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Hepatoblastoma is the most common liver cancer in children,
and the aggressive subtype often has a poor prognosis and lacks
effective targeted therapy. Although aggressive hepatoblastoma
(HB) is often accompanied by abnormally high expression of the
transcription factor c-Myc, the underlying mechanism remains
unclear. In this study, we found that mitochondrial fragmenta-
tion was enhanced by c-Myc overexpression in human aggressive
HB tissues and was associated with poor prognosis. Then, a
mouse model resembling human HB was established via hydro-
dynamic injection of ¢-Myc plasmids. We observed that liver-
specific knockout of the mitochondrial fusion molecule MFN1
or overexpression of mitochondrial fission molecule DRP1 pro-
moted the occurrence of c-Myc-driven liver cancer. In contrast,
when MFNI1 was overexpressed in the liver, tumor formation
was delayed. In vitro experiments showed that c-Myc transcrip-
tionally upregulated the expression of DRPI and decreased
MFNI1 expression through upregulation of miR-373-3p. More-
over, enhanced mitochondrial fragmentation significantly pro-
moted aerobic glycolysis and the proliferation of HB cells by
significantly increasing reactive oxygen species (ROS) produc-
tion and activating the RAC-alpha serine/threonine-protein
kinase (AKT)/mammalian target of rapamycin (mTOR) and nu-
clear factor kB (NF-kB) pathways. Taken together, our results
indicate that c-Myc-mediated mitochondrial fragmentation pro-
motes the malignant transformation and progression of HB by
activating ROS-mediated multi-oncogenic signaling.

INTRODUCTION

Hepatoblastoma (HB) is the most common pediatric liver cancer
diagnosed in infants and young children (it is extremely rare in
adults), which presents unique parenting challenges." The incidence
of HB has been increasing worldwide over the last several decades,
partially due to the increased survival of infants with low birth weight
and of premature infants.>” Although surgery combined with neoad-
juvant chemotherapy significantly improves the overall survival rate
of patients with HB, approximately 30% of patients still show rela-
tively poor outcomes.”” Therefore, there is an urgent need to explore
the underlying mechanism of HB with poor prognosis and pave the
way for the development of novel therapeutic strategies.
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c-Myc serves as a “master regulator” of multiple cellular processes,
including proliferation, stemness, and metabolism.®” Previous
studies have also shown that c-Myc plays a crucial role in HB tumor-
igenesis.” '’ Cairo et al. have indicated that the immature subtype HB
(C2 subtype) is characterized by specific overexpression of the c-Myc
gene.'" Similarly, transcriptomic analysis has further identified a
persistently high expression level of c-Myc in HB with the poorest
prognosis.'> However, the exact mechanism by which c-Myc exhibits
oncogenic activity in HB remains poorly understood.

Mitochondria are highly dynamic organelles that constantly fuse and
divide."> Mitochondrial dynamics are mainly regulated by several
molecules, such as dynamin-related protein 1 (DRPI), mitofusin 1
(MFN1I), and MFN2, which are frequently deregulated in various hu-
man solid malignant neoplasms.'*'> Chen et al. identified that MFN1
is a leading downregulated candidate in triple-negative breast cancer
and is closely associated with poor prognosis of patients.'
demonstrated that increased DRPI expression indicates poor prog-
nosis in patients with castration-resistant prostate cancer.'” Further-
more, a growing body of evidence suggests that inhibition of

mitochondrial fission prevents the proliferation and metastasis of
18,19
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many types of human cancer cells.
tion of mitochondrial dynamics is involved in the malignant transfor-
mation of normal cells, the most critical step in tumor occurrence, is
far from clear.

However, whether deregula-

It is now widely accepted that cancer cells exhibit aberrant redox
homeostasis with increased reactive oxygen species (ROS) produc-
tion.”>*' Numerous lines of evidence supported that ROS is an
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Figure 1. Mitochondrial fragmentation is induced by c-Myc overexpression in hepatoblastoma and is associated with poor prognosis

(A) Representative TEM images of mitochondrial morphology in hepatoblastoma (HB) tissues with high (n = 5) or low (n = 5) expression levels of c-Myc. Scale bars: 1 um.
Mitochondria and nucleus were pseudo-colored green and blue. (B and C) The average area (B) and length (C) distributions of mitochondria were analyzed from five random
fields (120 um?) approximately equaling the low magnification images of TEM in each group samples. (D) Cellular component terms and biological process terms enriched by
the differentially expressed genes between HB tissues with high and low c-Myc expression. (E) Representative confocal microscopy images of mitochondria in Huh6 cells

(legend continued on next page)
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important signaling molecule and plays a critical role in both cell pro-
liferation and apoptosis resistance. For example, high levels of ROS in
cancer cells promote the activation of many oncogenic signaling
pathways, such as phosphatidylinositol 3-kinase-protein kinase B/
RAC-alpha serine/threonine-protein kinase (PI3K-PKB/AKT), nu-
clear factor kB (NF-kB), and mitogen-activated protein kinase/extra-
cellular signal-regulated kinase (MAPK/ERK).>' Importantly, we and
others have shown that mitochondrial fragmentation induced by
DRPI or deletion of MFN1/2 is associated with increased ROS levels
in tumor cells.”>** Nevertheless, the roles of mitochondrial fragmen-
tation and ROS in HB tumorigenesis remain to be elucidated.

Here, transmission electron microscopy (TEM) was employed to
identify changes in mitochondrial structure in aggressive HB.
MEN1"1°% mice and hydrodynamic injection technology were
used to systematically investigate the role of mitochondrial fragmen-
tation in c-Myc-driven HB-like liver tumors. We also explored the un-
derlying mechanism in vitro using human HB cell lines.

RESULTS

Mitochondrial morphology is deregulated in aggressive HB with
c-Myc overexpression

To identify changes in the cellular or organelle structure in HB with
high expression levels of c-Myc, human HB tissues were subjected to
TEM. As shown in Figures 1A and 1B, mitochondria in HB tissues
with high c-Myc expression were much smaller than those in HB
tissues with low c-Myc expression. With respect to the length distri-
bution of mitochondria, the short (<0.5 um) mitochondria were
abundant in the c-Myc high expression group (Figure 1C). Consis-
tently, the mitochondrial population was increased in the c-Myc
high expression group, while the total area occupied by mitochondria
per unit area of 120 um? was decreased compared with the c-Myc low
expression group (Figures S1A and S1B). These changes indicated the
occurrence of mitochondrial fragmentation in HB with a high expres-
sion of c-Myc. To further confirm this phenomenon, the differentially
expressed genes (DEGs) between the c-Myc high expression group
and the c-Myc low expression group were annotated using two public
datasets (GEO: GSE133039 and GSE75271). As expected, the DEGs
were enriched in the mitochondrial-membrane-organization-related
Gene Ontology (GO) terms (Figure 1D).

To explore the direct effects of c-Myc on mitochondrial morphology,
c-Myc was knocked down in two HB cell lines, Huh6 and HepG2 (Fig-
ure S1C), which were reported to express high levels of c-Myc.""'* Mi-
totracker Green staining analysis demonstrated that fragmented
mitochondria were significantly decreased in HB cells with ¢-Myc
knockdown (Figures 1E, 1F, S1D, and S1E). Immunohistochemical
staining analysis in a relatively larger cohort of 50 patients with HB
also revealed that the expression of c-Myc was negatively associated

with the expression of mitochondrial fusion protein Mfnl and was
positively associated with the mitochondrial fission protein Drpl
in human HB tissues. However, the expression levels of other mito-
chondrial dynamic regulators (Mfn2, Opal, and Fisl) were not
significantly changed (Figures 1G and S1F). Consistently, c-Myc
knockdown significantly decreased Drpl expression, increased
Mifnl expression, and then inhibited mitochondrial fragmentation
and the proliferation of HB cells. Restorative expression of c-Myc
reversed this effect (Figures S1G-SI1K). Furthermore, patients with
HB with a low expression of Drpl or a high expression of Mfnl
had a significantly better overall survival and disease-free survival
than those with a high expression of Drpl or a low expression of
Mfnl (Figures 1H and 1I).

Mitochondrial fragmentation promotes the formation of c-Myc-
driven HB-like liver tumors in vivo

To evaluate whether mitochondrial fragmentation plays a key role in
c-Myc-driven HB, MFNI liver-specific knockout mice (Alb-Cre;
MEN{flox/flox, Figure S2A) were generated. Two loxP recombination
sites flank the exon encoding the canonical G-1 GTPase motif.
When exposed to Cre recombinase, an excision of this critical exon
and a frameshift occurs, thus preventing the formation of a functional
protein.”” Then, the ¢c-Myc plasmid along with the Sleeping Beauty
(SB) transposon were delivered into mouse hepatocytes by hydrody-
namic tail vein injection. Mouse livers were harvested at 4 weeks post-
injection, and the deletion of MFNI or the overexpression of DRPI
was confirmed in tumor tissues by immunohistochemistry (IHC)
(Figures S2B and S2C). As shown in Figures 2A and S2D, Alb-Cre;
MFN1"1°% mice developed much larger tumors than MFN11°%/ex
mice. Consistently, the deletion of MENI also resulted in a shorter
survival time and a higher liver/body weight ratio (Figures 2B and
2C). Similar results were also observed in wild-type (WT) mice hy-
drodynamically injected with c-Myc, DRPI plasmids, and SB transpo-
sons when compared with mice injected with c-Myc, SB transposons,
and pT3 empty vectors as control (Figures 2A-2C and S2D). Histo-
logical analysis revealed that all tumors developed from c-Myc injec-
tion displayed HB-like characteristics (Figure 2D). Moreover, MFN1
knockout or DRPI overexpression elevated the percentage of prolifer-
ating cell nuclear antigen (PCNA)™ cells and cells with fragmented
mitochondria but decreased the mtDNA content (Figures 2D-2G
and S2E).

Since previous studies have shown that both c-Myc and fragmented
mitochondria induced a metabolic shift from oxidative phosphoryla-
tion to aerobic glycolysis, which thus facilitate tumor progres-
2% we then first employed the Seahorse XF Real-Time ATP
Rate Assay to evaluate the effect of c-Myc on aerobic glycolysis in
HB cells (Figures S2F and S2G). Our data showed that c-Myc knock-
down significantly decreased the total ATP and glycoATP production

sion,

with or without c-Myc knockdown. Scale bars: 10 um. she-Myc-1 and she-Myc-2, shRNA against c-Myc; shctrl, control shRNA. (F) Morphology distribution of mitochondria
was analyzed in Huh6 cells with different treatment as indicated. (G) Representative immunohistochemical (IHC) staining images of c-Myc, Mfn1, and Drp1 in HB tissues with
high (n = 25) and low (n = 25) c-Myc expression. Scale bar: 50 um. (H and I) Kaplan-Meier curve analysis of overall survival (OS) and disease-free survival (DFS) in HB patients
by the expression of Drp1 and Mfn1. Data are expressed as mean + SD. “p < 0.05, **p < 0.01.
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Figure 2. Mitochondrial fragmentation caused by MFN1 knockout or DRP1 overexpression promotes tumorigenesis of c-Myc-driven HB in mice

(A) Representative gross images of livers from MFN711% (n = 12) or Alb-Cre; MFN1"1* (0 = 12) mice injected with c-Myc/SB plasmids (left panel) or from WT mice injected
with c-Myc/pT3 (n = 12) or c-Myc/DRP1 (n = 12) plasmids (right panel). MFN77910% MFN11919% mjce hydrodynamically injected with c-Myc plasmid and SB transposon;
MFN1 LKO, MFN1 liver-specific knockout mice hydrodynamically injected with c-Myc plasmid and SB transposon; PT3, wild-type mice hydrodynamically injected with

(legend continued on next page)
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rates but promoted mitoATP production rates in HB cells, implying
that the aerobic glycolysis was involved in c-Myc-driven HB-like liver
tumors. Moreover, positron emission tomography (PET) scan anal-
ysis demonstrated that the uptake of '*F-FDG was significantly
increased in MFNI knockout and DRPI overexpression groups
when compared with that in the control groups (Figures 2H and
2I). Consistently, lactate levels were also elevated in the MFNI
knockout and DRPI overexpression groups (Figure 2J).

Inhibition of mitochondrial fragmentation delays the formation

of c-Myc-driven HB-like liver tumors in vivo

To further verify the hypothesis that mitochondrial fragmentation
promotes c-Myc-driven HB, we hydrodynamically injected the
MFNI plasmids together with the c-Myc plasmids as well as the SB
transposase into the mouse liver. Interestingly, overexpression of
MEFNT significantly delayed tumorigenesis induced by c-Myc. Indeed,
although all mice injected with pT3/c-Myc exhibited visible tumors,
MFN1/c-Myc-injected mice displayed a nearly normal liver appear-
ance as well as a nearly normal liver/body weight ratio at 4 weeks after
injection (Figures 3A, 3C, and S3B). Over the long term (8 weeks after
injection), pT’3/c-Myc-injected mice developed a lethal burden of liver
tumors. In contrast, MFN1/c-Myc-injected mice exhibited much less
tumor burden, a decreased liver/body weight ratio, and prolonged
survival time (Figures 3A-3C and S3B). Upon histological analysis,
only small tumor nodules were occasionally visible on the liver of
MFN1/c-Myc-injected mice at 4 weeks after injection (Figure 3D).
IHC staining analysis demonstrated that the overexpression of
MEFNTI in the tumor lesions significantly inhibited the proliferation
of tumor cells, as revealed by PCNA staining (Figures 3D, 3E, and
S3A). Additionally, overexpression of MFNI obviously inhibited
mitochondrial fragmentation and decreased lactate production but
increased mtDNA content in c-Myc-driven liver tumors (Figures
3F-3H and S3C).

Mitochondrial fragmentation promotes cell proliferation in HB

in vitro

To explore the effects of mitochondrial fragmentation on human HB
cell survival, DRPI was knocked down and Mfn1l was overexpressed
in Huh6 and HepG2 cells (Figures S4A and S4B). MitoTracker Green
staining analysis demonstrated that mitochondria became obviously
elongated in both HB cells after DRP1 knockdown or MFNI overex-
pression when compared with those in control cells (Figures 4A, 4B,
$4C, and $4D). 5-ethynyl-2’-deoxyuridine (EdU) incorporation assay
revealed that HB cells with DRPI knockdown or MFNI overexpres-
sion showed much less EdU incorporation than the control cells (Fig-
ures 4C, 4D, S4G, and S4H). Moreover, DRPI knockdown or MFN1
overexpression in HB cells significantly reduced the size of tumor

spheroids, which is in agreement with the inhibitory effects of mito-
chondrial fragmentation (Figures 4E, 4F, S4E, and S4F). Next, we
evaluated the effects of mitochondrial fragmentation on tumor for-
mation in vivo by constructing subcutaneous xenograft tumor
models. Our results showed that subcutaneous tumors developed
from HB cells with DRPI knockdown or MFNI overexpression ex-
hibited a significant decrease in growth capacity when compared
with control tumors (Figures 4G-4I).

Mitochondrial fragmentation activates AKT/mTOR and NF-«B
pathways by promoting ROS production in HB cells

Previous studies have demonstrated that mitochondrial fragmenta-
tion induces the production of intracellular ROS in human cancer
cells, leading to the activation of several key signaling pathways,
such as AKT/mammalian target of rapamycin (mTOR) and NEF-
kB.?>3Y Therefore, we hypothesized that the ROS-mediated AKT/
mTOR and NF-«B pathways may be involved in aggressive HB.
Flow cytometry analysis demonstrated that DRPI knockdown or
MEFNI overexpression significantly reduced ROS production in HB
cells with high c-Myc expression (Figure 5A). We then investigated
whether AKT/mTOR and NF-«B signaling pathways were also
affected by inhibiting mitochondrial fragmentation in HB cells. As
shown in Figure 5B, DRPI knockdown or MFNI overexpression
significantly decreased the levels of phosphorylated-AKT (p-AKT;
Ser473), p-p70S6K (Thr389, a downstream target of mTOR), p-IKK
(Ser176/180), nuclear p65, and increased the protein level of IkB-o
in Huh6 cells. To further illustrate whether mitochondrial-fragmen-
tation-mediated ROS production is involved in this process, H,O,
was used to stimulate intracellular ROS levels (Figure 5C). Western
blotting analysis demonstrated that H,O, treatment significantly
increased the levels of p-AKT, p-p70S6K, p-IKK, and nuclear p65
and decreased the protein level of IkB-a.. More importantly, the ef-
fects of DRP1 knockdown or MFNI overexpression on the AKT/
mTOR and NF-kB pathways were significantly reversed by treatment
with H,O, (Figure 5D).

To determine whether ROS-mediated AKT/mTOR and NF-kB path-
ways have functional consequences in HB, the Cell Counting Kit-8
(CCK-8) assay was performed (Figure 5E). The data demonstrated
that the H,O, treatment significantly promoted the proliferation
of HB cells with or without mitochondrial fragmentation. Moreover,
treatment with the inhibitor of the AKT/mTOR pathway
(LY2584702, MK2206, or Torinl) or the inhibitor of the NF-kB
pathway (JSH-23) significantly inhibited ROS-stimulated prolifera-
tion of HB cells, while knockdown of IkBo. promoted the proliferation
of HB cells with DRP1 knockdown or MFENI overexpression (Figures
5E and S5C). Meanwhile, glycolysis was also impeded by AKT/mTOR

c-Myc plasmid and PT3-EF 12 empty vector, as well as SB transposon; DRP1, wild-type mice hydrodynamically injected with c-Myc plasmid and PT3-EF1a.-DRP1 construct,
as well as SB transposon; w.p.i., weeks post-injection. (B and C) Survival curve (B) and liver/body weight ratio (C) of the mice with treatment as indicated. (D) Representative
images of hematoxylin and eosin (H&E) and PCNA staining in mouse liver tumors. Scale bar: 50 um. (E) Percentage of PCNA-positive cells in mouse liver tumors. (F and G)
Representative TEM images of mitochondria in mouse liver tumors. Scale bars: 1 um. Mitochondria and nucleus were pseudo-colored green and blue. The length distribution
of mitochondria was analyzed. (H and |) Representative '8F-FDG micro-PET/CT images and analysis in mice. A higher intensity of red color indicates a higher '®F-FDG uptake.

(J) Lactate production was measured in mouse tumor tissues. *p < 0.05, **p < 0.01.
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Figure 3. Inhibition of mitochondrial fragmentation by MFN1 overexpression delays tumorigenesis of c-Myc-driven HB in mice
(A) Representative gross images of livers from WT mice injected with c-Myc/pT3 (n = 12) or c-Myc/MFN1 (n = 12) plasmids. PT3, wild-type mice hydrodynamically injected
with c-Myc plasmid and PT3-EF1a empty vector, as well as SB transposon; MFN1, wild-type mice hydrodynamically injected with c-Myc plasmid and PT3-EF1a-MFN1
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or NF-kB inhibition in HB cells but was enhanced by H,O, treatment
(Figures S5A and S5B). Taken together, these data indicate that
mitochondrial-fragmentation-induced ROS production promotes
HB cell proliferation through the AKT/mTOR and NF-kB signaling
pathways.

c-Myc upregulates Drp1 and downregulates Mfn1 through
different underlying mechanisms

Recently, chromatin immunoprecipitation sequencing has identified
that c-Myc occupies the DRPI promoter in lymphoma cells.”" There-
fore, we attempted to confirm this result in HB cells using a luciferase
reporter assay. As shown in Figure 6A, c-Myc knockdown signifi-
cantly reduced the transcriptional activity of the DRPI promoter in
both Huh6 and HepG2 cells. Moreover, the 233 bp region between
—244 and —11 in the promoter region of DRPI was identified to be
critical for transcriptional regulation by a series of truncated pro-
moter constructs in Huh6 (Figure 6B). Consistently, c-Myc was pre-
dicted to bind to this specific region using the Jaspar program,
although the canonical E-box was lacking (Figure 6C). Furthermore,
site-directed mutagenesis analysis showed that the binding site was
crucial for DRPI transcription in Huh6 cells (Figure 6D). Addition-
ally, chromatin immunoprecipitation (ChIP) assay further verified
that c-Myc specifically bound to the WT DRPI promoter, but not
the mutant promotor, in Huh6 cells (Figure 6E). These results
demonstrate that c-Myc directly binds to the DRPI promoter, thus
inducing DRPI transcription.

Considering that the expression of Mfnl was decreased in c-Myc-
overexpressed HB, we next determined whether microRNAs
(miRNAs) were involved in this process. Among the five miRNAs
that were predicted to regulate Mfn1l using TargetScan and miRDB
databases (Figure 6F), only miR-373-3p was significantly decreased
when ¢-Myc was knocked down (Figure 6G) and was able to repress
the expression of Mfn1 in Huh6 cells (Figures S6A and S6D). More-
over, the miR-373-3p inhibitor significantly enhanced the expression
of Mfnl and mitochondrial fusion but decreased the proliferation of
Huh6 cells (Figures 6H, 6], 6L, S6B, and S6C). Similarly, treatment
with a target site blocker (TSB), which selectively prevents miR-
373-3p binding to the 3’ UTR of MFN1, blocked the inhibitory effect
of the miR-373-3p mimic on Mfnl expression and mitochondrial
fusion and further impeded miR-373-3p-mimic-induced prolifera-
tion of HB cells (Figures 61, 6K, 6M, and S6D). Importantly, our
data also demonstrated that the TSB treatment significantly increased
the expression of Mfnl in tumors developed from Huh6 and sup-
pressed tumor growth (Figures 6N-6Q, S6E, and S6F).

DISCUSSION

In the present study, we aimed to reveal the mechanism underlying
the poor prognosis of patients with HB with high levels of c-Myc.

Several key findings have been obtained. First, c-Myc overexpression
induced mitochondrial fragmentation by transcriptionally activating
DRPI and downregulating Mfnl in an miR-373-3p-dependent
manner. Second, mitochondrial fragmentation significantly pro-
moted the tumorigenesis of c-Myc-driven HB-like liver tumors and
was associated with the prognosis of patients with HB. Third, mito-
chondrial fragmentation induced ROS production to promote aerobic
glycolysis and the proliferation of HB cells by activating the AKT/
mTOR and NF-kB pathways. Our findings suggest that signaling
pathways involving ROS may be potential therapeutic targets against
aggressive HB.

Previous studies have reported that c-Myc is frequently overexpressed
in HB.*>** Moreover, it has been reported that c-Myc induced HB-
like tumors in mice strikingly resembling the immature subtype of
human HB.""** Additionally, c-Myc downregulation in HB cells im-
pairs tumorigenesis in vivo.'' From this point of view, c-Myc appears
to be an ideal therapeutic target for HB. However, there is no specific
active site of c-Myc for small molecules to target, and it is barely
possible to develop therapeutic drugs since c-Myc is mainly located
in the nucleus.” Therefore, the identification of targetable down-
stream molecules of c-Myc in HB is warranted.

It is widely accepted that abnormally aggravated mitochondrial frag-
mentation is a common characteristic of human tumors and is asso-
ciated with a poor prognosis.’®”
studies have shown that silencing DRPI or the overexpression of
MFN1/2 resulted in a metabolic shift from aerobic glycolysis to oxida-
tive phosphorylation and significantly suppressed the proliferation
and metastasis of tumor cells.*”*' Since aerobic glycolysis (also
known as the Warburg effect) is a key metabolic hallmark of tumor
cells and facilitates tumor progression, it is reasonable to believe
that mitochondrial-fragmentation-induced mitochondrial dysfunc-
tion in HB-like liver tumor cells may also enhance the glycolysis
and thus promote the survival of tumor cells.

39 . . .
Similar to our results, previous

In the present study, we found that overexpression of c-Myc signifi-
cantly induced mitochondrial fragmentation in HB. Several previous
studies have partially supported this finding. For example, HoSeo
et al. identified that the mitochondrial fission factor (MFF) is a novel
transcriptional target of c-Myc in prostate cancer tissues.*> Moreover,
it has been identified by ChIP sequencing that c-Myc occupies the
DRPI promoter in lymphoma cells, although the exact binding site
has not been reported.”’ Here, we have further shown that the region
between —97 and —86 of the DRPI promoter is critical for c-Myc
binding. miR-373 has been identified as an oncogene in previous
studies, as miR-373 promotes the proliferation and tumorigenesis
of transformed cells.*’ More importantly, the expression of miR-
373-3p was reported to be directly controlled by c-Myc.** In the

construct, as well as SB transposon; w.p.i., weeks post-injection. (B and C) Survival curve (B) and liver/body weight ratio (C) of the mice with treatment as indicated. (D)
Representative images of H&E and PCNA staining in mouse liver tumors. Scale bar: 50 um. (E) Percentage of PCNA-positive cells in mouse liver tumors. (F) Representative
TEM images of mitochondria in mouse liver tumors. Scale bars: 1 um. Mitochondria and nucleus were pseudo-colored green and blue. (G) The length distribution of
mitochondria was analyzed. (H) Lactate production was measured in mouse tumor tissues. Data are expressed as the mean + SD. ns, no significant; *p < 0.05, **p < 0.01.
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Figure 4. Increasing mitochondrial fragmentation promotes cell proliferation in HB

(A) Representative confocal microscopy images of mitochondria in Huh6 cells with treatment as indicated. Scale bars: 10 um. shctrl, control shRNA; shDRP7-1 and
shDRP1-2, shRNA against DRP1; EV, empty vector; MFN1, expression vector encoding MFN1. (B) Morphology distribution of mitochondria was analyzed. (C and D) EdU
assay was performed to evaluate proliferation ability of Huh6 cells with treatment as indicated. Scale bar: 50 um. (E and F) High-magnification images and size of spheres
formed on day 7 by Huh6 cells with treatment as indicated. Scale bar: 50 um. (G) Tumor volume curves of subcutaneous xenograft tumor models developed from Huh6 cells
with treatment as indicated. Tumor volume was measured using vernier calipers every 5 days from day 10 after subcutaneous implantation. (H) Images of tumors from
sacrificed mice were obtained on day 30 after implantation. Tumor weights of different groups were compared. () Representative images of PCNA staining and the per-
centage of PCNA-positive cells in subcutaneous xenograft tumors. Scale bar: 50 pm. Data are expressed as the mean + SD. *p < 0.05, **p < 0.01.
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Figure 5. Mitochondrial fragmentation activates oncogenic signaling in HB cells by production of ROS

(A) Intracellular ROS production was measured by flow cytometry analysis in Huh6 and HepG2 cells with treatment as indicated. shctrl, control shRNA; shDRP7-1
and shDRP1-2, shRNA against DRP1; EV, empty vector; MFN1, expression vector encoding MFN1. (B) Western blotting images of Drp1, Mfn1, Akt, phosphorylated Akt
(p-Akt, Serd73), p70S6k, p-p70S6k (Thr389), p-IKK (Ser176/180), IkB-a, and nuclear and cytosolic p65 in Huh6 cells with treatment as indicated. (C) Intracellular ROS
production in Huh6 cells stably transfected with shDRP7-1, shDRP1-2, or MFN1 expression vector and then treated with 100 uM H,O, for 12 h before cell harvest as
indicated. (D) Western blotting images of Drp1, Mfn1, Akt, p-Akt (Ser473), p70S6k, p-p70S6k (Thr389), p-IKK (Ser176/180), IkB-a, and nuclear and cytosolic p65 in Huhé
with treatment as indicated. (E) Cell proliferation was analyzed by CCK-8 in Huh6 cells with treatment as indicated. LY2584702, P70S6K (downstream molecule of mTOR)
inhibitor; Torin1, MTOR inhibitor; MK2206, Akt inhibitor; JSH-23, NF-kB inhibitor; silkBea-1 and silkBa-2, sSIRNA against IkBea.. Data are expressed as the mean + SD. *p <

0.05, *p < 0.01.
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present study, we uncovered a new function of miR-373 in mediating
the expression of Mfnl and mitochondrial fusion. This seems to
explain why miR-373 was previously thought to be a hypoxia-related
miRNA,* since mitochondrial fusion is inhibited under hypoxia.46

A moderately elevated level of ROS has been observed in cancer cells
compared with in normal cells.”” The increase in ROS production
contributes to tumorigenesis by sustaining heightened mitogenic
signaling, such as the PI3K/AKT and NF-kB signaling cascades.”
Moreover, approximately 90% of intracellular ROS are generated
from the mitochondria. A series of studies have shown that deregula-
tion of mitochondrial fission and fusion significantly influences mito-
chondrial functions, such as ROS production.23‘47 On the other hand,
ROS are also generated as a result of c-Myc activation.”® One pro-
posed mechanism is the c-Myc-dependent induction of p53, some
of which target gene-encoding proteins that regulate ROS.*’ In addi-
tion, it has been estimated that approximately half of the ROS gener-
ated by c-Myc overexpression in human fibroblasts can be accounted
for by the induction of CYP2C9.* Our results indicate that mito-
chondrial fragmentation induced by c-Myc overexpression contrib-
utes to ROS production and subsequently promotes cell proliferation
by activating the AKT/mTOR and NF-kB pathways. More impor-
tantly, these results also indicate that antioxidant reagents are prom-
ising choices for the treatment of aggressive HB subtypes.

It is noteworthy that only based on histopathologic assessment, it is
not easy to distinguish human hepatocellular carcinoma (HCC)
from epithelial HB if no information on the patient’s age and gross
histomorphology is available.””*" Similarly, the pathological type of
c-Myc-mediated mouse liver tumors has been controversial in previ-
ous studies, indicating that c-Myc-expressing mice developed both
HB- and HCC-like tumors.'** In the present study, c-Myc-induced
liver tumors were independently examined by two pathologists. Most
of them were more like HB but less like HCC. Since c-Myc has been
shown to induce the stem-cell-like state to favor the onset of tumor-
igenesis,”” we assumed that the different expression levels of c-Myc,
different feeding environments, and other unidentified factors may
affect the differentiation of tumor cells and thus pathological types
(HB or HCC) in different laboratories. Therefore, several potential
(but not perfect) biomarkers for the differential diagnosis between
HB and HCC may help. Among them, B-catenin was reported to
be mainly accumulated in the nucleus of poorly differentiated human
HB cells but was localized in the membranous of fetal HB and HCC
cells.”**® Delta-like 1 homology (DLK1I) and insulin-like growth fac-
tor 2 (IGF2) were demonstrated to be uniquely overexpressed in HB

56,57

tissues.

In conclusion, our findings demonstrate that mitochondrial fragmen-
tation is frequently enhanced in c-Myc-overexpressed HB and plays a

critical role in promoting the development of HB by increasing ROS
production and subsequently activating the AKT/mTOR and NF-«kB
signaling pathways. Our findings suggest that targeting aberrant
mitochondrial dynamics or particular pathways relevant to ROS
may be a promising strategy for the treatment of aggressive HB.

MATERIALS AND METHODS

Cell culture and tissue collection

The HB cell lines HepG2 and Huh6 were purchased from the Na-
tional Collection of Authenticated Cell Cultures (Shanghai, China).
Cells were cultured in DMEM (Invitrogen, Carlsbad, CA, USA) sup-
plemented with 10% fetal bovine serum (Sangon Biotech, Shanghai,
China) and 1% penicillin-streptomycin (Solarbio, Beijing, China).
All HB cell lines were authenticated using short tandem repeat
DNA testing at the Fourth Military Medical University (FMMU)
Center for DNA Typing. Formalin-fixed paraffin-embedded tissue
samples from 50 patients with HB were collected from the Depart-
ment of Pathology of Xijing Hospital affiliated with the Fourth Mili-
tary Medical University (FMMU, Xi’an, Shaanxi, China) and Xi’an
Children’s Hospital (Xi’an, Shaanxi, China). This study was approved
by the Ethics Committee of the FMMU. Written informed consent
was obtained from all participants. The clinical characteristics of
the patients with HB are listed in Table S1. All participants provided
written informed consent. This study was approved by the Ethics
Committee of the Fourth Military Medical University (permission
number: KY20173189-1; date issued: 2017-03-06).

Experimental animals

MFN1%1°% mice with loxP sites flanking exon 4 of MFNI were
generously gifted by Professor Yongzhan Nie (Department of Diges-
tive Diseases, Xijing Hospital, FMMU). Alb-Cre mice were purchased
from Shanghai Model Organisms Center (Shanghai, China). Mice
with liver-specific knockout of MFNI were generated by crossing
MFN1%¥1°% mijce with Alb-Cre mice under specific pathogen-free
(SPF) conditions at the laboratory animal center of FMMU. The an-
imal study was conducted in compliance with the guidelines of the
Animal Care Committee of the FMMU. The genotypes of mice
were evaluated by multiplex PCR and agarose gel electrophoresis,
as previously described.”” All mice used in this study were euthanized
via an overdose inhalation of carbon dioxide in a CO, chamber (CO,
displacement rate equivalent to 20% of the chamber volume/min). All
animal experimental procedures were approved by the Animal Care
Committee of FMMU (permission number: TACUC-20190902;
date issued: 2019-09-01).

Plasmid construction and cell transfection

Plasmids pT3-EFla and pT3-EFlo-c-Myc and the pCMV/SB trans-
poson were kindly provided by Dr. Xin Chen (University of Califor-
nia, San Francisco, CA, USA). The full-length mouse DRP1 or MFN1

proliferation was analyzed by CCK-8 in Huh6 cells with treatment as indicated. (N) Tumor volume curves of subcutaneous xenograft tumor models developed from Huh6 cells
with treatment as indicated. Tumor volume was measured using vernier calipers every 5 days from day 10 after subcutaneous implantation. (O and P) Images of tumors from
sacrificed mice were obtained on day 30 after injection. Tumor weights of different groups were compared. (Q) The percentage of PCNA-positive cells in subcutaneous

xenograft tumors. Data are expressed as the mean + SD. *p < 0.05, *p < 0.01.
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fragment was amplified from the ¢cDNA of mouse liver and
then cloned into the pT3-EFla plasmid using the Gateway system
(ThermoFisher Scientific, Waltham, MA, USA). For overexpression
of Mfnl in HB cells, the coding sequence of MFNI was amplified
from ¢cDNA derived from HepG2 cells using primers containing re-
striction sites of BamHI and EcoRV and then cloned into the pcDNA
3.1 expression vector. The primers used are shown in Table S2. All
plasmids were amplified and purified using the EndoFree Plasmid
Maxi kit (TTANGEN, Beijing, China). To generate small hairpin
RNA (shRNA) expression vectors, the stRNA containing specific se-
quences targeting the c-Myc or Drp] mRNA sequence was cloned into
the pSilencer 3.1-H1 neo vector (Ambion, Austin, TX, USA). The spe-
cific mRNA sequences used are shown in Table S2. The miRNA/miR
mimic and inhibitor were synthesized by Shanghai GenePharma
(Shanghai, China), and the sequences are listed in Table S2. The
TSB was designed, synthesized, and verified by QIAGEN (Hilden,
Germany). All transfections were performed using Lipofectamine
2000 reagent (Invitrogen, Carlsbad, CA, USA) according to the man-
ufacturer’s protocol. Cell lines stably expressing shDRPI, MFNI, or
shc-Myc in HepG2 and Huh6 cells were established by G418 (Sigma,
St. Louis, MO, USA) treatment after transfection. For the in vivo TSB
treatment, subcutaneous xenograft tumor models were established
using Huh6 cells. Once tumors reached approximately 200 mm?,
25 mg/kg ™" of TSB-MFENI or control TSB-NC was subcutaneously
injected in the vicinity of the tumors every day.

Hydrodynamic transfection

To establish a murine HB tumor model, hydrodynamic injection of
plasmid DNA was performed on 6-week-old male C57BL/6] mice
as previously described.”® In brief, 20 pg plasmids encoding the
gene(s) of interest along with the SB transposase in a ratio of 25:1
were diluted in 2 mL saline for each mouse. The above-mentioned so-
lution was then filtered and injected into the lateral tail vein of mice
for 5-7 s.

Real-time ATP rate assay

The XF Real-Time ATP Rate Assay kit (Agilent Seahorse Bioscience,
North Billerica, MA, USA) was used to measure cell function by ki-
netic quantification of ATP production, and the data were acquired
and analyzed using the Agilent XFe96 Extracellular Flux Analyzer ac-
cording to the manufacturer’s instructions. Briefly, Huh6 cells were
seeded at a density of 1.0 x 10* cells/well, while HepG2 cells were
seeded at a density of 2.0 x 10* cells/well. Cells were incubated
with DMEM medium overnight. The XFe96 sensor cartridge was hy-
drated, and the Seahorse XF Calibrant was equilibrated in a non-CO,
incubator overnight. Prior to the assay, cells were washed twice with
pre-warmed Seahorse XF DMEM medium supplemented with
10 mM glucose, 2 mM L-glutamine, and 1 mM pyruvate and then
incubated in 180 puL medium at 37°C without CO, for 60 min. The
real-time ATP production rate was measured at 37°C in an XFe96
extracellular flux analyzer, which was previously calibrated using
the Seahorse XF Calibrant. During the run, cells received 1.5 pM oli-
gomycin (ATP synthase inhibitor) from port A and a mixture of anti-
mycin A and rotenone (0.5 pM) from port B to inhibit the activity of
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complexes I and III, respectively. Data were collected using Agilent
Seahorse Wave 2.6.1 desktop software and exported to GraphPad
Prism v.8.3 for analysis.

Lactic acid content detection

Lactic acid content was detected using a lactic acid assay kit (Solarbio,
Beijing, China) according to the manufacturer’s instructions. In brief,
0.1 g tissue or 5 x 10 cells in 1 mL extraction reagent I was sonicated
on ice. The homogenate was centrifuged at 12,000 x g for 10 min at
4°C. Supernatant of 0.8 mL was mixed with 0.15 mL extraction re-
agent IT and centrifuged at 12,000 x g for 10 min at 4°C. The super-
natant was collected for detection. The working solution was diluted
to standard solutions of different concentrations (2.5, 1.25, 0.625,
0.3125, 0.15625, and 0.078 pmol/mL). The absorbance at 570 nm
was then measured using a microplate reader (BioTek, New York,
NY, USA). The lactic acid content was calculated according to a stan-
dard curve, which was depicted based on standard substances. All re-
sults were normalized based on the tissue mass or total protein
amounts of cells.

Glucose uptake detection

Glucose uptake was detected using a glucose assay kit (Solarbio, Bei-
jing, China) according to the manufacturer’s instructions. In brief,
5 x 10 cells in 1 mL sterile water were sonicated on ice and then heat-
ed for 10 min in boiling water. The homogenate was then centrifuged,
and the supernatant was collected for detection. The absorbance at
505 nm was measured using a microplate reader (BioTek, New
York, NY, USA). Glucose uptake was calculated based on the absor-
bance of the standard solution. All results were normalized based on
the total protein content of cells.

Detection of ROS

Cellular ROS was detected using the fluorescent probe DCFH-
DA (Beyotime Biotechnology, Shanghai, China) as previously
described.”® Briefly, DCFH-DA was diluted with DMEM to a final
concentration of 10 pM. HB cells were then resuspended in DCFH-
DA solution at 1 x 10> cells/mL and incubated for 20 min at 37°C
in the dark. Finally, the samples were analyzed using a flow cytometer
(Beckman, Fullerton, CA, USA).

Mitochondrial imaging by electron microscopy and confocal
microscopy

Conventional TEM analysis was performed as previously described.”
In brief, tumor tissues from HB patients and mouse models were fixed
with 4% glutaraldehyde. The samples were post-fixed in OsOy,4, dehy-
drated in alcohol, and embedded in araldite. Ultrathin sections were
stained with uranyl acetate and lead citrate and examined using a Tec-
nai G2 electron microscope (FEL, Hillsboro, OR, USA) at 8,200 and
16,500 magnifications. The fluorescent dye MitoTracker Green FM
(Invitrogen, Carlsbad, CA, USA) was used to monitor mitochondrial
morphology with excitation/emission set at 490 and 516 nm in living
cells rinsed with serum-free media in a 5% CO, and 37°C conditions,
as described previously.” Then z stack images (with 0.2 pm incre-
ments) of mitochondria from the cells were taken using a Nikon
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Al plus laser scanning confocal microscope (Nikon, Melville, NY,
USA) with a 60 X oil-immersion objective (numerical aperture 1.4)
for Huh6 or a 100 x oil-immersion objective (numerical aperture
1.4) for HepG2. For morphometric analysis, the number, length,
and area of mitochondria were measured using Image] software
(NIH, Bethesda, MD, USA) together with a plugin named Mitochon-
dria Analyzer.”” The mean form factor indicates the mean mitochon-
drial morphology per cell. The mitochondria are round when the
index is 1, and the morphology becomes longer when the index in-
creases. According to the index of the mean form factor, the frag-
mented form of mitochondria per cell is defined between 1 and 1.5,
the intermediate form is defined between 1.5 and 2.5, and the elon-
gated form is defined as greater than 2.5. The number of cells with
different forms of mitochondria was counted, and the proportions
were calculated.

Quantitative RT-PCR, western blotting, IHC, and hematoxylin
and eosin

RNA extraction, cDNA synthesis, quantitative RT-PCR (qRT-PCR),
and western blotting were performed as previously described.®’ The
primer sequences used are shown in Table S2. mtDNA content was
evaluated as previously described.®’ Primer sequences are listed in
Table S2. The relative mtDNA content was calculated according to
the ratio of mtDNA copy number to nuclear DNA copy number.
HB tissues were processed for IHC as previously described.”* The
intensity (0, none; 1, faint yellow; 2, yellow; 3, brown) and the propor-
tion of positive cells (0, 0%-9%; 1, 10%-25%; 2, 26%-50%; 3, 51%-—
75%; 4, 76%-100%) were determined within five random microscopic
visual fields per slide by two independent pathologists blinded to the
clinical data. IHC staining was scored (0-12) by multiplying the per-
centage of positive cells by the intensity. The primary antibodies used
in this study are listed in Table S3.

Collection of public datasets and bioinformatic analysis

Two public datasets of mRNA expression data derived from HB tis-
sues (GEO: GSE133039% and GSE75271°*) were downloaded from
the Gene Expression Omnibus database (Table S4) and analyzed.
HB patients were ranked according to the expression level of c-Myc
in each cohort. Patients in the top 25% and bottom 25% were defined
as c-Myc-high and c-Myc-low, respectively. DEGs between the two
groups were calculated using an independent shrinkage t test. An un-
weighted gene set enrichment analysis was performed using the
GeneTrail 3.0 web service.®”

Cell proliferation assay

Cell proliferation was quantified using the CCK-8 (Beyotime,
Shanghai, China) and EdU incorporation assays. For the CCK-8
assay, HB cells were seeded in a 96-well plate and incubated at
37 °C. CCK-8 solution (10 pL) was added to each well, followed by
incubation at 37°C for 2 h. Absorbance at 450 nm was measured using
a microplate reader (BioTek, New York, NY, USA). The EdU incor-
poration assay (Ribobio, Guangzhou, China) was performed as
previously described.® The results were evaluated using a fluorescent
microscope (Olympus, Tokyo, Japan).

Tumor spheroid cell culture

One hundred microliters of 10% Matrigel Matrix (BD Biosciences,
San Jose, CA, USA) was added to a well of a 96-well chamber slide
and allowed to solidify in a cell incubator for about 8 h. Then,
2,000 HB cells suspended in 0.1 mL 2% matrix diluted complete
DMEM containing epidermal growth factor (EGF; 20 ng/mL), basic
fibroblast growth factor (bFGF; 10 ng/mL), and B27 (1:50) were
seeded and cultured at 37°C for about 1 week. Images of the cell
spheroids per group were captured using a fluorescent microscope.

Subcutaneous tumor models

For the xenograft models, male BALB/c nude mice (4-6 weeks old)
were randomly divided into two groups. For the development of tu-
mor xenografts in nude mice, 1 x 107 Huh6 cells treated as indicated
were injected into the flanks of nude mice (n = 6 in each group). Tu-
mor length (L) and width (W) were measured using a Vernier caliper
every 5 days, and tumor volume was calculated according to the for-
mula (L x W?)/2. The transplanted mice were sacrificed 30 days later.
Tumor nodules were photographed and weighed. It should be noted
that the maximum tumor diameter was allowed to be within 1.5 cm,
and the maximum tumor volume was allowed to be within
2,000 mm®,

8F_-FDG micro-PET/CT imaging

Since tumors generated by hydrodynamic transfection often showed
multiple nodules of varying sizes in vivo, xenograft models were also
generated to perform a PET scan with '®*F-FDG. Moreover, to avoid
the influence of different tumor volumes on the uptake of '*F-FDG,
varying amounts of tumor tissue mass (20-50 mg) induced by
c-Myc hydrodynamic transfection were used to establish the xeno-
graft models by subcutaneous implantation. Then, mice with compa-
rable tumor volumes (approximately 1,500 mm?) were chosen to fast
overnight and were then injected with approximately 3.7 MBq
(100 pCi) of "®F-FDG through the tail vein. The scanning was started
60 min after tracer injection before the mice were anesthetized with
1.5%-2.5% isoflurane using a micro-PET/CT scanner (Mediso Med-
ical Imaging Systems, Budapest, Hungary). All PET/CT images were
processed and analyzed using Interview Fusion 1.0 (Mediso Medical
Imaging Systems, Budapest, Hungary) software. For semiquantitative
analysis, 3-dimensional regions of interest were carefully depicted and
manually adjusted over the borders of the tumor. Mean *F-FDG up-
take was presented as % ID/g (percentage of injected dose per gram of
tissue), which was calculated by dividing the tumor radioactivity by
the injected dose. and compared between the different interventions.

miRNA target prediction

The miRNAs targeting MFN1 were predicted using the TargetScan®’
and miRDB®® databases. Venn diagrams were constructed to illustrate
overlapping candidate miRNAs from the two databases.

Luciferase reporter assay

Luciferase reporter constructs were prepared by cloning the DRPI
promoter region from the genomic DNA of HB cells into the
pGL3-basic luciferase reporter vector (Promega, Madison, WI,
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USA). The constructs were transfected into Huh6 cells along with a
plasmid containing the Renilla luciferase reporter gene, as previously
described.”® Then, HB cells were lysed and analyzed using the Dual
Luciferase Reporter Assay kit (Promega, Madison, WI, USA) accord-
ing to the manufacturer’s instructions. The firefly luciferase activity
for a specific promoter construct was normalized to the Renilla lucif-
erase activity. The relative light units were measured using a micro-
plate reader (BioTek, New York, NY, USA).

Serially truncation and site-directed mutagenesis

Promoter sequences of DRPI were obtained from the UCSC Genome
Browser. Truncated regions of the DRPI promoter were amplified
and inserted into the pGL3-basic vector. Site-directed mutagenesis
was performed using the QuikChange II Site-Directed Mutagenesis
Kit (Agilent, Santa Clara, CA, USA) according to the manufacturer’s
instructions. The E-box was mutated (underlined) to CAAAAG (WT,
CATGCG). The primers used for site-directed mutagenesis of the
DRP]I promoter are listed in Table S2.

ChIP-PCR analysis

The ChIP assay was performed using an EZ-ChIP kit (Millipore Cor-
poration, Billerica, MA, USA) according to the manufacturer’s in-
structions. Briefly, anti-c-Myc antibody or isotype immunoglobulin
G (IgG) was immunoprecipitated with chromatin of Huh6 cells trans-
fected with the WT DRPI reporter or the site-mutated (MU) DRPI
reporter. A product of 297 bp from the regulatory region of DRP1
was generated by PCR. Primer sequences are provided in Table S2.

Statistical analyses

The experiments were repeated three times, where appropriate.
GraphPad Prism 8.3.0 software (GraphPad Software, La Jolla, CA,
USA) was used for all statistical analyses, and p < 0.05 was considered
significant. Unpaired t tests were used for comparisons between the
two groups, where appropriate. Correlations between measured vari-
ables were tested using Spearman’s rank correlation analyses.
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(120pum?) in HB tissues with high (n=5) or low (n=5) expression levels of c-Myc.

(C) Western blotting images of c-Myc, Mfnl and Drp1 in Huh6 and HepG2 cells with
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treatment as indicated. shctrl, control ShRNA; shc-Myc-1 and shc-Myc-2, shRNA against c-

Myec.

(D and E) Representative confocal microscopy images and morphology distribution analysis

of mitochondria in HepG2 cells with or without c-Myc knockdown. Scale bars: 10 um.

(F) Representative immunohistochemical (IHC) staining images of Mfn2, Opal and Fisl in

HB tissues with high (n=25) and low (n=25) c-Myc¢ expression. Scale bar: 50um.

(G and H) Representative confocal microscopy images and morphology distribution analyses

of mitochondria in c-Myc knockdown HB cells with or without c-Myc overexpression. Scale

bars: 10 um. EV, empty vector; c-Myc, expression vector encoding c-Myc.

(I) Western blotting images of c-Myc, Drpl and Mfnl in HB cells with treatment as indicated.

(J and K) Cell proliferation was analyzed by CCK-8 in HB cells with treatment as indicated.

Data were expressed as mean + SD. ns, no significant; *p< 0.05; **p< 0.01.
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Figure S2.

(A) Schematic diagram of LoxP site in the exons of MFNI and Cre recombinant protease with

ALB promoter. Genomic DNA extracted from the tail of the mice was used for genotype

identification by performing PCR and agarose gel electrophoresis. WT, wild type.

(B) Representative immunohistochemical (IHC) staining images of c-Myc and Mfnl in c-Myc
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induced models with (n=12) or without (n=12) liver specifically knockout of MFNI. While
representative IHC staining images of c-Myc and Drpl in mouse models induced by ¢-Myc
and PT3 control plasmids (n=12) or ¢-Myc plasmid and DRP1 expression construct (n=12).
Scale bar: 50um. MEN[1o¥ox AfpFN [e¥ox mice hydrodynamically injected with c-Myc
plasmid and SB transposon; MFNI LKO, MFNI liver specific knockout mice
hydrodynamically injected with c-Myc plasmid and SB transposon; PT3, wild type mice
hydrodynamically injected with c-Myc plasmid and PT3-EF 1o empty vector, as well as SB
transposon; DRPI, wild type mice hydrodynamically injected with c-Myc plasmid and PT3-
EF1a-DRP1 construct, as well as SB transposon.

(C) IHC scores of c-Myc, Mfnl and Drplin mouse models induced as indicated.

(D) Percentage of tumor/liver area of the mice with treatment as indicated.

(E) Relative mtDNA content in mouse normal liver and the tumors induced by c-Myc from
different groups as indicated.

(F and G) Glyco, Mito and total ATP production rate were measured between HB cells
treated as indicated. Blue asterisks are used for Mito ATP, red asterisks are used for Glyco
ATP, and black asterisks are used for total ATP (glycol ATP + Mito ATP) production rate
comparisons between shctrl and she-Myc groups. The percentage inside the bar represents the
percentage of total ATP production rate generated from Glyco or Mito ATP production rate for
each condition.

Data were expressed as mean £+ SD. ns, no significant; *p< 0.05; **p< 0.01.
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Figure S3.

(A) Representative IHC staining images and IHC scores of c-Myc and Mfn1 in mouse models
induced by c-Myc and PT3 control plasmids (n=12) or ¢-Myc plasmids and MFN1 expression
construct (n=12). Scale bar: S0um. PT3, wild type mice hydrodynamically injected with c-
Myc plasmid and PT3-EF1a empty vector, as well as SB transposon; MFN1, wild type mice
hydrodynamically injected with c-Myc plasmid and PT3-EF1a-MFNI1 construct, as well as
SB transposon.

(B) Percentage of tumor/liver area of the mice with treatment as indicated.

(C) Relative mtDNA content in mouse normal liver and the tumors induced by c-Myc from
different groups as indicated.

Data were expressed as mean + SD. ns, no significant; **p< 0.01.
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Figure S4.

(A and B) Western blotting images of Drpl and Mfnl in Huh6 and HepG2 treated as
indicated. shetrl, control shRNA; shDRP1-1 and shDRP1-2, shRNA against DRP1; EV, empty
vector; MFN1, expression vector encoding MFN1.

(C-D) Representative confocal microscopy images morphology distribution analyses of
mitochondria in HepG?2 cells with treatment as indicated. Scale bars: 10um.

(E and F) High-magnification images and size of spheres formed on day 7 by HepG2 cells
with treatment as indicated. Scale bar: 50um.

(G and H) EdU assay was performed to evaluate proliferation ability of HepG2 cells with
treatment as indicated. Scale bar: 50u

Data were expressed as mean + SD. **p< 0.01.
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Figure SS5.

(A-B) Relative glucose uptake and relative lactate production were measured in Huh6 cells
treated as indicated. shetrl, control ShRNA; shDRPI-1, shRNA against DRP1; MFNI,
expression vector encoding MFNI.

(C) Western blotting images of IkB-o in Huh6 treated as indicated.

Data were expressed as mean + SD. *p< 0.05; **p< 0.01.
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77  Figure S6.

78 (A and B) Quantitative real-time reverse transcription PCR (qRT-PCR) analyses for

79  expression levels of miR-373-3p in Huh6 treated as indicated.

80  (C and D) Western blotting images of Mfn1 in Huh6 cells treated as indicated. shc-Myec-1,
81  shRNA against c-Myc, TSB-NC, negative control of miRNA target site blocker; TSB-MFN1,
82  atarget site blocker which selectively prevents miR-373-3p binding to the 3'UTR of MFNI.
83  (E) Representative immunohistochemical (IHC) staining images of PCNA and MFN1 in

84  subcutaneous xenograft tumors. Scale bar: 50pm.

85  (F) IHC scores of MFNI1 in subcutaneous xenograft tumors.

86  Data were expressed as mean = SD. *p< 0.05; **p< 0.01.
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Supplemental Tables

90  Table S1. Distribution of HB patients’ characteristics

Variable All patients, n=50
Age

<5 years 44

>=35 years 6

Gender

Female 30

Male 20

Tumor size

<5.0 cm 21

>=5 cm 29

Differentiation grade

well 18
Moderately 18
Poor 14

pretext stage

I+ 10 23
I+ 1v 27
Survival
Dead 13
Alive 37
91
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93
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Table S2. Sequences of primers, siRNA, miRNA mimic and inhibitor, TSB, and mRNA

sequence for shRNA

Primer name

Sequences

1. Primers for real-time PCR:

c-Myc forward primer:
reverse primer:
DRPI forward primer:

reverse primer:

MFNI forward primer:

reverse primer:

GAPDH  forward primer:
reverse primer:
miR-373-3p RT primer:
forward primer:
reverse primer:
miR-200a-3p  RT primer:
forward primer:
reverse primer:

miR-4319 RT primer:

forward primer:
reverse primer:
miR-302c-3p  RT primer:
forward primer:
reverse primer:
miR-3129-5p  RT primer:
forward primer:

reverse primer:

CATACATCCTGTCCGTCCAAG

GAGTTCCGTAGCTGTTCAAGT

GGAGACTCATCTTTGGTGAAGAG

AAGGAGCCAGTCAAATTATTGC

TGGCTAAGAAGGCGATTACTGC

TCTCCGAGATAGCACCTCACC

GGAGCGAGATCCCTCCAAAAT

GGCTGTTGTCATACTTCTCATGG

CTCAACTGGTGTCGTGGAGTCGGCA

TCGGCAGGCTTCACGAAGCTAA

GGTGTCGTGGAGTCGGCAATTC

CTCAACTGGTGTCGTGGAGTCGGCA

TCGGCAGGATTGTGACAGACCA

GGTGTCGTGGAGTCGGCAATTC

CTCAACTGGTGTCGTGGAGTCGGCA

TCGGCAGGAGGGACTCGTT

GGTGTCGTGGAGTCGGCAATTC

CTCAACTGGTGTCGTGGAGTCGGCA

TCGGCAGGATTCACGAAGGTAC

GGTGTCGTGGAGTCGGCAATTC

CTCAACTGGTGTCGTGGAGTCGGCA

TCGGCAGGCGTCATCACATCTC

GGTGTCGTGGAGTCGGCAATTC



2. Primers for gene cloning
DRPI forward primer:
reverse primer:

MFNI forward primer:

Teverse primer:

CCGGAATTCTAGCCAGTCTCCACAT

CGCGGATCCGGCCCCGTGTTTTCAG

ACGAATTCCTTGCCACCATGGCAGA

ACCTCGAGTGTTAGGATTCTTCATT

3. Primers for DRP1 promoter construct

(-1894/+103)DRP1 forward primer:
(-961/+103)DRP1 forward primer:
(-514/+103)DRP1 forward primer:
(-244/+103)DRP1 forward primer:
(-11/+103)DRP1

forward primer:

reverse primer:

TAGGTACCACTCCTGACCTCAAGTG
TAGGTACCTCCTGCTTCTGCTTCCTA
TAGGTACCCAGGAGAATGGCGTGA
TAGGTACCTAGCCTTTGACTAGAGC
TAGGTACCAGGAAGGAGGCGAACT
GAAGATCTGGAGCTTGTTTATGACA

GGAA

4. Primers for DRP1 promoter site-directed mutagenesis

(-961/+103) DRP1 mutation forward primer:

(-961/+103) DRP1 mutation reverse primer:

CCTCCCGGCAGGCCAAAAGCTGCG

AGGGAGGTG
CACCTCCCTCGCAGCTTTTGGCCTG

CCGGGAGG
5. Primers for ChIP in the DRP1 promoter
DRPI forward primer: CTCCGCTCCAGAACTACAAC
reverse primer: TACCAACAGTACCGGAATGC

6. mRNA sequence for shRNA and siRNA sequences

shDrp1-1 mRNA sequence
shDrp1-2 mRNA sequence
she-Myc-1  mRNA sequence
she-Myc-2  mRNA sequence
shetrl mRNA sequence
silkBa-1

GCTACTTTACTCCAACTTATT

CGAGATTGTGAGGTTATTGAA

CTGAGACAGATCAGCAACAA

GGAAACGACGAGAACAGTTGA

UUCUCCGAACGUGUCACGU

5'-GCUAUUCUCCCUACCA AGCU-3’
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silkBa-2

5'-GCUGCCCUAUGAUGACUGU-3'

sictrl

5'-UUCUCCGAACGUGUCACGUTT-3’

7. Primers for genotyping

MFNI1 (mouse) forward primer:
reverse primer:
Cre (mouse) forward primer:

reverse primer:

AGCAGTTGGTTGTGTGACCA

TTGGTAATCTTTAGCGGTGCTC

TGGCAAACATACGCAAGGG

CGGCAAACGGACAGAAGCA

8. miRNA mimic and inhibitor

miR-373-3p mimic sense:
antisense:
control mimic sense:
antisense:
miR-373-3p inhibitor:
control inhibitor:

GAAGUGCUUCGAUUUUGGGGUGU

ACCCCAAAAUCGAAGCACUUCUU

UUCUCCGAACGUGUCACGUTT

ACGUGACACGUUCGGAGAATT

ACACCCCAAAAUCGAAGCACUUC

CAGUACUUUUGUGUAGUACAA

9. Primers for mtDNA measurement

ND1 forward primer:

reverse primer:

16S rRNA forward primer:
reverse primer:
HK2 forward primer:

Ieverse primer:

CTAGCAGAAACAAACCGGGC

CCGGCTGCGTATTCTACGTT

CCGCAAGGGAAAGATGAAAGAC

TCGTTTGGTTTCGGGGTTTC

GCCAGCCTCTCCTGATTTTAGTGT

GGGAACACAAAAGACCTCTTCTGG

10. Sequence of Target Site Blocker

TSB-MFNI1

TSB-NC

TGAAATCTGGTTAAAAGCACTTT

TAACACGTCTATACGCCCA
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Table S3. Primary antibodies used for Western bloting and immunohistochemistry

Antibody Company (Cat. No.) Working dilutions
MEFN1 abcam (ab104585) WB: 1/1000 IHC:1/150
MFN2 abcam (ab101055) IHC:1/100

DRP1 abcam (ab56788) WB: 1/1000 IHC: 1/150
FIS1 abcam (ab156865) IHC: 1/10000

OPAL1 abcam (ab90857) IHC: 1/400

c-Myc Proteintech (67447-1-1g) WB: 1/500 IHC: 1/300
c-Myc Proteintech (10828-1-AP) Chip:1/50

AKT Cell Signaling Technology (9272) WB: 1/1000

p-AKT Cell Signaling Technology (4051) WB: 1/600

B-actin Beijing TDY BIOTEC CO., Ltd. WB: 1/3000

NF-kB abcam(ab7970) WB: 1/1000

IKB a abcam(ab76429) WB: 1/1000

LMNBI1 Beijing TDY BIOTEC CO., Ltd. WB: 1/2000

p-IKK Santa Cruz Biotechnology (C-23470-R) WB:1/1000

p70S6K Cell Signaling Technology (9202) WB: 1/1000
p-p70S6K(Thr389) Cell Signaling Technology (9234) WB: 1/1000

PCNA

abcam (ab18197)

IHC:1/15000
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Table S4. Public datasets used for bioinformatics analyses

HB
Accession Patient
Platform Sample PMID Source URL
No. Ethnicity
No.
[Mlumina
https://www.ncbi.nlm.
HiSeq 2500
GSE133039 66 - 32240714 nih.gov/geo/query/acc.
(Homo
cgi?acc=GSE133039
sapiens)
[HG-
U133 Plus 2] Hispanic
Affymetrix Caucasian https://www.ncbi.nlm.
GSE75271 Human 50 Asian 27775819 nih.gov/geo/query/acc.
Genome African cgi?acc=GSE75271
U133 Plus 2.0 American

Array
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