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MYB proto-oncogene like 2 promotes hepatocellular carcinoma growth and 
glycolysis via binding to the Optic atrophy 3 promoter and activating its 
expression
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ABSTRACT
Optic atrophy 3 (OPA3) is an integral protein of the mitochondrial outer membrane. The current 
study explored the expression of OPA3 in hepatocellular carcinoma (HCC), its association with the 
prognosis and its involvement in HCC cell proliferation and aerobic glycolysis. In addition, the 
transcription factors that activate its expression were screened and validated. Gene expression 
data in normal liver and liver cancer were acquired from the Genotype-Tissue Expression Project 
(GTEx) and The Cancer Genome Atlas (TCGA)-Liver Hepatocellular Carcinoma (TCGA-LIHC). 
Chromatin immunoprecipitation-seq data (GSM1010876) in Cistrome Data Browser was used for 
searching transcriptional factors binding to the OPA3 promoter. HCC cell lines HLF and JHH2 were 
used for in-vitro and in-vivo studies. Results showed that OPA3 is significantly upregulated in HCC 
and associated with unfavorable prognosis. OPA3 knockdown impaired HCC cell growth in vitro 
and in vivo. Besides, it decreased glucose uptake, lactate production, intracellular ATP levels, and 
extracellular acidification rate (ECAR) of HLF and JHH2 cells. MYB Proto-Oncogene Like 2 (MYBL2) 
can bind to the promoter of OPA3 and enhance its transcription. MYBL2 knockdown decreased 
aerobic glycolysis in HCC cells. OPA3 overexpression reversed these alterations. In conclusion, this 
study revealed a novel MYBL2-OPA3 axis that enhances HCC cell proliferation and aerobic 
glycolysis.
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Introduction

Hepatocellular carcinoma (HCC) is one of the most 
common malignancies globally and is the 5th and 7th 

leading cause of cancer-related death in men and 
women, respectively [1]. It accounts for over 75% of 
all primary liver cancers [1]. Since HCC in the early- 
stages is often asymptomatic, patients are usually 
diagnosed at intermediate or advanced stages, thus 
missing the best opportunities for curative treatments 
[2]. Local recurrence and distant metastasis are major 
causes of cancer-related death. For all HCC cases, the 
estimated 5-year survival rate is only 18% [3].

Aerobic glycolysis is a hallmark of HCC [4,5]. 
HCC cells have increased glucose uptake and are 
prone to utilize glycolysis but not oxidative phos-
phorylation as a major energy source, even under 
normoxic conditions [6]. This metabolic alteration 
is known as the Warburg effect [6]. Although the 
efficiency of adenosine triphosphate (ATP) 

production is significantly lower in aerobic glyco-
lysis, it accounts for around 47–70% of ATP sup-
ply in different tumors [6]. Elevated aerobatic 
glycolysis is directly associated with a series of 
malignant tumor behaviors, such as cell prolifera-
tion, epithelial-to-mesenchymal transition, inva-
sion, angiogenesis, metastasis, and chemo-/radio- 
resistance [4,7]. The mechanisms underlying 
abnormally activated aerobic glycolysis in HCC 
cells are complex. Dysregulated glycolytic rate- 
limiting enzymes and proteins, such as hexokinase 
2 (HK2), phosphofructokinase 1 (PFK1), 
Phosphoglycerate Kinase 1 (PGK1), and glucose 
transporter 1 (GLUT1) play critical roles in energy 
metabolism reprogramming [4,8]. Some recent 
studies found that mitochondrial fission is asso-
ciated with enhanced aerobic glycolysis [9–11].

Optic atrophy 3 (OPA3) has been characterized 
as an integral mitochondrial outer membrane 
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protein [12]. It might be a regulator of lipid meta-
bolism, coupling lipid uptake with lipid processing 
in the liver [13]. One previous study found that 
OPA3 has a critical role in modulating mitochon-
drial fission [12]. Its overexpression induces mito-
chondrial fragmentation, whereas its knockdown 
increases highly elongated mitochondria [12]. One 
recent study revealed that in K-ras-driven pancrea-
tic cancer, OPA3 expression could be upregulated 
by K-ras activation, thereby promoting the altera-
tion in cellular energy metabolism [14]. However, 
the expression of OPA3, its functional role, and the 
mechanisms underlying its dysregulation in HCC 
remain poorly understood.

MYB Proto-Oncogene Like 2 (MYBL2) belongs 
to the MYB family of transcription factor genes 
[15]. It can be phosphorylated by cyclin A/cyclin- 
dependent kinase 2 (CDK2) during the S-phase 
[16]. Via binding to the gene promoters, it can 
act transcriptional activator or repressor, regulat-
ing the expression of multiple genes regulating cell 
cycle progression, proliferation, and differentiation 
of multiple cancers [15,17].

In this study, we aimed to explore the regulatory 
effect of OPA3 on HCC tumor growth and glyco-
lysis. Then, we screened the transcriptional factors 
that bind to the OPA3 promoter and regulate its 
transcription.

Materials and methods

Bioinformatic analysis

Gene expression data, including transcript expres-
sion in primary liver cancer cases (n = 369) and 
adjacent normal tissues (n = 50) were extracted 
from The Cancer Genome Atlas (TCGA)-Liver 
Hepatocellular Carcinoma (TCGA-LIHC). 
Besides, its expression in normal liver tissues was 
acquired from Genotype-Tissue Expression Project 
(GTEx) (n = 110). Data extraction was performed 
using the UCSC Xena Browser (https://xenabrow 
ser.net/) [18], from the TCGA-Therapeutically 
Applicable Research to Generate Effective 
Treatments (TARGET)-GTEx dataset. To assess 
the association between gene expression and sur-
vival outcome (overall survival, OS and progres-
sion-free survival, PFS), survival data from HCC 
patients with primary tumors were also extracted. 

Youden Index [19] for death detection (the gene 
expression point with the maximum value of area 
under the curve) was identified in receiver operat-
ing characteristic (ROC) analysis. This index was 
applied as the cutoff for patient separation in 
Kaplan-Meier (K-M) survival analysis. 
Immunohistochemistry (IHC) in HCC tissues 
was obtained from the Human Protein Atlas 
(HPA) [20].

The potential transcription factors and chroma-
tin regulators with binding in the promoter region 
of OPA3 in HepG2 were retrieved by using one 
previous ChIP-seq data (GSM1010876) [21] 
recorded in the Cistrome Data Browser (http:// 
cistrome.org/db/#/) [22].

Cell culture and treatment

Normal liver parenchyma cells (CP-H043) were 
obtained from Procell (Wuhan, China). HCC cell 
lines HLF and JHH2 were purchased from Cobioer 
(Nanjing, China). Another two HCC lines, Huh1 
and HepG2 were obtained from the American 
Type Culture Collection (Manassas, VA, USA). 
These cells were cultured according to the recom-
mended methods according to the providers’ 
instructions. Three OPA3 and two MYBL2 
shRNAs were generated based on the predesigned 
shRNA sequences obtained from Sigma-Aldrich 
(St. Louis, MO, USA) and the pLKO.1-puro back-
bone. The shRNA sequences are as following: 
shOPA3#1, 5ʹ-CGAGTTCTTCAAGACCTATAT 
-3ʹ; shOPA3#2, 5ʹ-GAAGCTGCTATACTTGGG 
CAT-3ʹ; shOPA3#3, 5ʹ-ACTGTATCACTGGGT 
GGAGAT-3ʹ; shMYBL2#1, 5ʹ- CCCAGATCA 
GAAGTACTCCAT-3ʹ; shMYBL2#2, 5ʹ- GCTTGG 
TGTGACCTGAGTAAA-3ʹ. Lentiviral OPA3 
(NM_025136) overexpression particles (OPA3- 
OE) were generated based on the pLenti-CMV- 
puro backbone. Each shRNA or overexpression 
vector was co-transfected into 293 T cells with 
the packaging plasmids pMDLg/pRRE and pRSV- 
Rev and the envelope plasmid pMD2.G, using 
FuGENE 6 transfection reagent (Promega, 
Madison, WI, USA). HLF and JHH2 cells were 
infected with lentivirus in the presence of poly-
brene (8 µg/ml). 36 h after infection, the cells were 
selected via adding puromycin (0.7 μg/mL) for 
another 36 h to eliminate the non-infected cells.
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Quantitative reverse transcriptase PCR (qRT-PCR) 
assay

QRT-PCR assay was performed following the pro-
tocols introduced previously [23]. Total RNA was 
extracted with TRIzol reagent (ThermoFisher, 
Waltham, MA, USA) and was reversely tran-
scribed into cDNA using High-Capacity cDNA 
Reverse Transcription Kit (ThermoFisher), follow-
ing the manufacturer’s protocols. qRT-PCR was 
conducted using 7900HT Fast Real-Time PCR 
System (ThermoFisher), with TaqMan Gene 
Expression Master Mix (ThermoFisher). Relative 
gene expression was analyzed using the 2−ΔΔCt 

method, using ACTB expression as a reference 
control. The following primer sequences were 
used: OPA3, 5′-CCGCTTGCCAACCGTATTA 
AGG-3′ (forward) and 5′-TCCTCGTTCAGCGGC 
TTGATGA-3′ (reverse); MYBL2, 5′-CACCAGAA 
ACGAGCCTGCCTTA-3′ (forward) and 5′- 
CTCAGGTCACACCAAGCATCAG-3′ (reverse); 
ACTB, 5′- CACCATTGGCAATGAGCGGTTC-3′ 
(forward) and 5′- AGGTCTTTGCGGATGTCCA 
CGT-3′ (reverse).

Western blotting

Cell samples were washed and lysed with RIPA 
buffer with protease inhibitor cocktail. Total pro-
tein concentration was measured using the Pierce 
BCA Assay Kit (ThermoFisher). 25 μg protein 
samples were loaded to each lane and were sepa-
rated by sodium dodecyl sulfate-polyacrylamide 
gel electrophoresis (SDS-PAGE) (10%) and trans-
ferred onto polyvinylidene fluoride (PVDF) mem-
branes. Membranes were blocked and then probed 
with the indicated primary antibody at 4°C over-
night. The membranes were washed in Tris- 
buffered saline, 0.1% Tween 20 (TBST), before 
1 h incubation with the secondary anti-rabbit or 
anti-mouse IgG labeled with horseradish peroxi-
dase (HRP) at room temperature. β-actin antibody 
was used as a protein-loading control. Protein 
signals were developed using the SuperSignal 
West Dura Extended Duration Substrate 
(ThermoFisher) [24]. The following primary anti-
bodies were used: anti-OPA3 (1:1000, 15,638- 
1-AP, Proteintech, Wuhan, China), anti-MYBL2 
(1:1000, 18,896-1-AP, Proteintech), anti-GLUT1 

(1:2000, 21,829-1-AP, Proteintech), anti-HK2 
(1:2000, 22,029-1-AP, Proteintech), anti-PGK1 
(1:1000, 17,811-1-AP, Proteintech), anti-PGAM1 
(1:2000, 16,126-1-AP, Proteintech), anti-LDHA 
(1:4000, 19,987-1-AP, Proteintech), and anti-β- 
actin (1:2000, 20,536-1-AP, Proteintech).

Cell Counting Kit-8 (CCK-8) assay of cell viability 
and colony formation assay

HLF and JHH2 cells with or without lentiviral 
mediated OPA3 knockdown were plated in 96- 
well plates at a density of 1.5 × 103 cells per well 
and were cultured for different periods (24 h, 48 h, 
and 72 h). At the indicating time points, CCK-8 
reagent (Beyotime, Shanghai, China) was added 
for 2 h. Then, the optical density (OD) values 
were measured at 450 nm. The results are repre-
sentative of at least three independent experi-
ments. Cell viability curves were generated based 
on three technical repeats [25].

For colony formation assay, HLF (500 cells/ 
well) and JHH2 (500 cells/well) cells were plated 
in 6-well plates. Media were refreshed every 
other day. After 14 days of culture, the colonies 
were fixed in methanol for 30 min and stained 
using crystal violet solution. The numbers of colo-
nies were counted and analyzed by ImageJ 
software.

Xenograft tumor models

Animal studies were approved by The Animal 
Care and Use Committee of Hospital of Chengdu 
University of Traditional Chinese Medicine, 
China. 24 male nude mice (BALB/c nu/nu) aged 
between 4–6 weeks were purchased from Vital 
River Laboratories (Beijing, China). The mice 
were randomly divided into four groups 
(n = 6 per group). 5 × 106 cells in 100 μl phos-
phate-buffered saline (PBS) and Matrigel (v/ 
v = 1:1) with or without lentiviral mediated 
OPA3 knockdown were subcutaneously implant-
ing into the nude mice. The size of the tumor was 
measured every 3 days. Tumor volume was calcu-
lated using the following formula: V = 0.5 × length 
× width2. Mice were sacrificed after 30 days, and 
then tumors were removed and sectioned. Ki-67 
staining and DNA counterstain with 
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4′,6-diamidino-2-phenylindole (DAPI) was per-
formed on the tumor sections [26].

Immunofluorescent (IF) staining

IF staining was conducted following the method 
described previously [27]. HLF and JHH2 cells 
grown on coverslips were fixed in 4.0% polyformal-
dehyde, washed with PBS, and then treated with 
permeabilization solution (PBS, 0.25% Triton 
X-100) for 10 min. After washing, cells were blocked 
with 3% bovine serum albumin in PBS for 1 h at 
room temperature. Then, the coverslips were incu-
bated with anti-MYBL2 (1:200, 18,896-1-AP, 
Proteintech) overnight at 4°C, followed by incuba-
tion with an Alexa Fluor 488-labeled goat anti- 
rabbit IgG at room temperature for 1 h. Nuclei 
were counterstained using 2 μg/ml of DAPI in PBS 
for 5 min. Coverslips were mounted. IF images were 
captured using a fluorescence microscopy (IX81, 
Olympus, Tokyo, Japan).

Chromatin immunoprecipitation (ChIP)

ChIP experiments were conducted following the 
methods described previously [28]. In brief, cells 
were fixed in 1% formaldehyde and then 
quenched with 125 mM glycine for 5 min. 
Cells were lysed in a cell lysis buffer. Samples 
were then sonicated until most DNA was 
sheared to 200 to 500 bp. Chromatin from 
3 × 106 cells was incubated with 8 µg anti- 
MYBL2 (18,896-1-AP, Proteintech) to precipitate 
target regions. The same amount (8 µg) of nor-
mal rabbit IgG antibody (30,000-0-AP, 
Proteintech) was used as a negative control for 
nonspecific binding. Each experiment was repli-
cated three times. Relative expression was nor-
malized as a percentage of input (total 
chromosomal DNA). The % input for each out-
put fraction was calculated according to the for-
mula: %Input = [2(CtInput-CtOutput) × DF] ×  
100%, in which DF refers to input dilution fac-
tor). The following primers were used for ChIP- 
qPCR: amplicon 1, 5′-CCCAGGTTCAAGCGA 
TTCT-3′ (forward) and 5′- CGTGAAATCCCAT 
CTCCACTAA-3′ (reverse); amplicon 2, 5′- 
GTGACATCACGAAGGAGTACAG-3′ (for-
ward) and 5′-TGCAAATATACACGGAAGT 

GAGG-3′ (reverse). The results are representa-
tive of at least three independent experiments.

Dual-luciferase assay

The integrated promoter sequence of OPA3 
(Supplementary Figure 1) and the mutant pro-
moter segments were chemically synthesized and 
cloned into the pGL3-basic luciferase vector 
(Promega). Luciferase constructs were co- 
transfected with pRL-TK (Renilla luciferase, 
Promega) using FuGENE 6 transfection reagent 
(Promega) into HLF and JHH2 cells with or 
without MYBL2 knockdown. Cells were har-
vested 24 h following transfection, and luciferase 
expression was measured using the Dual- 
Luciferase Reporter Assay System (Promega). 
Firefly activity was normalized to pRL-TK to 
control for transfection efficiency [28]. The 
results are representative of at least three inde-
pendent experiments.

Measurement of glycolysis relevant indicators

Quantitative kits were used to measure glucose 
uptake (ab136955, Abcam, Cambridge, UK), 
L-lactate production (ab65331, Abcam), intracellu-
lar ATP (ab113849, Abcam) level, following the 
manufacturer’s protocols. Extracellular acidification 
rate (ECAR) and oxygen consumption rate (OCR) 
were measured using the glycolytic stress test kit and 
cell mito stress test kit, respectively (Cat. #103,020- 
100 and 103,015–100, Seahorse Bioscience, Agilent, 
Santa Clara, CA, USA), with a Seahorse XF96 Flux 
Analyzer (Seahorse Bioscience), according to the 
manufacturer’s instruction. The experiment was 
repeated three times with three repeats [29].

Statistical analysis

Results are presented as mean ± SD from three 
independent experiments unless otherwise indicated. 
Statistical analysis was performed using GraphPad 
Prism 8.10. The difference between K-M survival 
curves was analyzed using the Log-rank test. 
Unpaired Welch’s t-test and one-way ANOVA 
were applied to analyze differences in expression 
among the groups. Correction analysis was 
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performed by calculating Pearson’s correlation coef-
ficients. p-values < 0.05 were considered significant.

Results

OPA3 upregulation was associated with poor 
prognosis of patients with HCC

This study aimed to explore the regulatory effect 
of OPA3 on HCC tumor growth and aerobic gly-
colysis and the transcriptional factors regulating 

OPA3 transcription. Based on RNA-seq data 
extracted from TCGA and GTEx, we checked the 
expression and transcript profile of OPA3 in HCC 
and normal tissues. Results showed that OPA3 
expression was significantly higher in the tumor 
group (n = 369) than in the adjacent normal 
(n = 110) and GTEx-normal (n = 50) groups 
(Figure 1(a)). Then, we generated K-M curves to 
compare the differences in OS and PFS between 
patients with high and low OPA3 expression. The 
Youden index for death and progression detection 

Figure 1. OPA3 upregulation was associated with poor prognosis of patients with HCC A. Characterization of OPA3 mRNA 
expression in HCC tissues from TCGA (n = 369), HCC adjacent normal tissues from TCGA (n = 50) and normal liver tissues (n = 110) 
from GTEx. Welch’s unpaired t-test was performed. B-C. K-M survival analysis of the difference in OS (b) and PFS (c) between HCC 
cases with high and low OPA3 mRNA expression. Patients were separated into two groups according to the Youden Index in ROC 
analysis for death detection. Log-rank (Mantel-Cox) test was performed. D. A wave diagram showing the exonic expression of three 
OPA3 transcripts in HCC tissues from TCGA (n = 369) and normal liver tissues (n = 110) from GTEx. E-F. Characterization of OPA3 
isoform expression (ENST00000323060.3 and ENST00000263275.4), in terms of isoform percentage (e) and normalized isoform 
expression (f). Welch’s unpaired t-test was performed. G. IHC staining of OPA3 in human HCC tissues. Images were retrieved from the 
HPA via the following links: https://www.proteinatlas.org/ENSG00000125741-OPA3/pathology/liver+cancer#ihc.
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in ROC analysis was used as the cutoff to separate 
patients (Supplementary Figure 2(a-b)). AUC of 
OPA3 for detecting death and progression were 
0.540 (95%CI: 0.476–0.604, p = 0.207) and 0.513 
(95%CI: 0.454–0.573, p = 0.657) respectively 
(Supplementary Figure 2(c-d)). Therefore, OPA3 
expression might not be a biomarker with inde-
pendent prognostic value.

Survival analysis indicated the patients with 
high OPA3 expression (n = 126) had remarkedly 
worse OS (HR = 2.248, 95%CI: 1.527–3.309, 
p < 0.001) compared to the low OPA3 expression 
(n = 242) counterparts (Figure 1(b)). The high 
OPA3 expression groups (n = 157) also had sig-
nificantly worse PFS (HR = 1,522, 95%CI: 1.122– 
2.064, p = 0.007, Figure 1(c)). Among the two 
protein-coding transcripts, isoform b (ENST0 
0000263275) was the dominant form in normal 
and tumor groups (Figure 1(d-e)). In addition, 
only isoform b was significantly upregulated in 
the HCC group (Figure 1(f)). With IHC data 
retrieved from the HPA database, we confirmed 
positive medium to high OPA3 expression at the 
protein level in HCC tissues (Figure 1(g)).

OPA3 upregulation increases HCC tumor 
growth in-vitro and in-vivo

By performing qRT-PCR and Western blot assay, 
we examined OPA3 expression in normal liver 
parenchyma cells (CP-H043), and HCC cell lines, 
including Huh1, HLF, JHH2, and HepG2. Results 
confirmed elevated OPA3 expression at both 
mRNA and protein levels in HCC cell lines 
(Figure 2(a-b)). Then, HLF and JHH2 cells, 
which were characterized as the mtDNA-less type 
[30] used as representative cell lines for further 
studies. In these cells, high MYBL2 and FOXM1 
expression and their binding are critical for sus-
taining cell proliferation [30]. Besides, these cell 
lines exhibit high glycolysis levels and are more 
resistant to mitochondrial inhibitors and bigua-
nide drugs [31]. Therefore, they are optimal cell 
models for this study. Both cell lines were infected 
with OPA3 shRNA (Figure 2(c-d)). In vitro studies 
showed that OPA3 knockdown significantly sup-
pressed the viability (Figure 2(e-f)), colony forma-
tion (Figure 2(g-j)) of HLF and JHH2 cells. In vivo 
xenograft tumor studies showed that HLF and 

JHH2 cells with OPA3 knockdown had signifi-
cantly slower tumor growth rates (Figure 2(k-l), 
O-P), as well as a smaller proportion of Ki-67 
positive cells (Figure 2(m) and q). When mice 
were sacrificed, no significant difference was 
observed in body weight among the tumor- 
bearing mice groups.

OPA3 expression was transcriptionally 
activated by MYBL2 in HCC cells

To explore the mechanisms underlying OPA3 dys-
regulation, we identified multiple potential tran-
scription factors and chromatin regulators with 
binding in the promoter region of OPA3 DNA in 
HepG2 cells, based on ChIP-seq data 
(GSM1010876) [21] recorded in the Cistrome 
Data Browser. Some candidates, including 
SIN3A, HDAC2, FOSL2, ELF1, ATF1, GABP, 
TGIF2, MYBL2, and MYC were identified. Their 
expression profiles in normal liver, HCC, and 
HCC adjacent normal tissues were provided in 
Figure 3(a). MYBL2, which had strong binding to 
the OPA3 promoter (Figure 3(b), triggered our 
interest. It had quite distinctive expression profiles 
in normal and HCC tissues (Figure 3(a)). Both 
normal liver (n = 110) and tumor-adjacent normal 
tissues (n = 50) had very low MYBL2 expression 
(mean log2(TPM+0.001) around −2) (Figure 3(c)). 
LIHC tissues had approximately 16-fold higher 
MYBL2 expression (mean log2(TPM+0.001) 
around 2) compared to the normal groups 
(Figure 3(c)). Correlation analysis confirmed 
a strong positive correlation (Pearson’s r = 0.58, 
p < 0.001) between MYBL2 and OPA3 expression 
in the normal liver than HCC tissues (Figure 3(d)). 
IF staining indicated that MYBL2 is expressed in 
the nuclei of HCC cells (Figure 3(e)). Via promo-
ter scanning, we found a high potential MYBL2 
binding site at −143 to −129 in the OPA3 promo-
ter (Figure 3(f)). Therefore, we decided to verify 
the transcriptional activating effect of MYBL2 on 
OPA3 expression in HCC cells. Both HLF and 
JHH2 cells were subjected to lentiviral mediated 
MYBL2 knockdown (Figure 3(g) and i). MYBL2 
knockdown significantly reduced OPA3 expression 
at the mRNA and protein levels (Figure 3(h-i)). 
Then, ChIP-qPCR analysis was conducted using 
anti-MYBL2 and IgG control, using the lysates of 
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Figure 2. OPA3 upregulation increases HCC tumor growth in-vitro and in-vivo A-B. Characterization of OPA3 mRNA expression 
by qRT-PCR (a) and protein expression by Western blotting (b) in normal liver parenchyma cells (CP-H043), and HCC cell lines, 
including Huh1, HLF, JHH2, and HepG2. One-way ANOVA with post-hoc Dunnett’s multiple comparisons test was performed by 
setting CP-H043 as the control group. C-D. OPA3 mRNA expression (c) and protein expression (d) in HLF and JHH2 cells after 
lentiviral mediated OPA3 knockdown (36 h) and transient (36 h) puromycin selection. For detecting the difference in mRNA 
expression, one-way ANOVA with post-hoc Dunnett’s multiple comparisons test was performed by setting shNC as the control 
group. E-F. CCK-8 assay was performed to measure the viability of HLF (e) and JHH2 (f) cells after lentiviral mediated OPA3 
knockdown. *, comparison between shNC and shOPA3#1; #, comparison between shNC and shOPA3#2. Welch’s unpaired t-test was 
performed. G-J. Representative images and quantitation of colony formation assay was performed to measure the colony formation 
of HLF (E) and JHH2 (F) cells after lentiviral mediated OPA3 knockdown. Welch’s unpaired t-test was performed. K-Q. Representative 
images (k and o), growth curves (l and p) and IHC staining of Ki-67 (m and q) of xenograft tumors derived from HLF (k-m) and JHH2 
(o-q) cells after lentiviral mediated OPA3 knockdown. Welch’s unpaired t-test was performed. Data are shown as means ± SD, n = 3 
(except for animal studies, where n = 6). Scale bar = 50 μm. ** and ##, p < 0.01; *** and ### p < 0.001.
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Figure 3. OPA3 expression was transcriptionally activated by MYBL2 in HCC cells A. A heatmap showing the expression 
profiles of potential transcription factors and chromatin regulators with binding in the promoter region of OPA3 in HepG2 cells, 
based on ChIP-seq data (GSM1010876) recoded in the Cistrome Data Browser. B. The ChIP-Seq data (GSM1010876) from the 
Cistrome browser showed the binding of MYBL2 to the OPA3 promoter in HepG2 cells. C. Characterization of MYBL2 mRNA 
expression in HCC tissues from TCGA (n = 369), HCC adjacent normal tissues from TCGA (n = 50) and normal liver tissues (n = 110) 
from GTEx. Welch’s unpaired t-test was performed. D. Pearson’s analysis showing the correlation between expression of OPA3 and 
MYBL2 in normal liver and HCC tissues. E. IF staining of MYBL2 (blue) expression in HLF and JHH2 cells. F. A schematic image 
showing OPA3 promoter structure, MYBL2 binding motif, the predicted binding site and the position of primers designed for ChIP- 
qPCR assay. The mutant design for the dual-luciferase assay was also provided. G-I. MYBL2 and OPA3 mRNA expression (g-h) and 
protein expression (i) in HLF and JHH2 cells after lentiviral mediated MYBL2 knockdown (36 h) and transient (36 h) puromycin 
selection. Welch’s unpaired t-test was performed. J-K. ChIP-qPCR was performed to examine the relative enrichment (% of input) of 
the OPA3 promoter fragments (amplicon 1 and 2) in the DNA samples immunoprecipitated by anti-MYBL2 in HLF (j) and JHH2 (k) cell 
lysates. Welch’s unpaired t-test was performed. L-M. Dual-luciferase assay was conducted to measure the luciferase expression of 
pGL3-WT carrying wild-type OPA3 promoter and pGL3-MT reporter plasmids carrying mutant OPA3 promoter in HLF (l) and JHH2 (m) 
with or without MYBL2 knockdown. Welch’s unpaired t-test was performed. Data are shown as means ± SD, n = 3. ***p < 0.001.
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HLF and JHH2 cells. Results confirmed 
a significantly higher enrichment of amplicon 1 
(covering the predicted MYBL2 binding site) in 
the anti-MYBL2 group than the IgG control 
group (Figure 3(j-k)). In comparison, no signifi-
cant difference was observed in the enrichment of 
amplicon 2 between anti-MYBL2 and the IgG con-
trol groups (Figure 3(j-k)). Luciferase reporter 
plasmids carrying integrated wild-type OPA3 pro-
moter (pGL3-WT) or mutant OPA3 promoter 
(Figure 3(f), pGL3-MT) were generated and were 
transfected into HLF and JHH2 cells with or with-
out MYBL2 knockdown. MYBL2 knockdown sig-
nificantly reduced the luciferase expression of 
pGL3-WT, but not pGL3-MT in both cell lines 
(Figure 3(l-m)).

The MYBL2-OPA3 axis enhances the aerobic 
glycolysis of HCC cells

Since OPA3 has been characterized as 
a mitochondrial protein involved in mitochondrial 
fragmentation [12], we further explored whether it 
regulates aerobic glycolysis of HCC cells. Using 
quantitative assay kits, we confirmed that OPA3 
knockdown decreased glucose uptake, lactate pro-
duction, and intracellular ATP levels of HLF and 
JHH2 cells (Figure 4(a-c)). In addition, OPA3 
knockdown significantly decreased ECAR of 
these two cell lines, which reflect reduced lactic 
acid production and hampered glycolytic capacity 
(Figure 4(d-e)). Since MYBL2 acts as an upstream 
regulator of OPA3 in HCC, we examined whether 
it modulates the aerobic glycolysis of HCC cells via 
OPA3. Both HLF and JHH2 cells were subjected to 
lentivirus-mediated MYBL2 knockdown, with or 
without OPA3 overexpression (Figure 4(f)). Then, 
the alterations of some aerobic glycolysis-related 
transport and enzymes were examined by Western 
blotting. MYBL2 knockdown reduced the expres-
sion of GLUT1, PGK1, and PGAM1, the effect of 
which was reversed by OPA3 overexpression 
(Figure 4(f)). In comparison, neither MYBL2 nor 
OPA3 had a regulative effect on HK2 and LDHA 
expression (Figure 4(f)).

Colorimetric kit assays showed that MYBL2 
knockdown significantly suppressed glucose 
uptake, lactate production, and intracellular ATP 
levels of HCC cells (Figure 4(g-i)). To further 

validate the regulatory effect of the MYBL2- 
OPA3 axis on aerobic glycolysis, we measured 
ECAR and OCR (a measure of oxygen utilization 
that reflects mitochondrial function) in the cells. 
MYBL2 knockdown significantly reduced ECAR 
and increased OCR (Figure 4(j-m)). OPA3 over-
expression significantly elevated ECAR but low-
ered OCR (Figure 4(j-m)). In addition, the 
suppression of glycolysis caused by MYBL2 knock-
down was largely abrogated by OPA3 overexpres-
sion (Figure 4(g-m)). These data suggested that 
OPA3 acted as a downstream effector of MYBL2 
in modulating aerobic glycolysis.

Discussion

Bioinformatic analysis in the current study showed 
that OPA3 is significantly upregulated in HCC and 
associated with unfavorable prognosis. As an inte-
gral protein of the mitochondrial outer membrane, 
OPA3 expression can positively regulate mito-
chondrial fission [12]. Increased mitochondrial 
fragmentation was quite common in lung, liver, 
colon, and breast cancer tissues [29]. 
Mitochondrial dynamics can significantly alter 
tumor cell proliferation [32]. Mitochondrial mor-
phology shows stereotypical alterations during the 
cell cycle progression [33]. They show tubulation 
during G1/S transition and present extensive frag-
mentation during mitosis [34]. The latter stereo-
typical change ensures an equal distribution of 
mitochondria to the daughter cells. Besides, ele-
vated mitochondrial fission can promote the sur-
vival of HCC cells both in vitro and in vivo 
predominantly by promoting G1/S transition, 
enhancing autophagy and suppressing mitochon-
dria-dependent apoptosis [35]. In this study, we 
explored the association between OPA3 expression 
and the proliferation of HCC cells and confirmed 
that OPA3 knockdown impaired HCC cell growth 
both in vitro and in vivo.

It is known that mitochondrial fragmentation 
can facilitate the elimination of mitochondria by 
mitophagy [36]. Decreased mitochondrial mass 
partially contributes to the metabolic shift consist-
ing of a reduction in oxidative respiration and 
a compensatory increase in glycolytic activity 
[37]. Cancer cells showing Warburg-like physiol-
ogy have a higher level of mitochondrial 
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Figure 4. The MYBL2-OPA3 axis modulates aerobic glycolysis of HCC cells A-E. Measurement of glucose uptake (a), lactate 
production (b), intracellular ATP levels (c), and ECAR (d-e) of HLF and JHH2 cells with or without OPA3 knockdown. Welch’s unpaired 
t-test was performed. *, comparison between shNC and shOPA3#1; #, comparison between shNC and shOPA3#2. F. MYBL2, OPA3, 
GLUT1, HK2, PGK1, PGAM1 and LDHA protein expression in HLF and JHH2 cells after lentiviral mediated MYBL2 knockdown (36 h) 
and transient (36 h) puromycin selection alone or in combination with OPA3-OE. G-M. Measurement of glucose uptake (g), lactate 
production (h), intracellular ATP levels (i), ECAR (j and l) and OCR (k and m) of HLF and JHH2 cells with lentiviral mediated MYBL2 
knockdown alone or in combination with OPA3-OE. Welch’s unpaired t-test was performed. * and #, p < 0.05; ** and ##, p < 0.01; *** 
and ### p < 0.001.
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fragmentation than normal cells utilizing oxidative 
phosphorylation [33]. OPA3 overexpression 
directly induces mitochondrial fragmentation 
[12]. This alteration might be utilized by HCC 
cells as an adaptive strategy to elevate aerobic 
glycolysis. Our studies showed that OPA3 knock-
down impaired aerobic glycolysis of HCC cells, 
which was reflected by decreased glucose uptake, 
lactate production, and ECAR. These findings 
imply that OPA3 might act as a regulator of 
energy metabolism in HCC.

By screening the transcriptional factors that sti-
mulate its expression, we identified that MYBL2 
could bind to the promoter of OPA3 and enhance 
its transcription. The oncogenic effects of MYBL2 
in HCC have been widely reported [38–40]. Its 
upregulation can enhance G1-S and G2-M cell 
cycle transition by activating a series of genes 
involved in signal transduction and cell prolifera-
tion [38,41]. The link between MYBL2 expression 
and electron transport chain (ETC) alteration had 
been reported in cancer cells [42]. One recent 
study reported that in some mitochondrial DNA 
(mtDNA)-less HCC cells (such as HLF, JHH2, and 
JHH4), the high expression of MYBL2 and 
FOXM1 and their binding is critical for sustaining 
cell proliferation via maintaining the expression of 
cell cycle-related genes and suppressing the 
expression of p21 Cip1 [30]. Elevated aerobic gly-
colysis supports protein synthesis, particularly in 
the G1 phase [43]. Besides, it also limits the pro-
duction of reactive oxygen species (ROS), which 
can be toxic for DNA replication [43]. Therefore, 
these mechanisms also support MYBL2 mediated 
cell-cycle transition. In this study, we confirmed 
that MYBL2 knockdown significantly decreased 
aerobic glycolysis and the expression of some gly-
colysis-related regulators (GLUT1, PGK1, and 
PGAM1) in HCC cells. However, these effects 
were reversed by OPA3 overexpression. 
Therefore, we infer that besides the known regula-
tion in cell-cycle, MYBL2 might also participate in 
energy metabolism in HCC cells via increasing the 
expression of OPA3.

This study also had some limitations. Although 
OPA3 has been characterized as a regulator of 
mitochondrial fragmentation, whether its upregu-
lation serves as a causative mechanism of elevated 
mitochondrial fragmentation and aerobic 

glycolysis is not explored. In addition to promot-
ing the proliferation of tumor cells, mitochondrial 
fission can induce an excessive release of mito-
chondrial DNA (mtDNA) into the cytosol (also 
known as mtDNA stress) can promote tumor- 
associated macrophage infiltration and HCC pro-
gression [44]. Therefore, it is necessary to explore 
the regulatory effect of the MYBL2-OPA3 axis on 
the HCC microenvironment in the future. 
Besides, the potential phenotype differences 
between mt-DNA less and mt-DNA normal 
HCC cells were not compared. Furthermore, 
MYBL2 usually exerts transcriptional regulation 
via binding with FOXM1 [17]. Whether the reg-
ulatory effects on aerobic glycolysis require 
FOXM1 should also be studied. The epigenetic 
mechanisms underlying OPA3 dysregulation 
might be quite complex. miRNA-mediated altera-
tions might also be involved since OPA3 mRNA 
has eight predicted miR-619-5p binding sites [45]. 
Relevant research could be performed in the 
future.

Conclusion

This study revealed a novel MYBL2-OPA3 axis 
that enhances HCC cell proliferation and aerobic 
glycolysis.
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