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COX7A1 enhances the sensitivity of human NSCLC cells to
cystine deprivation-induced ferroptosis via regulating
mitochondrial metabolism
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COX7A1, a subunit of cytochrome c oxidase, holds an important position in the super-assembly which integrates into multi-unit
heteromeric complexes peripherally in the mitochondrial electron transport chain (ETC). Recently, some studies indicated the
significant potential of COX7A1 in cancer metabolism and therapy. However, the underlying metabolic process and therapy
mechanism remain unclear. In this study, COX7A1-overexpressed cell line was established via lentivirus transduction. The
relationship between COX7A1 and ferroptosis, a novel form of cell death driven by iron-dependent lipid peroxidation, was further
analyzed in different human non-small-cell lung carcinoma (NSCLC) cells respectively. Our results showed that COX7A1 increased
the sensitivity of NSCLC cells to the ferroptosis induced by cysteine deprivation via enhancing the tricarboxylic acid (TCA) cycle and
the activity of complex IV in mitochondrial ETC. Meanwhile, COX7A1 suppressed mitochondrial dynamics as well as mitochondrial
biogenesis and mitophagy through blocking autophagic flux. The autophagy activator, rapamycin, relieved the autophagic
blockage and further strengthened the sensitivity to cysteine deprivation-induced ferroptosis of NSCLC cells in vitro and in vivo.
Taken together, our data indicate the close association of COX7A1 with cysteine deprivation-induced ferroptosis, and provide a
novel insight into the therapy mode against human NSCLC.
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INTRODUCTION
Ferroptosis is a novel type of cell death, which is different from
apoptosis, necrosis or autophagic cell death [1, 2]. In recent years,
lots of research has demonstrated that ferroptosis results from
iron-dependent lipid peroxidation. The cellular redox contents are
mainly regulated by glutathione (GSH), the substrate of phospho-
lipid hydroperoxidases. Therefore, the inhibition of cystine-
glutamate antiporter (system Xc-) leads to the depletion of cellular
cysteine as well as GSH, which further disrupts redox homeostasis
and results in ferroptosis finally. In addition, the inactivation of
glutathione peroxidase 4 (GPX4) and ferroptosis suppressor
protein 1 (FSP1), which are required for clearance of lipid ROS,
also can induce ferroptosis in the cells with normal levels of
cysteine and GSH effectively [3–5]. Recently, some scientists
demonstrated that the inactivation of DHODH also leads to
extensive mitochondrial lipid peroxidation as well as ferroptosis in
cancer cells, identifying a novel ferroptosis defence mechanism in
mitochondria [6].

Even though the detailed function and mechanism of
ferroptosis is still unclear, some studies have showed the
relationship between ferroptosis and different diseases, such as
brain injury [7–9], lung injury [10], Alzheimer’s disease [11],
carcinogenesis [12, 13] and ischemia-reperfusion injury [9]. In the
field of cancer research, scientists also notices that some types of
cancer cells, which are resistant to traditional chemotherapy, are
sensitive to ferroptosis inducers, indicating the promising
potential of ferroptosis to become a novel therapeutic approach
to treat chemotherapy-resistant cancers [14, 15].
Mitochondria holds a key position in the regulation of cell

signaling transduction and cellular metabolism. The most
important role of mitochondria is to create energy via oxidative
phosphorylation (OXPHOS). In addition, mitochondria also join the
metabolism of amino acid and fatty acid, and is the major
organelle in iron utilization [16–18]. Moreover, ferroptosis was
primarily characterized by the pathological changes of mitochon-
dria, such as the condensed density of mitochondrial membrane
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and the reduced mitochondrial volume, and mitochondria also
become a target for the development of ferroptosis inducers or
inhibitors [1, 19, 20]. Therefore, the pertinence between mito-
chondria and ferroptosis has attracted many scientists’ attention
in recent years. In 2019, Gao et al. first investigated the role of
mitochondria in ferroptosis. Their results indicated that mitochon-
dria play an important role in the ferroptosis induced by cysteine
deprivation, but not in the ferroptosis induced by GPX4 inhibition.
Besides, both tricarboxylic acid (TCA) cycle and mitochondrial
electron transport chain (ETC) activity are necessary for the
generation of lipid ROS in the ferroptosis induced by cysteine
deprivation. The inhibition of those canonical metabolic activity of
mitochondria can rescue the ferroptosis induced by erastin or
cystine starvation in cancer cells [16]. Therefore, the functional
relevance of mitochondria in ferroptosis is highly context
dependent.
Cytochrome c oxidase (COX) is an important complex in

mitochondrial ETC, and its function is to catalyze the conversion
of molecular oxygen into water, which is the terminal limiting step
of mitochondrial respiration. COX family includes 13 different
subunits, and one of them is cytochrome c oxidase subunit 7a
(COX7A) [21, 22]. COX7A contains two isoforms, which are
encoded by different genes, COX7A1 and COX7A2. Some studies
have indicated that COX7A1 holds an important position in the
super-assembly which integrates peripherally into multi-unit
heteromeric complexes in mitochondrial ETC [23, 24]. Besides
the function on energy generation and metabolism, our previous
study indicated that COX7A1 could block autophagic flux through
the upregulation of NOX2 as well as the downregulation of PGC-
1α. Meanwhile, the overexpression of COX7A1 inhibited cell
proliferation capacity and colony formation ability of human non-
small cell lung cancer cells, which was partly dependent on the
regulation of autophagy [25].
Autophagy is a mechanism of dysfunctional components

degradation and intracellular protein and organelle recycling.
During this self-degradative process, misfolded or aggregated
proteins and damaged organelles go into a double-membrane
vesicle, autophagosome, then autophagosome further fuses with
the lysosome to form autolysosome, resulting in the degradation
eventually [26, 27]. The degradation of mitochondria by autop-
hagy is called mitophagy, which is indispensable to eliminate
damaged mitochondrial structure and maintain mitochondrial
homeostasis [28, 29]. Besides, the interplay between mitochon-
drial dynamics and mitophagy is also considered as a key
mechanism in different mitochondrial disease models, even in
ferroptosis regulation [13, 20, 30]. However, the detailed relation-
ship among COX7A1, autophagy, mitochondria and ferroptosis is
still unclear. In this study, we mainly explored the role of COX7A1
in ferroptosis regulation in human nonsmall-cell lung carcinoma
(NSCLC) model. Our results indicated that COX7A1 enhanced TCA
cycle and the activity of complex IV in mitochondrial ETC, which
increased the sensitivity of NSCLC cells to the ferroptosis induced
by cysteine deprivation. Meanwhile, COX7A1 blocked autophagic
flux and inhibited mitochondrial dynamics as well as mitochon-
drial biogenesis and mitophagy, and autophagy activator relieved
the blockage induced by COX7A1 and further promoted the
sensitivity to cysteine deprivation-induced ferroptosis in NSCLC
cells. Totally, our study elucidates the promising therapeutic
position of COX7A1 and autophagy in the treatment of human
NSCLC via regulating mitochondria and ferroptosis.

MATERIALS AND METHODS
Cell culture
Human NSCLC cell lines, NCI-H838 (H838) and NCI-H1703 (H1703), were
purchased from the American Type Culture Collection (ATCC, USA).
Both cell lines were cultured using RPMI-1640 medium (Gibco, USA)
supplemented with 10% FBS (Gibco, USA), 100 U/mL penicillin and

0.1 g/mL streptomycin (Sigma, USA) in a humidified 37˚C incubator
with 5% CO2.
To establish COX7A1-overexpressed cell line, the coding sequence of

human COX7A1 gene was amplified using PCR (Phusion® High-Fidelity
DNA Polymerase, New England BioLabs, USA) and cloned into a pLenti6/
V5-D-TOPO vector (Addgene, USA) subsequently. The empty pLenti6/V5-D-
TOPO vector was applied in the Ctrl group. Then, the lentivirus was
prepared using ViraPower™ Lentiviral Expression Systems (K495000,
Thermo Fisher, USA). After transduction, the stable positive cells were
selected by blasticidin treatment (5 μg/ml, Thermo Fisher, USA).

Cell viability assay
The cell viability was measured in different groups using Cell Counting Kit-
8 (CCK-8, Dojindo, Japan) as the references [25, 31]. In brief, 10 μl of the
CCK-8 reagent was added to each well (containing 100 μl of medium) on
the 96-well microplate, and the microplate was incubated at 37 ˚C for 4 h.
Finally, the OD (450 nm) were detected in each group (n= 3). The cell
viability in the Ctrl group (without any treatment) was regarded as “100%”,
and the relative cell viability of the other groups was evaluated
respectively.

Real-time qRT-PCR
Real-time qPCR was then performed as our previously described
[10, 32, 33]. Herein, β-actin was applied in the qPCR normalization, and
all of experiments were measured in triplicate. Primer sequences (5’-3’) are
as follows:

COX7A1-Forward 5’-CCGCTTTCAGAACCGAGTG-3’
COX7A1-Reverse 5’-CCCTTCAGGTACAACGGGA-3’
PTGS2-Forward 5’-CGGTGAAACTCTGGCTAGACAG-3’
PTGS2-Reverse 5’-GCAAACCGTAGATGCTCAGGGA-3’
β-actin-Forward 5’-CCCAGAGCAAGAGAGG-3’
β-actin-Reverse 5’-GTCCAGACGCAGGATG-3’

Western blot
In this study, the western blot assay was performed as our previously
described [34, 35]. Briefly, the protein sample (20 μg/lane) was
separated using 8% or 12% SDS-PAGE gel and then transferred to
nitrocellulose membranes. The membrane was blocked using 5%
bovine serum albumin, then incubated with primary antibodies
overnight at 4 ˚C. In the present study, the primary antibodies used
were: anti-COX7A1 (1:3000; Abcam, ab123591, USA), anti-p62 (1:3000;
Abcam, ab56316, USA), anti-LC3 (1:3000; Sigma, L7543, USA), anti-
TMO20 (1:1000; Santa Crus, sc-17764, USA), anti-TIM23 (1:2000; Abcam,
ab230253, USA), anti-DRP1 (1:2000; Abcam, ab184247, USA), anti-MFN1
(1:1000; Proteintech, 13798-1-AP, USA), anti-VDAC (1:2000; Proteintech,
10866-1-AP, USA), anti-PINK (1:2000; Abcam, ab137361, USA), anti-
PARKIN (1:2000; Abcam, ab77924, USA), anti-PGC-1α (1:3000; Abcam,
ab54481, USA), anti-TFAM (1:1000; Cell Signaling, 7495, USA) and anti-
GAPDH (1:3000; Santa Cruz, sc-47724, USA). After incubated with HRP-
labeled secondary antibodies, the protein bands were visualized using
an enhanced chemiluminescence kit (SuperSignal West Femto Max-
imum Sensitivity Substrate, Thermo Fisher Scientific, USA) as well as
ChemiDoc Imagers (Bio-Rad Laboratories, USA). Full-length western
blots can be found in Supplemental Materials.

Live cell immunofluorescence microscopy
The Live cell immunofluorescence microscopy was performed as our
previously described [25, 36]. Briefly, H838 cells and H1703 cells,
cultured in 35 mm glass-bottom dishes, were transfected with ptf-
mRFP-GFP-LC3 reporter construct using Lipofectamine 3000 (Thermo
Fisher, USA) for 24 h. Then, the cells in each group were imaged with a
Zeiss Observer Fluorescence Microscope (Zeiss, Germany) in phenol
red-free medium.

Evaluation of malondialdehyde (MDA) and 4-hydroxynonenal
(4-HNE)
In this study, the MDA and 4-HNE in different groups were measured to
evaluate ferroptosis level. The MDA concentration and 4-HNE concentra-
tion in cell lysates were assessed using the Lipid Peroxidation (MDA) Assay
Kit (MAK085, Sigma-Aldrich, USA), and Lipid Peroxidation (4-HNE) Assay Kit
(ab238538, Abcam, USA) according to the manufacturer’s instructions.
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BODIPY staining
For BODIPY staining, H838 cells and H1703 cells were washed with PBS,
and incubated with 1 μM BODIPY 581/591 C11 (Thermo Fisher, USA) for
0.5 h at 37 oC. Then the cells were washed with PBS and analyzed with
Zeiss Observer Fluorescence Microscope (Zeiss, Germany).

TCA cycle assay
To evaluate the TCA cycle in each group, the key metabolites, α-
Ketoglutarate (α-KG) and succinate (Suc), were measured respectively. In
our research, α-KG was detected with a-Ketoglutarate Assay Kit (MAK054,
Sigma, USA), and Suc was measured using Succinate Colorimetric Assay Kit
(MAK184, Sigma, USA) according to the manufacturer’s instructions.

Evaluation of mitochondrial ETC activity
Herein, mitochondria in cell samples were isolated using Mitochondria
Isolation Kit for Cultured Cells (ab110170, Abcam, USA). Then, the activity
of Complex I to IV was evaluated using Complex I Enzyme Activity Assay Kit
(ab109721, Abcam, USA), Complex II Enzyme Activity Assay Kit (ab109908,
Abcam, USA), Mitochondrial Complex III Activity Assay Kit (K520-100,
Biovision, USA), and Complex IV Enzyme Activity Assay Kit (ab109909,
Abcam, USA) according to the manufacturer’s instructions respectively.

Measurement of mitochondrial membrane potential (MMP)
and ATP
The presence of mitochondria was evaluated by MitoTracker® Green FM
(9074S, Cell signaling, USA) staining. To detect MMP, the cells in different
groups were incubated with 0.5 mM TMRE (ab113852, Abcam, USA) for
30min, then washed with PBS. Finally, the MMP level in each group was
analyzed by flow cytometry. In addition, the ATP level was measured using
ATP Colorimetric/Fluorometric Assay Kit (MAK190, Sigma, USA) according
to the manufacturer’s instructions.

Xenograft mouse model
NOG mice were purchased from Charles River Laboratories. The 6-week-old
male mice (weight = 18–22 g) were injected with cancer cells (100 μL
containing 2 × 107 cells/mouse, i.h.). Then, the mice were divided into 4
groups (Ctrl, Rap, Era, and Era+Rap) for WT and COX7A1 overexpressed
cells, respectively. The tumor volume was measured using vernier caliper
(Volume= π/6 × Length ×Width2). After tumor volume was about
100–150mm³, the mice were divided into 4 groups randomly based on

tumor volume. Rapmycin (0.5 mg/kg) and erastin (15mg/kg) were
dissolved in 5% DMSO/corn oil, and injected into the mice intraperitoneally
(twice in one week) for five weeks. Then, the mice were sacrificed and
tumor weight was measured in each group (n= 5). The order of treatments
and measurements was kept same every time to minimize potential
confounders. In addition, the survival rate within 120 days was also
evaluated in different groups (n= 10). There were no exclusions or
blinding design in our study.

Statistical analysis
In this study, the results were presented as mean ± SD (n= 3), and the
statistical analysis was performed using SPSS 17.0. The unpaired Student’s
t-tests were used to compare the means between two different groups,
and one-way ANOVA with Bonferroni’s correction was applied to compare
the means among three or more groups. No statistical methods were
applied to predetermine the sample size in different groups, and no
blinding method or animal exclusion criteria was used for animal work. The
variance was similar between groups that were being statistically
compared. In addition, the one-tailed test was used in the Student’s t-
test, and p < 0.05 was considered statistically significant.

RESULTS
COX7A1 enhances the sensitivity of NSCLC cells to the
ferroptosis induced by cysteine deprivation
Some studies have indicated the anti-cancer potential of
COX7A1 in several types of lung cancer cells. Herein, lung
squamous cell carcinoma (LUSC) and lung adenocarcinoma
(LUAD), two most major subtypes of NSCLC, were chosen to
explore the position of COX7A1. To analyze the relationship
between COX7A1 and NSCLC, the expression level of COX7A1 in
LUSC tissues and LUAD tissues was evaluated using TCGA
database first. It was found that the level of COX7A1 was
significantly lower in the tumor tissues compared with normal
lung tissues (Fig. 1A). To confirm such results, the tumor tissues
and normal tissues from 6 NSCLC patients were harvested for
COX7A1 detection. Except Patient 1 (P1), the results from Patient
2 to Patient 6 (P2-P6) also showed that the expression of
COX7A1 in tumor tissues was much lower than normal lung

Fig. 1 The expression of COX7A1 in normal lung tissues and NSCLC tissues. A Comparison of COX7A1 mRNA levels between normal lung
tissues and NSCLC tissues. The expression level of COX7A1 in LUAD patients (num (Tumor tissue)= 483; num (Normal tissue)= 347) and LUSC
patients (num (Tumor tissue)= 486; num (Normal tissue)= 338) was evaluated using TCGA database. Besides, the tumor tissues and normal
tissues from 6 NSCLC patients (Patient 1 (P1) to Patient 6 (P6)) were harvested for COX7A1 detection in both mRNA (B) and protein levels (C).
Results are expressed as mean ± SD, and the P value less than 0.05 was considered statistically significant. *:P < 0.05 compared between
normal tissue and tumor tissue. D Immunohistochemistry staining of COX7A1 in the tumor tissue and normal tissue from Patient 3. Scale
bar= 100 μm.
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tissues in both RNA level and protein level (Fig. 1B–D), indicating
the anti-cancer potential of COX7A1 during the process of
NSCLC development.
To explore the function of COX7A1 in ferroptosis, the COX7A1

overexpression models were established in H838 (human LUAD
cell line) and H1703 (human LUSC cell line) respectively, which
were confirmed by qPCR and western blot (Figure S1A, B).
Similar to our previous study, the overexpression of COX7A1
inhibited cell proliferation capacity weakly (Figure S1C). How-
ever, the basal level of MDA, an important maker of ferroptosis,
didn’t show obvious difference between Ctrl group and Over-
expression group (Figure S1D). Meanwhile, ferroptosis model
was induced by cellular cysteine (CC) starvation and the
treatment with system Xc- inhibitor, erastin, respectively. We
found that the cell viability was inhibited by both CC starvation
and erastin treatment, and the inhibition could be further
enhanced by COX7A1 overexpression (Fig. 2A). Even though the
basal levels of MDA and 4-HNE didn’t show difference between
Ctrl group and Overexpression group, CC starvation and erastin
treatment induced higher levels of MDA and 4-HNE in COX7A1
overexpression group than Ctrl group (Fig. 2B, C). In addition,

the expression of PTGS2, a maker gene of ferroptosis, as well as
lipid peroxidation, were measured using qPCR and BODIPY
staining respectively, and the results also showed a similar
tendency as MDA and 4-HNE in different groups (Fig. 2D, E),
suggesting that the sensitivity of NSCLC cells to the ferroptosis
induced by cysteine deprivation could be enhanced by COX7A1
overexpression.

COX7A1 promotes mitochondrial TCA cycle in NSCLC cells
Both TCA cycle and glutaminolysis have been demonstrated to
be necessary in cysteine deprivation-induced ferroptosis, and
the block of TCA cycle or the absence of glutamine may relieve
CC starvation or erastin-induced ferroptosis (Fig. 3A) [16]. To test
the effect of COX7A1 on TCA cycle, the downstream metabolites
of glutaminolysis were examined in our study. We found that
the basal levels of α-Ketoglutarate (α-KG) and succinate (Suc)
were higher in COX7A1 overexpression group than Ctrl group,
and the absence of glutamine reduced the levels of α-KG and
Suc effectively. The treatment with α-KG also increased the
cellular Suc level, and the response in Overexpression group was
more severe compared with Ctrl group (Fig. 3B, C), indicating

Fig. 2 COX7A1 enhances the sensitivity of NSCLC cells to cysteine deprivation-induced ferroptosis. The ferroptosis model in NSCLC cells
was induced by cellular cysteine (CC) starvation and the treatment of erastin (5 μM) for 24 h respectively. Then, cell viability was evaluated
using CCK-8 method (A). To analyze the ferroptosis level, MDA (B) and 4-HNE (C) levels were measured in different groups. The expression of
PTGS2 (D) and lipid peroxidation (E) were detected using qPCR and BODIPY staining respectively. Scale bar= 10 μm. Results are expressed as
mean ± SD, and the P value less than 0.05 was considered statistically significant. *:P < 0.05 compared with the Ctrl group in CC(+)Erastin(−)
condition. #:P < 0.05 compared between Ctrl group and Overexpression (OE) group in same condition. &:P < 0.05 compared with the OE group
in CC(+)Erastin(−) condition.
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that COX7A1 promotes mitochondrial TCA cycle in human
NSCLC cells. In addition, the effect of glutamine starvation and
α-KG treatment was also evaluated in CC starvation-induced
ferroptosis model. The results showed that the ferroptosis was
rescued significantly by glutamine starvation, but was aggra-
vated by α-KG treatment, which also led to more obvious
difference on ferroptosis between Ctrl group and Overexpres-
sion group (Fig. 3D–G). Thus, those results indicated that the
effect of COX7A1 on mitochondrial TCA cycle contributed to the
enhanced sensitivity to cysteine deprivation-induced ferroptosis
in the cells with COX7A1 overexpression.

COX7A1 increases the activity of Complex IV in mitochondrial
ETC in NSCLC cells
The mitochondrial ETC is a series of electron transporters, which
are embedded in the mitochondrial inner membrane (Fig. 4A).
Mitochondrial membrane potential is generated by ETC, which is
necessary for ATP production. The different components (Com-
plex I to IV) in ETC are also required for ferroptosis induced by
cysteine deprivation. Therefore, the effect of COX7A1 on different
ETC components was detected in NSCLC cells herein. Our results
indicated that COX7A1 overexpression increased mitochondrial
membrane potential and promoted ATP production in NSCLC
cells (Figure S2A, B). Besides, the activity of Complex IV in
mitochondrial ETC was enhanced by COX7A1 overexpression,
while COX7A1 inhibited the activity of Complex I and Complex II,
and no obvious difference could be found about the Complex III

activity between Ctrl group and Overexpression group (Fig. 4B),
suggesting that the enhanced activity of Complex IV could play
an important role in the function of COX7A1 on ferroptosis
regulation. Thus, NaN3, a inhibitor of Complex IV in mitochondrial
ETC, was used to confirm the mechanism. We found that the
treatment with NaN3 relieved cysteine deprivation-induced
ferroptosis in both Ctrl group and Overexpression group. More
importantly, after the treatment with NaN3, there were no
obvious difference between Ctrl group and Overexpression group
in most ferroptosis-related detections, except the MDA level and
PTGS2 expression in H1703 cells (Fig. 4C–F).

COX7A1 blocks mitochondrial dynamics as well as
mitochondrial biogenesis and mitophagy via inhibiting
autophagic flux
Our previous study has indicated that COX7A1 could block the
autophagic flux in NSCLC cells. Herein, the results further
confirmed this conclusion. We found that the overexpression of
COX7A1 led to the up-regulation of p62 and LC3 expression
obviously (Figure S3A). Besides, the autophagic flux was analyzed
by the transfection of tandem mRFP-GFP-LC3 reporter construct
(yellow puncta: autophagosomes; red puncta: autolysosomes), and
the results showed the increased amount of yellow puncta in
Overexpression group compared with Ctrl group, indicating that
COX7A1 overexpression resulted in the accumulation of autopha-
gosomes. In addition, the treatment with rapamycin (Rap), an
autophagy activator, rescued the block of autophagic flux, and

Fig. 3 COX7A1 promotes mitochondrial TCA cycle in NSCLC cells. An overview of TCA cycle was showed in A The ferroptosis model was
induced by cellular cysteine (CC) starvation for 24 h. Meanwhile, the cells were treated with glutamine (Glu) starvation or α-Ketoglutarate (α-
KG, 5 mM). The levels of α-KG (B) and succinate (Suc, C) were measured in each group. In addition, cell viability (D), MDA (E), 4-HNE (F) as well
as the expression of PTGS2 (G) were also measured respectively to evaluate ferroptosis in different groups. Results are expressed as mean ± SD,
and the P value less than 0.05 was considered statistically significant. *:P < 0.05 compared with the Ctrl group in CC(+)Glu(+)α-KG(−)
condition. #:P < 0.05 compared between Ctrl group and Overexpression (OE) group in same condition. &: P < 0.05 compared with the OE
group in CC(+)Glu(+)α-KG (−) condition.
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promoted the formation of autolysosomes (red puncta) in both
Ctrl group and Overexpression group (Figure S3B).
Autophagy is considered as a key determinant for mitochondrial

metabolism and function. Even though COX7A1 blocked the
autophagic flux in NSCLC cells, the content of mitochondria didn’t
show obvious difference between Ctrl group and Overexpression
group, which was indicated by the similar MitoTracker signaling and
mitochondrial protein (TOM20 and TIM23) levels (Figure S4A, B).
However, our previous results showed that COX7A1 inhibited the
activity of Complex I and Complex II in mitochondrial ETC (Fig. 4B).
Therefore, COX7A1 should also hold a negative regulatory function
in mitochondrial metabolism and function.
Mitochondria are dynamic organelles, which engage in the

coordinated cycles of fission and fusion. Thus, the mitochondrial
dynamics as well as mitochondrial biogenesis and mitophagy
were further evaluated in our following study. Herein, mitochon-
drial fission-associated protein DRP1 and mitochondrial fusion-
associated protein MFN1 were measured respectively. The results
showed that the levels of both DRP1 and MFN1 didn’t show
significant difference in the total cell lysate from Ctrl goup and
Overexpression group. However, COX7A1 downregulated the
protein levels of DRP1 and MFN1 in mitochondria obviously,
which could be abolished by Rap treatment (Fig. 5A). In addition,
the overexpression of COX7A1 suppressed the expression of
mitophagy-associated proteins (PINK and PARKIN) as well as
mitochondrial biogenesis-associated proteins (PGC-1α and TFAM),
and Rap treatment also rescued the inhibition effectively (Fig. 5B).

Totally, those results revealed that COX7A1 could block mitochon-
drial dynamics as well as mitochondrial biogenesis and mitophagy
via inhibiting autophagic flux, which could be rescued by
autophagy activation.

Rapamycin enhances the sensitivity of NSCLC cells to cysteine
deprivation-induced ferroptosis via regulating TCA cycle and
mitochondrial ETC
As Rap enhanced the mitochondrial dynamics as well as
mitochondrial biogenesis and mitophagy, the effect of Rap on
TCA cycle and mitochondrial ETC was detected in this study. We
found the basal levels of α-KG and Suc were increased significantly
in both Ctrl goup and Overexpression group after the Rap
treatment. Especially, the difference between Ctrl goup and
Overexpression group was reduced by the treatment of Rap
(Fig. 6A). The activity of different ETC components was also
evaluated, and the results showed that the activity of all ETC
components (Complex I to IV) was enhanced by Rap treatment.
Beside Complex IV, no obvious difference could be found between
Ctrl group and Overexpression group after the treatment of Rap
(Fig. 6B). The response to cysteine deprivation-induced ferroptosis
was further evaluated in NSCLC cells treated with Rap. The results
indicated that Rap treatment increased the sensitivity of NSCLC
cells to cysteine deprivation-induced ferroptosis in both Ctrl group
and Overexpression group. Consistent with TCA cycle detection,
Rap treatment decreased the difference on ferroptosis response
between Ctrl group and Overexpression group, even though the

Fig. 4 Effect of COX7A1 on mitochondrial ETC in NSCLC cells. The scheme of mitochondrial electron transport chain (ETC) complexes was
showed in A. The activity of different complexes (Complex I to IV) in mitochondrial ETC were analyzed respectively (B). The ferroptosis model
was induced by cellular cysteine (CC) starvation for 24 h. Meanwhile, the cells were treated with Complex IV inhibitor, NaN3 (15mM). Then cell
viability (C), MDA (D), 4-HNE (E) as well as the expression of PTGS2 (F) were also measured respectively to evaluate ferroptosis in different
groups. Results are expressed as mean ± SD, and the P value less than 0.05 was considered statistically significant. *:P < 0.05 compared with
the Ctrl group in CC(+)NaN3(−) condition. #:P < 0.05 compared between Ctrl group and Overexpression (OE) group in same condition.
&:P < 0.05 compared with the OE group in CC(+)NaN3(−) condition.

Y. Feng et al.

6

Cell Death and Disease          (2022) 13:988 



ferroptosis level in COX7A1 overexpression group are still higher
than Ctrl group (Fig. 6C–F). In addition, the therapeutic action of
the combination of erastin (Era, ferroptosis inducer via cysteine
deprivation) and Rap against NSCLC was also evaluated in vivo.
Our results showed that the combination of Era and Rap hold
better therapy function than single Era or Rap. In the Rap+Era
group, the survival rate was improved and the tumor weight was
lower compare with signal Era or Rap group (Fig. 7A, B).

DISCUSSION
The functional relevance of mitochondria in ferroptosis has been
investigated by some researchers in recent years. For example, both
mitochondrial damage and mitochondrial ROS production are
associated with ferroptosis [1], and some compound which targets
mitochondria also can be used as ferroptosis inhibitor [37].
Moreover, the suppression of mitochondrial TCA cycle or ETC
mitigates the accumulation of lipid ROS as well as ferroptosis [16].
Therefore, all of these studies indicate the potential involvement of
mitochondria in the process of ferroptosis. However, some scientists
also show opposite results against the central role of mitochondria
in ferroptosis. Gaschler MM et al. explored the functional relevance
of mitochondria to ferroptosis suppression induced by ferrostatins.
Their results showed that endoplasmic reticulum might play a more
important role in the ferroptosis inhibition, and mitochondria were
not required for the ferroptosis regulation. Moreover, no significant

correlation could be found between mitochondrial localization of
ferrostatins and their anti-ferroptosis function [38]. Therefore, the
accurate functional relevance of mitochondria in ferroptosis
regulation could be different in different models, and still need
our further investigation. In this study, we mainly explored the effect
of COX7A1 on mitochondrial metabolism and cellular sensitivity to
ferroptosis. On the one hand, our results showed that TCA cycle and
the activity of complex IV in mitochondrial ETC could be enhanced
by COX7A1 overexpression, which increased the sensitivity of NSCLC
cells to the ferroptosis induced by cysteine deprivation. On the other
hand, COX7A1 blocked autophagic flux and inhibited mitochondrial
dynamics as well as mitochondrial biogenesis and mitophagy, which
influence the activity of complex I and II in mitochondrial ETC.
Moreover, Rap, an autophagy activator, could relieve the blockage
induced by COX7A1 and further promoted the sensitivity to cysteine
deprivation-induced ferroptosis in NSCLC cells (Fig. 8).
Autophagy is regarded as a natural survival-promoting path-

way. In the process of autophagy, the unnecessary or dysfunc-
tional components will be captured and degraded in lysosomes,
and the useful components will be recycled to support the cellular
metabolism. The autophagic elimination of mitochondria is called
“mitophagy”, which is important to maintain the healthy state of
mitochondria, as well as the balance between mitochondrial
biogenesis and degradation. PINK1 is a kind of E3 ubiquitin ligase,
and it also accumulates on the outer membrane of dysfunctional
mitochondria and causes the binding between PARKIN and

Fig. 5 COX7A1 blocks mitochondrial dynamics as well as mitochondrial biogenesis and mitophagy via affecting autophagy. The NSCLC
cells were treated with rapamycin (Rap, 100 nM) for 24 h, then harvested for western blot detection. Herein, mitochondrial fission-associated
protein DRP1 and mitochondrial fusion-associated protein MFN1 were measured in total cell lysate and mitochondria respectively (A). Besides,
mitophagy-associated proteins (PINK and PARKIN) as well as mitochondrial biogenesis-associated proteins (PGC-1α and TFAM) were also
detected in whole cell lysate (B). Results are expressed as mean ± SD, and the P value less than 0.05 was considered statistically significant.
*:P < 0.05 compared between Group I and Group II. #:P < 0.05 compared between Group I and Group III. &:P < 0.05 compared between Group
III and Group IV.
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defective mitochondria, which further leads to the autophagic
elimination of those mitochondria. In this study, we found that the
overexpression of COX7A1 decreased the protein levels of both
PINK1 and PARKIN, indicating the blocking effect of COX7A1 on
mitophagy. In addition, our previous results have indicated the
suppression of COX7A1 on PGC-1α (mitochondrial biogenesis
activator) expression [25]. Herein, we also confirmed this
conclusion, and found that another mitochondrial biogenesis
regulator, TFAM, was downregulated by COX7A1 overexpression
as well. Therefore, the phenomenon, no obvious change on the
total amount of mitochondria, could be caused by the blockage in
both mitochondrial biogenesis and elimination. Besides, we also
notice the inhibition of mitochondrial fission and fusion were
induced by COX7A1 overexpression, and both DRP1 (mitochon-
drial fission-associated protein) and MFN1 (mitochondrial fusion-
associated protein) were downregulated in COX7A1 overexpres-
sion group compared with Ctrl group in mitochondria. The
complex relationships among mitochondrial fission and fusion, as
well as mitochondrial biogenesis and mitophagy, have gradually
been revealed by many scientists in recent years. For example,
mitochondria injury can be aggravated mitochondrial fission
accompanied with mitophagy, resulting in the cell death through
excessive self-consumption [39, 40]. Meanwhile, mitochondrial
fission and fusion also can be eliminated by mitophagy in some
degree [41]. Thus, which mechanism holds the major potential in

the function of COX7A1 on mitochondrial activity and ferroptosis
regulation, still needs our further investigation.
Rap is a specific inhibitor of mTOR signaling pathway. This

compound has been demonstrated to hold effective therapeutic
action against certain diseases, such as cancer [42, 43], diabetes
[44, 45] and even some genetic disorders [46, 47]. In addition, Rap
is also considered as a functional autophagy activator, which has
been identified in various of cell lines. However, the detailed
mechanism and the accurate downstream targets related with
autophagy are still unclear for us [48–50]. Herein, our research
indicated a novel function of Rap, enhancing the sensitivity of
NSCLC cells to cysteine deprivation-induced ferroptosis. Some
groups have showed that autophagy promotes TCA cycle via the
regulation of amino acids metabolism [51], and Rap also can
increase the activity of ETC complex [52]. Even though COX7A1
increased the activity of complex IV in mitochondrial ETC and
enhanced TCA cycle, COX7A1 also inhibited mitochondrial
dynamics as well as mitochondrial biogenesis and mitophagy
via blocking autophagic flux, which might decrease the sensitivity
of NSCLC cells to cysteine deprivation-induced ferroptosis. Mean-
while, Rep treatment relieved COX7A1-induced blockage of
autophagy and obviously enhanced the sensitivity to cysteine
deprivation-induced ferroptosis in NSCLC cells. Therefore, the
combination of ferroptosis inducer and Rep could be a promising
therapy mode against cancer in clinic.

Fig. 6 Rapamycin enhances the sensitivity of NSCLC cells to cysteine deprivation-induced ferroptosis through regulating TCA cycle and
mitochondrial ETC. The NSCLC cells were treated with rapamycin (Rap, 100 nM) for 24 h, then the ferroptosis model was induced by cellular
cysteine (CC) starvation for another 24 h.The levels of α-KG and Suc (A) as well as the activity of different complexes (Complex I to IV) in
mitochondrial ETC (B) were analyzed respectively. In addition, cell viability (C), MDA (D), 4-HNE (E) as well as the expression of PTGS2 (F) were
also detected respectively to evaluate ferroptosis in different groups. Results are expressed as mean ± SD, and the P value less than 0.05 was
considered statistically significant. In Fig. 2B, *:P < 0.05 compared between Ctrl group and Ctrl+Rap group. #:P < 0.05 compared between Ctrl
group and Overexpression (OE) group; &:P < 0.05 compared between OE group and OE+ Rap group; %:P < 0.05 compared between Ctrl+Rap
group and OE+ Rap group. In other figures, *:P < 0.05 compared with the Ctrl group in CC(+)Rap(−) condition. #:P < 0.05 compared between
Ctrl group and Overexpression (OE) group in same condition. &:P < 0.05 compared with the OE group in CC(+)Rap(−) condition.
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The relevance between disease free survival rate and COX7A1
was evaluated in LUAD patients and LUSC patients using TCGA
database. The high expression and low expression of COX7A1
were determined by the median value of COX7A1 mRNA
transcripts per million (TPM). The univariate cox proportional
hazard regression assay indicated that the mRNA level of COX7A1
wasn’t related with disease free survival rate in either LUAD
patients or LUSC patients significantly (Figure S5A, B), even
though the level of COX7A1 was significantly lower in the tumor
tissues compared with normal lung tissues (Fig. 1A). It could be
possible that COX7A1 holds more promising potential in the
diagnosis, but not in the treatment of human NSCLC. However,
ferroptosis inducers, such as erastin, haven’t been applied in the
clinical treatment of NSCLC widely so far. Besides, the therapy
modes for the patients in TCGA database are also different from
each other. Thus, if the NSCLC patients are treated with ferroptosis
inducers, whether the survival rate in high COX7A1 expression
group could be higher than that in low COX7A1 expression group,
still needs more clinical investigation.
In conclusion, our current study mainly addressed the link

between COX7A1 and ferroptosis in human NSCLC model.
COX7A1 increased the sensitivity of NSCLC cells to the ferroptosis
induced by cysteine deprivation via promoting TCA cycle and the
activity of complex IV in mitochondrial ETC. In addition,
COX7A1 suppressed mitochondrial dynamics as well as mitochon-
drial biogenesis and mitophagy through blocking autophagic flux.
Rap, an autophagy activator, relieved the blockage induced by
COX7A1 and further strengthened the sensitivity to cysteine
deprivation-induced ferroptosis. Although the crosstalk among
COX7A1, mitochondrial metabolism, autophagy and ferroptosis
needs to be investigated intensively, our research provides a novel
insight into the therapy mode against human NSCLC.

Fig. 7 Anti-tumor efficacy of erastin (Era) and Rap in xenograft mouse model.WT and COX7A1 overexpressed (OE) H838 cells were injected
into NOG mice, and the mice were further treated with Era and Rap. The survival rate (n= 10) within 120 days was also evaluated in different
groups (A).The univariate cox proportional hazard regression assay was performed to compare the difference of survival rate between
different group. *:P < 0.05 compared between two different groups. In addition, the mice were sacrificed and tumor weight (n= 5) was
measured in each group (B, Scale bar= 1 cm). Results are expressed as mean ± SD, and the P value less than 0.05 was considered statistically
significant. *:P < 0.05 compared with the Ctrl group. #:P < 0.05 compared between Era group and Rap+ Era group.

Fig. 8 Proposed model for the relationship between COX7A1 and
cysteine deprivation-induced ferroptosis. COX7A1 increased the
sensitivity of NSCLC cells to the ferroptosis induced by cysteine (Cys)
deprivation via enhancing TCA cycle and the activity of complex IV
in mitochondrial ETC. Meanwhile, COX7A1 suppressed mitochon-
drial activity through blocking autophagy.
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