in multiple diseases, especially for 
cancer.7,8 Among all kinds of different cancers, lung cancer 
is considered as the most common type all over the world. 
Therefore, it could be possible that different COX subunits 
are implicated in the metabolism of cancer cells although 
the detailed molecular and regulatory mechanisms remain 
unclear. In 2017, a novel function of COX7A1 was first 
identified in human lung adenocarcinoma cells. Mishra et al 
analyzed the expression of different stages of lung adenocar-
cinoma using Gene Expression Omnibus datasets and found 
that the expression of COX7A1 gene was highly down‐regu-
lated in patients with lung cancer. Further results showed that 
the overexpression of COX7A1 inhibited cell proliferation 
ability and increased cell apoptosis. Therefore, this research 
indicated that the low expression of COX7A1 gene may be 
essential to maintain the cell viability of lung cancer cells.9

Autophagy is a type of bulk degradation process, as well as 
a mechanism of intracellular protein and organelle recycling. 
In this process, the cell engulfs proteins, protein aggregates, 
organelles or lipids go into a double‐membrane vesicle, auto-
phagosome, which will further fuses with the lysosome to form 
the autolysosome finally.10 For cancer cells, autophagy is in-
dispensable because of the high self‐renewal capacity, and the 
block of autophagic flux affects the cell viability of cancer cells 
and results in the increase of reactive oxygen species (ROS) 
production and metabolic abnormalities. However, the activa-
tion of autophagy showed some tumor suppressive properties, 
since autophagy can reduce oxidative stress, suppress onco-
genic signaling, and limits genome instability, blocking the ini-
tiation of cancer.11-14 Therefore, the role of autophagy in cancer 
development and therapy is still in debate.

NOX2 is a superoxide generating enzyme, which forms 
ROS.15 In addition, the relationship between NOX2 and 
autophagy has also been investigated by researchers. For 
example, scientists found that the activation of NOX2 
could block autophagic flux by impairing lysosomal en-
zyme activity, and the inhibition of NOX2 could suppress 
the overproduction of superoxide, and restore the lysosome 
acidification as well as its enzyme activity, thereby re-
ducing the accumulation of autophagosomes.16 Moreover, 
some evidences also demonstrated that the enhanced re-
active oxygen species production by NOX2 could im-
pair autophagy in muscles, while the decrease of CYBB/
NOX2‐mediated oxidative stress could enhance autophagy 
induction.17,18 Therefore, NOX2 holds a key position in the 
regulation of autophagy.

In this study, we mainly explored the effect of COX7A1 
on cell viability and autophagy in human non‐small cell lung 
cancer cells. Our results indicated that COX7A1 suppressed 
cell proliferation capacity and colony formation ability, and 
promoted cell apoptosis. In addition, the overexpression 
of COX7A1 blocked autophagic flux via downregulation 
of PGC‐1α and upregulation of NOX2, and further analy-
sis showed that the effect of COX7A1 on cell viability was 
partly dependent on the inhibition of autophagy. Therefore, 
our study identified that COX7A1 plays a crucial role in the 
treatment of human non‐small cell lung cancer.

2 |  MATERIALS AND METHODS

2.1 | Cell culture
Human non‐small cell lung cancer cell lines, NCI‐H838 
and NCI‐H1703, were purchased from the American Type 
Culture Collection (ATCC). The cells were cultured with 
RPMI‐1640 (Gibco) supplemented with 10% Fetal Bovine 
Serum (Gibco), 100 U/mL penicillin and 0.1 g/mL strepto-
mycin (Sigma) in a humidified 37°C incubator with 5% CO2. 
The culture medium was replaced every other day, and the 
H838 cells were passaged (dilution, 1:4) every 5 or 6 days.

2.2 | Overexpression of COX7A1 in 
cancer cells
The coding sequence of human COX7A1 was amplified 
using PCR (Phusion® High‐Fidelity DNA Polymerase, New 
England BioLabs) and subsequently cloned into a pCI vector 
(Promega Corporation). To overexpress COX7A1 in H838 
cells, the cells were transfected with the pCI‐COX7A1 vec-
tor (final concentration: 2 μg/mL) using Lipofectamine 3000 
(Invitrogen) according to the manufacturer's protocol. The 
control group for COX7A1 overexpression was performed 
with the transfection of empty vector. Following transfec-
tion for 24  hours, the H838 cells in different groups were 
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harvested for subsequent experimentation. The overexpres-
sion efficiency was examined using western blot.

2.3 | Cell proliferation assay
To evaluate cell proliferation ability, the proliferation index 
was measured in different groups using CCK‐8 method 
(Dojindo, Japan) as the references.19-21 Briefly, 20 μL of the 
CCK‐8 solution was added into different wells, which con-
tained 200 μL of medium, and was further incubated at 37°C 
for 4 hours. The absorbances (Abs) at 450 nm were detected 
respectively (n = 3). The wells containing only RPMI‐1640 
medium were used as the blank group. Herein, the prolifer-
ation index  =  Abs of the experimental group—Abs of the 
blank group, was used to evaluate cell proliferation ability.

2.4 | Real‐time qRT‐PCR
Total mRNA in each group was extracted using TRIzol 
(Invitrogen) according to the manufacturer's instructions. 
Then, cDNA was synthesized using 2  μg of mRNA and a 
Transcriptor first‐strand cDNA synthesis kit (Promega). Real‐
time qPCR was then performed as previously described.19-21 
β‐actin was used for qPCR normalization, and all experi-
ments were measured in triplicate. Primer sequences (5′‐3′) 
are as follows:

p62‐ Forward 5′‐GACTACGACTTGTGTAGCGTC‐3′.
p62‐ Reverse 5′‐AGTGTCCGTGTTTCACCTTCC‐3′.
β‐actin‐ Forward 5′‐CCCAGAGCAAGAGAGG‐3′.
β‐actin‐ Reverse 5′ ‐GTCCAGACGCAGGATG‐3′.

2.5 | Western blot
In our study, radioimmunoprecipitation assay lysis buffer 
(RIPA, Thermo Fisher Scientific) was used to extract the total 
protein. The protein concentration in different groups was 
measured using a Pierce BCA Protein Assay Kit (Thermo 
Fisher Scientific). Herein, the western blot assay was per-
formed as previously described.22-24 In brief, the protein sam-
ple (15  µg/lane) was separated using 10% Sodium Dodecyl 
Sulfate‐Polyacrylamide Gel Electrophoresis gel and then 
transferred to nitrocellulose membranes. After blocking with 
5% bovine serum albumin (Sigma), the membrane was incu-
bated with primary antibodies overnight at 4°C. In this study, 
the primary antibodies used were: anti‐COX7A1 (1:3000; 
Abcam, ab123591), anti‐Bax (1:3000; Abcam, ab53154), 
anti‐Caspase 3 (1:3000; Abcam, ab13847), anti‐PGC‐1α 
(1:3000; Abcam, ab54481), anti‐PGC‐1β (1:1000; Santa Cruz, 
sc‐373771), anti‐RIP140 (1:2000; Abcam, ab91476), anti‐
p62 (1:3000; Abcam, ab56316), anti‐LC3 (1:3000; Sigma, 
L7543), anti‐NOX2 (1:3000; Abcam, ab31092) and anti‐
GAPDH (1:3000; Santa Cruz, sc‐47724). The secondary anti-
bodies used were: Anti‐mouse IgG (HRP‐conjugated; 1:5000; 

Sigma‐Aldrich, A‐9044) and anti‐rabbit IgG (HRP‐conju-
gated; 1:5000; Sigma‐Aldrich, A‐0545). Finally, the protein 
bands were visualized using an enhanced chemiluminescence 
kit (SuperSignal West Femto Maximum Sensitivity Substrate, 
Thermo Fisher Scientific) and ChemiDoc Imagers (Bio‐Rad 
Laboratories). The results were quantified using ImageJ 1.x 
software (National Institutes of Health).

2.6 | Colony formation assay
In the colony formation assay, 500 cells were seeded into 
12‐well plates. The cells were incubated for 7 days in the in-
cubator at 37°C with 5% CO2. Then, the cells were fixed for 
20 minutes at room temperature using 4% paraformaldehyde, 
and stained with crystal violet (5 mg/mL) for 20 minutes at 
room temperature. Finally, the cell colonies were imaged using 
an Epson Perfection V600 scanner (Seiko Epson Corporation).

2.7 | Cell apoptosis assay
The expression levels of apoptotic genes (Bax and Caspase 
3) in different groups were measured using western blot. In 
addition, cell apoptosis was further analyzed using Annexin 
V/PI Cell Apoptosis Assay kit (Thermo Fisher Scientific) 
and Tunel‐FITC Assay Kit (Abcam) according to the man-
ufacturer's protocol. In brief, the cells in each group were 
dissociated into single cells using trypsin, and washed with 
PBS. Then, the cell samples were incubated with different 
staining solutions. Finally, cell samples were detected using 
a FACSCalibur flow cytometer and FlowJo 7.6.1 software.

2.8 | Small interfering RNAs (siRNAs) 
transfection
To knockdown PGC‐1α and NOX2, siRNAs for different 
genes (siRNA for PGC‐1α: SI00101031; siRNA for NOX2: 
SI00008729) were purchased from QIAGEN. All of the siR-
NAs were transfected into cancer cells using Lipofectamine 
3000 (Invitrogen) according to the manufacturer's protocol. 
The cells in the negative control group were transfected with 
a scrambled sequence of the siRNA. The knockdown effect 
of siRNA was evaluated using western blot.

2.9 | Live cell 
immunofluorescence microscopy
In our study, ptf‐LC3 vector (mRFP‐GFP‐LC3 reporter 
construct) was purchased from Addgene, USA. H838 cells 
were grown in 35 mm glass‐bottom dishes. On reaching 50% 
confluence, the cells were transfected with different vectors 
using Lipofectamine 3000 for 24 hours. Then, the cells in dif-
ferent groups were imaged in phenol red‐free medium using a 
Zeiss Observer Fluorescence Microscope.
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2.10 | Statistical analysis
The results are presented as mean  ±  SD. All statistical 
analysis was performed using SPSS 17.0. Herein, unpaired 
Student's t tests were applied to compare the means of two 
groups, and one‐way ANOVA with Bonferroni's correction 
was used to compare the means of three or more groups. One‐
tailed test was used in the Student's t test. P < .05 was consid-
ered statistically significant.

3 |  RESULTS

3.1 | COX7A1 overexpression inhibits cell 
viability and promotes cell apoptosis in human 
lung cancer cells
In this study, human H838 lung cancer cells were tranfected 
with pCI‐COX7A1 to induce COX7A1 overexpression, 
and western blot results showed that the expression level 

of COX7A1 in the Overexpression group was much higher 
(about 8‐fold) than the Control group (Figure 1A). Cell pro-
liferation ability was measured using CCK‐8 at different time 
points, and the results indicated that the proliferation index of 
COX7A1 in the Overexpression group was lower than that of 
the Control group after 48 hours (Figure 1B). In addition, the 
cell viability of different groups was further evaluated using 
the colony formation assay. The results showed that the num-
ber of colonies in Control group was much higher than the 
COX7A1 Overexpression group, indicating the inhibitory ca-
pability of COX7A1 on the cell viability of human non‐small 
cell lung cancer cells (Figure 1C).

Cell apoptosis was evaluated in our study. The western 
blot results showed that the expression of both Bax and 
cleaved Caspase 3 was increased with COX7A1 overex-
pression (Figure 1D). In addition, the effect of COX7A1 on 
cell apoptosis was also measured using Annexin V/PI stain-
ing and Tunel staining. The percentage of both early‐stage 
apoptotic cells (Annexin V‐positive and PI‐negative) and 

F I G U R E  1  The overexpression 
of COX7A1 suppressed cell viability 
and promoted cell apoptosis in human 
H838 cells. A, Western blot detection 
of COX7A1 overexpression induced by 
vector transfection. B, Evaluation of cell 
proliferation in the Control and COX7A1 
overexpression group. C, Colony formation 
ability assay. D, Detection of apoptosis 
genes (Bax and Caspase 3) using western 
blot. E and F, Cell apoptosis assay using 
Annexin V‐FITC/PI staining (E) and 
Tunel staining (F). H838 cells were 
transfected with pCI‐COX7A1 to induce 
the overexpression of COX7A1, and an 
empty vector was used in the control group. 
The cells were harvested for detection after 
being transfected for 24 hours. Results are 
expressed as mean ± SD. A t test was used 
to compare the different groups, and P < .05 
was considered statistically significant. 
*P < .05 compared with the Control group
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late‐stage apoptotic cells (Annexin V‐positive and PI‐posi-
tive) was analyzed by flow cytometry, and the results indi-
cated that COX7A1 overexpression increased the percentage 
of both early‐stage and late‐stage apoptotic cells, which was 
consistent with the western blot results and Tunel staining 
results about cell apoptosis (Figure 1E,F).

3.2 | COX7A1 induces the block of 
autophagy via downregulation of PGC‐1α
A study has indicated the effect of COX7A1 on PGC‐1 in 
skeletal muscle cells, and the COX7A1 knockout increased 
the expression level of PGC‐1β.25 Therefore, both PGC‐1α 
and PGC‐1β were detected in our research together with 
RIP140, the inhibitor of PGC‐1. We found that the expres-
sion of PGC‐1β and RIP140 was not affected by COX7A1 
overexpression, while the level of PGC‐1α was decreased 
(Figure 2A). As the key function of PGC‐1α in autophagy has 
been identified by some researchers,26 the autophagy‐related 

proteins, p62 and LC3 were further detected in our study 
using western blot. The results showed that the protein lev-
els of p62, LC3‐I and LC3‐II were increased in COX7A1 
Overexpression groups (Figure 2A), but not the mRNA level 
of p62 (Figure S1). However, the ratio of LC3‐II/LC3‐I in the 
COX7A1 Overexpression groups was much lower than that 
of the Control group, indicating that COX7A1 might inhibit 
autophagy in human lung cancer cells (Figure 2A).

To confirm the role of PGC‐1α in the COX7A1‐regulated 
autophagy, PGC‐1α knockdown was induced by PGC‐1α 
siRNA transfection, and western blot detection showed that 
the PGC‐1α level was much lower in the different groups 
after transfection with siRNA. In addition, the level of 
PGC‐1β or RIP140 did not show any change after transfec-
tion (Figure 2B). p62 and LC3 were also measured herein, 
and we found that the knockdown of PGC‐1α showed a 
similar effect as that of COX7A1 Overexpression, and in-
creased the protein level of both p62 and LC3. However, 
no difference in p62 and LC3 expression could be found 

F I G U R E  2  COX7A1 induced the blocking of autophagy via downregulation of PGC‐1α. A, Effect of COX7A1 on PGC‐1, RIP140, and 
autophagy‐related proteins. B, Evaluation of PGC‐1α knockdown using western blot. C, Effect of PGC‐1α knockdown on the level of autophagy‐
related proteins. D, Detection of apoptosis genes (Bax and Caspase 3) expression. E, Cell apoptosis assay using Tunel staining. Results are 
expressed as mean ± SD. A t test was used to compare the different groups, and P < .05 was considered statistically significant. *P < .05 compared 
with the Control group (group I)
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between the Control group and COX7A1 Overexpression 
group in PGC‐1α‐knockdown lung cancer cells (Figure 
2C). In addition, cell apoptosis was evaluated in different 
groups as well. We found the expression of both Bax and 
cleaved Caspase 3, and Tunel positive rate were up‐regu-
lated in H838 cells transfected with PGC‐1α siRNA (Group 
I v.s. Group III), and the level of the cell apoptosis didn't 
show obvious difference between the Control group and 
COX7A1 Overexpression group in PGC‐1α‐knockdown 
lung cancer cells (Group III vs. Group IV), which was con-
sistent with the autophagy evaluation (Figure 2D,E).

3.3 | COX7A1 overexpression results in the 
accumulation of autophagosomes
Besides, the effects of COX7A1 and PGC‐1α on autophagy 
were further detected using the tandem mRFP‐GFP‐LC3 

reporter construct, which allowed us to analyze autophagy 
completion. Herein, the yellow puncta indicate autophago-
somes, and the red puncta indicate autolysosomes due to 
the quenching of GFP in the acidic autolysosomal environ-
ment. The results indicated that the total number of mRFP‐
GFP‐LC3 puncta (yellow puncta with few red puncta) was 
increased in the COX7A1 Overexpression group (group II) 
compared with the Control group (group I), and PGC‐1α 
knockdown abolished the difference between the COX7A1 
Overexpression group and Control group. However, the per-
centage of autolysosome and autophagosome did not show 
significant any difference among each group (Figure 3A,B).

We noticed that the ratio of autolysosomes was low in 
normal H838 cells (group I). It could be possible that the 
blockage of autophagy in H838 cells is hard to further down-
regulate the ration of autolysosomes. To confirm this hypoth-
esis, we also performed a positive control group treated with 

F I G U R E  3  Evaluation of autophagic 
flux using tandem mRFP‐GFP‐LC3 
reporter. A, The fluorescence image of 
H838 cells after different transfection. Scale 
bar = 10 μm. B, Bar graphs represent the 
total number of mRFP‐GFP‐LC3 positive 
puncta and % of autolysosomes (red puncta) 
and autophagosome (yellow puncta) per 
cell. H838 cells were transfected with 
PGC‐1α siRNA first. After 24 hours, the 
cell were further transfected with pCI‐
COX7A1 or ptf‐LC3 for another 24 hours. 
Then the cell samples in each group were 
applied for analysis. Results are expressed 
as mean ± SD. A t test was used to compare 
the different groups, and P < .05 was 
considered statistically significant. *P < .05 
compared with the Control group (group I)
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Bafilomycin A, which is a autophagy inhibitor and has been 
demonstrated to block the autophagic flux. In this group, 
the amount of autophagosomes was increased. However, the 
ratio of autolysosome also did not show significant differ-
ence compared with the control group without any treatment, 
which was similar to the results of the COX7A1 overexpres-
sion group (Figure 3A,B). Therefore, the overexpression of 
COX7A1 may block the autophagic flux and result in the 
accumulation of autophagosome, and this effect could be de-
pendent on the downregulation of PGC‐1α.

The upregulation of NOX2 is essential for the influence of 
COX7A1 on autophagy.

NADPH oxidase isoform 2 (NOX2) is a type of super-
oxide generating enzyme complex, which forms ROS and is 
expressed in myeloid cells, and some cancer cells.15 A study 
has indicated that the activation of NOX2 blocked autophagic 
flux by impairing lysosomal enzyme activity.16 In our study, 
the role of NOX2 in COX7A1‐regulated autophagy was also 
analyzed, and we found that the level of NOX2 was increased 
in the COX7A1 Overexpression group (group II) compared 
with the Control group (group I). Therefore, knockdown of 
NOX2 was induced in both Control group and COX7A1 
Overexpression group, and NOX2 knockdown did not af-
fect the downregulation of PGC‐1α which was induced by 
COX7A1 overexpression, and the level of PGC‐1β or RIP140 

did not change after NOX2 knockdown as well (Figure 4A). 
Moreover, the expression level of autophagy‐related proteins, 
p62 and LC3 was also detected herein. We found that the 
NOX2 knockdown increased the level of LC3‐I and LC3‐II, 
as well as the ratio of LC3‐II/LC3‐I. However, the expression 
of p62 did not show any change after NOX2 knockdown. In 
addition, the results also indicated that the overexpression 
of COX7A1 did not affect autophagy level in NOX2‐knock-
down cells, indicating the key role of NOX2 in COX7A1‐in-
duced autophagy inhibition (Figure 4B).

3.4 | The influence of COX7A1 on 
cell viability partly depends on the 
regulation of NOX2

The influence of COX7A1 on cell viability was further evalu-
ated in NOX2‐knockdown cells. The results indicated that the 
inhibition of cell proliferation induced by COX7A1 overex-
pression could be rescued by NOX2 knockdown in some de-
gree (Figure 5A). Cell apoptosis was analyzed using western 
blot and Tunel staining, and we noticed that NOX2 knockdown 
did not alter the expression level of Bax and Caspase 3, as well 
as Tunel positive rate (Group I vs Group III). However, the 
overexpression of COX7A1 could not induce the upregulation 
of Bax and Caspase 3, and could only induce a tiny increase 

F I G U R E  4  NOX2 knockdown 
abolishes the blockage of autophagy induced 
by COX7A1 overexpression. A, Evaluation 
of NOX2 knockdown using western blot. B, 
Effect of NOX2 knockdown on the level of 
autophagy‐related proteins. H838 cells were 
transfected with NOX2 siRNA first. After 
24 hours, the cells were further transfected 
with pCI‐COX7A1 for another 24 hours to 
induce COX7A1 overexpression. Then the 
cell samples in each group were applied 
for analysis. Results are expressed as 
mean ± SD. A t test was used to compare 
the different groups, and P < .05 was 
considered statistically significant. *P < .05 
compared with the Control group (group I)
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in Tunel positive rate in NOX2‐knockdown cells (Group III 
vs. Group IV) (Figure 5B,C). At last, the cell viability of each 
group was further evaluated using colony formation assay. Our 
results indicated that the colony formation ability was not af-
fected by NOX2 knockdown. Similar to proliferation results, 
the inhibition of COX7A1 overexpression on colony formation 
ability was rescued in some degree by NOX2 knockdown, indi-
cating that the influence of COX7A1 on cell viability depends 
on the regulation of autophagy partly (Figure 5D).

4 |  DISCUSSION

In recent years, scientists have demonstrated that the regu-
lation of energy generation and cell cycle progression in 
cancer cells are different from normal cells, and the energy 

homeostasis also varies in different types of cancers.27,28 Most 
cancer cells can reserve the capacity to operate oxidative 
phosphorylation in normoxic conditions, and thrive on glycol-
ysis, which is defined as the classical concept of the “Warburg 
effect”.29-31 Furthermore, a study also indicated that the mito-
chondrial oxidative metabolism holds a promising potential in 
the metabolic therapy against tumor metastasis.32 The role of 
COX subunits has also been investigated in several types of 
cancers.9,33,34 For example, Mishra et al compared the expres-
sion of different COX subunit genes in human lung adenocar-
cinoma tissues with that of normal lung tissues using available 
microarray database, and the results showed that the expres-
sion of COX7A1 was much lower in the cancer tissues than in 
normal lung tissues, suggesting the possibility that COX7A1 
inhibited the development of lung cancer.9 In our study, our 
results indicated that the overexpression of COX7A1 could 

F I G U R E  5  The influence of COX7A1 on cell viability depends on the regulation of NOX2 partly. A, Evaluation of cell proliferation in 
different groups. B, Detection of apoptosis genes (Bax and Caspase 3) expression in each group. C, Cell apoptosis assay using Tunel staining. D, 
Colony formation ability assay. Results are expressed as mean ± SD. A t test was used to compare the different groups, and P < .05 was considered 
statistically significant. *P < .05 compared with Group I. #: P < .05 compared with Group II. &: P < .05 compared with Group III
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inhibit cell proliferation and increase cell apoptosis in human 
non‐small cell lung cancer cells. Further analysis indicated 
that the effect of COX7A1 on lung cancer cell viability was 
partly dependent on the regulation of autophagic flux.

Autophagy is considered as a survival‐promoting pathway. 
In this process, the intracellular proteins and organelles can be 
captured, degraded and recycled in lysosomes, which release 
the toxic buildup of cellular waste products, and provide sub-
strates to support the metabolism in starvation. During the pro-
cess of cancer development, autophagy is up‐regulated to make 
cancer cells survive the microenvironmental stress. In addition, 
the upregulation of autophagy also promotes the growth and 
aggressiveness of cancer cells.35 The possible mechanism by 
which autophagy promotes the development of cancer could in-
clude inhibiting the function of p53 cancer suppressor protein 
and maintaining the metabolic function of mitochondria.36,37 
Therefore, improving cancer therapy via inhibition of autoph-
agy has attracted great interest in recent years. However, scien-
tists also notice that the defective autophagy in normal cells is 
associated with genomic instability as well as tumorigenesis.38 
For example, mice with deficiency of Atg5 and Atg7 easily 
develop liver cancer because of oxidative stress and mitochon-
drial damage.39 Therefore, autophagy plays a significant role 
in the process of cancer development and progression, with 
both cancer‐suppressive and cancer‐promoting function. In 
our study, the critical involvement of autophagy in COX7A1‐
mediated apoptosis and inhibition of proliferation may further 
be confirmed by stimulating autophagy. However, nearly all 
autophagy inducers such as Rapamycin,40 Simvastatin 41 and 
Amiodarone possess anticancer effect and inhibit cancer cell 
viability.42 It is hard to find any functional autophagy inducer 
which does not affect cancer cell viability. Therefore, a more 
specific autophagy inducer without anticancer effect is neces-
sary for cancer research.

Some researchers have indicated the effect of COX7A1 
on PGC‐1 in skeletal muscle cells, and their results showed 
that the COX7A1 knockout increased the expression level of 
PGC‐1β.25 Therefore, both PGC‐1α and PGC‐1β were detected 
in our research together with RIP140, the inhibitor of PGC‐1. 
Different from the report, our results indicated that the expres-
sion of PGC‐1β and RIP140 was not affected by COX7A1 
overexpression, while the level of PGC‐1α was decreased 
(Figure 2A). The key function of PGC‐1α in autophagy has 
been identified by some researchers. They compared PGC‐1α 
knockout mice with wild‐type mice, and found that the deletion 
of PGC‐1α led to a 25% decline in running performance, and 
a 40% decrease in mitochondrial content. In addition, exercise 
could enhance the targeting of mitochondria for mitophagy, and 
increase the autophagy and mitophagy flux in wild‐type mice, 
but not in PGC‐1α knockout mice, indicating the key role of 
mitochondrial turnover and PGC‐1α in autophagy regulation.26

NOX2 is a superoxide generating enzyme, which forms 
ROS.15 In addition, the effect of NOX2 on autophagy also has 
been investigated by researchers.16 Scientists found that the 
activation of NOX2 could block autophagic flux by impair-
ing lysosomal enzyme activity, and the inhibition of NOX2 
could suppress the overproduction of superoxide and restore 
the lysosome acidification as well as its enzyme activity, 
further reducing the accumulation of autophagosome.16 Our 
results indicated that the influence of COX7A1 on autoph-
agy is mainly based on the regulation of NOX2. COX7A1 
overexpression did not show any effect on autophagy level 
in NOX2 knockdown cells. Moreover, we also found that the 
knockdown of NOX2 increased the ratio of LC3‐II/LC3‐I, 
indicating that the downregulation of NOX2 might promote 
autophagy in human lung cancer cells.

However, the detailed mechanism of the effect of 
COX7A1 on PGC‐1 and NOX2 is still unclear for us. Similar 

F I G U R E  6  Proposed model for the function of COX7A1 to suppressing the viability of human non‐small cell lung cancer cells via regulating 
autophagy. Autophagy could be inhibited by NOX2, and activated by PGC‐1α. Herein, the effect of COX7A1 on NOX2 and PGC‐1 is different. 
COX7A1 overexpression leads to the downregulation of PGC‐1α and upregulation of NOX2, which further results in the inhibition of autophagy 
totally



   | 7771ZHAO et Al.

to COX7A1, NOX2 also holds an important role in the pro-
cess of mitochondrial energy metabolism.43-45 A study has 
indicated that COX7A1 can regulate the level of PGC‐1 in 
skeletal muscle cells,25 and PGC‐1 can promote eNOS ex-
pression and activity, which holds a key potential in ROS reg-
ulation.46 The ROS reduces the eNOS activity and increases 
nitric oxide consumption. Moreover, an important source 
of ROS is a family of NADPH oxidases, such as NOX2.47 
Therefore, the crosstalk among COX7A1, PGC‐1 and NOX2 
could be through cellular ROS regulation and negative feed-
back in mitochondria. The ROS level was also evaluated via 
FACS in our study. However, no difference could be found 
between control group and COX7A1 overexpression group 
(Figure S2), indicating the potential position of negative 
feedback in the mitochondria.

In addition, our results indicated that the overexpression of 
COX7A1 decreased the expression of PGC‐1 and increased 
the expression of NOX2. However, the relationship between 
PGC and NOX2 is unclear. We noticed that the knockdown of 
NOX2 did not affect the expression level of PGC‐1, while the 
downregulation of PGC‐1 expression induced by COX7A1 
overexpression did not show any effect on autophagy in 
NOX2 knockdown cells. These results suggested that the 
effect of PGC‐1 on autophagy might depend on the normal 
expression of NOX2, and NOX2 could be the protein down-
stream of PGC‐1 in COX7A1‐induced autophagy regulation 
(Figure 6). Needless to say, this hypothesis still needs more 
evidence for confirmation.

In this study, our results indicated that the inhibition of 
COX7A1 overexpression on cell viability was rescued in some 
degree by NOX2 knockdown, indicating that the influence 
of COX7A1 depends on the regulation of autophagy partly. 
As COX7A1 is a subunit in mitochondrial respiratory chain, 
it could be possible that COX7A1 regulates cell viability by 
affecting the mitochondrial respiratory chain and energy gen-
eration directly. For example, Mishra et al found that the over-
expression of COX7A1 in human lung cancer cells (A549) 
could lead to the inhibition of cell proliferation and the in-
crease in cell apoptosis. To evaluate whether autophagy could 
be involved in COX7A1‐mediated cell death, they further de-
tected the expression level of BECN1, a gene which holds a 
key role in autophagy. However, the results showed that no 
change in the expression level of BECN1 could be observed 
after COX7A1 overexpression, suggesting that the cell death 
induced by COX7A1 overexpression might not be due to auto-
phagy regulation in A549 cells.9 In our research, we mainly an-
alyzed autophagy by detecting the expression level of p62 and 
LC3, as well as the tandem mRFP‐GFP‐LC3 reporter assay 
in another human non‐small cell lung cancer cell line, NCI‐
H838. Our results showed that the overexpression of COX7A1 
may block the autophagic flux and result in the accumulation 
of autophagosome. Besides, we further explored the function 
of COX7A1 in another non‐small cell lung cancer cell line, 

NCI‐H1703, and the results were similar to the previous results 
from H838 cells, indicating the negative regulation effect of 
COX7A1 on cancer cell viability and autophagy (Figures S3 
and S4). We noticed that both H838 and H1703 showed a low 
expression of COX7A1. Another group also indicated the low 
expression of COX7A1 in A549 lung cancer cells, as well as 
in lung cancer tissue.9 It could be possible that most non‐small 
cell lung cancer cell lines hold a low expression of COX7A1, 
and the function of COX7A1 could be different in the NSCLC 
cell line with high expression of COX7A1 compared with the 
NSCLC cell line with low expression of COX7A1. Anyway, 
more cells lines are needed to confirm the accurate effect of 
COX7A1 on autophagy. Especially, the in vivo study is more 
reliable than the in vitro data. However, only several groups 
have explored the function of COX7A1 in different disease or 
metabolism models, and no COX7A1 inducers or inhibitors 
have been developed so far, which are necessary to regulate 
COX7A1 level in vivo. Therefore, maybe scientists should 
make more effects on COX7A1 inducer or inhibitor screen, 
which is significant for the preclinical study of COX7A1 in 
different disease models as well as dose‐dependent effect 
assay. A better understanding of the detailed function and the 
related mechanism of COX7A1 in different types of cell and 
animal models should promote the development of novel and 
effective methods for lung cancer therapy.

5 |  CONCLUSION

In conclusion, our study mainly addressed the link between 
COX7A1 and hallmarks of human non‐small cell lung can-
cer cells. The results indicated that the overexpression of 
COX7A1 could inhibit cell proliferation and colony forma-
tion ability, as well as promote cancer cell apoptosis. In 
addition, COX7A1 overexpression blocked the autophagic 
flux via downregulation of PGC‐1α and upregulation of 
NOX2, and the influence of COX7A1 on cell viability 
depends on the regulation of autophagy partly. Although 
the crosstalk among COX7A1, PGC‐1α and NOX2 needs 
our further investigation, our study provides a novel in-
sight into the therapeutic action of COX7A1 against human 
human non‐small cell lung cancer.

ACKNOWLEDGMENTS

We thank Prof. Tamotsu Yoshimori, whose Lab has depos-
ited the ptf‐LC3 vector at Addgene for distribution to the re-
search community. This study was supported by the National 
Natural Science Foundation of China (31900547), the grants 
from Shenzhen Peacock Plan (KQTD2016113015442590), 
Project funded by China Postdoctoral Science Foundation 
(2019M653277), and the Science and Technology Planning 
Project of Guangdong Province (2016ZC0244).



7772 |   ZHAO et Al.

CONFLICTS OF INTEREST

The authors declare that there are no conflicts of interest.

ORCID

Pengfei Liu   https://orcid.org/0000-0003-0172-189X 

REFERENCES

 1. Little AG, Lau G, Mathers KE, Leary SC, Moyes CD. Comparative 
biochemistry of cytochrome c oxidase in animals. Comp Biochem 
Physiol B: Biochem Mol Biol. 2018;224:170‐184.

 2. Maurer SF, Fromme T, Grossman LI, Hüttemann M, Klingenspor 
M. The brown and brite adipocyte marker cox7a1 is not required 
for non‐shivering thermogenesis in mice. Sci Rep. 2015;5:17704.

 3. Kadenbach B, Huttemann M. The subunit composition and 
function of mammalian cytochrome c oxidase. Mitochondrion. 
2015;24:64‐76.

 4. Arnaudo E, Hirano M, Seelan RS, et al. Tissue‐specific expres-
sion and chromosome assignment of genes specifying 2 iso-
forms of subunit‐viia of human cytochrome‐c‐oxidase. Gene. 
1992;119(2):299‐305.

 5. West MD, Labat I, Sternberg H, et al. Use of deep neural net-
work ensembles to identify embryonic‐fetal transition markers: 
Repression of cox7a1 in embryonic and cancer cells. Oncotarget. 
2018;9(8):7796‐7811.

 6. Hüttemann M, Klewer S, Lee I, et al. Mice deleted for heart‐type 
cytochrome c oxidase subunit 7a1 develop dilated cardiomyopathy. 
Mitochondrion. 2012;12(2):294‐304.

 7. Srinivasan S, Guha M, Kashina A, Avadhani NG. Mitochondrial 
dysfunction and mitochondrial dynamics‐the cancer connection. 
Biochim Biophys Acta. 2017;1858(8):602‐614.

 8. Kudryavtseva AV, Krasnov GS, Dmitriev AA, et al. Mitochondrial 
dysfunction and oxidative stress in aging and cancer. Oncotarget. 
2016;7(29):44879‐44905.

 9. Mishra N, Timilsina U, Ghimire D, Dubey RC, Gaur R. 
Downregulation of cytochrome c oxidase subunit 7a1 expression is 
important in enhancing cell proliferation in adenocarcinoma cells. 
Biochem Biophys Res Comm. 2017;482(4):713‐719.

 10. Giuliani CM, Dass CR. Autophagy and cancer: taking the 'toxic' 
out of cytotoxics. J Pharm Pharmacol. 2013;65(6):777‐789.

 11. Chen HY, White E. Role of autophagy in cancer prevention. 
Cancer Prev Res (Phila), 4(7):973‐983.

 12. Mathew R, Karp CM, Beaudoin B, et al. Autophagy sup-
presses tumorigenesis through elimination of p62. Cell. 
2009;137(6):1062‐1075.

 13. Kwon J, Han E, Bui CB, et al. Assurance of mitochondrial integrity 
and mammalian longevity by the p62‐keap1‐nrf2‐nqo1 cascade. 
EMBO Rep, 13(2), 150‐156.

 14. Xie R, Wang F, McKeehan WL, et al. Autophagy enhanced by micro-
tubule‐ and mitochondrion‐associated map1s suppresses genome insta-
bility and hepatocarcinogenesis. Cancer Res. 2011;71(24):7537‐7546.

 15. Martner A, Aydin E, Hellstrand K. Nox2 in autoimmunity, tumor 
growth and metastasis. J Pathol. 2019;247(2):151‐154.

 16. Jaishy B, Zhang Q, Chung HS, et al. Lipid‐induced nox2 activation 
inhibits autophagic flux by impairing lysosomal enzyme activity. J 
Lipid Res. 2015;56(3):546‐561.

 17. Whitehead NP. Enhanced autophagy as a potential mechanism for 
the improved physiological function by simvastatin in muscular 
dystrophy. Autophagy. 2016;12(4):705‐706.

 18. Whitehead NP, Kim MJ, Bible KL, et al. A new therapeutic effect 
of simvastatin revealed by functional improvement in muscular 
dystrophy. Proc Natl Acad Sci USA. 2015;112(41):12864‐12869.

 19. Liu P, Feng Y, Dong C, et al. Study on therapeutic action 
of bone marrow derived mesenchymal stem cell combined 
with vitamin e against acute kidney injury in rats. Life Sci. 
2013;92(14–16):829‐837.

 20. Liu P, Cai J, Dong D, et al. Effects of sox2 on proliferation, mi-
gration and adhesion of human dental pulp stem cells. PLoS ONE. 
2015;10(10):e0141346.

 21. Liu P, Feng Y, Dong D, et al. Enhanced renoprotective effect 
of igf‐1 modified human umbilical cord‐derived mesenchymal 
stem cells on gentamicin‐induced acute kidney injury. Sci Rep. 
2016;6:20287.

 22. Liu P, Rojo de la Vega M, Sammani S, et al. Rpa1 binding to nrf2 
switches are‐dependent transcriptional activation to are‐nre‐depen-
dent repression. Proc Natl Acad Sci USA, 2018;115(44):E10352
‐E10361.

 23. Tao S, Liu P, Luo G, et al. P97 negatively regulates nrf2 by extract-
ing ubiquitylated nrf2 from the keap1‐cul3 e3 complex. Mol Cell 
Biol. 2017;37(8):e00660.

 24. Zhao L, Feng Y, Chen X, et al. Effects of igf‐1 on neural differen-
tiation of human umbilical cord derived mesenchymal stem cells. 
Life Sci. 2016;151:93‐101.

 25. Lee I, Huttemann M, Liu J, et al. Deletion of heart‐type cytochrome 
c oxidase subunit 7a1 impairs skeletal muscle angiogenesis and ox-
idative phosphorylation. J Physiol. 2012;590(20):5231‐5243.

 26. Vainshtein A, Tryon LD, Pauly M, et al. Role of pgc‐1alpha during 
acute exercise‐induced autophagy and mitophagy in skeletal mus-
cle. Am J Physiol Cell Physiol. 2015;308(9):C710‐719.

 27. Sotgia F, Whitaker‐Menezes D, Martinez‐Outschoorn UE, et al. 
Mitochondrial metabolism in cancer metastasis visualizing tumor 
cell mitochondria and the "reverse warburg effect" in positive 
lymph node tissue. Cell Cycle. 2012;11(7):1445‐1454.

 28. Witkiewicz AK, Whitaker‐Menezes D, Dasgupta A, et al. Using 
the "reverse warburg effect" to identify high‐risk breast cancer pa-
tients stromal mct4 predicts poor clinical outcome in triple‐nega-
tive breast cancers. Cell Cycle. 2012;11(6):1108‐1117.

 29. Bonuccelli G, Tsirigos A, Whitaker‐Menezes D, et al. Ketones and 
lactate "fuel" tumor growth and metastasis evidence that epithelial 
cancer cells use oxidative mitochondrial metabolism. Cell Cycle. 
2010;9(17):3506‐3514.

 30. Pavlides S, Whitaker‐Menezes D, Castello‐Cros R, et al. The re-
verse warburg effect aerobic glycolysis in cancer associated fibro-
blasts and the tumor stroma. Cell Cycle. 2009;8(23):3984‐4001.

 31. Koppenol WH, Bounds PL, Dang CV. Otto warburg's contribu-
tions to current concepts of cancer metabolism. Nat Rev Cancer. 
2011;11(5):325‐337.

 32. Lu JR, Tan M, Cai QS. The warburg effect in tumor progression: 
mitochondrial oxidative metabolism as an anti‐metastasis mecha-
nism. Cancer Lett. 2015;356(2):156‐164.

 33. Campian JL, Gao X, Qian M, et al. Cytochrome c oxidase activity 
and oxygen tolerance. J Biol Chem. 2007;282(17):12430‐12438.

 34. Fukuda R, Zhang H, Kim J‐W, Shimoda L, Dang CV, Semenza G. 
Hif‐1 regulates cytochrome oxidase subunits to optimize efficiency 
of respiration in hypoxic cells. Cell. 2007;129(1):111‐122.

https://orcid.org/0000-0003-0172-189X
https://orcid.org/0000-0003-0172-189X


   | 7773ZHAO et Al.

 35. White E. The role for autophagy in cancer. J Clin Investig. 
2015;125(1):42‐46.

 36. Ryan KM. P53 and autophagy in cancer: guardian of the genome 
meets guardian of the proteome. Eur J Cancer. 2011;47(1):44‐50.

 37. Mrakovcic M, Frohlich LF. P53‐mediated molecular control of au-
tophagy in tumor cells. Biomolecules. 2018;8(2):E14.

 38. Singh SS, Vats S, Chia A‐Q, et al. Dual role of autophagy in hall-
marks of cancer. Oncogene. 2018;37(9):1142‐1158.

 39. Takamura A, Komatsu M, Hara T, et al. Autophagy‐deficient mice 
develop multiple liver tumors. Genes Dev. 2011;25(8):795‐800.

 40. Chen W, Zou P, Zhao Z, et al. Synergistic antitumor activity of 
rapamycin and ef24 via increasing ros for the treatment of gastric 
cancer. Redox Biol. 2016;10:78‐89.

 41. Chowdhury K, Sharma A, Sharma T, Kumar S, Mandal CC. 
Simvastatin and mbcd inhibit breast cancer‐induced osteoclast 
activity by targeting osteoclastogenic factors. Cancer Invest. 
2017;35(6):403‐413.

 42. Lee H‐C, Su M‐Y, Lo H‐C, et al. Cancer metastasis and egfr signal-
ing is suppressed by amiodarone‐induced versican v2. Oncotarget. 
2015;6(40):42976‐42987.

 43. Dikalov S, Nazarewicz R, Panov A, Harrison DG, Dikalova 
A. Crosstalk between mitochondrial ros and nadph oxidases 
in cardiovascular and degenerative diseases: application of 
mitochondria‐targeted antioxidants. Free Radical Bio Med. 
2011;51:S85‐S86.

 44. Koju N, Taleb A, Zhou J, et al. Pharmacological strat-
egies to lower crosstalk between nicotinamide adenine 

dinucleotide phosphate (nadph) oxidase and mitochondria. Biomed 
Pharmacother. 2019;111:1478‐1498.

 45. Kröller‐Schön S, Steven S, Kossmann S, et al. Molecular mech-
anisms of the crosstalk between mitochondria and nadph oxidase 
through reactive oxygen species‐studies in white blood cells and in 
animal models. Antioxid Redox Signal. 2014;20(2):247‐266.

 46. Craige SM, Kroller‐Schon S, Li CY, et al. Pgc‐1 alpha dictates en-
dothelial function through regulation of enos expression. Sci Rep. 
2016;6:38210.

 47. Montezano AC, Touyz RM. Reactive oxygen species and endo-
thelial function ‐ role of nitric oxide synthase uncoupling and nox 
family nicotinamide adenine dinucleotide phosphate oxidases. 
Basic Clin Pharmacol. 2012;110(1):87‐94.

SUPPORTING INFORMATION

Additional supporting information may be found online in 
the Supporting Information section.    

How to cite this article: Zhao L, Chen X, Feng Y, et al. 
COX7A1 suppresses the viability of human non‐small 
cell lung cancer cells via regulating autophagy. Cancer 
Med. 2019;8:7762–7773. https ://doi.org/10.1002/
cam4.2659

https://doi.org/10.1002/cam4.2659
https://doi.org/10.1002/cam4.2659

