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Abstract: Recent advances in cancer research have revealed a close relationship between mitochondrial dysfunc-
tion and cancer development. Human COX assembly factor 3 (COA3), also known as CCDC56, is a mitochondrial
transmembrane protein responsible for cytochrome ¢ oxidase (COX) protein complex assembly. However, the clinical
implication and biological functions of COA3 remain unexplored in human cancers, including non-small cell lung
cancer (NSCLC). Here, we found that COA3 is overexpressed at both mRNA and protein levels in human NSCLC cells,
mainly as a result of decreased miR-338-3p level. The protein expression level of COA3 is positively associated with
lymph node metastasis and predicts poor survival in patients with NSCLC. Silencing of COA3 significantly attenu-
ated, while forced COA3 expression enhanced the migration and invasiveness of NSCLC cells. Mechanistically, we
found that aerobic glycolysis, induced at least in part by dynamic-related protein 1 (DRP1) phosphorylation-mediat-
ed mitochondrial fragmentation, contributed to COA3-promoted NSCLC metastasis. Together, our study illustrates
that COA3 plays a crucial role in NSCLC carcinogenesis, implying COA3 as a prognostic marker and treatment target

in NSCLC.
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Introduction

Non-small cell lung cancer (NSCLC) is one of
the most common causes of cancer-related
deaths worldwide [1]. Despite significant ad-
vances in the management of NSCLC, the sur-
vival of NSCLC patients remains poor for our
incomplete understanding of the molecular
mechanisms driving this malignancy [2, 3].
Therefore, it is necessary to study key factors
associated with the progression of NSCLC to
develop novel therapies for treatment of this
malignancy.

In addition to their roles in energy production,
mitochondria also play crucial roles in the regu-
lations of cell death and redox homeostasis [4].
The functions of mitochondria are closely asso-
ciated with their morphology, which is dynami-
cally regulated by fission and fusion events [5].
Mitochondrial dynamic dysfunction has been
reported to play crucial roles in the develop-
ment of many human diseases, including can-

cer [6]. In addition, several lines of evidence
also suggested that mitochondrial dynamic dys-
function is a common cause of reprogrammed
metabolism in cancer cells [6, 7]. Human cy-
tochrome ¢ oxidase (COX) assembly factor 3
(COA3), also known as CCDC56, is a mitochon-
drial transmembrane protein involved in the
assembly of COX protein complex [8, 9]. How-
ever, the clinical implication and biological func-
tions of COA3 remain unexplored in human can-
cers, especially in metabolism reprogramming.

In the present study, we systematically ana-
lyzed the expression profile, clinical implication
and functions of COA3 in NSCLC.

Materials and methods
Cell lines

Human NSCLC cell lines (A549, H1299, HCC-
827, H1975, H460 and H1650) and bronchial
epithelial cell line (BEAS-2B) were derived from
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the American Type Culture Collection (ATCC).
These cell lines were cultured in RPMI-1640
medium (Gibco) containing 10% fetal bovine
serum (FBS) with 5% CO, at 37°C. All cell lines
were mycoplasma-free and tested by short tan-
dem repeat (STR) analysis.

Knockdown or over-expression of target genes

Synthesized siRNA duplexes targeting COA3
(si-COA3) and non-targeting control siRNA
(siCtrl) were prepared by chemical synthesis in
GeneChem, China. The target sequence of
si-COA3 was 5-GAAGCUGACACCCGAGCAA-3’
(siCOA3#1) and 5-GGUUACACCUUCUACUCGA-
3’ (siCOA3#2). For overexpression of COA3, the
coding sequence of COA3 was amplified by PCR
assay and then inserted into pcDNA™3.1 vec-
tor. Transfections of siRNAs or expression vec-
tors were performed with Lipofectamine 3000
(Invitrogen, USA).

Western blotting assay

Cell lysates were heated in boiling water and
then separated by sodium dodecyl sulfate-po-
lyacrylamide gel electrophoresis (SDS-PAGE).
Protein was transferred onto PVDF membrane
and probed with primary antibodies against
COA3 (Abcam, ab122199), ZO-1 (Proteintech,
20742-1-AP), E-cadherin (Proteintech, 20874-1-
AP), Vimentin (Proteintech, 10366-1-AP), N-ca-
dherin (Proteintech, 22018-1-AP), MFNZ1 (Pro-
teintech, 13798-1-AP), MFN2 (Proteintech,
12186-1-AP), OPA1 (Proteintech, 27733-1-AP),
DRP1 (Proteintech, 12957-1-AP), DRP1-S616
(Cell Signaling, #3455), DRP1-S637 (Abcam,
ab193216), Fisl (Proteintech, 10956-1-AP),
MFF (Proteintech, 17090-1-AP) and B-actin
(Proteintech, 66009-1-Ig).

Quantitative real-time PCR (QqRT-PCR) assay

Extracted RNA was reversely-transcribed with
a PrimeScript® RT reagent kit (Takara, Japan).
PCR amplification was performed using the
gPCR SYBR Green Master Mix (Takara Bio-
technology). Primers used were provided in
Table S1. Relative mRNA expression level was
normalized to B-actin.

Cell proliferation and colony formation assays

For cell proliferation, 2000 NSCLC cells were
plated in 96-well plates. An MTS assay kit
(Abcam, ab197010) was used to measure cell
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viability at the indicated time points following
the manufacturer’s instruction. For colony for-
mation, cells were plated at a concentration of
1000 cells per well in 6-well plates and cul-
tured for 12 days. Colonies were stained with
crystal violet and counted.

Cell migration and invasion assays

To determine cell migration ability, a scratch
was made with a yellow plastic pipette in
6-plate well when cells grown to about 85%
confluency. Forty-eight hours after seeding, cell
migration was photographed. To determine cell
invasion ability, transwell filter chambers pur-
chased from Corning Biosciences in 24-well
dishes were used. Forty-eight hours after seed-
ing, invaded cells were fixed, stained and
counted.

Tissue collection and immunohistochemistry
(IHC) analysis

A total of 311 pairs tumor and non-tumor tis-
sues of NSCLC were used in this study. Among
them, 30 pairs used for qRT-PCR analysis were
collected at the Institute of Pulmonary Diseas-
es of the Air Force Medical University between
2019 and 2020. The other 281 pairs used for
IHC analysis were purchased from Shanghai
Outdo Biotech (Shanghai, China), which was
collected between 2011 and 2015 with a medi-
an duration of follow-up of 42 months (2 to 120
months). The research protocols were approved
by the ethics committee of the Air Force Medi-
cal University in Xi'an, China. Informed consent
was obtained from all the patients in the study.

IHC staining of target proteins was performed
as follows: Tissue sections were rehydrated,
antigen retrieved, and blocked with 5% BSA.
Slides were then incubated with primary anti-
bodies targeting COA3 (Proteintech, 20427-
1-AP, 1:250 dilution) or Ki-67 (Proteintech,
27309-1-AP, 1:250 dilution) at 4°C overnight.
The signals were detected using an IHC detec-
tion kit (MXB, Fuzhou, China).

Cell cycle and apoptosis assays

NSCLC cells were collected and resuspended
in cold phosphate-buffered saline (PBS). Cell
cycle was analyzed using a cell cycle detec-
tion kit (@ab112116, Abcam). Briefly, cells were
washed three times in cold PBS and fixed in
cold 70% ethanol for 10 h. After that, cells were
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incubated in 1 mL staining solution containing
RNase and propidium iodide (PI) for 30 min in
the dark at 4°C. The results were finally evalu-
ated by Flow cytometry (Beckman, Fullerton,
CA). In addition, a cell apoptosis detection kit
(F-6012, US Everbright Inc) was used for cell
apoptosis analysis. Briefly, NSCLC cells were
incubated in 0.5 mL binding buffer, 5 pL
Annexin 5-FITC and PI for 25 min in the dark at
room temperature. The results were finally eval-
uated by Flow cytometry (Beckman, Fullerton,
CA).

In vivo metastasis assay

The tail vein metastatic nude mice model was
used to determine in vivo metastasis ability of
NSCLC cells. Briefly, a total of 2 x 10% H1299
cells with COA3 knockdown or HCC827 cells
with COA3 overexpression were injected into
the tail vein of 4-6-week-old male BALB/c nude
mice. The mice were housed in SPF environ-
ment at temperature 22-25°C on a 12 h light/
dark cycle with free access to water and stan-
dard food. Mice were euthanized five weeks
after cells injection and their lungs were dis-
sected, fixed in formalin, embedded in paraffin
and histologically analyzed by H&E staining
assay. For H&E staining, sections were dewax-
ed and rehydrated. After that, sections were
stained with hematoxylin for 10 s and blued for
3 min in water. Next, sections were counter
stained with eosin solution for 30 s and washed
in water. The staining images were acquired
using a microscope (Olympus).

Animal experiments were approved by the
Institutional Animal Care and Use Committee of
the Air Force Medical University.

Mitochondria staining

Mitotracker Green FM (M7514, Invitrogen,
USA), a green fluorescent dye, was used for
mitochondrial morphology analysis. Briefly,
NSCLC cells were seeded in confocal dish and
incubated with Mito Tracker green FM for 25
min. Images were acquired using an confocal
microscope (Olympus).

Oxygen consumption rate (OCR) measurement

Seahorse XF24 analyzer (Boston, USA) was
used for evaluation of OCR in NSCLC cells. Ce-
lls (8 x 10°%) were seeded into an XF24-well cell
culture plate. Before OCR detection, Seahorse
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XF basal media was used for equilibration.
Measurements were conducted following the
manufacturer’s instructions. Finally, the OCR
was normalized to total protein content.

Measurement of mitochondrial respiratory
chain complexes activities

To measure the activities of mitochondrial
respiratory chain complexes |-V, a commercial
complete oxidative phosphorylation (OXPHOS)
activity assay kit derived from Abcam (ab-
110419) was used. Detections were perform-
ed according to the manufacturer’s protocols.
Absorption values were measured using a Bio-
Rad microplate reader. Finally, the activities
were normalized to total protein content.

Measurement of glucose consumption, lactate
production and PH value

For measurement of glucose consumption and
lactate production, the changes of glucose or
lactate concentration after 24 h cell culture
were determined. Detection was conducted
using a glucose or lactate detection kit (Nan-
jing jiancheng Bioengineering institute, China)
following the manufacturer’s protocol. For mea-
surement of PH value, a calibrated PB-11 Basic
pH Meter was used. The device was calibrated
with three calibration solutions before the mea-
surement. Calibration and measurement were
performed following the manufacturer’s instruc-
tion at 37°C.

Metabolite measurements

NSCLC cells were washed three times with a
mannitol solution. Then, metabolites extraction
was performed. Briefly, cells were suspended in
PBS and frozen in liquid nitrogen. After that,
cells were resuspended in 500 yL of methanol
aqueous solution (80%), followed by centrifu-
gation at 4°C for 30 min (13,000 g). Metabo-
lites in the supernatant were lyophilized for
metabolomics analysis with gas chromatogra-
phy-mass spectrometry (GC-MS) following the
manufacturer’s protocol. Finally, metabolomics
were normalized to total protein content.

Statistical analysis

Statistical analysis was conducted with SPSS
software (17.0 version). The data was present-
ed as mean z standard error of the mean
(SEM), and P<0.05 was considered statistically

Am J Cancer Res 2022;12(8):3662-3678



COA3 promotes NSCL cancer metastasis

significant. The results were analyzed by two-
tailed Student’s t-test (between two groups) or
one-way analysis of variance (ANOVA) with
Tukey’s post-hoc test (more than two groups).
For survival analysis of NSCLC patients with dif-
ferent COA3 expression levels, the Kaplan-
Meier method and log-rank test were used.

Results

Upregulation of COA3 predicts poor survival for
NSCLC patients

We first analyzed the expression of COX assem-
bly factor 3 (COA3) in The Cancer Genome Atlas
Program (TCGA) dataset with the online web
portal UALCAN [10]. Both mRNA and protein
expressions of COA3 were significantly upregu-
lated in non-small cell lung cancer (NSCLC) tis-
sues as compared to normal lung tissues
(Figure 1A). To confirm the expression pattern
of COA3 in NSCLC, we assessed COA3 expres-
sion in 30 pairs NSCLC and surrounding non-
tumorous tissues at mMRNA level using quantita-
tive reverse transcription PCR (QRT-PCR) assay.
The mRNA expression levels of COA3 were sig-
nificantly upregulated in NSCLC tissues as com-
pared to paired normal lung tissues (Figure
1B). Consistently, IHC staining of COA3 at the
protein level in another cohort of 281 pairs
NSCLC and adjacent non-tumor tissues also
revealed that COA3 expression was markedly
higher in NSCLC tissues than in adjacent non-
tumor tissues (Figure 1C). Additionally, up-regu-
lation of COA3 was also found in a panel of
human NSCLC cell lines, showing that COA3
expressions at both mRNA and protein levels
were obviously higher in NSCLC cell lines than
in an immortalized bronchial epithelial cell line
(Figure 1D, 1E). To reveal the clinical relevance
of COA3 expression in NSCLC, the correlation
between the protein expression levels of COA3
and the survival of patients were analyzed.
COA3 expression at protein level was inversely
correlated with overall survival (OS) of NSCLC
patients (Figure 1F). In addition, COA3 expres-
sion at protein level was also positively asso-
ciated with the metastatic status of NSCLC
patients (P<0.012) (Table S2). Together, these
data demonstrate that COA3 are significantly
upregulated in NSCLC, which predicts poor sur-
vival for NSCLC patients.
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Silencing of COA3 suppressed NSCLC cell
migration and invasion by inhibiting epithelial-
mesenchymal transition (EMT)

To explore the role of COA3 in tumorigenesis of
NSCLC, we silenced COA3 expression in two
NSCLC cell lines (H1299 and H1975 cells)
expressing relatively high COA3 (indicated in
Figure 1D, 1E). Successful silencing of COA3
expression in H1299 and H1975 cells was con-
firmed by qRT-PCR and western blotting assays
(Figure 2A, 2B). Silencing of COA3 resulted in a
significant reduction in cell migration and inva-
sion (Figure 2C, 2D), but had no effect on pro-
liferation and colony-forming abilities of NSC-
LC cells (Figure S1A, S1B). We next explored
whether COA3 induced epithelial-mesenchymal
transition (EMT), which is a prerequisite me-
chanism in tumor metastasis. COA3 silencing
increased epithelial markers of ZO-1 and E-ca-
dherin, while decreased mesenchymal markers
of N-cadherin and vimentin (Figure 2E, 2F),
suggesting that COA3 silencing may suppress
metastasis of NSCLC by inhibiting the EMT
program.

To further study the role of COA3 in NSCLC
metastasis in vivo, stable COA3 knockdown
(shCOA3) or control (shCtrl) H1299 cells (Figure
S1C and S1D) were injected into the nude mice
through the tail vein. Five weeks after cells
injection, metastasis in the lungs was exam-
ined by hematoxylin and eosin (H&E) staining.
We found a significant decrease of microscopi-
cally visible metastatic tumor nodules in COA3
knockdown group as compared with the control
group (Figure 2G).

Forced COA3 expression promoted NSCLC me-
tastasis

To further validate the function of COA3 in
NSCLC metastasis, COA3 was upregulated in
HCC827 and H460 cells expressing low levels
of COA3 (indicated in Figure 1D, 1E). Success-
ful overexpression of COA3 was confirmed by
gRT-PCR and western blotting assays (Figure
3A, 3B). Our results showed that forced COA3
expression markedly enhanced the migration
and invasion capacities of HCC827 and H460
cells (Figure 3C, 3D). Additionally, a significant
increase in microscopically visible metastatic
nodules was observed in the lungs of nude
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Figure 1. Upregulation of COA3 predicts poor survival for NSCLC patients. A. The expressions of COX assembly factor
3 (COA3) were analyzed in non-small cell lung cancer (NSCLC) of The Cancer Genome Atlas Program (TCGA) dataset
at both mRNA (Left panel) and protein (Right panel) levels. B. Quantitative reverse transcription PCR (qRT-PCR)
analysis for mRNA expression levels of COA3 in 30 pairs NSCLC and surrounding non-tumorous tissues. C. The pro-
tein expression levels of COA3 were determined by IHC staining analysis in another cohort of 281 pairs NSCLC and
adjacent non-tumor tissues. D and E. COA3 expression at both mRNA and protein levels were determined in a panel
of human NSCLC cell lines by gRT-PCR and western blotting assays. F. Correlation between the protein expression
levels of COA3 and survival of NSCLC patients was analyzed.

mice from COA3 overexpression (COA3) group
than those from control (empty vector, EV)
group (Figure 3E). Overall, these data indicate
that forced COA3 expression promotes NSCLC
metastasis.

COAS3 up-regulation is mainly caused by de-
creased miR-338-3p expression in NSCLC

Previous studies have demonstrated that de-
creased microRNA (miRNA) isa common means
of upregulating oncogenes during tumorigene-
sis. To determine whether COA3 upregulation
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in NSCLC is mediated by decreased miRNA
level, we screened potential miRNAs targeting
COA3 using the microRNA Data Integration
Portal (mirDIP) [11]. We found that, among the
top five screened miRNAs (Figure S2A), only
miR-338-3p transfection decreased COA3 ex-
pression at both mRNA and protein levels in
H1299 and H1975 cells (Figure 4A, 4B).
Additionally, COA3 expression was negatively
associated with miR-338-3p level in tumor tis-
sues from 30 NSCLC patients (Figure 4C). Me-
anwhile, decreased miR-338-3p levels were
also observed in tumor tissues of NSCLC as
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Figure 2. Silencing of COA3 suppressed NSCLC cell migration and invasion by inhibiting epithelial-mesenchymal
transition (EMT). A and B. qRT-PCR and Western blotting assays were conducted for COA3 expression in H1299 and
H1975 cells with COA3 knockdown. C and D. The effects of COA3 knockdown on cell migration and invasion were
evaluated in H1299 and H1975 cells. E and F. The expressions of EMT markers were detected in H1299 and H1975
cells. G. Hematoxylin and eosin (H&E) staining for metastatic nodules in the lungs of nude mice injected with COA3

knockdown (shCOA3) or control (shCtrl) H1299 cells.

compared with corresponding non-tumor tis-
sues (n = 30) (Figure 4D). In keeping with this,
bioinformatics analysis in TCGA data using
UALCAN also revealed a significant decrease of
miR-338 level in NSCLC as compared with nor-
mal lung tissues (Figure S2B). Nevertheless, no
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survival difference existed between miR-338
high and low NSCLC patients (Figure S2B).
Moreover, luciferase reporter assay was used
to explore whether miR-338-3p binds to the
3-UTR of COA3 in NSCLC cells (Figure 4E). We
found that miR-338-3p transfection obviously
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decreased the luciferase activity of wild-type
but not mutant construct of 3-UTR of COA3 in
NSCLC cells (Figure 4F). Moreover, miR-338-3p
transfection significantly attenuated the pro-
moting effect of COA3 on NSCLC metastasis
(Figure 4G-I).

COA3 promotes mitochondrial fragmentation
in NSCLC cells by phosphorylating Ser616 of
DRP1

Increased mitochondrial fragmentation plays

crucial roles in the progression of various hu-
man cancers [12]. Given that COA3 was report-
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COA3

Invaded cells

Figure 3. Forced COA3 expression promoted NSCLC
metastasis. A and B. Overexpression of COA3 in
HCC827 and H460 cells was tested by qRT-PCR
and Western blotting assays. C and D. The effects
of COA3 overexpression on cell migration and inva-
sion were evaluated in HCC827 and H460 cells.
E. H&E staining in the lungs of nude mice injected
with COA3 overexpression (COA3) or control (EV)
HCC827 cells.

ed to promote mitochondrial fragmentation in
Hela cells [13], we thus explored the underly-
ing mechanism of COA3-promoted metastasis
by evaluating the effect of COA3 on mitochon-
dria fragmentation in NSCLC cells. As shown in
Figure 5A, mitochondria were significantly elon-
gated upon COA3 knockdown in H1299 cells,
while fragmented upon COA3 overexpression in
HCC827 cells.

To gain insight into the molecular basis of
COA3-induced mitochondrial fragmentation in
NSCLC cells, the effects of COA3 on the ex-
pressions of mitochondrial fission and fusion
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levels of COA3 were detected by western blotting assay in HCC827 and H460 cells with indicated treatment. H and
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and HCC827 cells with COA3 knockdown or overexpression. Scale bar, 1 ym. B and C. The expressions of mitochon-
dria dynamic regulators mitofusin 1 (MFN1), mitofusin 2 (MFN2), Optic Atrophy 1 (OPA1), dynamin-related proteinl
(DRP1), fission 1 (FIS1) and mitochondrial fission factor (MFF) were detected by qRT-PCR and Western blotting

assays in H1299 and HCC827 cells with COA3 knockdown or
and Ser637 was evaluated in in H1299 and HCC827 cells. E.
analyzed in H1299 and HCC827 cells.

regulators were evaluated. Unexpectedly, on
obvious changes in the expressions of mito-
fusin 1 (MFN1), mitofusin 2 (MFN2), Optic
Atrophy 1 (OPA1), dynamin-related proteinl
(DRP1), fission 1 (FIS1) and mitochondrial fis-
sion factor (MFF) were observed upon COA3
knockdown or overexpression (Figure 5B, 5C).
Given that phosphorylation is a major mecha-
nism controlling the function of DRP1, the
core components of the mitochondrial fission
machinery, we determined the potential contri-
bution of DRP1 phosphorylation in COA3-in-
duced mitochondrial fragmentation. Knock-
down of COA3 significantly decreased the ph-
osphorylation of DRP1 at Ser616, but had no
obvious influence on phosphorylation at Ser-
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overexpression. D. DRP1 phosphorylation at Ser616
DRP1 expression in cytoplasm or mitochondria was

637. In contrast, forced expression of COA3
markedly increased DRP1 phosphorylation at
Ser616 (Figure 5D). It has been demonstrated
that DRP1 phosphorylation at Ser616 stimu-
lated mitochondrial fission by recruiting DRP1
to mitochondria [14]. Therefore, we investigat-
ed whether COA3 promote the translocation of
DRP1 from cytoplasm to mitochondria. Knock-
down of COA3 markedly decreased mitochon-
dria-localized DRP1, while overexpression of
COA3 increased mitochondria-localized DRP1
(Figure 5E). Together, these data indicate that
COA3 promotes mitochondrial fragmentation
in NSCLC cells by phosphorylating Ser616 of
DRP1.
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COA3 enhances aerobic glycolysis in NSCLC
cells

Mitochondria play a central role in metabolism
regulation. Given that COA3 promotes mito-
chondrial fragmentation in NSCLC cells, we
next explored whether COA3 participates in
mitochondrial metabolism reprogramming in
NSCLC cells. Accordingly, the effects of COA3
on oxygen consumption rate (OCR), activities of
oxidative phosphorylation (OXPHOS) complex-
es, and cellular ATP levels were measured in
NSCLC cells. We found that knockdown of
COA3 resulted in increased OCR, activities of
OXPHOS complexes (I, II, lll and V) and ATP lev-
els in H1299 cells, whereas overexpression of
COA3 suppressed these mitochondrial meta-
bolic phenotypes in HCC827 cells (Figure
6A-C). In light of the tight association between
mitochondrial metabolism and aerobic glycoly-
sis [15], we explored the role of COA3 in aerobic
glycolysis in NSCLC cells. As shown in Figure
6D-F, COA3 silencing decreased glucose up-
take and lactate production, while increased
PH value of cell culture medium of H1299 cells.
Conversely, forced expression of COA3 exhibit-
ed the opposite effects on these glycolytic phe-
notypes in HCC827 cells. Consistently, metabo-
lites analysis revealed that COA3 knockdown
significantly decreased the intracellular levels
of glycolytic intermediates, while increased tri-
carboxylic acid (TCA) cycle intermediates in
H1299 cells. By contrast, forced expression of
COA3 exhibited the opposite effects in HCC827
cells (Figure 6G). Collectively, these data sug-
gest that COA3 enhances aerobic glycolysis in
NSCLC cells.

COA3 enhances aerobic glycolysis of NSCLC
cells, at least in part, by promoting mitochon-
drial fragmentation

We next assessed whether COA3 enhances
aerobic glycolysis by promoting mitochondrial
fragmentation in NSCLC. The results show-
ed increased mitochondrial fragmentation by
COA3 overexpression was dramatically revers-
ed upon suppression of mitochondrial frag-
mentation by mitochondrial division inhibitor 1
(Mdivi-1, a specific inhibitor of DRP1) treat-
ment in HCC827 and H460 cells. Meanwhile,
we found that suppression of mitochondrial
fragmentation also reversed COA3 overexpres-
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sion-induced glucose metabolism reprogram-
ming from mitochondrial OXPHOS to aerobic
glycolysis (Figure 7B-H). These data indicate
that COA3 overexpression enhances aerobic
glycolysis in NSCLC cells, at least in part, by
promoting mitochondrial fragmentation.

COA3 promotes NSCLC metastasis mainly
through enhancing mitochondrial fragmenta-
tion-induced aerobic glycolysis

Aerobic glycolysis has been reported to play a
crucial role in metastasis of human cancers
[16]. To verify whether COA3 promotes NSCLC
metastasis by activating mitochondrial frag-
mentation-induced aerobic glycolysis, the res-
toring effects of mitochondrial fragmentation-
induced aerobic glycolysis on NSCLC-promoted
migration and invasion of NSCLC cells were
evaluated. The results showed that suppres-
sion of mitochondrial fragmentation by Mdivi-1
significantly attenuated COA3 overexpression-
promoted migration and invasion of NSCLC
cells (Figure 8A, 8B). Similar results were also
observed when glycolysis was suppressed by
galactose (Figure 8C, 8D). These data suggest
that COA3 functions as a potential oncogene in
NSCLC metastasis by enhancing mitochondrial
fragmentation-induced aerobic glycolysis.

Discussion

Human cytochrome c oxidase (COX) assembly
factor 3 (COA3), also known as CCDC56, is a
mitochondrial transmembrane protein partici-
pates in the assembly of COX protein complex
[8, 9]. However, the clinical implication and
biological functions of COA3 remain largely
unknown in human cancers. In the present
study, we revealed that COA3 was upregulated
in NSCLC and its upregulation predicted worse
survival in patients with NSCLC. Consistently,
COA3 expression was also positively correlated
with metastasis in lymph node. These results
suggested that COA3 might be a promising
prognostic marker for NSCLC.

Upregulation of COA3 and its positive relation-
ship with lymph node metastasis implies that
COA3 may play a role in NSCLC carcinogenesis.
We demonstrated that knockdown of COA3 sig-
nificantly impaired the motility and invasive-
ness of NSCLC cells, while had no significant
effect on proliferation and colony-forming abili-
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Figure 6. COA3 enhances aerobic glycolysis in NSCLC cells. (A) Oxygen consumption rate (OCR) was measured in NSCLC cells with COA3 knockdown or overexpres-
sion. (B) The activities of oxidative phosphorylation (OXPHOS) complexes were determined in NSCLC cells with COA3 knockdown or overexpression. (C) The produc-
tion of ATP was determined in NSCLC cells with COA3 knockdown or overexpression. (D-F) Glucose uptake (D), lactate production (E) and PH value in cell culture
medium (F) were measured in NSCLC cells. (G) Glycolytic and tricarboxylic acid (TCA) cycle intermediates were detected in NSCLC cells.
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Figure 7. COA3 enhances aerobic glycolysis of NSCLC cells, at least in part, by promoting mitochondrial fragmentation. (A) Mitochondrial morphology was assessed
by staining with green fluorescent reporter targeting mitochondria in HCC827 and H460 cells with treatment as indicated. Scale bar, 1 ym. (B-D) The oxygen con-
sumption rate (B) activities of oxidative phosphorylation (C) and production of ATP (D) were determined in HCC827 and H460 cells with treatment as indicated. (E-G)
Measurements of glycolytic phenotypes, including glucose consumption (E), lactate production (F) and PH-value in cell culture medium (G) in HCC827 and H460
cells with treatment as indicated. (H) Glycolytic and TCA cycle intermediates were measured in HCC827 and H460 cells with treatment as indicated.
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Figure 8. COA3 promotes NSCLC metastasis mainly through enhancing mitochondrial fragmentation-induced aero-
bic glycolysis. (A and B) Cell migration (A) and invasion (B) were evaluated in COA3 overexpression NSCLC cells upon
mitochondrial fragmentation inhibition Mdivi-1. (C and D) Cell migration (C) and invasion (D) were evaluated in COA3
overexpression NSCLC cells upon glycolysis suppression by galactose.

ties. Conversely, forced COA3 expression en-
hanced the motility and invasiveness of NSCLC
cells. These findings suggest that COA3 plays a
critical role in the metastasis of NSCLC. Con-
sistently, it was also demonstrated in breast
cancer that COA3 was closely associated with
tumor metastasis [17]. Moreover, we found that
COA3 induced epithelial-mesenchymal transi-
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tion (EMT) of NSCLC cells, suggesting that
COA3 may promote NSCLC metastasis through
activating EMT.

MicroRNAs (miRNAs) have been well-known
as important post-transcriptional regulators of
gene expression [18]. To determine whether
the upregulation of COA3 is a consequence
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microRNA dysregulation in NSCLC cells, we
screened potential miRNAs targeting COA3
through bioinformatics analysis combined with
experimental validation, and found that de-
creased miR-338-3p level contributed to COA3
upregulation in NSCLC cells. Previously, miR-
338-3p has been reported to be downregulat-
ed in several types of cancers [19-21], includ-
ing NSCLC [22]. In addition, it has also been
demonstrated that miR-338-3p suppressed
NSCLC growth and metastasis by regulating
different targets [23, 24]. In line with this, we
also demonstrated that decreased miR-338-3p
contributed to COA3 upregulation and thus
tumor metastasis in NSCLC. As gene expres-
sion regulation can occur at various levels, we
cannot exclude the contribution of other factors
in COA3 upregulation in NSCLC.

Mitochondrial are dynamic organelles partici-
pate in various biological processes, and their
morphology are constantly regulated by dy-
namic balance of fusion and fission [25]. It has
been demonstrated that COA3 promotes mito-
chondrial fragmentation by facilitating mito-
chondrial recruitment of DRP1 in HelLa cells
[13]. Similarly, we also found in NSCLC cells
that COA3 induced mitochondrial fragmenta-
tion by promoting mitochondrial recruitment of
DRP1 via phosphorylating at Ser616. It has
been well established that mitochondrial dys-
function is a main source of increased reactive
oxygen species (ROS) production [26], which
activates a series of protein phosphorylation-
related signaling pathways, such as ERK and
AKT kinase pathways [27]. Accordingly, we hy-
pothesized that COA3 may promote the phos-
phorylation of DRP1 in NSCLC cells by activat-
ing ROS-related kinase pathways, which war-
rant further investigations. Previous studies
have revealed that mitochondrial dynamic dys-
regulation played important roles in the pro-
gression of various human diseases, including
cancer [28]. In NSCLC, mitochondria were re-
ported to be significantly fragmented, which
promoted the survival of NSCLC cells [29, 30].
Consistently, we also demonstrated that in-
creased mitochondrial fragmentation contrib-
uted to COA3-promoted NSCLC metastasis, fur-
ther supporting the crucial roles of increas-
ed mitochondrial fragmentation in cancer pro-
gression.
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Reprogramming of glucose metabolism is a
hallmark of cancer, but the molecular mecha-
nisms remain to be identified. [31]. Over the
past decade, studies have mainly focused on
the roles of dysregulated oncogenes or tumor
suppressors in increased aerobic glycolysis,
the contribution of mitochondria dysfunction
has received less attention [32]. Here, we dis-
covered that COA3 upregulation was closely
linked to increased aerobic glycolysis by induc-
ing mitochondrial fragmentation in NSCLC ce-
lIs. In line with our findings in NSCLC, it has also
been reported that COA3 played a role in the
promotion of a Warburg-like metabolic pheno-
type in breast cancer cells [17]. Moreover, we
further found that mitochondrial fragmenta-
tion-promoted aerobic glycolysis is required for
the promoting effect of COA3 in NSCLC metas-
tasis. These findings collectively suggest that
mitochondrial dynamic dysfunction plays cru-
cial roles in metabolism reprogramming and
disease progression in human cancers. Given
that disruption of cytochrome c oxidase could
also induce aerobic glycolysis through induc-
tion of Ca?*-mediated retrograde signaling [33],
we cannot exclude the possibility that other
factors may also contribute to COA3-promoted
aerobic glycolysis in NSCLC cells, which still
needs further investigation.

In conclusion, we provide both clinical and
mechanistic evidence that COA3 functions as
an oncogene by inducing mitochondria frag-
mentation-mediated aerobic glycolysis in NS-
CLC cells, suggesting that COA3 could serve as
a potential target for NSCLC treatment.
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Table S1. Sequence of primers for gRT-PCR analysis

COA3 forward primer ACACCCGAGCAACTGCATT
reverse primer GAAACGCTCCTGGGAAATCG
E-cadherin forward pr.imer GGCCCAGGAGCTGACAAAC
reverse primer GTGGATGGCAAAGTGGTGTC
forward primer CAACATACAGTGACGCTTCACA
201 reverse primer CACTATTGACGTTTCCCCACTC
Necadherin forward ermer CACTGCTCAGGACCCAGAT
reverse primer TAAGCCGAGTGATGGTCC
Vimentin forward primer TCGTTTCGAGGTTTTCGCGTTAGAGAC
reverse primer CGACTAAAACTC GACCGACTCGCGA
forward primer TGGCTAAGAAGGCGATTACTGC
MFN1 reverse primer TCTCCGAGATAGCACCTCACC
forward primer CTCTCGATGCAACTCTATCGTC
MFN2 reverse primer TCCTGTACGTGTCTTCAAGGAA
OPA1 forward primer TGTGAGGTCTGCCAGTCTTTA
reverse primer TGTCCTTAATTGGGGTCGTTG
DRP1 forward primer GGAGACTCATCTTTGGTGAAGAG
reverse primer AAGGAGCCAGTCAAATTATTGC
forward primer GTCCAAGAGCACGCAGTTTG
Fist reverse primer ATGCCTTTACGGATGTCATCATT
forward primer ACTGAAGGCATTAGTCAGCGA
MFF reverse primer TCCTGCTACAACAATCCTCTCC
. forward primer GGCTGTATTCCCCTCCATCG
pactin reverse primer CCAGTTGGTAACAATGCCATGT

Table S2. Association between expressions of COA3 and the clinicopathological features of NSCLC
patients

COA3 expression

Clinicopathological features No. of cases (%) - P value
Low High
All 281 (100%) 140 141
Age
<60 109 (%) 49 60 0.221
>60 172 (%) 91 81
Gender
Female 83 (%) 44 39 0.515
Male 198 (%) 96 102
Tumor size (cm)
<3 74 (%) 30 44 0.078
>3 207 (%) 110 97
Stage
I+l 176 (%) 82 94 0.176
H+1V 105 (%) 58 a7
Lymph node metastasis
No 131 (%) 56 75 0.031
Yes 150 (%) 84 66
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Figure S2. (A) Top five predicted miRNAs targeting COA3 by using the microRNA Data Integration Portal (mirDIP)-
based target prediction [1]. (B and C) Bioinformatics analysis for the expression (B) and prognostic significance (C)
of miR-338 was conducted in NSCLC TCGA data using the online web portal UALCAN.
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