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OMA1 reprograms metabolism under hypoxia to
promote colorectal cancer development
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Abstract

Many cancer cells maintain enhanced aerobic glycolysis due to
irreversible defective mitochondrial oxidative phosphorylation
(OXPHOS). This phenomenon, known as the Warburg effect, is
recently challenged because most cancer cells maintain OXPHOS.
However, how cancer cells coordinate glycolysis and OXPHOS
remains largely unknown. Here, we demonstrate that OMA1, a
stress-activated mitochondrial protease, promotes colorectal
cancer development by driving metabolic reprogramming. OMA1
knockout suppresses colorectal cancer development in AOM/DSS
and xenograft mice models of colorectal cancer. OMA1-OPA1 axis
is activated by hypoxia, increasing mitochondrial ROS to stabilize
HIF-1a, thereby promoting glycolysis in colorectal cancer cells. On
the other hand, under hypoxia, OMA1 depletion promotes accumu-
lation of NDUFB5, NDUFB6, NDUFA4, and COX4L1, supporting that
OMA1 suppresses OXPHOS in colorectal cancer. Therefore, our find-
ings support a role for OMA1 in coordination of glycolysis and
OXPHOS to promote colorectal cancer development and highlight
OMA1 as a potential target for colorectal cancer therapy.

Keywords colorectal cancer; glycolysis; hypoxia; OMA1; oxidative

phosphorylation

Subject Categories Cancer; Membranes & Trafficking; Metabolism

DOI 10.15252/embr.202050827 | Received 7 May 2020 | Revised 29 October

2020 | Accepted 3 November 2020 | Published online 13 December 2020

EMBO Reports (2021) 22: e50827

Introduction

Alteration of cellular metabolisms, particularly of energy metabo-

lism, is considered to be a core hallmark of cancer (Ward & Thomp-

son, 2012). Under aerobic conditions, most normal differentiated

cells generate energy by mitochondrial oxidative phosphorylation

(OXPHOS) and metabolize glucose to carbon dioxide through the

mitochondrial tricarboxylic acid (TCA) cycle (Matthew et al, 2009).

In contrast, most cancer cells rely on aerobic glycolysis to produce

energy and glycolytic intermediates for the synthesis of lipids,

amino acids, nucleic acids, and so on, even in the presence of

enough oxygen; meanwhile, mitochondrial OXPHOS is suppressed

in cancer cells due to mitochondrial dysfunction. This energy meta-

bolic reprogramming is known as “the Warburg effect” (Matthew

et al, 2009), which contributes to tumorigenesis and progression in

a variety of cancers. However, recent studies have revealed that

mitochondrial bioenergetic and biosynthetic states are frequently

variable in cancers rather than absolutely dysfunctional (Wallace,

2012), which depends on environmental, genetic, and tissue-of-

origin differences among tumors (Vyas et al, 2016). In addition,

hypoxic tumor microenvironments induced the glycolytic phenotype

in many cancer cells. Therefore, mitochondrial OXPHOS and glycol-

ysis collaborate to maintain the balance of energy metabolism in

cancer cells. Colorectal cancer is the third most prevalent cancer

and the second most lethal malignancy in the world (Arnold et al,

2017; Bray et al, 2018). Dysfunctional mitochondria with reduced

electron transport chain activity, decreased mitochondrial ATP

level, increased reactive oxygen species (ROS) generation and

mtDNA mutation are reported to contribute to the pathogenesis of

intestinal inflammation and colorectal tumorigenesis (Polyak et al,

1998; Cunningham et al, 2016; Heller et al, 2017; Xue et al, 2017).

However, functional mitochondria are also required for the transfor-

mation of colorectal cancer (Vyas et al, 2016; Baker et al, 2019).

Therefore, how mitochondria coordinate glycolysis and oxidative

phosphorylation is critical for colorectal tumor development, but

the mechanism remains largely unknown.

Hypoxia is a typical feature in the development of colorectal

cancer (Wang & Semenza, 1993; Biddlestone et al, 2015). Hypoxia

can stabilize the transcription factor HIF1a, which activates the

expression of lots of genes involved in the inflammatory response,

tumor vascularization, metastasis, and radio- or chemo-resistance

(Semenza, 2004; Baba et al, 2010; Biddlestone et al, 2015; Ioannou

et al, 2015; Balamurugan, 2016). HIF1a also transcriptionally regu-

lates cell metabolism to meet the demands for ATP and macro-

molecule anabolism during colorectal cancer development (Ioannou
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et al, 2015). Hypoxia-induced ROS has been reported to play an

important role in stabilizing and activating HIF1a (Niecknig et al,

2012; Movafagh et al, 2015). In mammalian cells, the major site of

ROS production is mitochondrial electron transport chain (Liu et al,

2002). Therefore, mitochondria are highly associated with HIF-1a
stability.

OMA1 is an ATP-independent zinc metalloprotease located at the

mitochondrial inner membrane(K€aser et al, 2003), and it is a stress-

sensitive mitochondrial protease, which plays a key role in mito-

chondrial protein quality control and metabolic homeostasis (Ehses

et al, 2009; Baker et al, 2014; Bohovych et al, 2016). OMA1 is acti-

vated by self-cleavage upon mitochondrial membrane depolariza-

tion and other cellular stress. Meanwhile, activated OMA1 also

leads to degradation of itself (Baker et al, 2014; Zhang et al, 2014).

Moreover, OMA1 cooperates with i-AAA protease Yme1L (Yme1 like

1 ATPase) to mediate the processing and degradation of OPA1, a

dynamin-like GTPase that mediates inner mitochondrial membrane

fusion, cristae formation, and resistance to apoptosis (Anand et al,

2014; Varanita et al, 2015; Wai et al, 2015; Rainbolt et al, 2016).

Notably, OMA1 deficiency in mouse models exhibits defective ther-

mogenesis, diet-induced obesity (Quir�os et al, 2012), yet protects

against heart failure (Wai et al, 2015; Acin-Perez et al, 2018),

neurodegeneration (Korwitz et al, 2016), and ischemic kidney injury

(Xiao et al, 2014). Interestingly, recent studies revealed another

piece of evidence that stress-activated OMA1 mediates the cleavage

of DELE1, which then relays mitochondrial stress to the cytosol

(Fessler et al, 2020; Guo et al, 2020). So far, the role of OMA1 in

cancer is complicated, depending on the type of cancer, the disease

stage, the treatment, and many other factors (Jiang et al, 2014;

Alavi, 2019; Amini et al, 2019; Daverey et al, 2019), and the under-

lying mechanism of OMA1 in regulating tumorigenesis and progres-

sion remains largely unknown.

In this study, we report that OMA1 facilitates the development of

colorectal cancer by promoting the Warburg effect. We show that

OMA1 knockout (KO) protects mice from colorectal cancer induced

by the azoxymethane/dextran sodium sulfate (AOM/DSS) model.

Our findings also suggest that OMA1-OPA1 axis promotes glycolysis

by increasing ROS generation and enhancing the stability of HIF-1a
in colorectal cancer cells under hypoxia. In addition, we show that

OMA1 inhibits mitochondrial oxidative phosphorylation by impair-

ing the assembly of mitochondrial respiratory chain complexes

through promoting the degradations of NDUFB5, NDUFB6,

NDUFA4, and COX4L1 in colorectal cancer cells in vivo and in vitro.

Therefore, our study demonstrates a role of OMA1 in coordination

of glycolysis and oxidative phosphorylation to promote the Warburg

effect, which facilitates colorectal cancer progression.

Results

OMA1 is upregulated in human colorectal cancer and is activated
by hypoxia

It is known that mitochondrial dysfunction contributes to the devel-

opment and progression of colorectal cancer (Sanchez-Pino et al,

2007). Mitochondrial protease OMA1, a mitochondrial stresses

sensor, regulates mitochondrial functions and homeostasis (Ehses

et al, 2009; Baker et al, 2014; Bohovych et al, 2016). Based on that,

we decided to explore the relationship between OMA1 and colorec-

tal cancer. We firstly investigated the role of OMA1 in patients with

colorectal cancer. We performed bioinformatics analysis on public

datasets of human colorectal cancer samples. Results indicated that

the mRNA expression of OMA1 was significantly elevated in tumor

samples compared with normal samples (using datasets from

NCBI’s Gene Expression Omnibus: GSE21510) (Fig 1A). Next, we

analyzed the correlation between OMA1 expression and patient

survival using public databases (from NCBI’s Gene Expression

Omnibus: GSE17537). Consistently, high level of OMA1 mRNA

expression was significantly correlated with shorter survival time

(P = 0.0180) (Fig 1B). Since OPA1 can be degraded or cleaved at

the S1 site by OMA1, we performed Western blotting to analyze the

processing of OPA1 in colorectal cancer specimens. Compared with

the adjacent normal tissues, the colorectal tumors displayed remark-

ably increased OPA1 degradation or processing (bands “c” and “e”

are products of OPA1 cleavage by OMA1) (Fig 1C), suggesting that

OMA1 is activated in colorectal tumors (Fig 1C) and probably influ-

enced by the tumor microenvironments. And since one of the most

pervasive element of solid tumor microenvironments is hypoxia

(Harris, 2002), we later tested whether OMA1 is activated by hypox-

ia. Control and OMA1 KO HCT116 cells were treated with or without

hypoxia (1% O2) for the indicated time. Consistent with previous

works that OPA1 processing is enhanced in hypoxia (An et al, 2013;

MacVicar et al, 2019), our Western blotting data showed that OPA1

was processed and degraded in control cells; however, this was

inhibited in OMA1 KO cells (Fig 1D), suggesting that OMA1 is acti-

vated by hypoxia to regulate OPA1 processing and degradation.

Along with that, OPA1 KO MEFs stably expressing OPA1 isoform 1,

which can only be processed by OMA1, displayed increased cleav-

age of OPA1 isform1 after hypoxia (Fig 1E), further confirming that

OMA1 is activated by hypoxia. Moreover, our RT–PCR assays

revealed that hypoxia induced a distinct increased expression of

GLUT1, but did not affect OMA1, YME1L, and OPA1 in all three

cell lines we used, i.e., HCT116, HT29, and SW48 cells

(Appendix Fig S1A–C), which indicates that OMA1 is activated post-

translationally. In addition, hypoxia can lead to the reduction of

mitochondrial membrane potential (Solaini et al, 2010), which also

contribute to the activation of OMA1.

Additionally, our studies showed that hypoxia-activated OMA1

may in turn lead to the degradation and cleavage of OMA1 (Fig 1D,

F, and G). Nevertheless, the degradation of OMA1-E324Q (proteolytic

inactive OMA1) was largely inhibited in OMA1 KO HCT116 cells

stably expressing OMA1-E324Q under hypoxia, indicating that OMA1

may undergo auto-proteolytic cleavage and auto-degradation, consist-

ing with the previous reports (Baker et al, 2014; Jiang et al, 2014;

Zhang et al, 2014; Simula et al, 2020), but further experiments are

needed to prove this. Furthermore, OMA1-E324Q was still mildly

reduced in hypoxia (48 h) (Fig 1F and G), suggesting that OMA1 can

be degraded or cleaved by some other proteases in hypoxia. Our find-

ings are consistent with the recent report that OMA1 is degraded by

Yme1L in hypoxia (MacVicar et al, 2019). Therefore, OMA1 may

cooperate with Yme1L to degrade OMA1 in hypoxia. These results

suggest that OMA1 degradation may also act as a stop signal to

prevent unlimited OMA1 activation under hypoxia, which may be a

critical negative feedback to regulate OMA1 activity.

Overall, our data suggest a causal link between OMA1 activation

and colorectal cancer.
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Loss of OMA1 inhibits the development of AOM/DSS-induced
colorectal cancer in mice

To investigate the role of OMA1 in colorectal cancer, we generated

the OMA1 knockout (KO) mouse model by deleting exon 3 of the

mouse OMA1 genomic DNA (Appendix Fig S2A). The genomic

DNA of WT, Oma1�/� or Oma1+/� mice were analyzed by PCR,

and expression of OMA1 in different tissues was analyzed by

Western blotting (Appendix Fig S2B and C). The mice were then

injected intraperitoneally with 10 mg/kg AOM, followed by three

cycles of 1.5% DSS treatment to induce colorectal cancer (Fig 2A).

The AOM/DSS model utilizes chemical induction of DNA damage

followed by repeated cycles of colonic inflammation (Thaker et al,

2012). After induction of tumorigenesis, all mice were euthanized

A

D

F G

E

B C

Figure 1. OMA1 is upregulated in human colorectal cancer and is activated by hypoxia.

A Relative levels of OMA1 mRNA in colorectal cancer tissues (n = 105) compared with adjacent normal tissues (n = 43) from colorectal cancer patients were shown
(using the GEO dataset GSE21510). The data are presented as mean � SEM, and statistical significance was determined by a Mann–Whitney test. ***P < 0.001.

B Kaplan–Meier curves were constructed to analyze and compare between patients with high and low levels of OMA1 in colorectal cancer samples from the GEO
dataset GSE17537. “Low” indicates patients with OMA1 mRNA levels less than the median. “High” indicates patients with OMA1 mRNA levels greater than the median.
Statistical analysis was performed using log-rank tests, n = 55, P = 0.0180.

C The lysates of tumors (T) and adjacent normal (N) tissues from colorectal cancer patients were analyzed by Western blotting with antibodies against OPA1 or
Tubulin. The “c, d and e” bands of OPA1 indicate cleaved OPA1 bands. Tubulin was used as a loading control.

D Control and OMA1 KO HCT116 cells were cultured in hypoxia (1% O2) for 0 (normoxia), 24, or 48 h. Cell lysates were then assessed by Western blotting with
antibodies against OPA1, OMA1, or b-Actin. b-Actin was used as a loading control. Representative immunoblots were from n = 3 independent experiments.

E OPA1-null mouse embryonic fibroblasts (MEFs) expressing control (empty vector) or OPA1 isoform 1 were cultured in normoxia or hypoxia (1% O2) for 24 h. Cell
lysates were analyzed by Western blotting with anti-OPA1 or anti-Tubulin antibody. Representative immunoblots were from n = 3 independent experiments.

F WT, OMA1 KO, and OMA1 KO HCT116 cells expressing WT-OMA1(OMA1-Flag) or proteolytic inactive OMA1(E324Q-Flag) were cultured in hypoxia (1% O2) for 0, 24, or
48 h, and the cell lysates were assessed by Western blot with antibodies against OMA1, and b-Actin. b-Actin was used as a loading control (representative data from
three independent experiments). The asterisk indicates a nonspecific band.

G The relative protein levels were evaluated by densitometry analysis using ImageJ software and were quantified for the ratio of OMA1-Flag/b-Actin or E324Q-Flag/b-
Actin in hypoxia for 0, 24 or 48 h (n = 3 independent experiments). The data are presented as mean � SD.

ª 2020 The Authors EMBO reports 22: e50827 | 2021 3 of 18

Zhida Wu et al EMBO reports



on day 105, and intestines were removed and collected from each

mouse. Compared with WT mice, OMA1 KO mice exhibited less

body weight loss during DSS treatment (Fig 2B), and the length of

colorectum in OMA1 KO mice was longer than that in WT mice

(Fig 2C and D), indicating that OMA1 KO mice were less

susceptible to DSS-induced colitis than WT mice. And as shown in

Fig 2E and F, most tumors located at the distal and middle region

of the intestine, and the number of colorectal tumors in OMA1 KO

mice was significantly reduced compared with that of tumors in

WT mice. In addition, the pathological quantification verified that

A
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B

Figure 2.
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the number of different tumor sizes was markedly reduced in the

intestine of OMA1 KO mice (Fig 2G). These data suggest that

OMA1 KO inhibits colorectal carcinogenesis. Interestingly, OMA1

KO mice intestines had a lower frequency of large tumors than

control mice (Fig 2H), indicating that OMA1 KO blocked the

progression of colorectal cancer. Consistently, histological analysis

revealed that the adenomas in the intestines of WT mice were

high-grade dysplasia and infiltrated with a greater extent of

inflammation, while most of the adenomas in the intestine of

OMA1 KO mice were low-grade dysplasia (Fig 2I). Moreover, after

AOM/DSS treatment, OMA1 deficiency attenuates the mRNA levels

of the pro-inflammatory factors including Tnfa, Il6, Cox2, and Ccl2

compared with the control mice (Fig 2J), suggesting that OMA1

regulates AOM/DSS-induced inflammation, which is associated

with AOM/DSS-induced colorectal cancer. Consistently, there was

a significant decrease in the proliferation rates of colorectal tumors

of OMA1 KO mice, as detected by Ki-67 nuclear staining (Fig 2K).

Taken together, our findings demonstrate that OMA1 deficiency

suppresses colorectal cancer development in the AOM/DSS mouse

model.

Then, we evaluated the role of OMA1 in colorectal tumor

growth in nude mice. We developed a mouse xenograft model by

subcutaneously injecting control, OMA1 KO HCT116 cells into

nude mice, respectively. Consistent with AOM/DSS-induced

colorectal cancer mouse model, OMA1 KO significantly suppressed

HCT116 xenograft tumor growth (Fig EV1A and B), and the tumor

weight of OMA1 KO HCT116 at the endpoint was also significantly

reduced compared with that of control (Fig EV1C), suggesting that

OMA1 depletion suppresses HCT116 xenograft tumor development

in nude mice.

In a summary, our findings show that OMA1 promotes colorectal

cancer development in mice.

OMA1-OPA1 axis promotes glycolysis under hypoxia

Metabolic reprogramming plays a critical role in tumorigenesis,

while glycolysis, but not OXPHOS, contributes mainly to ATP

production in cancer cells (Matthew et al, 2009; Ward &

Thompson, 2012). Based on that, we later investigated the role of

OMA1 in energy metabolism. Technologically, we evaluated the

effect of OMA1 depletion on the energy metabolism of colorectal

cancer cells under normoxic and hypoxic conditions. Results

showed that no significant differences of glycolytic metabolism

between control and OMA1 KO HCT116 cells exposed to normoxia

(Fig 3A and B), and consistent with previous studies, hypoxia

promoted glycolysis in all HCT116 cells, characterized by

increased glucose uptake and lactate production (Fig 3A and B).

However, compared with control cells, OMA1 KO showed signifi-

cantly decreased levels of glucose uptake and lactate production

under hypoxic conditions, while expression of OMA1-Flag in

OMA1 KO cells recovered the levels of glucose uptake and lactate

production (Fig 3A and B), suggesting that OMA1 promotes glycol-

ysis under hypoxia. Considering that OMA1 may be involved in

tumor bioenergetics, we analyzed the glycolytic activity of these

cells by performing real-time analysis of the extracellular acidifi-

cation rate (ECAR) with or without treatment using Dimethyloxa-

lylglycine (DMOG), which is an inducer of HIF-1a expression that

inhibits the activity of hydroxylase. Representative curves revealed

that DMOG led to a significant increase of basal glycolysis in

control HCT116 cells but not in OMA1 KO cells (Fig 3C), and

quantitative analysis showed that control HCT116 cells exhibited a

higher maximal glycolytic capacity compared with OMA1 KO

HCT116 cells (Fig 3D). These data suggest that OMA1 deficiency

inhibits glycolytic metabolism under hypoxia.

Based on the results that OPA1 is processed or degraded by

OMA1 under hypoxia (Fig 1D and E), we investigated the role of the

OMA1-OPA1 axis in metabolic reprogramming in colorectal cancer

cells. We cultured HCT116 cells or MEFs in medium with galactose

or 2-Deoxy-D-glucose (2-DG) for 24 h, which all block glycolytic

flux and forces cells to rely on mitochondrial oxidative phosphoryla-

tion. We found that OPA1 KO rendered HCT116 cells or MEFs exqui-

sitely vulnerable to glucose deprivation or 2-DG treatment

(Fig EV1D and E), suggesting that OPA1 deficiency makes cells

more dependent on glycolysis for survival. Along with that, OPA1

depletion also promoted lactate production, glucose uptake and

reduced ATP production under normal conditions but not 2-DG or

◀ Figure 2. Loss of OMA1 inhibits the development of AOM/DSS-induced colorectal cancer in mice.

A Schematic representation of the AOM/DSS procedure. To develop colitis-associated cancer (CAC), WT (n = 11) and Oma1�/� (n = 12) mice were injected
intraperitoneally with AOM (10 mg/kg) on day 0. Then, three cycles of feeding water with 1.5% DSS treatment were administered. Mice were euthanized on day
105 and all intestinal tissues, tumors, and serum were collected. After mice were euthanized, intestines were removed and flushed with cold PBS. All experiments
were repeated with three independent biological replicates.

B Body weight changes of WT (n = 11) and Oma1�/� (n = 12) mice during AOM/DSS treatment. Data are presented as mean � SEM. Statistical significance was
assessed by a two-way ANOVA, **P < 0.01.

C Typical intestine images on day 105 after mice were euthanized.
D Colorectal lengths (C) of WT (n = 11 biological replicates) and Oma1�/� (n = 12 biological replicates) mice were measured. Data with error bars are presented as

mean � SEM. Statistical significance was assessed by unpaired Student’s t-test, *P < 0.05.
E Representative images of colorectal tumors from WT (left) and Oma1�/� (right) mice.
F The number of tumors in WT (n = 11) and Oma1�/� (n = 12) mice was measured. Each dot represents the tumor number of one individual mouse. Data with error

bars are presented as mean � SEM. Statistical significance was assessed by unpaired Student’s t-test, ***P < 0.001.
G, H The number of tumors of different sizes (diameter) in each mouse (G) and the distribution of different tumor sizes (H) were shown (WT n = 11 biological replicates,

and Oma1�/� n = 12 biological replicates). Results are shown as mean � SEM. P-values were calculated by unpaired Student’s t-test, **P < 0.01, ***P < 0.001.
I Histological analysis of colorectal tumors of WT and Oma1�/� mice was shown by hematoxylin and eosin (H&E) staining.
J Relative mRNA expression levels of pro-inflammatory genes (Tnfa, Il6, Cox2, and Ccl2) in colorectal homogenates of WT and OMA1_KO mice treated with AOM/DSS

(n = 4–5 per genotype). The data represent the mean � SEM, n = 3 independent experiments, and statistical significance was determined by a two-tailed
Student’s t-test. *P < 0.05, **P < 0.01.

K The colorectal tissues of WT and Oma1�/� mice were stained with Ki67.
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hypoxia treatment (Fig 3E–H). These results demonstrate that

OMA1 may promote glycolysis of colorectal cancer cells by regulat-

ing OPA1. Collectively, the OMA1-OPA1 axis may promote glycoly-

sis in colorectal cancer cells under hypoxia.

Thus, OMA1 loss may be contributing to enhanced tumorigenesis

through the metabolic mechanism described herein, though addi-

tional OMA1 effects may also play key roles.

OMA1 stabilizes HIF-1a by increasing ROS generation in
mitochondria under hypoxia

Since HIF-1a is a master transcription factor regulated in an O2-

dependent manner and a key regulator of glycolysis in cancer

(Semenza, 2003), we wondered whether OMA1 regulates HIF-1a
under hypoxia. Results indicated that hypoxia induced a remarkably

A

C

E F G H

D

B

Figure 3. OMA1-OPA1 axis promotes glycolysis under hypoxic conditions.

A, B Control or OMA1 KO HCT116 cells expressing control (empty vector) or OMA1-Flag were maintained in normoxia or hypoxia (1% O2) for 24 h. The glucose uptake
(A) and lactate production (B) were measured by using microplate reader, and the values were normalized to the protein concentration. Error bars indicate the
mean � SD of three independent experiments, statistical significance was assessed by a two-way ANOVA, *P < 0.05. Cells were lysed and assessed by Western blot
with antibodies against OMA1 and GAPDH (A). The asterisk indicates a nonspecific band.

C Control and OMA1 KO HCT116 cells were treated with DMSO or 1mM DMOG in fresh medium for 12 h. Subsequent injections of glucose, oligomycin (Oligo), and 2-
deoxy-glucose (2-DG) were performed as indicated. The extracellular acidification rates (ECAR) were measured with a Seahorse Extracellular Flux Analyzer XF96.
The data are presented as mean � SD (n = 3 independent experiments).

D Quantitative analysis of basal and maximal glycolytic capacity. Error bars are presented as mean � SD (n = 3 independent experiments), statistical significance
was assessed by a two-way ANOVA. N.S., not significant, ***P < 0.001.

E, F Lactate production (E) and ATP production (F) were measured in control or OPA1 KO HCT116 cells upon DMSO or 2-DG treatment. Error bars are presented as
mean � SD by a two-way ANOVA (n = 3 independent experiments). N.S., not significant, **P < 0.01, ***P < 0.001.

G, H Control or OPA1 KO HCT116 cells were maintained in normoxia or hypoxia (1% O2) for 24 h. The glucose uptake (G) and lactate production (H) were measured, and
the values were normalized to the protein concentration. Statistical significance was assessed by a two-way ANOVA; error bars are presented as mean � SD of
three independent experiments; N.S., not significant, *P < 0.05, **P < 0.01.
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increased level of HIF-1a in control HCT116 cells; however, the

upregulation of HIF-1a by hypoxia was significantly inhibited in

OMA1 KO HCT116 cells (Fig 4A). Similarly, OMA1 KO impaired the

stability of HIF-1a in cells treated with CoCl2 (Fig 4B), which is a

mimic of hypoxia and stabilizes HIF-1a protein by inhibiting PHD

enzymes (the oxygen sensors). In addition, under hypoxic condi-

tions, the protein levels of HK2, LDHA, PKM2, and GPI, which are

involved in the glycolytic pathway and directly regulated by HIF-1a
(Semenza, 2003; Lunt & Vander Heiden, 2011), were significantly

lower than that in control cells (Fig 4A). These data further suggest

that OMA1 promotes glycolysis probably by stabilizing HIF-1a
protein under hypoxia.

Next, we planned to investigate the mechanism of OMA1 in regu-

lating HIF-1a, which is stabilized and activated by ROS under

hypoxia (Semenza, 2004). Therefore, we examined the effect of

OMA1 on ROS production. To analyze ROS levels of the mice intesti-

nes, we stained the tumors and adjacent normal tissues with the

ROS-responsive dye dihydroethidium (DHE). Results showed a

significantly decreased ROS level in tumors or adjacent normal

tissues of OMA1 KO mice intestines compared with that of WT mice

intestines (Fig 4C and D). In parallel, we also detected the mito-

chondrial ROS (mtROS) in HCT116 cells under normoxic and

hypoxic conditions. Consistently, both in normoxia and hypoxia,

the mitochondrial ROS level of OMA1 KO HCT116 cells was signifi-

cantly lower than that of control cells (Fig 4E and F). These data

demonstrate that OMA1 depletion significantly decreases mtROS

generation in the colorectal tumor. Then, we investigated the role of

OMA1-regulated mtROS in HIF-1a stability. Under hypoxia,

compared with DMSO treatment, Rotenone (ROS inducer) treatment

remarkably increased the protein levels of HIF-1a both in control

and OMA1 KO cells, while NAC (ROS scavenger) treatment inhib-

ited hypoxia-induced upregulation of HIF-1a both in control and

OMA1 KO cells (Fig 4G). These data suggesting that OMA1 KO inhi-

bits hypoxia-induced upregulation of HIF-1a by regulating ROS

generation. Moreover, Rotenone treatment promoted lactate produc-

tion and glucose uptake in OMA1 KO cells under hypoxia, but NAC

treatment decreased lactate production and glucose uptake both in

control and OMA1 KO cells (Fig 4H and I). These results demon-

strate OMA1-mediated ROS production in hypoxia is required for

HIF-1a upregulation and glycolysis.

Next, we determined whether OMA1-regulated glycolysis is

dependent on HIF-1a. Compared with control, OMA1 KO led to

remarkably decreased glucose uptake and lactate production under

hypoxia (Fig EV2A–C). However, HIF-1a knockdown significantly

inhibited glucose uptake and lactate production both in control and

OMA1 KO under hypoxia (Fig EV2A–C). These data indicate that

OMA1 may regulate glycolysis in a HIF-1a dependent manner.

Taken together, OMA1 promotes glycolysis by increasing mtROS

generation and HIF-1a stability in colorectal cancer cells under

hypoxic conditions.

OMA1-OPA1 axis regulates mitochondrial cristae remodeling of
colorectal cancer cells in vivo

Since mitochondrial ROS is produced by the mitochondrial electron

transport chain (ETC), which is composed of four supercomplexes

named complex I–IV (Liu et al, 2002), and mitochondrial cristae are

the main site of mitochondrial electron transport and oxidative

phosphorylation, we assessed mitochondrial cristae in the tumors

and adjacent normal tissues by transmission electron microscopy

(TEM). TEM analysis revealed that mitochondrial cristae remained

normal in normal tissues of WT or OMA1 KO mice intestines

(Fig EV3A). In contrast, mitochondrial cristae were remarkably

reduced in the colorectal tumors of WT mice (Fig EV3A), probably

induced by tumor microenvironments (including hypoxia) in vivo,

but OMA1 KO restored mitochondrial cristae in colorectal tumors

(Fig EV3A), indicating that OMA1 KO inhibits the loss of mitochon-

drial cristae in colorectal tumors. Furthermore, the quantification of

cristae number to the mitochondrial area further confirmed that

OMA1 KO restores mitochondrial cristae in mice colorectal tumors

(Fig EV3B). Next, we used Western blotting to analyze the level of

OPA1, which is the substrate of OMA1 and critical for the formation

of mitochondrial cristae (Frezza et al, 2006; Cogliati et al, 2013;

Zhang et al, 2014). The protein level of OPA1 or L-OPA1 (long form

of OPA1) was markedly decreased in colorectal tumors compared

with adjacent normal tissues (Fig EV3C), and OMA1 KO retarded

the degradation of OPA1 or L-OPA1 in the colorectal tumors

(Fig EV3C), indicating that OMA1 is activated by hypoxic tumor

microenvironments to degrade OPA1 in colorectal cancer cells

in vivo. Furthermore, the protein level of OPA1 of HCT116 xenograft

tumor in nude mice was remarkably decreased compared with that

of cultured HCT116 cells (Fig EV3D), leading to dramatically

decreased mitochondrial cristae in HCT116 xenograft tumor cells

(Fig EV3E and F), which demonstrates that OPA1 is degraded by

OMA1 in HCT116 xenograft tumor in nude mice. These data suggest

that the OMA1-OPA1 axis is activated by hypoxia and contributes to

mitochondrial cristae loss in colorectal cancer cells in vivo.

Considering that total OPA1 levels is also regulated by Yme1L

under hypoxia (MacVicar et al, 2019), we analyzed OPA1 levels in

OMA1 and Yme1L double knockout (DKO) cells exposed to hypoxia,

in which OPA1 processing or degradation is completely inhibited.

Western blotting assay revealed that OMA1 and Yme1L DKO

dramatically inhibited OPA1 processing and degradation in HCT116

cells under hypoxia (Fig EV3G), suggesting that besides OMA1,

Yme1L also regulates OPA1 degradation and processing under

hypoxia. Furthermore, TEM analysis revealed that control (OPA1 is

processed due to hypoxic environment), OPA1 KO or shOPA1

HCT116 xenograft tumor cells maintained very little mitochondrial

cristae (Fig EV3H–L), but Yme1l and OMA1 DKO HCT116 xenograft

tumor cells restored the loss of mitochondrial cristae (Fig EV3H–L).

These data suggest that OMA1 and Yme1L-mediated OPA1 process-

ing and degradation directly contributes to mitochondrial cristae

loss in tumor. It should be noted that some other factors may also

regulate mitochondrial cristae during tumor development, because

OPA1 is not the only factor regulating mitochondrial cristae biogene-

sis, and some other proteins, such as MICOS and dimeric F1FO-ATP

synthase, also play a key role in mitochondrial cristae formation

(Cogliati et al, 2016).

Mitochondrial respiratory chain complexes components NDUFB5,
NDUFB6, COX4L1 and NDUFA4 are probably proteolytic
substrates of OMA1

The Warburg effect is composed of two main contents: (i) increased

proportion of glycolysis and (ii) and decreased proportion of mito-

chondrial oxidative phosphorylation in cancer cells (Warburg,
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1956). OMA1 KO suppresses the Warburg effect (Fig 3A–D) and

reduces the generation of mtROS (Fig 4C–F) that is produced in

mitochondrial electron transport chain, suggesting that OMA1 is

related with mitochondrial oxidative phosphorylation. Therefore,

we investigated the role of OMA1 in mitochondrial oxidative phos-

phorylation system. Mitochondrial cytochrome c oxidase activity

was increased in OMA1 KO HCT116 cells compared with control

cells, which was restored by expressing OMA1-Flag in OMA1 KO

cells (Appendix Fig S3A), suggesting that OMA1 regulates mito-

chondrial respiratory chain complexes. Since OMA1 is mitochon-

drial protease located at mitochondrial inner membrane, we

hypothesized that certain components of mitochondrial respiratory

chain complexes are proteolytic substrates of OMA1. We utilized a

FLAG-tagged variant of OMA1 in which the glutamate residue of its

HEXXH motif was replaced by glutamine (E324Q) to block the

OMA1 protease activity (Zhang et al, 2014), to identify novel

substrates of OMA1. We overexpressed OMA1-E324Q-Flag in 293T

cells and performed co-immunoprecipitation (co-IP), followed by

mass spectrometry analysis. Four components of mitochondrial

respiratory chain complexes were identified to interact with OMA1,

including NDUFB5, NDUFB6, COX4L1, and NDUFA4 (Fig 5A–D,

and Appendix Table S1). NDUFB5 and NDUFB6 are the subunits of

NADH dehydrogenase (mitochondrial respiratory chain complex I),

while COX4L1 and NDUFA4 are the components of the cytochrome

c oxidase (mitochondrial respiratory chain complex IV) (Fukuda

et al, 2007; Loublier et al, 2011; Balsa et al, 2012; B€ottinger et al,

2013; Stroud et al, 2016). To examine whether NDUFB5, NDUFB6,

COX4L1, and NDUFA4 are proteolytic substrates of OMA1, we

treated OMA1 KO HCT116 cells expressing OMA1-Flag with CCCP,

which disrupts mitochondrial membrane potential to strongly acti-

vate OMA1. Notably, we found that overexpression of OMA1 or

CCCP treatment significantly promoted the processing of COX4L1

and NDUFB6 (Fig 5E), and CCCP treatment also resulted in a mark-

edly reduced level of NDUFB5 and NDUFA4 (Fig 5E). Consistently,

OMA1 knockdown or knockout inhibited CCCP-induced processing

of COX4L1 and NDUFB6 and inhibited CCCP-induced degradation of

NDUFB5 and NDUFA4 (Fig 5E and Appendix Fig S3B). Additionally,

upon cycloheximide (CHX, inhibitor of protein synthesis) plus CCCP

treatment, the protein levels of NDUFB5, NDUFB6, COX4L1, and

NDUFA4 were quickly reduced in control or OMA1 KO cells express-

ing OMA1-Flag cells, but the reduction was remarkably inhibited in

OMA1 KO cells or OMA1 KO cells stably expressing E324Q-Flag

OMA1 (Fig 5F). These results demonstrate that mitochondrial respi-

ratory chain complexes components NDUFB5, NDUFB6, COX4L1,

and NDUFA4 may be proteolytic substrates of mitochondrial

protease OMA1.

Then, we investigated whether OMA1 regulates the stability of

these proteins in colorectal cancer cells. The protein levels of

NDUFB5, NDUFB6, COX4L1, and NDUFA4 were dramatically

decreased in the HCT116 cells exposed to hypoxia (Fig 5G), which

indicate a destabilization of mitochondrial respiratory chain

complexes under hypoxia. However, OMA1 KO rescued hypoxia-

induced reduction of these proteins (Fig 5G). In addition, compared

with OMA1 KO (vector), expression of OMA1-Flag but not OMA1-

E324Q-Flag in OMA1 KO cells promoted the degradation or process-

ing of NDUFB5, NDUFB6, COX4L1, and NDUFA4 under hypoxia

(Appendix Fig S3C). These data indicate that OMA1 may degrade

NDUFB5, NDUFB6, COX4L1, and NDUFA4 under hypoxic condi-

tions. In a summary, these data suggest that mitochondrial respira-

tory complexes components NDUFB5, NDUFB6, COX4L1, and

NDUFA4 may be new proteolytic substrates of mitochondrial

protease OMA1.

OMA1 impairs the assembly of mitochondrial respiratory chain
complexes under hypoxia

The oxidative phosphorylation system is composed of some large

mitochondrial respiratory chain complexes I–IV and complex V

(ATP synthase), which require the coordinated assembly of a large

number of proteins encoded by the mitochondrial and nuclear

genome (Ac�ın-P�erez et al, 2008). Since OMA1 regulates mitochon-

drial cytochrome c oxidase activity (Appendix Fig S3A), we further

investigated the role of OMA1 in oxidative phosphorylation. Firstly,

we examined whether OMA1 regulates the integrity of mitochon-

drial respiratory chain complexes in colorectal cancer by using blue

native PAGE (BN-PAGE). OMA1 KO significantly increased the level

of mitochondrial respiratory chain complexes I, II, IV, and complex

V (ATP synthase) in mouse colorectal tumors (Fig 6A), indicating

◀ Figure 4. OMA1 stabilizes HIF-1a by increasing mitochondrial ROS generation under hypoxia.

A Control and OMA1 KO HCT116 cells were cultured in normoxia or in hypoxia (1% O2) for 24 or 48 h. The whole cell lysates were analyzed by Western blotting with
antibodies against HIF-1a, HK2, LDHA, PKM2, GPI, OMA1, or b-Actin. The relative protein levels were further evaluated by densitometry analysis using ImageJ
software and were presented as bar graphs in the right panels. Error bars are presented as mean � SD by a two-way ANOVA (n = 3 independent experiments).
*P < 0.05, **P < 0.01, ***P < 0.001.

B Control or OMA1 KO Hela cells were untreated (�) or CoCl2-treated (+) for 24 h with 10 mM Mg132 or vehicle added for the last 4 h. Cell lysates were assessed by
Western blotting with antibodies against HIF-1a or b-Actin. Relative protein levels were further evaluated by densitometry analysis. Error bars indicate the
mean � SD by a two-way ANOVA (n = 3 independent experiments). *P < 0.05, **P < 0.01.

C Dihydroethidium (DHE) staining of optimum cutting temperature (OCT) covered tissues from the colons of WT and Oma1�/� mice; DAPI was used as counterstain.
DHE was shown in red color, while DAPI in blue color (representative data from three independent experiments).

D Quantification of DHE staining. Error bars are presented as mean � SD (n = 3 biological replicates), statistical significance was assessed by a two-way ANOVA,
**P < 0.01, ***P < 0.001.

E Control or OMA1 KO HCT116 cells cultured in normoxia or hypoxia (1% O2) for 12 h were stained with mitoSOX and then analyzed by confocal microscopy
(representative data from three independent experiments).

F The fluorescence intensity of mitoSOX was further analyzed by ImageJ software. Bars indicate the mean � SD of three independent experiments by a two-way
ANOVA, ***P < 0.001.

G–I Control or OMA1_KO HCT116 cells were cultured in normoxia or hypoxia for 12 h, and were treated with DMSO, NAC (10 mM) or Rotenone (1 lM) for 12 h at the
same time. The whole cell lysates were analyzed by Western blotting with antibodies against HIF-1a, and Tubulin (G). The glucose uptake (H) and lactate
production (I) were measured using microplate reader, and the values were normalized to the protein concentration. Error bars indicate the mean � SD (n = 3
independent experiments), statistical significance was assessed by two-way ANOVA. N.S., not significant, *P < 0.05, ***P < 0.001.
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that OMA1 KO may inhibit the disassembly of mitochondrial respi-

ratory chain complexes of colorectal cancer cells in vivo. Consider-

ing hypoxic tumor microenvironments activating OMA1, we later

investigated the effect of hypoxia on mitochondrial respiratory chain

complexes assembly. Results showed that hypoxia reduced the

assembly of mitochondrial respiratory chain complexes I, II, IV, and

complex V (ATP synthase) in control HCT116 cells, and OMA1 KO

inhibited the hypoxia-induced reduction of complexes I and IV

(Fig 6B). These data suggest that OMA1 may impair mitochondrial

respiratory chain complexes assembly of colorectal cancer cells.

Then, we explored how OMA1 impairs mitochondrial respiratory

chain complexes assembly. Since we identified that mitochondrial

respiratory chain complex I components NDUFB5, NDUFB6, and

complex IV components NDUFA4 and COX4L1 can be degraded by

OMA1 (Fig 5), we later examined the role of NDUFB5, NDUFB6,

NDUFA4, and COX4L1 in the assembly of mitochondrial respiratory

chain complexes. The results showed that NDUFB5 or NDUFB6

knockdown destabilized some components (NDUFB5, NDUFB6,

NDUFB8) of mitochondrial respiratory chain complex I, but did not

affect complex II component SDHA and complex III component

UQCRC2 (Fig EV4A and B). In addition, COX4L1 knockdown or

NDUFA4 knockout led to a dramatic reduction of complex IV key

component MT-CO2 (Fig EV4C and D). Moreover, NDUFB5 or

NDUFB6 knockdown impaired the assembly of mitochondrial
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respiratory chain complex I, and COX4L1 knockdown or NDUFA4

knockout led to the disassembly of mitochondrial respiratory chain

complex IV (Fig EV4E). Next, we analyzed the protein levels of

NDUFB5, NDUFB6, COX4L1, and NDUFA4 in vivo. NDUFB5,

NDUFB6, COX4L1, and NDUFA4 were significantly decreased in the

mouse colorectal tumors compared with that in the adjacent normal

tissues (Fig 6C), indicating that NDUFB5, NDUFB6, COX4L1, and

NDUFA4 are destabilized in colorectal tumors. However, OMA1 KO

markedly restored the degradation of NDUFB5, NDUFB6, COX4L1,

and NDUFA4 in the colorectal tumors (Fig 6C). These findings

demonstrate that OMA1-mediated degradation of NDUFB5,

NDUFB6, COX4L1, and NDUFA4 may contribute to the disassembly

of mitochondrial respiratory chain complexes in colorectal tumors.

We next investigated the role of NDUFB5, NDUFB6, COX4L1, and

NDUFA4 in mtROS production and glycolysis. Results indicated that

mtROS, glucose uptake, and lactate production were remarkably

increased in NDUFB5 knockdown, NDUFB6 knockdown, COX4L1

knockdown, or NDUFA4 knockout HCT116 cells (Fig EV5A–D).

Therefore, under hypoxic condition, OMA1 may mediate NDUFB5,

NDUFB6, COX4L1, and NDUFA4 degradation to impair mitochon-

drial respiratory complexes, thereby increasing mtROS generation

and glycolysis.

Overall, these results demonstrated that OMA1 may affect mito-

chondrial respiratory chain complexes assembly of colorectal cancer

cells in vivo by degrading or processing some components of mito-

chondrial respiratory chain complexes (Fig 6D). In other words,

OMA1 downregulates oxidative phosphorylation in colorectal cancer

cells in vivo.

Discussion

Mitochondria are important organelles that mediates tumorigenesis

in multiple biological aspects, including metabolism, bioenergetics,

biosynthetics, oxidative stress, signaling, and cell death regulation

(Vyas et al, 2016). In this study, we demonstrated that

mitochondrial stress sensor OMA1 plays an important role in

colorectal carcinogenesis and development. Genetic deficiency of

OMA1 suppressed colorectal tumor growth in the AOM/DSS mouse

model and xenograft. We also elucidated the mechanism that OMA1

coordinates glycolysis and mitochondrial oxidative phosphorylation

by regulating ROS generation, cristae remodeling, and mitochondrial

respiratory chain complexes assembly under hypoxia.

OMA1, as an ATP-dependent zinc metalloprotease located in the

mitochondrial inner membrane, was previously reported to be acti-

vated by self-cleavage during stress conditions and participate in

mitochondrial protein quality control (K€aser et al, 2003; Baker et al,

2014; Zhang et al, 2014; Bohovych et al, 2016), and some recent

research starts to link the OMA1 expression to gastric cancer initia-

tion and breast cancer metastasis (Amini et al, 2019; Daverey et al,

2019). In our present study, the bioinformatics analyses showed the

expression of OMA1 is upregulated in the tumors from colorectal

cancer patients and increased OMA1 expression correlates with poor

prognosis (Fig 1A and B). Consistently, the AOM-DSS mouse model

reveals that OMA1 knockout mice displayed less and lower-grade

colorectal tumor, as well as less body weight changes, compared

with WT mice (Fig 2). In addition, OMA1 knockout also suspended

colorectal tumor growth in xenograft models (Fig EV1A–C), which

is probably due to the metabolic and stress adaptations of cancer

cells during the tumorigenesis process. Moreover, our data revealed

a degradation of the canonical OMA1 substrate OPA1 in the tumor

from colorectal cancer patients and mice (Figs 1C, and EV3C and

D), suggesting that OMA1 is activated in colorectal cancer cells

in vivo. Taken together, these findings provide insights into the role

of OMA1 in colorectal cancer development.

Metabolic reprogramming has a great impact on tumor develop-

ment, and tumor cells show adaptive responses to hypoxia and

hypo-nutrient conditions, resulting in changes in tumor cellular

bioenergetics (Ward & Thompson, 2012). Our data suggested that

OMA1 KO inhibits glycolytic metabolism under hypoxia or DMOG

treatment, while there is no significant difference between control

and OMA1 KO cells under normoxia (Fig 3A–D). Moreover, under

◀ Figure 5. NDUFB5, NDUFB6, COX4L1, and NDUFA4 may be proteolytic substrates of OMA1.

A 293T cells were transiently co-transfected with empty vector and NDUFB5-MYC, or OMA1-E324Q-Flag and NDUFB5-MYC. Cell lysates were used for co-
immunoprecipitation with anti-Flag M2 affinity gel at 4°C overnight, followed by Western blotting with anti-Flag or anti-MYC antibodies (n = 3 independent
experiments).

B 293T cells were transiently co-transfected with empty vector and NDUFB6-GFP, or OMA1-E324Q-Flag and NDUFB6-GFP. Cell lysates were used for co-
immunoprecipitation with anti-Flag M2 affinity gel at 4°C overnight, followed by Western blotting with antibodies against Flag or GFP (n = 3 independent
experiments).

C 293T cells were transiently co-transfected with empty vector and COX4L1-GFP, or OMA1-E324Q-Flag and COX4L1-GFP. Cell lysates were used for co-
immunoprecipitation with anti-Flag M2 affinity gel at 4°C overnight, followed by Western blotting with anti-Flag or anti-GFP antibodies (n = 3 independent
experiments).

D 293T cells were transiently co-transfected with empty vector and NDUFA4-GFP, or OMA1-E324Q-Flag and NDUFA4-GFP. Cell lysates were used for co-
immunoprecipitation with anti-Flag M2 affinity gel at 4°C overnight, followed by Western blotting with antibodies against Flag or GFP (n = 3 independent
experiments).

E HCT116 cells stably expressing control (empty vector) or OMA1-Flag, and HCT116 cells infected with control or shOMA1 (OMA1 knockdown) lentiviral particles and
further cultured for 5 days, were then treated with DMSO or 20 lm CCCP for 4 h. Cell lysates were analyzed by Western blotting with antibodies against NDUFA4,
COX4L1, NDUFB5, DNUFB6, MT-CO2, OMA1, or Tubulin. The black arrowhead indicated the full-length COX4L1 or NDUFB6, and the red arrowhead pointed to the
cleaved band. The asterisk indicates a nonspecific band.

F WT, OMA1 KO, and OMA1 KO HCT116 cells expressing WT-OMA1(OMA1-Flag) or proteolytic inactive OMA1(E324Q-Flag) were treated with CHX (100 µg/ml) plus CCCP
(20 µM) for 0, 2, 4, 6 h. The cell lysates were then assessed by western blot with antibodies against NDUFA4, COX4L1, NDUFB5, NDUFB6, OMA1, or HSP60
(representative data from three independent experiments). The asterisk indicates a nonspecific band.

G Control or OMA1 KO HCT116 cells were cultured in hypoxia (1% O2) for 0, 24, or 48 h. Cell lysates were assessed by Western blotting with anti-NDUFB5, anti-
NDUFB6, anti-COX4L1, anti-NDUFA4 antibodies, or anti-b-Actin. The relative protein levels were further evaluated by densitometry analysis using ImageJ software
and were presented as bar graphs in the right panels. Error bars are presented as mean � SD by a two-way ANOVA (n = 3 independent experiments). *P < 0.05,
**P < 0.01, ***P < 0.001.
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hypoxia, OMA1 deficiency attenuates the levels of glycolysis-related

proteins (Fig 4A). It has been reported that OPA1 mutation or defi-

ciency impairs mitochondrial oxidative phosphorylation (Zanna

et al, 2008; Mishra et al, 2014), and activated OMA1 regulates the

degradation and processing of OPA1 (Ehses et al, 2009). Based on

that, we showed that OPA1 deletion makes cells more dependent on

glycolysis for survival in our study (Figs 3E–H, and EV1D and E).

These findings demonstrate that the OMA1-OPA1 axis may partici-

pate in the glycolytic shift during colorectal tumor development,

though additional OMA1 effects may also play key roles in this

process.

Then, we investigated the mechanism of OMA1 regulating energy

metabolic alteration during colorectal cancer development. Tumor

environments are changing while hypoxia is a key tumor microenvi-

ronment as the tumor grows. And HIF-1a is a key regulator of

glycolysis in response to hypoxic stress, through the transcriptional

regulation of genes encoding glycolytic enzymes and glucose trans-

porters (Denko, 2008). In our study, we found that OMA1 is acti-

vated by hypoxia, thus leading to the stabilization of HIF-1a under

hypoxic conditions (Figs 1D and 4A). In addition, OMA1 promoted

ROS generation both in mitochondria exposed to hypoxia (Fig 4E

and F) and in the colorectal tumor (Fig 4C and D). These data

suggest that OMA1 stabilizes HIF-1a through increasing ROS genera-

tion under hypoxia, thus promoting glycolysis. Next, we explored

the role of OMA1 in mitochondrial oxidative phosphorylation. Since

mitochondrial respiratory chain complex and ATP synthase are

localized in mitochondrial cristae, which enable mitochondria to

produce sufficient ATP by oxidative phosphorylation (Ac�ın-P�erez

et al, 2008), we examined the mitochondrial ultrastructure in the

mouse colorectal tumors. Compared with adjacent normal tissues,

colorectal tumors displayed dramatically reduced mitochondrial

cristae, but OMA1 KO inhibited mitochondrial cristae loss in

colorectal tumors (Fig EV3A and B). Additionally, Western blotting

analysis showed that OPA1, a key mitochondrial cristae formation

factor, was reduced in colorectal tumors compared with that in adja-

cent normal tissues, however, OMA1 KO attenuated the reduction of

OPA1 in colorectal tumors (Fig EV3C). These data indicate that

OMA1-OPA1 axis promotes mitochondrial cristae loss to downregu-

late oxidative phosphorylation in response to tumor microenviron-

ments during colorectal cancer development. Moreover, we showed

NDUFB5, NDUFB6, COX4L1, and NDUFA4 (Fig 5), the components

of mitochondrial respiratory complexes, may be the new substrates

of OMA1. In colorectal tumor or under hypoxic conditions,

NDUFB5, NDUFB6, COX4L1, and NDUFA4 were degraded by

OMA1, leading to disassembly of mitochondrial respiratory

complexes (Fig 6), thereby down-regulating mitochondrial oxidative

phosphorylation and promoting glycolysis (Fig EV5C and D). Taken

together, OMA1 promotes the Warburg effect by coordinating

glycolysis and oxidative phosphorylation.

It has been reported that hypoxia increases the expression of

mitochondrial protease LonP1 by HIF-1a (Fukuda et al, 2007) and

also activates mitochondria i-AAA protease Yme1L (MacVicar et al,

2019). Therefore, OMA1 may cooperate with Yme1L, LonP1, and

some other mitochondrial proteases to regulate mitochondrial meta-

bolism under hypoxia. But uniquely, hypoxia-induced OMA1 activa-

tion may also lead to its degradation (Fig 1D–G) probably due to

self-cleavage and self-degradation (Baker et al, 2014; Zhang et al,

2014); moreover, OMA1 can be degraded by Yme1L in hypoxia

(MacVicar et al, 2019). Therefore, OMA1 could not be unlimitedly

activated by hypoxia. And in hypoxic cells, OMA1 may act as a stop

button of disrupting mitochondria by degradation, thus maintaining

certain mitochondrial activity for cancer cell survival. This phenom-

enon is a negative feedback for modulating mitochondrial metabo-

lism by OMA1 under hypoxia.

Mitochondrial ROS formation under hypoxia is complicated due

to low oxygen (Clanton, 2007), and it is mainly generated by mito-

chondrial respiratory complexes I and III. Under hypoxic conditions,

OMA1 may impair assembly of mitochondrial respiratory complex I

by degrading NDUFB5 and NDUFB6 (Fig 6); however, the decreased

mitochondrial respiratory complex I may have little effect on impair-

ing mtROS formation due to the low oxygen. In addition, the deple-

tion of NDUFB5, NDUFB6, COX4L1, and NDUFA4 increases mtROS

production (Fig EV5A and B). Therefore, under hypoxia, the degra-

dation of NDUFB5, NDUFB6, COX4L1, and NDUFA4 by activated

OMA1 may inhibit the electron transfer chain, leading to the

increase rather than inhibition of mtROS production within mito-

chondria.

Overall, OMA1 acts as a sensor to tumor microenvironments,

particularly hypoxia, and functions as a key factor in energy meta-

bolic reprogramming. It promotes the Warburg effect by coordinat-

ing glycolysis and oxidative phosphorylation, thus facilitating

colorectal cancer development (Fig 6D). Importantly, OMA1 can act

◀ Figure 6. OMA1 impairs the assembly of mitochondrial respiratory chain complexes under hypoxia.

A Mitochondria isolated from tumors (T) or adjacent normal (N) tissues of WT and Oma1�/� mice were subjected to blue native PAGE (BN-PAGE), and respiratory chain
complexes were analyzed by Western blotting with anti-NDUFB8 (Complex I), anti-SDHA (Complex II), anti-COX4L1 (Complex IV), and anti-ATP5A1 (Complex V, ATP
synthase) antibodies. SDS–PAGE with antibody against HSP60 was used as a loading control. Relative protein levels were further evaluated by densitometry analysis
using ImageJ software. Error bars are presented as mean � SD by a two-way ANOVA (n = 3 independent experiments). *P < 0.05, **P < 0.01, ***P < 0.001.

B Digitonin-solubilized mitochondria were isolated from control and OMA1 KO HCT116 cells cultured in normoxia or hypoxia (1% O2) for 12 h, and then analyzed by
BN-PAGE and immunoblotting using the indicated antibodies against NDUFB8 (Complex I), SDHA (Complex II), COX4L1 (Complex IV), and ATP5A1 (Complex V). SDS–
PAGE with antibody against HSP60 was used as a loading control. Relative protein levels were further evaluated by densitometry analysis using ImageJ software.
Error bars are presented as mean � SD by a two-way ANOVA (n = 3 independent experiments). N.S., not significant, *P < 0.05.

C The lysates of adjacent normal tissues (N) or tumors (T) from WT and Oma1�/� mice were analyzed by Western blotting with antibodies against NDUFA4, COX4L1,
NDUFB5, DNUFB6, UQCRC2, or Tubulin. Relative protein levels were further evaluated using ImageJ software. Error bars indicate the mean � SD by a two-way
ANOVA (n = 3 independent experiments). *P < 0.05, ***P < 0.001.

D A graphic model of mitochondrial stress sensor OMA1-coordinated glycolysis and mitochondrial oxidative phosphorylation in colorectal carcinogenesis and
development. Hypoxia-induced OMA1 activation leads to the degradation of mitochondrial respiratory chain complexes (MRCC) components and OPA1, and results in
cristae remodeling, all of which results in the inhibition of mitochondrial electron transport chain (ETC) and the generation of mitochondrial ROS. Elevated ROS can
stabilize HIF1a, thereby promoting glycolysis. Thus, OMA1 promotes the Warburg effect by coordinating glycolysis and oxidative phosphorylation to facilitate
colorectal cancer development.
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as a stop button to modulate mitochondrial metabolism in hypoxia.

In addition, the mild glycolytic deficiency, reduced ROS and hypoxic

signaling, and accumulation of OXPHOS substrates in OMA1 KO

cells may contribute to the inhibition of colorectal cancer develop-

ment. Our findings reveal that OMA1 is a potential target for the

prevention or treatment of colorectal cancer.

Materials and Methods

Cell culture reagents and antibodies

HCT116, 293T, MEFs, SW48, and HT29 cell lines were cultured in

Dulbecco’s modified Eagle’s medium (Thermo Fisher) supplemented

with 10% fetal bovine serum (FBS, Gibco), 1% penicillin/strepto-

mycin (Gibco), and 1% sodium pyruvate at 37°C with 5% CO2. For

hypoxia experiments, cells were cultured in a sealed incubator

chamber with a ProOX C21 O2/CO2 controller (BioSpherix, USA).

The hypoxic conditions consisted of 1% O2, 5% CO2, and 94% N2.

The oxygen concentration was kept at 1% by continuous infusion of

N2. Reagents used in this paper were as follows: Carbonyl cyanide

3-chlorophenylhydrazone (CCCP, Sigma-Aldrich), azoxymethane

(AOM, Sigma-Aldrich), 2-DG (Sigma-Aldrich), dextran sulfate

sodium (DSS, MP biomedicals), Lipofectamine 2000 and Opti-MEM

(Invitrogen), DMOG (Selleck), CoCl2 (Sinopharm Chemical Reagent

Co.,Ltd), Rotenone (Sigma-Aldrich), N-Acetyl-L-cysteine (NAC,

MedChemExpress), Mg132 (Sigma-Aldrich), cycloheximide (CHX,

Sigma-Aldrich). Antibodies were used in this study: anti-Flag

(F1804) were obtained from Sigma-Aldrich; anti-OMA1 (H-11), anti-

GFP (SC-9996), and anti-MYC (SC-40) were obtained from Santa

Cruz Biotechnology; anti-NDUFA4 (AP20519b) were obtained from

Abgent; anti-Yme1L (11510-1-AP), anti-NUDFB6 (16037-1-AP), anti-

NUDFB8 (14794-1-AP), anti-COX4L1 (11242-1-AP), anti-SDHA

(14865-1-AP), anti-MT-CO2 (55070-1-AP), anti-UQCRC2 (14742-1-

AP), anti-ATP5A1 (14676-1-AP), anti-HK2 (22029-1-AP), anti-PKM2

(15822-1-AP), anti-LDHA (19987-1-AP), and anti-GPI (15171-1-AP)

were obtained from Proteintech; anti-OPA1 (612607) and anti-HIF-

1a (610909) were obtained from BD Biosciences; anti-NDUFB5

(GTX111880) were obtained from Gene Tex; anti-b-Tubulin
(GNI4110-BT) and anti-b-Actin (GNI4110-BA) were obtained from

GNI.

Plasmids and RNA interference

Mouse OMA1 cDNA and its mutants were cloned into pMSCV-puro

vector with a C-terminal 3 × Flag tag. NDUFB5-MYC, NDUFB6-GFP,

COX4L1-GFP, and NDUFA4-GFP were cloned into pHAGE-puro or

pEGFP-N3 vector. shRNA against OMA1, OPA1, NDUFB5, NDUFB6,

COX4L1, or HIF-1a was performed using a modified retroviral vector

with the H1 promoter. The following target sequences for gene

knockdown were:

50-GAAGTGCTTTGTCATCTAA-30 for human shOMA1;

50-GTTATCAGTCTGAGCCAGGTT-30 for human shOPA1;

50-CACCGCGCTCGTTATCATG-30 for human shCOX4L1;

50-GGAACTTATTGATCATTCT-30 for human shNDUFB5-1;

50-GATGGACCCTGGTATTACT-30 for human shNDUFB5-2;

50-GACTGGAGAAGTAATTCCA-30 for human shNDUFB6;

50-CCAGTTATGATTGTGAAGTTA-30 for human shHIF-1a-1;
50-GTGATGAAAGAATTACCGAAT-30 for human shHIF-1a-2.

Generation of knockout cells

HCT116 cells lacking OMA1, OPA1, or NDUFA4 were generated by

CRISPR/Cas9 gene editing, as described previously (Tang et al,

2020). Briefly, sgRNA sequences were selected using the MIT

CRISPR design tool (http://crispr.mit.edu/) and cloned into Lenti-

CRISPR plasmid (Addgene 49535). The following guide sequences

were used:

50-ACATTAGCATCCACCTCACG-30 for human OMA1;

50-GCGACTACGTCGGGCCGCTG-30 for human OPA1;

50-AACACTGTATCTCTTGCGTC-30 for human NDUFA4;

50-TGTCCAAGTGTTGGCCCCCG-30 for human YME1L.

Lentivirus was produced by transfecting LentiCRISPR with plas-

mids psPAX2 and VSV-G in 293T cells. The medium containing

lentiviral particles was collected and used for infecting HCT116 cells

with 5 lg/ml polybrene (Sigma-Aldrich). Twenty hours later, the

medium was aspirated and replaced with fresh medium containing

2 lg/ml puromycin to select and establish stably transfected cells.

Then, the single cells were sorted into 96-well dishes for the screen

of knockout lines. The surviving clones were expanded, selected,

and analyzed by Western blotting. The genomic region flanking the

targeting sequence was amplified by PCR and subjected to DNA

sequencing.

Mice

Oma1�/� mice on the C57BL/6 background were generated by the

CRISPR/Cas9 method. Oma1�/� mice bearing a 620 bp deletion in its

exon-3 were identified using primers flanking the break sites. The

sequences of the primers are 50-AAGGTGTTAGAAAGAGCACAC-30

(forward), and 50-CTCACGCTGTCTTTAAATAGC-30 (reverse). All

mice were housed under specific pathogen-free conditions at the

animal facilities of Wuhan University College of Life Sciences. 12–

14 weeks old, age- and sex-matched mice were used in all the experi-

ments. All mouse studies were approved by the Animal Care Commit-

tees of Wuhan University College of Life Sciences.

Induction of colorectal cancer

To induce colorectal cancer model, WT and Oma1�/� male mice

(12–14 weeks old) were injected intraperitoneally with AOM

(10 mg/kg) on day 0 (n = 11/12, each group). After 7 days, 1.5%

DSS was added to the drinking water for 5/7 consecutive days.

Three cycles of DSS treatment were used. After the induction of

tumorigenesis, mice were euthanized on day 105. And all colon

tissues, tumors, and serum were collected on day 105. After mice

were euthanized, colons were removed and were flushed with cold

PBS. Tumor numbers, tumor size, and total tumor mass (tumor

load) were measured for each mouse. All experiments were

repeated with three independent biological replicates.

Xenograft tumor growth analysis

For the xenograft experiments, colorectal cancer cells (5 × 106

HCT116 cells) were injected subcutaneously into the axillae of 6- to

14 of 18 EMBO reports 22: e50827 | 2021 ª 2020 The Authors

EMBO reports Zhida Wu et al

http://crispr.mit.edu/


8-week-old male BALB/c nude mouse to establish the colorectal

cancer xenograft model. Six days after subcutaneous inoculation,

the width and length of superficial tumors were measured with a

caliper at the indicated time intervals, and tumor volume was calcu-

lated according to the formula volume = width2 × length/2. After

16 days, xenograft tumors were harvested, and processed for

Western blotting or ultrastructure analysis.

Quantitative real-time PCR analysis

RNA from cells or tissues was extracted using TRIzol (Life Tech-

nologies) followed by DNase (Promega) treatment. And the cDNA

was synthesized using the RevertAid Synthesis Kit (Thermo Scien-

tific) according to the manufacturer’s instructions. Then, the cDNA

samples were used as templates for quantitative real-time quantita-

tive PCR analysis by using SYBR Green Supermix (Roche) and the

iCycler real-time PCR Detection System (Bio-Rad). The fold change

of target mRNA expression was calculated using the 2�DDCT method.

The b-ACTIN or Gapdh housekeeping gene was used for normaliza-

tion. The primers used in this study were as followed:

human GLUT1: forward, 50-ATTGGCTCCGGTATCGTCAAC-30,
and reverse, 5ʹ-GCTCAGATAGGACATCCAGGGTA-30;
human OPA1: forward, 50-TGTGATTGAAAACATCTACCTTCCA-30,
and reverse, 5ʹ-TTTAAGCTTGATATCCACTGTGGTGT-30;
human OMA1: forward, 50-TACTTCTCCACGGTTTCAAGC-30,
and reverse, 50-GATTGGACTTACTTCCAGGTGAG-30;
human YME1L: forward, 50-TTTAGGGAAGCAAAGGCGAAT-30,
and reverse, 50-CCTCTGGGAAGTTTGTGGCT-30;
human b-ACTIN: forward, 50-GGCATGGGTCAGAAGGATT-30,
and reverse, 5ʹ-CCACACGCAGCTCATTGTA-30.
mouse Gapdh: forward, 50-ACGGCCGCATCTTCTTGTGCA-30,
and reverse, 50-ACGGCCAAATCCGTTCACACC-30.
mouse Tnfa: forward, 50-GGTGCCTATGTCTCAGCCTCTT-30,
and reverse, 50-GCCATAGAACTGATGAGAGGGAG-30.
mouse Il6: forward, 50-TGATGCACTTGCAGAAAACA-30,
and reverse, 50-ACCAGAGGAAATTTTCAATAGGC-30.
mouse Cox2: forward, 50-GATGCTCTTCCGAGCTGTG-30,
and reverse, 50-GGATTGGAACAGCAAGGATTT-30.
mouse Ccl2: forward, 50-TTAAAAACCTGGATCGGAACCAA-30,
and reverse, 50-GCATTAGCTTCAGATTTACGGGT-30.

Western blotting and co-immunoprecipitations

Western blotting and co-immunoprecipitation (co-IP) analysis were

performed as previously described (Li et al, 2016). In brief, cells

were lysed with RIPA buffer (50 mM Tris–HCl, 150 mM NaCl, 1%

NP-40 (Sigma-Aldrich), 0.5% sodium deoxycholate (Sigma-Aldrich),

1 mM EDTA (Sigma-Aldrich), 0.1% SDS (Sigma-Aldrich) and

complete protease inhibitor (Roche). The proteins were loaded onto

an SDS–polyacrylamide gel, separated by electrophoresis, and blot-

ted onto a PVDF membrane (Merck Millipore). For the co-IP, all

steps were performed at 4°C, cells were solubilized with IP buffer

(150 mM NaCl, 10% glycerol, 20 mM Tris–HCl pH = 7.4, 2 mM

EDTA, 0.5% NP-40, 0.5% Triton X-100 and protease inhibitor

mixture) for 1 h. The lysates were centrifuged at 12,000 × g for

15 min and the supernatant were subsequently incubated with anti-

Flag M2 affinity gel (Sigma-Aldrich; A2220) with antibody at 4°C

overnight. The affinity gel was washed five times with lysis buffer,

and then, the proteins were recovered by boiling the beads in

sample buffer and analyzed by Western blotting.

Measurement of ECAR

The extracellular acidification rate (ECAR) of cells were measured

with a Seahorse Extracellular Flux Analyzer XF96 (Seahorse

Bioscience), according to the manufacturer’s instructions. In brief,

HCT116 cells were seeded in an XF96-well plate at a density of

1.5 × 104 per well and allowed to attach overnight. Next, cells were

treated with or without 1 mM DMOG in fresh medium for 12 h.

Before running the assay, cells were incubated with the unbuffered

medium in a CO2-free incubator at 37°C for 1 h. For detection of the

real-time glycolytic rate (ECAR), additional automated measure-

ments were performed after a sequential injection of 10 mM

glucose, 1 µM oligomycin, and 50 mM 2-deoxy-glucose. ECAR

measurements were reported as mpH/min.

Measurement of ATP production

Cellular ATP levels were measured using an ATP assay kit (Celltiter-

Glo Luminescent Cell Viability Assay, Promega) according to the

manufacturer’s instructions. Briefly, cells were maintained in 96-

well plates in normoxia or hypoxia for the indicated periods. Whole

cell lysates were generated using the luciferase reporter lysis buffer.

Luminescence was measured using the microplate reader and the

values were normalized to the protein concentration.

ROS measurement

Intracellular ROS was detected by MitoSOXTM Red (Invitrogen)

according to the manufacturer’s instructions. Briefly, cells were

incubated with 5 uM MitoSOX with Hank’s balanced salt solution at

37°C for 25 min and then washed cells 3 times with HBSS solution

with Ca2+ and Mg2+ (1.26 mM CaCl2, 0.5 mM MgCl2, 0.4 mM MgSO4,

5.33 mM KCl, 0.44 mM KH2PO4, 4.16 mM NaHCO3, 138 mM NaCl,

0.34 mM Na2HPO4, and 5.56 mM D-Glucose). The fluorescence was

measured qualitatively by confocal microscopy under excitation at

510 nm, and the emission was collected at 580 nm. The fluorescence

intensity was analyzed using ImageJ software.

For the measurement of ROS in tumors or adjacent normal tissues,

optimum cutting temperature (OCT) covered tissues were cut in 8 lm
sections. Slides were incubated at 37°C in dihydroethidium (DHE)

(1:200; Servicebio) for 30 min. Buffer containing DAPI (Servicebio)

was used as counter stain. Slides were washed three times with PBS.

The fluorescence intensity was analyzed by using ImageJ software.

Cell proliferation and glucose-dependent cell death assay

Cell proliferation was measured using a Cell Counting Kit (CCK-8)

according to the manufacturer’s instructions. The absorbance of

control and knockout cells under normoxia or hypoxia was

measured with the microplate reader at 450 nm. For the Glucose-

Dependent Cell Death Assay, cells were cultured with no-glucose

DMEM + 10% FBS + galactose (4.5 g/l) or DMEM + 10% FBS + 2-

Deoxy-D-glucose (2-DG, 10 mM) for 24 h or 48 h, and live/dead

cells were quantified by cell counting with trypan blue exclusion.

Cells were counted by the hemacytometer.
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Metabolite measurements

The extracellular lactate in the media of cultured cells was measured

using the lactate colorimetric/fluorometric assay kit (BioVison)

according to the manufacturer’s protocol. In brief, cells were main-

tained in 12-well plates with fresh medium in normoxia or hypoxia

for 24 h, and the culture medium was centrifuged to remove insol-

uble material. Then, the supernatant was kept at �80°C for storage

to deactivate the lactate dehydrogenase. Before running the assay,

the reaction was incubated for 30 min at room temperature. Absor-

bance (OD 570 nm) or fluorescence (Ex/Em = 535/587 nm) was

measured using the microplate reader and the values were normal-

ized to the protein concentration.

The intracellular glucose uptake was measured in the cell lysates

using the glucose uptake fluorometric assay kit (BioVision) according

to the manufacturer’s instruction. In brief, cells were cultured with

serum-free DMEM in normoxia or hypoxia for 24 h and then incu-

bated with KRPH buffer (20 mM HEPES, 5 mM KH2PO4, 1 mM

MgSO4, 1 mM CaCl2, 136 mM NaCl, 4.7 mM KCl, pH 7.4) containing

2% BSA for 40 min. Then, cells were stimulated with or without

insulin (1 lM) for 20 min and added 10 mM 2-DG for 20 min. The

cell lysates with the reaction mix were incubated for 40 min at 37°C.

The fluorescence was measured qualitatively by microplate reader

under excitation at 510 nm, and the emission was collected at

580 nm. The values were normalized to the protein concentration.

Electron microscopy

For ultrastructural analysis, mouse tissues were excised and fixed with

4.0% formaldehyde in 100 mM phosphate buffer (PB, pH = 7.4) for

0.5 h, and 2% glutaraldehyde for 1.5 h. After washing for three times

in PB buffer, samples were postfixed with 2% osmium tetroxide

(OsO4) for 1 h on ice, protected from light. Then, the pellets were

dehydrated with graded series of cold ethanol (30, 50, 70, 80, 95, and

100%). After washed three times in epoxypropane, the samples were

infiltrated sequentially in 1:1 (v:v) epoxypropane/epoxy resin (4 h),

1:2 (v:v) epoxypropane/epoxy resin (overnight), 100% fresh epoxy

resin (4 h), and finally 100% fresh epoxy resin (48 h) at 60°C for poly-

merization. The ultrathin sections on copper grids were poststained in

Sato lead, Sodium citrate for 1 min and observed using a JEM-1400

plus electron microscope operated at 100 kV.

Isolation of mitochondria and BN-PAGE analysis

Homogenization of cells or tissues and solubilization of mitochon-

dria for BN-PAGE were performed according to the protocol (Wittig

et al, 2006). Briefly, cells were maintained in 10-mm plates with

fresh medium in normoxia or hypoxia for 24 h. Then, cells were

collected and re-suspended in cell homogenization buffer (83 mM

sucrose, 6.6 mM imidazole/HCl, pH 7.0) and then ultrasonic disrupt

cell membranes on ice. To isolate the mitochondria of tissue, a

dounce homogenizer was used with the buffer (250 mM sucrose,

20 mM Imidazole, pH 7.0). And then, homogenate was centrifuged

for 10 min at 700 g and the supernatant subsequently was centri-

fuged for 10 min at 10,000 g to collect the pellet. Isolated mitochon-

drial were re-suspended in solubilization buffer A (50 mM sodium

chloride, 50 mM Imidazole/HCL, 2 mM 6-aminohexanoic acid, and

1 mM EDTA, pH = 7.0) on ice and 4% digitonin was added for

13 min. The samples were centrifuged for 10 min at 10,000 g to

collect the supernatant. Then, the samples were separated on 4–13%

blue native polyacrylamide gels (BN-PAGE). The native proteins from

BN gels were transferred to PVDF and immunoblotted with the anti-

NDUFB8, anti-SDHA, anti-COX4L1, anti-MT-CO2, and anti-ATP5A

antibodies, respectively.

Patient specimens

Colorectal cancer specimens and the adjacent normal tissues

used in this study were collected from the First Affiliated Hospi-

tal of Anhui Medical University, with prior written informed

consent. All the studies were carried out in accordance with the

Declaration of Helsinki and approved by the institutional ethics

review board.

Statistical analysis

Statistical analysis was performed using Prism 8 (GraphPad Soft-

ware). Unless otherwise indicated, data were presented as the

mean � SD or � SEM, and statistical significance was evaluated by

unpaired Student’s t-test. P < 0.05 was considered significant.

*P < 0.05, **P < 0.01, ***P < 0.001, and N.S.: not significant. “n”

represents number of biological replicates.

Data availability

This study includes no data deposited in external repositories.

Expanded View for this article is available online.
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