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Simple Summary: Hepatocellular carcinoma is a leading cause of cancer-related death worldwide.
Major risk factors in liver cancer development include chronic hepatitis B or C virus, autoimmune
hepatitis, diabetes mellitus, alcohol abuse, and several metabolic diseases, among others. Standard
therapy shows low efficacy, and there is an urgent need for novel therapies. Recent data permit
to propose that proteins that control mitochondrial morphology through changes in mitochondrial
fusion or mitochondrial fission, confer susceptibility or resistance to the development of liver cancer
in mouse models. Here, we review the data that suggest mitochondrial dynamics to be involved in
the development of liver tumors.

Abstract: Hepatocellular carcinoma (HCC) is the most prevalent primary liver cancer. Due to its
rising incidence and limited therapeutic options, HCC has become a leading cause of cancer-related
death worldwide, accounting for 85% of all deaths due to primary liver cancers. Standard therapy
for advanced-stage HCC is based on anti-angiogenic drugs such as sorafenib and, more recently,
lenvatinib and regorafenib as a second line of treatment. The identification of novel therapeutic
strategies is urgently required. Mitochondrial dynamics describes a group of processes that includes
the movement of mitochondria along the cytoskeleton, the regulation of mitochondrial morphology
and distribution, and connectivity mediated by tethering and fusion/fission events. In recent
years, mitochondrial dynamic processes have emerged as key processes in the maintenance of
liver mitochondrial homeostasis. In addition, some data are accumulating on the role played by
mitochondrial dynamics during cancer development, and specifically on how such dynamics act
directly on tumor cells or indirectly on cells responsible for tumor aggression and defense. Here,
we review the data that suggest mitochondrial dynamics to be involved in the development of
liver tumors.

Keywords: hepatocellular carcinoma; chronic liver disease; NASH; liver fibrosis; insulin resistance;
Mitofusin 1; Mitofusin 2; OPA1; DRP1

1. Introduction to Liver Cancer

Liver cancer is the fourth leading cause of cancer mortality worldwide, with more than
840,000 new cases and 780,000 deaths currently recorded globally per year [1]. Hepatocellu-
lar carcinoma (HCC) accounts for 85% of all primary liver cancers. Early HCC detection can
sometimes permit its cure by surgical resection. However, HCC is more often diagnosed
as an advanced disease, for which therapy can only slightly extend life expectancy, and,
to date, it is under Orphan Drug Designation in Europe and the USA. Standard therapy
for advanced-stage HCC is based on anti-angiogenic drugs such as sorafenib and, more
recently, lenvatinib [2] and regorafenib as a second line of treatment [3]. However, the re-
sistance and overall survival rates are still unsatisfactory. All three drugs target a variety of
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cellular tyrosine kinases in addition to vascular endothelial growth factor (VEGF) receptors;
sorafenib also targets the cytosolic kinases RAF1 (Raf-1 Proto-Oncogene, Serine/Threonine
Kinase also known as CRAF) and BRAF (B-Raf proto-oncogene serine/threonine-protein
kinase), and lenvatinib and regorafenib share the receptor tyrosine kinase KIT as a common
target. Due to the limited survival benefits of treatment with sorafenib, new therapeutic
approaches have been tested. In this regard, given the relevant role of both the RAS/RAF
and AKT/mTOR pathway in HCC, several clinical trials have tested the efficacy of so-
rafenib in combination with mTOR (mechanistic target of rapamycin) inhibitors. The
evidence suggests that dual therapy does not improve the efficacy of sorafenib alone [4,5].
Several other studies with multitargeted kinases have concluded that these are not the only
signaling networks involved in HCC etiology and/or drug resistance [6].

More recently, immune checkpoint inhibitors have been introduced into HCC clinical
practice with high expectations. Since the approval of nivolumab by the FDA in 2017
for the treatment of HCC, combination therapy with anti-angiogenic drugs and immuno-
suppression checkpoint inhibitors has been tested in clinical studies [7]. However, tumor
cells compensate for treatments that compromise proliferation and immune escape via
altered apoptosis. Alterations in the normal cellular balance between BAX and BCL2 (pro-
apoptotic and anti-apoptotic molecules, respectively) dysregulate apoptosis and promote
drug resistance [8]. In light of this connection, it seems reasonable to propose additional
treatment with compounds that trigger apoptosis in HCC tumors.

HCC development and progression are influenced by genetic, epigenetic, and environ-
mental factors. HCC risk factors include chronic hepatitis B virus (HBV) and/or hepatitis C
virus (HCV) infection, autoimmune hepatitis, diabetes mellitus, alcohol abuse, and several
metabolic diseases [9,10]. Specifically, nonalcoholic steatohepatitis (NASH) is a major risk
factor for cirrhosis and HCC [11]. In addition, a number of epidemiological studies have
indicated that overweight and obesity increase susceptibility to liver cancer [12]. This risk
is higher in men with morbid obesity, and even modest increases in BMI have been linked
to greater risk of death by HCC [12].

There are two major pathways for the development of HCC. In most cases, HCC
develops in patients with chronic liver disease and cirrhosis [13]. A second minor pathway
develops through the malignant transformation of hepatic adenomas [14].

Patients with chronic liver disease show hepatic inflammation, fibrosis, and aberrant
hepatocyte regeneration. These abnormalities can induce cirrhosis and promote a number
of genetic and epigenetic events that lead to the formation of dysplastic nodules, which
represent preneoplastic lesions [15]. Similarly, hepatocarcinogenesis induced by chemicals
in mice is characterized by foci of altered hepatocytes [16,17]. When injected into mice, these
cells cause HCC, thus leading to the concept of HCC progenitor cells [18]. Dysplastic cells
are thought to undergo alterations that permit the acquisition of proliferative, invasive,
and survival advantages before completing the transition to hepatocellular carcinoma.
From a genetic perspective, HCC cells accumulate somatic DNA alterations, including
mutations in the TERT (telomerase reverse transcriptase) promoter (accounting for 60% of
cases), TP53 (tumor protein 53) (30% of cases), WNT (Wingless-type MMTV integration
site) signaling genes CTNNB1 (Catenin Beta 1) (30% of cases) and AXIN1 (10% of cases),
and chromatin remodeling genes ARID1A (AT-Rich Interaction Domain 1A) (10% of cases)
and ARID2 (AT-Rich Interaction Domain 2) (5% of cases) [13,15].

2. Mitochondrial Dynamics in the Liver

Mitochondrial dynamic processes are key to the maintenance of mitochondrial home-
ostasis [19,20]. Catalyzed by a range of proteins, mitochondrial dynamics include the
movement of mitochondria along the cytoskeleton, the regulation of mitochondrial ar-
chitecture, and connectivity mediated by tethering and fusion/fission events [19–21].
Mitochondrial dynamics is a relevant aspect of mitochondrial biology and function, con-
trolling mitochondrial respiration, mitochondrial quality control, autophagy, apoptosis,
and Ca2+ homeostasis. As a result of this, changes in mitochondrial dynamics impact cellu-
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lar function. Indeed, alterations in this process have been associated with neuropathies
(Charcot–Marie–Tooth type 2A and autosomal dominant hereditary optic neuropathy or
ADOA) [22–24], neurodegenerative disorders such as Parkinson’s disease [25], atheroscle-
rosis [26], and metabolic diseases such as obesity and type 2 diabetes [27–29].

Mitochondrial dynamics encompasses mitochondrial fusion and fission events
(Figure 1A) [30]. Mitochondrial fusion in mammals is catalyzed by the proteins Mitofusin
1/MFN1, Mitofusin 2/MFN2, and optic atrophy gene 1/OPA1. They are dynamin-related
proteins with GTPase activity. The two mitofusins are located in the outer mitochondrial
membrane, whereas OPA1 is located in the inner mitochondrial membrane and in the
intermembrane space (Figure 1A). Mitochondrial fusion proteins show ubiquitous expres-
sion. Nevertheless, MFN1 is highly expressed in heart, liver, pancreas, adrenal glands,
and testis, whereas MFN2 is more abundant in heart, skeletal muscle, brain, and brown
adipose tissue [27,31]. OPA1 is highly expressed in brain, retina, liver, testis, heart, and
skeletal muscle [23,24]. The complexity of the biology of OPA1 is high due to the fact
alternative splicing generates eight distinct OPA1 isoforms in humans, and they show
different functional activities in mitochondria [32].

In addition to its role as a mitochondrial fusion protein, MFN2 also serves as an
endoplasmic reticulum (ER) protein in the connection of ER membranes to mitochondria
(Figure 2) [33], and its depletion causes ER stress and plays a relevant role in the mainte-
nance of mitochondrial metabolism, insulin signaling, and energy homeostasis [27,28,34–36].
MFN2 has recently been reported to participate in the transfer of phosphatidylserine from
ER to mitochondria, which seems to be a central activity in many of the molecular and
cellular functions of the protein [36].

Mitochondrial fission is catalyzed by DRP1 (Dynamin-related protein 1), MID49,
MID51, FIS1 (Fission 1 homolog protein), and MFF (mitochondrial fission factor) (Figure 1A).
DRP1 has GTPase activity. It is located in the cytosol and shows a broad tissue distribu-
tion [37]. Mitochondrial fission requires the recruitment of DRP1 to the outer mitochondrial
membrane, where it forms a ring-like structure located on the future mitochondrial scission
site [38]. In order to localize on the mitochondrial membrane, DRP1 must interact with
FIS1 [39] and MFF [40], both integral proteins of the outer mitochondrial membrane. In
contrast to other fusion or fission proteins, FIS1 and MFF do not show GTPase activity. Re-
cently, mitochondrial dynamic proteins of 49 and 51 kDa (MID49 and MID51, respectively)
have been described to participate in the recruitment of DRP1 to mitochondria, although
their role in mitochondrial fission is not well established [41–43].

The physiological relevance of mitochondrial dynamics has been studied in mam-
malian tissues upon genetic manipulation of specific genes. Ablation of mitochondrial
fusion and fission proteins in mice is embryonically lethal [44–48], thus highlighting the
importance of mitochondrial dynamics in physiology. Studies in conditional KO mice
and genetic manipulation have revealed some of the roles of these proteins in liver cell
physiology. Ablation of MFN2 in mouse hepatocytes alters mitochondrial morphology
and reduces mitochondrial respiratory complexes I and II [28]. MFN2 ablation in mouse
liver also causes deficient transfer of phosphatidylserine from the ER to mitochondria. This
dysregulation has two major functional implications: (a) it reduces the synthesis of phos-
phatidylethanolamine (PE) in mitochondria, and (b) it leads to ER stress, inflammation, and
fibrosis [35,36]. Hepatic MFN2 is also essential for normal insulin signaling and glucose
homeostasis [28]. In contrast to MFN2, hepatic MFN1 deficiency increases mitochondrial
content and also causes enhanced mitochondrial respiration through complexes I and
II [49]. Under these conditions, mice are protected against high-fat-diet-induced insulin
resistance and ER stress is not induced [49]. Available data allow us to propose that hepatic
ablation of MFN2 or MFN1 induces distinct stress signals, thereby leading to opposite
patterns of metabolic alterations.
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Figure 1. Mitochondrial dynamics in normal (A) and tumor liver cells (B). Mitochondrial fusion is
a two-step process in which outer mitochondrial membrane (OMM) fusion is mediated by homo-
and hetero-oligomeric complexes between mitofusin1 (MFN1) and mitofusin2 (MFN2), and inner
mitochondrial membrane (IMM) fusion is mediated by optic atrophy gene 1 (OPA1). Mitochon-
drial fission is mediated by the action of dynamin-related protein 1(DRP1), which is recruited to
mitochondria by different receptors: fission 1 homolog protein (FIS1), mitochondrial fission factor
(MFF), mitochondrial dynamics protein of 49 kDa (MID49), and mitochondrial dynamics protein of
51 kDa/mitochondrial elongation factor 1 (MID51/MIEF1).
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Figure 2. Functional role of Mitofusin 2. Schematic overview of the multiple functional roles played
by Mitofusin 2 (MFN2) in mammalian cells.

Loss of hepatic OPA1 also alters the morphology of mitochondria [50]. Simultane-
ous loss of DRP1 and OPA1 normalizes mitochondrial size in hepatocytes, and OPA1
ablation rescues liver damage induced by a methionine-choline-deficient diet [50]. In
contrast, mitochondrial size in DRP1-knockout hepatocytes increases, and mitochondria
are elongated [50]. Hepatic ablation of DRP1 mice also protects against a high-fat diet in
the presence of ER stress, and enhances hepatic expression of FGF21 [51].

The expression of the mitochondrial fusion protein MFN2 is subject to regulation in the
liver via hormonal and metabolic factors. Glucocorticoids repress MFN2 expression in hep-
atoma cells and in mouse liver [52]. The pro-inflammatory factor TNFα also reduces MFN2
expression in human embryo liver cells [53] and in response to liver ischemia-reperfusion
injury [53]. In addition, mice subjected to a high-fat diet show reduced hepatic MFN2 in
parallel to insulin resistance and oxidative stress [54]. Induction of lipid accumulation in
hepatoma HepG2 cells by incubation with long-chain fatty acids represses MFN2, whereas
omega-3 polyunsaturated fatty acids such as eicosapentaenoic acid or docosahexaenoic
acid increase MFN2 [55]. Furthermore, patients with extrahepatic cholestasis show low
hepatic MFN2 [56], and glycochenodeoxycholic acid, the main toxic component of bile acid
in these patients, represses MFN2 in human liver cells [56].
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3. Mitochondrial Dynamics in Tumor Cells

There are some data on the role of mitochondrial dynamics in tumor cells and in
connection with cells responsible for tumor aggression and/or defense [57,58]. Tumor cells
are characterized by a series of defined steps that ultimately lead to malignant transforma-
tion. The most common steps are resistance to cell death, deregulated cell metabolism and
constant reactive oxygen species (ROS) production, cell hyperproliferation, increased inva-
sive power, uncontrolled mitophagy, and finally tissue vascularization. It is noteworthy
that mitochondrial dynamics are involved in all these processes, both under physiological
conditions and during neoplastic transformation [58,59]. Different types of cancer (and
even different stages of the same cancer) are known to modulate the balance between
mitochondrial fusion and fission. Several studies have reported that the expression of
mitochondrial dynamic proteins such as DRP1, MFN1, and MFN2 is dysregulated in lung,
bladder, and breast cancers in humans [60–62]. It has been also reported that reduced
MFN2 levels in breast tumors are associated with poorer outcomes, and cell lines with
silenced MFN2 display increased viability and aggressiveness, which seems to be mediated
by mTORC2/AKT [63]. In bladder cancer, reduced MFN2 expression levels, possibly medi-
ated by the WNT/β-catenin pathway, also correlate with poorer prognosis [64]. Therefore,
dysregulation of mitochondrial dynamics is closely involved with tumorigenesis and tumor
progression [58,59]. In addition, mitochondrial dynamics may influence cancer cell resis-
tance, although the mechanisms are unclear [3]. It has been proposed that mitochondrial
fusion promotes tumor cell resistance to apoptosis, whereas mitochondrial fission has been
associated with increased invasiveness and proliferation.

4. Mitochondrial Fusion Proteins and Liver Cancer

There are some data indicating the presence of alterations in mitochondrial fusion
proteins in HCC. Some results have revealed a lower average mitochondrial length in HCC
tissues compared to that in adjacent nontumor tissues [65]. These observations point to an
altered balance between mitochondrial fusion and fission in HCC tumor cells (Figure 1B).
In this regard, reduced expression levels of MFN1 protein and mRNA have been reported
in HCC tissue compared to adjacent nontumor tissue [65,66]. In addition, low MFN1
protein levels in human HCC correlate with vascular invasion and poor prognosis [65,66],
and the expression of MFN1 is reduced in distant metastases of HCC when compared
to primary HCC [67]. Thus, a decrease in MFN1 is a main candidate associated with
HCC metastasis [66]. Interestingly, MFN1 depletion triggers the epithelial-to-mesenchymal
transition of HCC [65], and MFN1-deficient HCC cells show lower E-cadherin values and
increased mesenchymal markers. These results have been confirmed by subcutaneous
xenographs in mouse models and they further support the notion that MFN1 strongly
decreases the metastatic potential of HCC cells. In this context, it has been proposed that
MFN1 regulates metastasis in HCC by switching cellular metabolism from glycolysis to
oxidative phosphorylation, and treatment with the glycolysis inhibitor 2-deoxyglucose
suppresses the effects induced by MFN1 deficiency [66].

HCC tumors are frequently characterized by loss of heterozygosity in the MFN2
gene [68]. In some studies, HCC tissue showed reduced MFN2 protein and mRNA ex-
pression compared to nontumor tissue [69–71], whereas other studies reported no differ-
ences [65]. In addition, a negative correlation between MFN2 levels and the prognosis
of liver cancer has been described [69,71,72]. Thus, Kaplan–Meier survival curves and
multivariate analyses show that low MFN2 expression in HCC indicates poor prognosis
and is linked to worse survival [69,71,72]. Interestingly, tumor MFN2 mRNA expression
was found to significantly correlate with gender and preoperative alpha-fetoprotein lev-
els [69]. Therefore, it is possible that hepatic MFN2 is differentially regulated in men and
women. Concerning this, miR-761 microRNA may regulate MFN2 in HCC. Thus, miR-761
is upregulated in HCC, and an inhibitor of miR-761 upregulates MFN2, which suppresses
tumor growth and metastasis both in vivo and in vitro [73].
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It has also been reported that MFN2 overexpression in HCC cells reduces cell pro-
liferation and induces spontaneous apoptosis [70]. This apoptosis was characterized by
reduced mitochondrial membrane potential (∆Ψm), lower concentrations of calcium Ca2+

ions in the ER, and high concentrations of reactive oxygen species (ROS) and mitochondrial
Ca2+ [71]. In addition, MFN2 overexpression reduces cell cycle arrest in S phase, increases
caspase-3 activation and PARP cleavage, recruits BAX to mitochondria, and decreases
cytochrome c in mitochondria [61]. In turn, BAX and BAK participate in MFN2-dependent
mitochondrial morphology [74]. MFN2 seems to promote apoptosis and inhibit prolif-
eration in HCC cells through BAX/BCL-2 [70]. Nevertheless, it is unclear whether the
reported effects of MFN2 overexpression show a degree of nonspecificity.

Consistent with the concept that MFN2 plays an important role in the biology of the
liver, hepatic MFN2 depletion promotes the generation of liver tumors in mice both with
aging and in response to carcinogens [36].

It has also been proposed that mitochondrial impairment contributes to the patho-
genesis of chronic liver diseases. Endogenous MFN2 expression has been reported to
decrease in patients with extrahepatic cholestasis characterized by elevated levels of toxic
bile acids [56], and also in subjects with NASH [36]. Moreover, hepatic depletion of MFN2
in mice causes a NASH-like condition characterized by hepatic steatosis, inflammation, and
fibrosis [36]. Regarding liver fibrosis, which is a risk factor in the development of cirrhosis
and HCC [75], high expression of MFN2 protein inhibits the Transforming growth factor
beta 1/Smad (TGF-β1/Smad) signaling pathway, thus triggering the downregulation of
type I, type III, and type IV collagen and reducing the formation of factors associated with
liver fibrosis [76]. Furthermore, MFN2 overexpression using AAV-MFN2 was found to
improve carbon-tetrachloride-induced liver fibrosis in vivo [76]. In keeping with these
observations, specific deletion of MFN2 in liver causes ER stress, which leads to a chronic
inflammatory state that in turn causes the activation of TGF-β1 and deposition of collagen,
with the subsequent development of liver cancer [36].

OPA1 is a major mitochondrial fusion protein, and it also regulates crista formation.
Some data indicate that HCC tumors do not show changes in OPA1 protein or mRNA ex-
pression compared to adjacent tissue [65,77]. It is likely that OPA1 expression is maintained
in HCC tumors in order to preserve crista formation. In this regard, it would be useful
to document whether the expression of all OPA1 isoforms is high under those conditions.
Along these lines, OPA1 participates in apoptosis by regulating the rate and extent of
cytochrome c during apoptosis. The effects of OPA1 on apoptosis depend on its GTPase
activity, its oligomerization, and its processing to soluble forms by the rhomboid protease
PARL [78,79].

Interestingly, some of the cell death effects of the multikinase inhibitor sorafenib are
dependent on the dysregulation of OPA1 [80]. Sorafenib has been reported to induce
mitochondrial fragmentation and trigger the release of cytochrome c. Furthermore, within
a few minutes, sorafenib reduces OPA1 expression. This observation thus suggests that
sorafenib promotes the rapid degradation of OPA1 in mitochondria, thus leading to the
activation of apoptosis (Figure 3). It has also been shown that HCC cells can be sensitized
to sorafenib-induced apoptosis by prior depletion of OPA1 [80].

In all, available data suggest the existence of alterations in the expression of MFN1
and MFN2 in HCC cancer cells, and that these alterations could be instrumental in the
biological properties of those cells. In contrast, the expression of OPA1 is maintained at
a high level in HCC cells, which may be key in prevention of apoptosis. Further studies
are required to thoroughly analyze the roles of these proteins in the development and
progression of HCC. These data also raise the possibility of using the mitochondrial fusion
proteins as drug targets for the treatment of HCC.
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5. Mitochondrial Fission Proteins and Liver Cancer

Many studies have reported that increased mitochondrial fission is possibly proto-
tumorigenic and is associated with oncogene expression, metabolism, cellular behavior,
and responses to stress [81,82]. It has been proposed that mitochondrial fission is activated
in HCC tumors based on the shorter mitochondrial size and on the enhanced expression
of DRP1 protein and mRNA levels [65,66,83]. Analysis of the activation state of DRP1 in
HCC tumors is lacking, so further studies are warranted. The expression of the putative
mitochondrial DRP1 receptor FIS1 is not altered in HCC tumors [65].

The enhanced expression of DRP1 in HCC cells is of potential biological relevance.
It has been reported that dexamethasone upregulates the expression DRP1 in hepatoma
FaO cells. Moreover, the effects of dexamethasone on mitochondrial respiration and on
gluconeogenic activity depend on normal DRP1 activity. In this regard, inactivation of
DRP1 activity via expression of a dominant-negative form of DRP1 impairs the effects
of dexamethasone on oxygen consumption and on mitochondrion-dependent glucose
production from lactate/pyruvate [52].

Importantly, overexpression of DRP1 in HCC cells has been linked to enhanced tumor
growth under in vivo conditions, and, vice versa, DRP1 deficiency caused a reduced tumor
growth [65,84]. DRP1-mediated mitochondrial fission promotes cell proliferation through
the crosstalk of the p53 and NF-κB pathways in hepatocellular carcinoma [85]. Moreover,
HCC cell survival mediated by enhanced mitochondrial fission seems to be dependent on
facilitation of autophagy and inhibition of mitochondrion-dependent apoptosis [65]. It has
also been reported that the survival-promoting role of increased mitochondrial fission is
mediated by elevated ROS production and subsequent activation of AKT, which facilitates
mouse double minute 2 homolog (MDM2)-mediated degradation of TP53 and NFKap-
paB Inhibitor Alpha (NFKBIA) and the nuclear factor-κB (IκB) kinase (IKK)-mediated
transcriptional activity of NFKappaB in HCC cells [65].

Interestingly enough, it has been reported that the expression of DRP1 is strongly in-
creased in distant metastases of HCC compared to in primary HCC [67]. In addition, DRP1-
overexpressing tumor cells caused a greater incidence of intrahepatic and lung metastasis in an
orthotopic nude mouse model [67]. In all, these data support the view that the mitochondrial
fission protein DRP1 plays a role in the regulation of cell migration and metastasis.

It is likely that a number of proteins modulate DRP1 in tumor cells. The role of the
large tumor suppressor 2 (LATS2), a mediator of the cell apoptotic response pathway, was
proposed in a previous study [86]. LATS2 overexpression in HCC cells induces DRP1
and promotes mitochondrial fragmentation [86]. Further studies are required to provide
detailed mechanistic information about this potential pathway.
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In all, the available information seems to indicate that increased mitochondrial fission
plays a critical role in regulating HCC cell survival, providing strong evidence for this
process as a drug target in the treatment of HCC.

6. Future Perspectives

In recent years, there have been interesting advances in the study of mitochondrial dy-
namics in connection with cancer. Specifically, HCC, the most common type of liver cancer,
has been clearly linked to a dysregulation of mitochondrial dynamics. The majority of the
available data support the proposal that mitochondrial dynamic processes are influenced
in HCC tumors, in that mitochondrial fusion is reduced whereas mitochondrial fission is
more active than in nontumor tissue. This proposal requires thorough demonstration as
well as resolution of the mechanisms that operate in HCC tumors.

Available data also suggest that mitochondrial fragmentation of HCC tumors plays
a key role in cell proliferation and migration as documented in vitro and in liver tumor
growth and metastasis studied using nude mice. Based on these observations, it seems
relevant to explore whether mitochondrial dynamics could present pharmacological targets
for the treatment of HCC, and perhaps other types of cancer.

A fundamental question raised by the available evidence is whether the alterations
reported in mitochondrial dynamic proteins in HCC tumors are also present in the initial
phases of tumor promotion and growth. In regard to this connection, it will be key to
analyze mitochondrial dynamics in HCC progenitors, and to analyze whether enhanced
mitochondrial fission or reduced mitochondrial fusion indeed facilitate the tumor initiation,
growth, or metastasis of liver cancer cells.

Clarification of some of the above questions will be relevant not just from the point
of view of the fundamental understanding of mitochondrial biology, but also from the
translational perspective, and they may permit the identification of novel therapeutic
strategies for HCC.

7. Conclusions

Currently available data suggest that mitochondrial dynamics plays a relevant role
during cancer development, and more specifically in liver cancer. Further studies on the
mechanisms by which specific proteins involved in mitochondrial dynamics participate
in tumor growth are of great importance. This will lead to the identification of relevant
pathophysiological mechanisms and to the discovery of novel drug targets.

Author Contributions: Conceptualization and writing, M.I.H.-A. and A.Z. All authors have read
and agreed to the published version of the manuscript.

Funding: This research was funded by MICINN (PID2019-106209RB-I00/AEI/10.13039/501100011033,
PID2019-105466RA-I00 AEI/10.13039/501100011033 and RYC2018-024345-I), the Generalitat de
Catalunya (Grant 2017SGR1015), CIBERDEM (“Instituto de Salud Carlos III”), the Fundación Ramon
Areces (CIVP18A3942), the Fundación BBVA, the Fundació Marató de TV3 (20132330), and EFSD.

Acknowledgments: A.Z. is a recipient of an ICREA “Academia” Award (Generalitat de Catalunya).
We gratefully acknowledge institutional funding from MINECO through the Centres of Excellence
Severo Ochoa Award, and from the CERCA Programme of the Generalitat de Catalunya.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Bray, F.; Ferlay, J.; Soerjomataram, I.; Siegel, R.L.; Torre, L.A.; Jemal, A. Global cancer statistics 2018: GLOBOCAN estimates of

incidence and mortality worldwide for 36 cancers in 185 countries. CA Cancer J. Clin. 2018, 68, 394–424. [CrossRef]
2. Kudo, M.; Finn, R.S.; Qin, S.; Han, K.-H.; Ikeda, K.; Piscaglia, F.; Baron, A.; Park, J.-W.; Han, G.; Jassem, J.; et al. Lenvatinib versus

sorafenib in first-line treatment of patients with unresectable hepatocellular carcinoma: A randomised phase 3 non-inferiority
trial. Lancet 2018, 391, 1163–1173. [CrossRef]

http://doi.org/10.3322/caac.21492
http://doi.org/10.1016/S0140-6736(18)30207-1


Cancers 2021, 13, 2571 10 of 13

3. Bruix, J.; Qin, S.; Merle, P.; Granito, A.; Huang, Y.-H.; Bodoky, G.; Pracht, M.; Yokosuka, O.; Rosmorduc, O.; Breder, V.; et al.
Regorafenib for patients with hepatocellular carcinoma who progressed on sorafenib treatment (RESORCE): A randomised,
double-blind, placebo-controlled, phase 3 trial. Lancet 2017, 389, 56–66. [CrossRef]

4. Koeberle, D.; Dufour, J.-F.; Demeter, G.; Li, Q.; Ribi, K.; Samaras, P.; Saletti, P.; Roth, A.; Horber, D.; Buehlmann, M.; et al. Sorafenib
with or without everolimus in patients with advanced hepatocellular carcinoma (HCC): A randomized multicenter, multinational
phase II trial (SAKK 77/08 and SASL 29). Ann. Oncol. Off. J. Eur. Soc. Med. Oncol. 2016, 27, 856–861. [CrossRef]

5. Zhu, A.X.; Kudo, M.; Assenat, E.; Cattan, S.; Kang, Y.-K.; Lim, H.Y.; Poon, R.T.P.; Blanc, J.-F.; Vogel, A.; Chen, C.-L.; et al. Effect of
everolimus on survival in advanced hepatocellular carcinoma after failure of sorafenib: The EVOLVE-1 randomized clinical trial.
JAMA 2014, 312, 57–67. [CrossRef] [PubMed]

6. Noonan, A.; Pawlik, T.M. Hepatocellular carcinoma: An update on investigational drugs in phase I and II clinical trials. Expert
Opin. Investig. Drugs 2019, 28, 941–949. [CrossRef]

7. Liu, X.; Qin, S. Immune Checkpoint Inhibitors in Hepatocellular Carcinoma: Opportunities and Challenges. Oncologist 2019, 24,
S3–S10. [CrossRef] [PubMed]

8. Nguyen, C.; Pandey, S. Exploiting Mitochondrial Vulnerabilities to Trigger Apoptosis Selectively in Cancer Cells. Cancers 2019, 11,
916. [CrossRef]

9. Forner, A.; Llovet, J.M.; Bruix, J. Hepatocellular carcinoma. Lancet 2012, 379, 1245–1255. [CrossRef]
10. Llovet, J.M.; Kelley, R.K.; Villanueva, A.; Singal, A.G.; Pikarsky, E.; Roayaie, S.; Lencioni, R.; Koike, K.; Zucman-Rossi, J.; Finn, R.S.

Hepatocellular carcinoma. Nat. Rev. Dis. Prim. 2021, 7, 1–28. [CrossRef]
11. Kucukoglu, O.; Sowa, J.-P.; Mazzolini, G.D.; Syn, W.-K.; Canbay, A. Hepatokines and adipokines in NASH-related hepatocellular

carcinoma. J. Hepatol. 2020. [CrossRef]
12. Calle, E.E.; Rodriguez, C.; Walker-Thurmond, K.; Thun, M.J. Overweight, Obesity, and Mortality from Cancer in a Prospectively

Studied Cohort of U.S. Adults. N. Engl. J. Med. 2003, 348, 1625–1638. [CrossRef]
13. Villanueva, A. Hepatocellular Carcinoma. N. Engl. J. Med. 2019, 380, 1450–1462. [CrossRef]
14. Yuen, M.-F.; Chen, D.-S.; Dusheiko, G.M.; Janssen, H.L.A.; Lau, D.T.Y.; Locarnini, S.A.; Peters, M.G.; Lai, C.-L. Hepatitis B virus

infection. Nat. Rev. Dis. Prim. 2018, 4, 18035. [CrossRef] [PubMed]
15. Craig, A.J.; Von Felden, J.; Garcia-Lezana, T.; Sarcognato, S.; Villanueva, A. Tumour evolution in hepatocellular carcinoma. Nat.

Rev. Gastroenterol. Hepatol. 2020, 17, 139–152. [CrossRef]
16. Farber, E. Clonal adaptation during carcinogenesis. Biochem. Pharmacol. 1990, 39, 1837–1846. [CrossRef]
17. Rabes, H.M. Development and growth of early preneoplastic lesions induced in the liver by chemical carcinogens. J. Cancer Res.

Clin. Oncol. 1983, 106, 85–92. [CrossRef]
18. He, G.; Dhar, D.; Nakagawa, H.; Font-Burgada, J.; Ogata, H.; Jiang, Y.; Shalapour, S.; Seki, E.; Yost, S.; Jepsen, K.; et al.

Identification of Liver Cancer Progenitors Whose Malignant Progression Depends on Autocrine IL-6 Signaling. Cell 2013, 155,
384–396. [CrossRef]

19. Liesa, M.; Palacín, M.; Zorzano, A. Mitochondrial Dynamics in Mammalian Health and Disease. Physiol. Rev. 2009, 89, 799–845.
[CrossRef] [PubMed]

20. Liesa, M.; Shirihai, O.S. Mitochondrial Dynamics in the Regulation of Nutrient Utilization and Energy Expenditure. Cell Metab.
2013, 17, 491–506. [CrossRef] [PubMed]

21. Schrepfer, E.; Scorrano, L. Mitofusins, from Mitochondria to Metabolism. Mol. Cell 2016, 61, 683–694. [CrossRef] [PubMed]
22. Züchner, S.; Mersiyanova, I.V.; Muglia, M.; Bissar-Tadmouri, N.; Rochelle, J.M.; Dadali, E.L.; Zappia, M.; Nelis, E.; Patitucci, A.;

Senderek, J.P.; et al. Mutations in the mitochondrial GTPase mitofusin 2 cause Charcot-Marie-Tooth neuropathy type 2A. Nat.
Genet. 2004, 36, 449–451. [CrossRef] [PubMed]

23. Alexander, C.; Votruba, M.; Pesch, U.E.; Thiselton, D.L.; Mayer, S.; Moore, A.; Rodriguez, M.; Kellner, U.; Leo-Kottler, B.; Auburger,
G.; et al. OPA1, encoding a dynamin-related GTPase, is mutated in autosomal dominant optic atrophy linked to chromosome
3q28. Nat. Genet. 2000, 26, 211–215. [CrossRef] [PubMed]

24. Delettre, C.; Lenaers, G.; Griffoin, J.-M.; Gigarel, N.; Lorenzo, C.; Belenguer, P.; Pelloquin, L.; Grosgeorge, J.; Turc-Carel, C.; Perret,
E.; et al. Nuclear gene OPA1, encoding a mitochondrial dynamin-related protein, is mutated in dominant optic atrophy. Nat.
Genet. 2000, 26, 207–210. [CrossRef]

25. McCoy, M.K.; Cookson, M.R. Mitochondrial quality control and dynamics in Parkinson’s disease. Antioxid. Redox Signal. 2012, 16,
869–882. [CrossRef] [PubMed]

26. Chen, K.-H.; Guo, X.; Ma, D.; Guo, Y.; Li, Q.; Yang, D.; Li, P.; Qiu, X.; Wen, S.; Xiao, R.-P.; et al. Dysregulation of HSG triggers
vascular proliferative disorders. Nat. Cell Biol. 2004, 6, 872–883. [CrossRef]

27. Bach, D.; Pich, S.; Soriano, F.X.; Vega, N.; Baumgartner, B.; Oriola, J.; Daugaard, J.R.; Lloberas, J.; Camps, M.; Zierath, J.R.;
et al. Mitofusin-2 Determines Mitochondrial Network Architecture and Mitochondrial Metabolism. J. Biol. Chem. 2003, 278,
17190–17197. [CrossRef]

28. Sebastian, D.; Hernandez-Alvarez, M.I.; Segales, J.; Sorianello, E.; Munoz, J.P.; Sala, D.; Waget, A.; Liesa, M.; Paz, J.C.;
Gopalacharyulu, P.; et al. Mitofusin 2 (MFN2) links mitochondrial and endoplasmic reticulum function with insulin signaling
and is essential for normal glucose homeostasis. Proc. Natl. Acad. Sci. USA 2012, 109, 5523–5528. [CrossRef]

http://doi.org/10.1016/S0140-6736(16)32453-9
http://doi.org/10.1093/annonc/mdw054
http://doi.org/10.1001/jama.2014.7189
http://www.ncbi.nlm.nih.gov/pubmed/25058218
http://doi.org/10.1080/13543784.2019.1677606
http://doi.org/10.1634/theoncologist.2019-IO-S1-s01
http://www.ncbi.nlm.nih.gov/pubmed/30819826
http://doi.org/10.3390/cancers11070916
http://doi.org/10.1016/S0140-6736(11)61347-0
http://doi.org/10.1038/s41572-020-00240-3
http://doi.org/10.1016/j.jhep.2020.10.030
http://doi.org/10.1056/NEJMoa021423
http://doi.org/10.1056/NEJMra1713263
http://doi.org/10.1038/nrdp.2018.35
http://www.ncbi.nlm.nih.gov/pubmed/29877316
http://doi.org/10.1038/s41575-019-0229-4
http://doi.org/10.1016/0006-2952(90)90599-G
http://doi.org/10.1007/BF00395384
http://doi.org/10.1016/j.cell.2013.09.031
http://doi.org/10.1152/physrev.00030.2008
http://www.ncbi.nlm.nih.gov/pubmed/19584314
http://doi.org/10.1016/j.cmet.2013.03.002
http://www.ncbi.nlm.nih.gov/pubmed/23562075
http://doi.org/10.1016/j.molcel.2016.02.022
http://www.ncbi.nlm.nih.gov/pubmed/26942673
http://doi.org/10.1038/ng1341
http://www.ncbi.nlm.nih.gov/pubmed/15064763
http://doi.org/10.1038/79944
http://www.ncbi.nlm.nih.gov/pubmed/11017080
http://doi.org/10.1038/79936
http://doi.org/10.1089/ars.2011.4019
http://www.ncbi.nlm.nih.gov/pubmed/21568830
http://doi.org/10.1038/ncb1161
http://doi.org/10.1074/jbc.M212754200
http://doi.org/10.1073/pnas.1108220109


Cancers 2021, 13, 2571 11 of 13

29. Schneeberger, M.; Dietrich, M.O.; Sebastián, D.; Imbernón, M.; Castaño, C.; Garcia, A.; Esteban, Y.; Gonzalez-Franquesa, A.;
Rodríguez, I.C.; Bortolozzi, A.; et al. Mitofusin 2 in POMC Neurons Connects ER Stress with Leptin Resistance and Energy
Imbalance. Cell 2013, 155, 172–187. [CrossRef] [PubMed]

30. Detmer, S.A.; Chan, D.C. Functions and dysfunctions of mitochondrial dynamics. Nat. Rev. Mol. Cell Biol. 2007, 8, 870–879.
[CrossRef] [PubMed]

31. Eura, Y.; Ishihara, N.; Yokota, S.; Mihara, K. Two Mitofusin Proteins, Mammalian Homologues of FZO, with Distinct Functions
Are Both Required for Mitochondrial Fusion. J. Biochem. 2003, 134, 333–344. [CrossRef]

32. Ishihara, N.; Fujita, Y.; Oka, T.; Mihara, K. Regulation of mitochondrial morphology through proteolytic cleavage of OPA1. EMBO
J. 2006, 25, 2966–2977. [CrossRef] [PubMed]

33. De Brito, O.M.; Scorrano, L. Mitofusin 2 tethers endoplasmic reticulum to mitochondria. Nature 2008, 456, 605–610. [CrossRef]
[PubMed]

34. Pich, S.; Bach, D.; Briones, P.; Liesa, M.; Camps, M.; Testar, X.; Palacín, M.; Zorzano, A. The Charcot–Marie–Tooth type 2A gene
product, MFN2, up-regulates fuel oxidation through expression of OXPHOS system. Hum. Mol. Genet. 2005, 14, 1405–1415.
[CrossRef] [PubMed]

35. Muñoz, J.P.; Ivanova, S.; Sánchez-Wandelmer, J.; Martínez-Cristóbal, P.; Noguera, E.; Sancho, A.; Díaz-Ramos, A.; Hernández-
Alvarez, M.I.; Sebastián, D.; Mauvezin, C.; et al. Mfn2 modulates the UPR and mitochondrial function via repression of PERK.
EMBO J. 2013, 32, 2348–2361. [CrossRef] [PubMed]

36. Hernández-Alvarez, M.I.; Sebastián, D.; Vives, S.; Ivanova, S.; Bartoccioni, P.; Kakimoto, P.; Plana, N.; Veiga, S.R.; Hernández, V.;
Vasconcelos, N.; et al. Deficient Endoplasmic Reticulum-Mitochondrial Phosphatidylserine Transfer Causes Liver Disease. Cell
2019, 177, 881–895.e17. [CrossRef] [PubMed]

37. Smirnova, E.; Shurland, D.L.; Ryazantsev, S.N.; van der Bliek, A.M. A human dynamin-related protein controls the distribu-tion
of mitochondria. J. Cell Biol. 1998, 143, 351–358. [CrossRef] [PubMed]

38. Smirnova, E.; Griparic, L.; Shurland, D.-L.; Van Der Bliek, A.M. Dynamin-related Protein Drp1 Is Required for Mitochondrial
Division in Mammalian Cells. Mol. Biol. Cell 2001, 12, 2245–2256. [CrossRef]

39. Koch, A.; Yoon, Y.; Bonekamp, N.A.; McNiven, M.A.; Schrader, M. A Role for Fis1 in both Mitochondrial and Peroxisomal Fission
in Mammalian Cells. Mol. Biol. Cell 2005, 16, 5077–5086. [CrossRef] [PubMed]

40. Otera, H.; Wang, C.; Cleland, M.M.; Setoguchi, K.; Yokota, S.; Youle, R.J.; Mihara, K. Mff is an essential factor for mitochondrial
recruitment of Drp1 during mitochondrial fission in mammalian cells. J. Cell Biol. 2010, 191, 1141–1158. [CrossRef] [PubMed]

41. Palmer, C.S.; Osellame, L.D.; Laine, D.; Koutsopoulos, O.S.; Frazier, A.E.; Ryan, M.T. MiD49 and MiD51, new components of the
mitochondrial fission machinery. EMBO Rep. 2011, 12, 565–573. [CrossRef] [PubMed]

42. Zhao, J.; Liu, T.; Jin, S.; Wang, X.; Qu, M.; Uhlén, P.; Tomilin, N.; Shupliakov, O.; Lendahl, U.; Nistér, M. Human MIEF1 recruits
Drp1 to mitochondrial outer membranes and promotes mitochondrial fusion rather than fission. EMBO J. 2011, 30, 2762–2778.
[CrossRef] [PubMed]

43. Palmer, C.S.; Elgass, K.D.; Parton, R.G.; Osellame, L.D.; Stojanovski, D.; Ryan, M.T. Adaptor Proteins MiD49 and MiD51 Can
Act Independently of Mff and Fis1 in Drp1 Recruitment and Are Specific for Mitochondrial Fission. J. Biol. Chem. 2013, 288,
27584–27593. [CrossRef] [PubMed]

44. Chen, H.; Detmer, S.A.; Ewald, A.J.; Griffin, E.E.; Fraser, S.E.; Chan, D.C. Mitofusins Mfn1 and MFN2 coordinately regulate
mitochondrial fusion and are essential for embryonic development. J. Cell Biol. 2003, 160, 189–200. [CrossRef] [PubMed]

45. Alavi, M.; Bette, S.; Schimpf, S.; Schuettauf, F.; Schraermeyer, U.; Wehrl, H.F.; Ruttiger, L.; Beck, S.C.; Tonagel, F.; Pichler, B.J.;
et al. A splice site mutation in the murine OPA1 gene features pathology of autosomal dominant optic atrophy. Brain 2006, 130,
1029–1042. [CrossRef] [PubMed]

46. Davies, V.J.; Hollins, A.J.; Piechota, M.J.; Yip, W.; Davies, J.; White, K.E.; Nicols, P.P.; Boulton, M.E.; Votruba, M. OPA1 deficiency
in a mouse model of autosomal dominant optic atrophy impairs mitochondrial morphology, optic nerve structure and visual
function. Hum. Mol. Genet. 2007, 16, 1307–1318. [CrossRef]

47. Ishihara, N.; Nomura, M.; Jofuku, A.; Kato, H.; Suzuki, S.O.; Masuda, K.; Otera, H.; Nakanishi, Y.; Nonaka, I.; Goto, Y.-I.; et al.
Mitochondrial fission factor Drp1 is essential for embryonic development and synapse formation in mice. Nat. Cell Biol. 2009, 11,
958–966. [CrossRef]

48. Wakabayashi, J.; Zhang, Z.; Wakabayashi, N.; Tamura, Y.; Fukaya, M.; Kensler, T.W.; Iijima, M.; Sesaki, H. The dynamin-related
GTPase Drp1 is required for embryonic and brain development in mice. J. Cell Biol. 2009, 186, 805–816. [CrossRef]

49. Kulkarni, S.S.; Joffraud, M.; Boutant, M.; Ratajczak, J.; Gao, A.W.; Maclachlan, C.; Hernandez-Alvarez, M.I.; Raymond, F.;
Metairon, S.; Descombes, P.; et al. MFN1 Deficiency in the Liver Protects Against Diet-Induced Insulin Resistance and Enhances
the Hypoglycemic Effect of Metformin. Diabetes 2016, 65, 3552–3560. [CrossRef]

50. Yamada, T.; Murata, D.; Adachi, Y.; Itoh, K.; Kameoka, S.; Igarashi, A.; Kato, T.; Araki, Y.; Huganir, R.L.; Dawson, T.M.; et al.
Mitochondrial Stasis Reveals p62-Mediated Ubiquitination in Parkin-Independent Mitophagy and Mitigates Nonalcoholic Fatty
Liver Disease. Cell Metab. 2018, 28, 588–604.e5. [CrossRef]

51. Wang, L.; Ishihara, T.; Ibayashi, Y.; Tatsushima, K.; Setoyama, D.; Hanada, Y.; Takeichi, Y.; Sakamoto, S.; Yokota, S.; Mihara,
K.; et al. Disruption of mitochondrial fission in the liver protects mice from diet-induced obesity and metabolic deterioration.
Diabetologia 2015, 58, 2371–2380. [CrossRef]

http://doi.org/10.1016/j.cell.2013.09.003
http://www.ncbi.nlm.nih.gov/pubmed/24074867
http://doi.org/10.1038/nrm2275
http://www.ncbi.nlm.nih.gov/pubmed/17928812
http://doi.org/10.1093/jb/mvg150
http://doi.org/10.1038/sj.emboj.7601184
http://www.ncbi.nlm.nih.gov/pubmed/16778770
http://doi.org/10.1038/nature07534
http://www.ncbi.nlm.nih.gov/pubmed/19052620
http://doi.org/10.1093/hmg/ddi149
http://www.ncbi.nlm.nih.gov/pubmed/15829499
http://doi.org/10.1038/emboj.2013.168
http://www.ncbi.nlm.nih.gov/pubmed/23921556
http://doi.org/10.1016/j.cell.2019.04.010
http://www.ncbi.nlm.nih.gov/pubmed/31051106
http://doi.org/10.1083/jcb.143.2.351
http://www.ncbi.nlm.nih.gov/pubmed/9786947
http://doi.org/10.1091/mbc.12.8.2245
http://doi.org/10.1091/mbc.e05-02-0159
http://www.ncbi.nlm.nih.gov/pubmed/16107562
http://doi.org/10.1083/jcb.201007152
http://www.ncbi.nlm.nih.gov/pubmed/21149567
http://doi.org/10.1038/embor.2011.54
http://www.ncbi.nlm.nih.gov/pubmed/21508961
http://doi.org/10.1038/emboj.2011.198
http://www.ncbi.nlm.nih.gov/pubmed/21701560
http://doi.org/10.1074/jbc.M113.479873
http://www.ncbi.nlm.nih.gov/pubmed/23921378
http://doi.org/10.1083/jcb.200211046
http://www.ncbi.nlm.nih.gov/pubmed/12527753
http://doi.org/10.1093/brain/awm005
http://www.ncbi.nlm.nih.gov/pubmed/17314202
http://doi.org/10.1093/hmg/ddm079
http://doi.org/10.1038/ncb1907
http://doi.org/10.1083/jcb.200903065
http://doi.org/10.2337/db15-1725
http://doi.org/10.1016/j.cmet.2018.06.014
http://doi.org/10.1007/s00125-015-3704-7


Cancers 2021, 13, 2571 12 of 13

52. Hernández-Alvarez, M.I.; Paz, J.C.; Sebastián, D.; Muñoz, J.P.; Liesa, M.; Segalés, J.; Palacín, M.; Zorzano, A. Glucocorticoid
Modulation of Mitochondrial Function in Hepatoma Cells Requires the Mitochondrial Fission Protein Drp1. Antioxid. Redox
Signal. 2013, 19, 366–378. [CrossRef]

53. Li, J.; Ke, W.; Zhou, Q.; Wu, Y.; Luo, H.; Zhou, H.; Yang, B.; Guo, Y.; Zheng, Q.; Zhang, Y. Tumour necrosis factor-α promotes
liver ischaemia-reperfusion injury through the PGC-1alpha/MFN2 pathway. J. Cell. Mol. Med. 2014, 18, 1863–1873. [CrossRef]
[PubMed]

54. Lionetti, L.; Mollica, M.P.; Donizzetti, I.; Gifuni, G.; Sica, R.; Pignalosa, A.; Cavaliere, G.; Gaita, M.; De Filippo, C.; Zorzano, A.;
et al. High-Lard and High-Fish-Oil Diets Differ in Their Effects on Function and Dynamic Behaviour of Rat Hepatic Mitochondria.
PLoS ONE 2014, 9, e92753. [CrossRef] [PubMed]

55. Zhang, Y.; Jiang, L.; Hu, W.; Zheng, Q.; Xiang, W. Mitochondrial dysfunction during in vitro hepatocyte steatosis is reversed by
omega-3 fatty acid–induced up-regulation of mitofusin 2. Metab. Clin. Exp. 2011, 60, 767–775. [CrossRef] [PubMed]

56. Chen, Y.; Lv, L.; Jiang, Z.; Yang, H.; Li, S.; Jiang, Y. Mitofusin 2 Protects Hepatocyte Mitochondrial Function from Damage Induced
by GCDCA. PLoS ONE 2013, 8, e65455. [CrossRef]

57. Kashatus, D.F. The regulation of tumor cell physiology by mitochondrial dynamics. Biochem. Biophys. Res. Commun. 2018, 500,
9–16. [CrossRef] [PubMed]

58. Simula, L.; Nazio, F.; Campello, S. The mitochondrial dynamics in cancer and immune-surveillance. Semin. Cancer Biol. 2017, 47,
29–42. [CrossRef] [PubMed]

59. Ma, Y.; Wang, L.; Jia, R. The role of mitochondrial dynamics in human cancers. Am. J. Cancer Res. 2020, 10, 1278–1293. [PubMed]
60. Rehman, J.; Zhang, H.J.; Toth, P.; Zhang, Y.; Marsboom, G.; Hong, Z.; Salgia, R.; Husain, A.N.; Wietholt, C.; Archer, S.L. Inhibition

of mitochondrial fission prevents cell cycle progression in lung cancer. FASEB J. 2012, 26, 2175–2186. [CrossRef]
61. Jin, B.; Fu, G.; Pan, H.; Cheng, X.; Zhou, L.; Lv, J.; Chen, G.; Zheng, S. Anti-tumour efficacy of mitofusin-2 in urinary bladder

carcinoma. Med. Oncol. 2010, 28 (Suppl. 1), 373–380. [CrossRef] [PubMed]
62. Zhao, J.; Zhang, J.; Yu, M.; Xie, Y.; Huang, Y.; Wolff, D.W.; Abel, P.W.; Tu, Y. Mitochondrial dynamics regulates migration and

invasion of breast cancer cells. Oncogene 2013, 32, 4814–4824. [CrossRef]
63. Xu, K.; Chen, G.; Li, X.; Wu, X.; Chang, Z.; Xu, J.; Zhu, Y.; Yin, P.; Liang, X.; Dong, L. MFN2 suppresses cancer progression through

inhibition of mTORC2/Akt signaling. Sci. Rep. 2017, 7, 41718. [CrossRef]
64. Pang, G.; Xie, Q.; Yao, J. Mitofusin 2 inhibits bladder cancer cell proliferation and invasion via the Wnt/beta-catenin pathway.

Oncol. Lett. 2019, 18, 2434–2442. [CrossRef] [PubMed]
65. Huang, Q.; Yongzhan, N.; Cao, H.; Jinliang, X.; Lyu, Y.; Guo, X.; Zhang, J.; Jibin, L.; Ren, T.; Haiyan, C.; et al. Increased

mitochondrial fission promotes autophagy and hepatocellular carcinoma cell survival through the ROS-modulated coordinated
regulation of the NFKB and TP53 pathways. Autophagy 2016, 12, 999–1014. [CrossRef] [PubMed]

66. Zhang, Z.; Li, T.-E.; Chen, M.; Xu, D.; Zhu, Y.; Hu, B.-Y.; Lin, Z.-F.; Pan, J.-J.; Wang, X.; Wu, C.; et al. MFN1-dependent alteration
of mitochondrial dynamics drives hepatocellular carcinoma metastasis by glucose metabolic reprogramming. Br. J. Cancer 2020,
122, 209–220. [CrossRef]

67. Sun, X.; Cao, H.; Zhan, L.; Yin, C.; Wang, G.; Liang, P.; Li, J.; Wang, Z.; Liu, B.; Huang, Q.; et al. Mitochondrial fission promotes
cell migration by Ca(2+)/CaMKII/ERK/FAK pathway in hepatocellular carcinoma. Liver Int. 2018, 38, 1263–1272. [CrossRef]
[PubMed]

68. Qu, L.; Chen, H.; Wang, G.; Wei, J. Frequent Losses of Heterozygosity in the Mitofusin 2 Gene in Hepatocellular Carcinoma: Their
Relationship to Clinicopathological Features. Tumori 2013, 99, 697–701. [CrossRef] [PubMed]

69. Wu, Y.; Zhou, D.; Xu, X.; Zhao, X.; Huang, P.; Zhou, X.; Song, W.; Guo, H.; Wang, W.; Zheng, S. Clinical significance of mitofusin-2
and its signaling pathways in hepatocellular carcinoma. World J. Surg. Oncol. 2016, 14, 179. [CrossRef] [PubMed]

70. Wang, W.; Lu, J.; Zhu, F.; Wei, J.; Jia, C.; Zhang, Y.; Zhou, L.; Xie, H.; Zheng, S. Pro-apoptotic and anti-proliferative effects of
mitofusin-2 via Bax signaling in hepatocellular carcinoma cells. Med. Oncol. 2012, 29, 70–76. [CrossRef] [PubMed]

71. Wang, W.; Xie, Q.; Zhou, X.; Yao, J.; Zhu, X.; Huang, P.; Zhang, L.; Wei, J.; Xie, H.; Zhou, L.; et al. Mitofusin-2 triggers mitochondria
Ca2+ influx from the endoplasmic reticulum to induce apoptosis in hepatocellular carcinoma cells. Cancer Lett. 2015, 358, 47–58.
[CrossRef] [PubMed]

72. Wang, X.; Liu, Y.; Sun, J.; Gong, W.; Sun, P.; Kong, X.; Yang, M.; Zhang, W. Mitofusin-2 acts as biomarker for predicting poor
prognosis in hepatitis B virus related hepatocellular carcinoma. Infect. Agents Cancer 2018, 13, 36. [CrossRef] [PubMed]

73. Zhou, X.; Zhang, L.; Zheng, B.; Yan, Y.; Zhang, Y.; Xie, H.; Zhou, L.; Zheng, S.; Wang, W. Micro RNA-761 is upregulated in
hepatocellular carcinoma and regulates tumorigenesis by targeting Mitofusin-2. Cancer Sci. 2016, 107, 424–432. [CrossRef]
[PubMed]

74. Karbowski, M.; Norris, K.L.; Cleland, M.M.; Jeong, S.-Y.; Youle, R.J. Role of Bax and Bak in mitochondrial morphogenesis. Nature
2006, 443, 658–662. [CrossRef]

75. Zhang, C.-Y.; Yuan, W.-G.; He, P.; Lei, J.-H.; Wang, C.-X. Liver fibrosis and hepatic stellate cells: Etiology, pathological hallmarks
and therapeutic targets. World J. Gastroenterol. 2016, 22, 10512–10522. [CrossRef]

76. Zhu, H.; Shan, Y.; Ge, K.; Lu, J.; Kong, W.; Jia, C. Specific Overexpression of Mitofusin-2 in Hepatic Stellate Cells Ameliorates
Liver Fibrosis in Mice Model. Hum. Gene Ther. 2019, 31, 103–109. [CrossRef]

77. Li, M.; Wang, L.; Wang, Y.; Zhang, S.; Zhou, G.; Lieshout, R.; Ma, B.; Liu, J.; Qu, C.; Verstegen, M.M.A.; et al. Mitochondrial Fusion
Via OPA1 and MFN1 Supports Liver Tumor Cell Metabolism and Growth. Cells 2020, 9, 121. [CrossRef] [PubMed]

http://doi.org/10.1089/ars.2011.4269
http://doi.org/10.1111/jcmm.12320
http://www.ncbi.nlm.nih.gov/pubmed/24898700
http://doi.org/10.1371/journal.pone.0092753
http://www.ncbi.nlm.nih.gov/pubmed/24663492
http://doi.org/10.1016/j.metabol.2010.07.026
http://www.ncbi.nlm.nih.gov/pubmed/20817187
http://doi.org/10.1371/journal.pone.0065455
http://doi.org/10.1016/j.bbrc.2017.06.192
http://www.ncbi.nlm.nih.gov/pubmed/28676396
http://doi.org/10.1016/j.semcancer.2017.06.007
http://www.ncbi.nlm.nih.gov/pubmed/28655520
http://www.ncbi.nlm.nih.gov/pubmed/32509379
http://doi.org/10.1096/fj.11-196543
http://doi.org/10.1007/s12032-010-9662-5
http://www.ncbi.nlm.nih.gov/pubmed/20803103
http://doi.org/10.1038/onc.2012.494
http://doi.org/10.1038/srep41718
http://doi.org/10.3892/ol.2019.10570
http://www.ncbi.nlm.nih.gov/pubmed/31402945
http://doi.org/10.1080/15548627.2016.1166318
http://www.ncbi.nlm.nih.gov/pubmed/27124102
http://doi.org/10.1038/s41416-019-0658-4
http://doi.org/10.1111/liv.13660
http://www.ncbi.nlm.nih.gov/pubmed/29210177
http://doi.org/10.1177/030089161309900609
http://www.ncbi.nlm.nih.gov/pubmed/24503793
http://doi.org/10.1186/s12957-016-0922-5
http://www.ncbi.nlm.nih.gov/pubmed/27389277
http://doi.org/10.1007/s12032-010-9779-6
http://www.ncbi.nlm.nih.gov/pubmed/21190094
http://doi.org/10.1016/j.canlet.2014.12.025
http://www.ncbi.nlm.nih.gov/pubmed/25541060
http://doi.org/10.1186/s13027-018-0212-7
http://www.ncbi.nlm.nih.gov/pubmed/30498519
http://doi.org/10.1111/cas.12904
http://www.ncbi.nlm.nih.gov/pubmed/26845057
http://doi.org/10.1038/nature05111
http://doi.org/10.3748/wjg.v22.i48.10512
http://doi.org/10.1089/hum.2019.153
http://doi.org/10.3390/cells9010121
http://www.ncbi.nlm.nih.gov/pubmed/31947947


Cancers 2021, 13, 2571 13 of 13

78. Frezza, C.; Cipolat, S.; De Brito, O.M.; Micaroni, M.; Beznoussenko, G.V.; Rudka, T.; Bartoli, D.; Polishuck, R.S.; Danial, N.N.;
De Strooper, B.; et al. OPA1 Controls Apoptotic Cristae Remodeling Independently from Mitochondrial Fusion. Cell 2006, 126,
177–189. [CrossRef] [PubMed]

79. Cipolat, S.; Rudka, T.; Hartmann, D.; Costa, V.; Serneels, L.; Craessaerts, K.; Metzger, K.; Frezza, C.; Annaert, W.; D’Adamio,
L.; et al. Mitochondrial Rhomboid PARL Regulates Cytochrome c Release during Apoptosis via OPA1-Dependent Cristae
Remodeling. Cell 2006, 126, 163–175. [CrossRef]

80. Zhao, X.; Tian, C.; Puszyk, W.M.; Ogunwobi, O.; Cao, M.; Wang, T.; Cabrera, R.; Nelson, D.R.; Liu, C. OPA1 downregulation is
involved in sorafenib-induced apoptosis in hepatocellular carcinoma. Lab. Investig. 2013, 93, 8–19. [CrossRef]

81. Boland, M.L.; Chourasia, A.H.; MacLeod, K.F. Mitochondrial Dysfunction in Cancer. Front. Oncol. 2013, 3. [CrossRef] [PubMed]
82. Lima, A.R.; Santos, L.; Correia, M.; Soares, P.; Sobrinho-Simões, M.; Melo, M.; Máximo, V. Dynamin-Related Protein 1 at the

Crossroads of Cancer. Genes 2018, 9, 115. [CrossRef] [PubMed]
83. Bao, D.; Zhao, J.; Zhou, X.; Yang, Q.; Chen, Y.; Zhu, J.; Yuan, P.; Yang, J.; Qin, T.; Wan, S.; et al. Mitochondrial fission-

induced mtDNA stress promotes tumor-associated macrophage infiltration and HCC progression. Oncogene 2019, 38, 5007–5020.
[CrossRef] [PubMed]

84. Li, J.; Huang, Q.; Long, X.; Guo, X.; Sun, X.; Jin, X.; Li, Z.; Ren, T.; Yuan, P.; Huang, X.; et al. Mitochondrial elongation-mediated
glucose metabolism reprogramming is essential for tumour cell survival during energy stress. Oncogene 2017, 36, 4901–4912.
[CrossRef] [PubMed]

85. Zhan, L.; Cao, H.; Wang, G.; Lyu, Y.; Sun, X.; An, J.; Wu, Z.; Huang, Q.; Liu, B.; Xing, J. Drp1-mediated mitochondrial fission
promotes cell proliferation through crosstalk of p53 and NF-κB pathways in hepatocellular carcinoma. Oncotarget 2016, 7,
65001–65011. [CrossRef] [PubMed]

86. Zhang, L.; Li, S.; Wang, R.; Chen, C.; Ma, W.; Cai, H. Anti-tumor effect of LATS2 on liver cancer death: Role of DRP1-mediated
mitochondrial division and the Wnt/β-catenin pathway. Biomed. Pharmacother. 2019, 114, 108825. [CrossRef]

http://doi.org/10.1016/j.cell.2006.06.025
http://www.ncbi.nlm.nih.gov/pubmed/16839885
http://doi.org/10.1016/j.cell.2006.06.021
http://doi.org/10.1038/labinvest.2012.144
http://doi.org/10.3389/fonc.2013.00292
http://www.ncbi.nlm.nih.gov/pubmed/24350057
http://doi.org/10.3390/genes9020115
http://www.ncbi.nlm.nih.gov/pubmed/29466320
http://doi.org/10.1038/s41388-019-0772-z
http://www.ncbi.nlm.nih.gov/pubmed/30894684
http://doi.org/10.1038/onc.2017.98
http://www.ncbi.nlm.nih.gov/pubmed/28436948
http://doi.org/10.18632/oncotarget.11339
http://www.ncbi.nlm.nih.gov/pubmed/27542250
http://doi.org/10.1016/j.biopha.2019.108825

	Introduction to Liver Cancer 
	Mitochondrial Dynamics in the Liver 
	Mitochondrial Dynamics in Tumor Cells 
	Mitochondrial Fusion Proteins and Liver Cancer 
	Mitochondrial Fission Proteins and Liver Cancer 
	Future Perspectives 
	Conclusions 
	References

