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The emergence, in recent decades, of an entirely new area of “Mitochondrial dynamics”,
which consists principally of fission and fusion, reflects the recognition that mitochondria
play a significant role in human tumorigenesis and response to therapeutics. Proteins that
determine mitochondrial dynamics are referred to as “shaping proteins”. Marked
heterogeneity has been observed in the response of tumor cells to chemotherapy,
which is associated with imbalances in mitochondrial dynamics and function leading to
adaptive and acquired resistance to chemotherapeutic agents. Therefore, targeting
mitochondria-shaping proteins may prove to be a promising approach to treat
chemotherapy resistant cancers. In this review, we summarize the alterations of
mitochondrial dynamics in chemotherapeutic processing and the antitumor
mechanisms by which chemotherapy drugs synergize with mitochondria-shaping
proteins. These might shed light on new biomarkers for better prediction of cancer
chemosensitivity and contribute to the exploitation of potent therapeutic strategies for the
clinical treatment of cancers.

Keywords: Mitochondria-shaping proteins, chemotherapy, virus, energy metabolism, targeted drugs

INTRODUCTION

Mitochondria are important dynamic organelles which can remodel morphology and functions, when
cells are exposed to severe conditions, such as hypoxia, viral infections, and nutrient deprivation (1, 2).
These cellular organelles are directly involved in the development of diseases such as diabetes,
neuropathy, cardiovascular malfunctions, and cancer (3, 4). Mitochondrial dynamics consist
principally of two mutually constrained remodeling processes, mitochondrial fission and fusion (5).

Abbreviations: Drp, Mitochondrial dynamin-related protein; Mff, Mitochondrial fission factor; MiD49/51, Mitochondrial
dynamics protein of 49/51kDa; Mfn1/2, Mitofusin1/2; OPA1, Optic atrophy 1; HCC, Hepatocellular carcinoma cells; NPC,
Nasopharyngeal cancer cells; RSV, Resveratrol 5-FU, 5-fluorouracil; XIAP, X-linked inhibitor of apoptosis protein; MMP,
Mitochondrial membrane potential; ERKs, Extracellular signal-regulated kinases; HBV, HCV, Hepatitis B and C viruses; EMT,
Epithelial-mesenchymal transition; LMP1, EBV encodes oncoprotein latent membrane protein 1; BTICs, Brain tumor
initiating cells; OXPHOS, Oxidative phosphorylation; 2-DG, 2-deoxy-Dglucose; PKM2, pyruvate kinase; AKAP1, A-kinase
anchoring protein 1.
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Several shaping proteins are involved in this process and mainly
include fission proteins, such as mitochondrial dynamin-related
protein 1 (Drpl) and mitochondrial outer membrane receptor
proteins [i.e., mitochondrial fission 1 protein (Fis1), mitochondrial
fission factor (Mff), and mitochondrial dynamics protein of
49/51kDa (MiD49/51)], and fusion proteins such as
mitofusinl/2 (Mfn1/2) and optic atrophy 1 (OPA1l) (6, 7).
Tumor cells can adjust their mitochondrial morphology in
response to specific stressors to maintain functions that can
promote tumor phenotypes (8). These adjustments have pivotal
significance in tumorigenesis, ranging from enhanced malignant
transformation and tumor progression to the impact on the
response to treatment and anticancer immune monitoring (9-
12). Importantly, mitochondria are major organelles associated
with chemotherapeutic drug resistance and imbalances in
mitochondrial dynamics influences sensitivity to chemotherapy,
which are related to oxidative stress states, changes in
mitochondrial metabolism-related enzymes and metabolites, and
alterations in the mitochondrial-associated death pathway (13-15).

MITOCHONDRIAL DYNAMICS
AND CANCERS

Mitochondrial Fission and Tumors

Divided mitochondria exhibit dot-like and fragmentary features.
This dynamic process participates in tumor heterogeneity,
promotes the malignant phenotype, accelerates tumor
progression and invasion, and affects treatment and prognosis
(16, 17). Mitochondrial fission is thought to be a multi-step and
complex process (Table 1). Raised cytosolic calcium triggers the
activation of endoplasmic reticulum (ER) protein inversion
formulator 2 (INF2) which redistributes actin filaments around
mitochondria and expands the ER-mitochondria contact point
to generate forces that reduce mitochondrial diameter (18, 19,
33); Spire (22), profilin, cofilin, and Arp2/3 (23) are best known
as regulators of actin filament, bind to almost all formins (6) that
facilitate the actin assembly (34). Then, Myosin II is recruited to
the fission site and acts on anti-parallel actin filaments,
causing network deformation and leading to mitochondrion

TABLE 1 | The functions of mitochondria-shaping proteins.

Mitochondria-shaping proteins Function Mechanism localization Refs

IFN2 Fission  INF2 response to Ca2+, redistributing actin ER (18, 19)
filaments

Actin Fission  Surrounding mitochondria and expands the ~ Cytosolic (20, 21)
ER-mitochondron contact sites

Myosin I Fission  Attaches to the fission site, causing actin Cytosolic (20)
filaments deformation and shrinkage of
mitochondrion

Spire Fission  promotes the actin assembly Cell nucleus (22)

Profilin Fission  Binds to formins and facilitates the actin Cytosolic (23)
assembly

Cofilin Fission  Binds to formins and facilitates the actin Cytosolic (23)
assembly

Arp2/3 Fission  Binds to formins and facilitates the actin Cytosolic (23)
assembly

MCU Fission  Responsible for Ca2+ influx into IMM (24)
mitochondria and facilitates mitochondrial
fission

Drp1 Fission  Binding to mitochondrial outer membrane Mainly cytosolic but translocated to the OMM during activation (21, 25)
receptor proteins and mediating the
formation of mitochondrial fragments

Dnm2 Fission  Recruitment by mitochondrial adaptor Mainly cytosolic but translocated to the OMM during activation (21)
proteins and constricted mitochondrial neck

Fis 1 Fission  Recruitment of Drp1 OMM 6,7)

Mff Fission  Recruitment of Drp1 OMM ©6,7)

MID 49/51 Fission  Recruitment of Drp1 OMM 6)

Endophilin B1 Fission  Recruitment of Dnm2 OMM (21)

MTP18 Fission  Leads to mitochondrial fission IMM (26)

Mfn1 Fusion ~ OMMs aggregated together OMM (27,2

Mfn2 Fusion ~ OMMs aggregated together OMM (27,2

MSTO1 Fusion  Augments or starts MOMs fusion by Cytosolic (29)
interacting with mitofusins

MitoPLD Fusion  Converts cardiolipin to phosphatidic acid and OMM (19)
promotes OMMS fusion

Bax, Bak Fusion  Regulate the activity of Mfn2 OMM (80)

Opal Fusion  IMMs fusion IMM (31)

Omat Fusion  Produces the soluble form of S-Opal by IMM (32)
cleavaging L-OPA1

Ymedl Fusion  Maintains mitochondrial morphology and IMM (27)

complex respiratory activity
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shrinkage (20). Drpl, a marker of mitochondrial dynamics,
encoded by the DNMIL gene, is a cytosolic GTPase (25). The
activity of Drpl is regulated by post-translational modifications,
including phosphorylation, ubiquitination, and SUMOylation.
Nextly, activated Drpl is recruited by mitochondrial fission
factors like Fis 1, Mff and MiD49/51 to the marked division
sites. This binding promotes Drp1 oligomerization, constituting
a ring-like structure that benefits an further narrowing of the
mitochondrial outer membrane (OMM) (20). Additionally,
mitochondrial calcium uniporter (MCU), anchored in the
inner mitochondrial membrane (IMM), is the most significant
single-way channel responsible for Ca2+ influx into
mitochondria (24). MCU upregulates the expression of Drpl/
Fis1 and facilitates the migration of Drp1 into mitochondria (35).
At the same time, GTP hydrolysis results in conformational
changes which further augment membrane contraction. In spite
of the fact that Drpl can make the membrane tubular, it fails to
perform membrane cleavage (36). In fact, the GTPase Dynamin
2 (DNM2) assembles in the Drpl-regulated mitochondrial
constriction neck to push mitochondrial scission by the
adaptor proteins Endophilin Bl (Bif-1 and SH3GLB1) (21, 37).
Finally, the mitochondrion splits into two daughter
mitochondria and the fission complex is disassembled
(Figure 1). Generally, phosphorylated Ser616/Ser637 in human
and Ser600/Ser579 in mouse levels are critical for the activity of
Drpl (38). Phosphorylation of Drpl Ser616 promotes the

translocation of Drpl from the cytoplasm to the outer
mitochondrial membrane, which upregulates the Drp1 activity,
whereas phosphorylation of Ser637 has opposite effects (39, 40).
However, a new study revealed that phosphorylated Drpl Ser637
distributes to both the cytosol and mitochondria. MiD49/51 and
Mff interact with phospho-Drpl Ser637 and nonphospho-
Drp1Ser637, which do not play a major role in controlling
mitochondrial fission in 293T cells. Importantly, elevated Drpl
activity not only promotes tumor cell proliferation and
migration, but also assists in maintaining cell stemness and
influences tumor invasion and metastasis as well as response to
tumor therapy (41). Recently, inhibition of Drp1 activity in lung
cancer cells was reported to promote cancer cell cycle arrest and
increase transient apoptosis (42). In addition, analysis of clinical
glioma tissue samples revealed that patients with higher levels of
phosphorylated Drpl Ser616 had a poorer survival prognosis
(43). These studies further suggest that targeting the Drpl
protein to suppress mitochondrial fission may be a new
strategy to overcome tumor survival.

Mitochondrial Fusion and Tumors

Fused mitochondria exhibit an interconnected and networked
structure. Mitochondrial over-fusion is associated with cancer
biology and etiology (27, 44). This dynamic procedure is
performed by both outer and inner membranes, with outer
membrane fusion mediated by the outer membrane protein,

ER-around
mitochondrion

r’\ Recruitment and
assembly of Dnm2

Pre-constriction
of mitochondrion

Fission O INF2
= Actin
Actin-regulatory factors
Myosin Il
@ Fis1/Mff/Mid49/Mid50
® Drp1
® Dnm2

Recruitment of Drp1
by receptors

FIGURE 1 | The mechanism of mitochondrial fission. INF2 causes the polymerization of actin at the ER-mitochondrial contact point to generate forces that drive ER
tubules around the mitochondria and reduce mitochondrial. Actin-regulatory factors induce actin filament nonequilibrium assembly. Myosin Il is recruited to the fission
site, causing mitochondrion shrinkage. Subsequently, DRP1 is recruited to the marked division sites to bind to its OMM receptors (Fis 1, Mff, MiD49/51). DNM2
assembles in the DRP1-regulated mitochondrial constriction neck to push mitochondrial scission. GTP hydrolysis results in conformational changes which further
augment membrane contraction. Finally, mitochondrion splits to two daughter mitochondria, and the fission complex are disassembled.
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Min1/2, and inner membrane fusion mediated by the optic nerve
atrophy protein, OPA1 (28, 31) (Table 1). Mitofusins contain
two transmembrane (trans) domains in between HR1 and HR2
domains. Firstly, the HR2 domain of mitofusins constitute an
anti-parallel coiled coil and tie the OMMs together in trans (45).
MitoPLD, a member of the phospholipase D family, is bound to
the OMM, where it converts cardiolipin to phosphatidic acid,
allowing the recruitment of adaptor proteins, bring the
membranes closer together (19). Then, GTP hydrolysis triggers
a massive conformational rearrangement of mitofusins, which
result in mitochondrial pairing and an increase of OMMs
junctions (46). In addition, Bax and Bak proteins are involved
in regulating the activity of Mfn2. Bax drives the focal
localization of Mfn2 on the outer mitochondrial membrane,
reduces the membrane mobility and increases the assembly of
Mifn2 (30). Moreover, misato (MSTO1) is a soluble cytoplasmic
protein that moves to the outer face of the MOM, where it can
augment or start MOMs fusion by interacting with mitofusins
(29). Following outer membrane fusion, OPA1 is proteolytically
hydrolyzed by two endosomal peptidases: Omal and the i-AAA
protease Ymell to create two active forms. Long L-OPA1, which
is anchored to the mitochondrial inner membrane, and soluble
short S-OPAI1, which is located at the mitochondrial
intermembrane space (32). IMMs fusion is completed by the
combined action of L-OPA1 and S-OPA1 (47). Transient head-

to-tail assembly of L-OPA1l induces membrane curvature that
producing unstable tips on two opposing IMMs (27). After GTP
of L-OPA1 hydrolysis, IMMS fused together and cristae
maintenance (47) (Figure 2). The involvement of Mfnl1/2 in
the regulation of tumorigenesis is assumed and its activity is less
well-reported. Accumulated evidence has shown that tumor cells
usually have a low fusion protein phenotype (48-51). For
example, lung cancer (49) and colon cancer cells (42) have
been shown to often exhibit an imbalance in mitochondrial
network structure (i.e., more fission than fusion). This
phenotype can be reversed by upregulation of Mfn2,
thereby promoting cell cycle arrest and increased apoptosis.
Clinically, the Mfn2 protein is poorly expressed in human
gastric tumors, with predominant mitochondrial hyper-
division and a poor survival prognosis (51). Consistent with
this report, lower Mfn2 expression is correlated with more
malignant breast tumors (52), which is proposing Mfnl1/2 as a
tumor suppressor. Moreover, breast cancer cells with low Mfnl
expression are more migratory and thus overexpression of Mfn1
is associated with mitochondrial elongation, which significantly
inhibits the metastatic ability of breast cancer cells (53). Recently,
cumulative studies have revealed the function of OPAI in tumor
advancement (47, 50, 54). Emerging evidence indicates that
hepatocellular carcinomas have higher levels of OPA1
expression compared to non-tumor tissues. Targeting OPA1

>0OMM
¥

Fusion

mitochondrial intermembrane space.

OMMs fusion f\

FIGURE 2 | The mechanism of mitochondrial fusion. The HR2 domain of Mfn1/2 constitute an anti-parallel coiled coil and ties the OMMSs together in trans.
MitoPLD can bring the membranes closer together. Then, GTP hydrolysis triggers a massive conformational rearrangement of Mitofusin, placing two OMMs
together. Following outer membrane fusion, L-OPA1 is anchored to the mitochondrial inner membrane, transient head-to-tail assembly of L-OPA1 induces
membrane curvature that producing unstable tips on two opposing IMMs. After GTP of L-OPA1 hydrolysis, IMMS fused together. S-OPA1 is located at the
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depresses mitochondrial fusion and leads to cell death (50). The
tubular network of mitochondria meditated by OPAI1 favors
tumor cell proliferation signals that may be linked to c-Myc
activation (54).

THE MECHANISM OF MITOCHONDRIA-
SHAPING PROTEINS AND
CHEMOTHERAPY

Mitochondrial dynamics confer bioenergetic plasticity to tumor
cells, allowing them to escape chemotherapy-induced death
pathways under stressful conditions. Understanding whether
mitochondrial fission or fusion serve as pro- or anti-cell death
factors is important, specifically with relevance to cell type, cell
state, and death initiators (55). Therefore, comprehending the
mechanisms of imbalanced mitochondrial dynamics during
tumor development and progression is critical for effective
cancer treatment.

Mitophagy Serves as a Bridge to
Mitochondria-Shaping Proteins Dependent
on Chemosensitivity
Mitophagy is the process of selective mitochondrial degradation
through autophagy, an evolutionarily conserved cellular
procedure for removing overabundant and impaired
mitochondria from eukaryotic organisms (56). The general
pathways of mitophagy can be categorized into two forms:
ubiquitin-mediated mitophagy and receptor-mediated
mitophagy. Parkin can ubiquitinate several outer mitochondrial
membrane proteins, such as Mfnl, Mfn2, VDAC (57).
Ubiquitinated proteins such as Mfnl/2 can be recognized and
bound by autophagy-associated protein LC3 to induce
mitochondrial autophagy (58). In the face of stress, mitophagy
receptors such as FUNDCI1 and BNIP3 can promote
mitochondrial fission (59). For example, FUNDCI acts directly
with Drp1 and recruits it to the outer mitochondrial membrane to
contribute to mitochondrial fragmentation (60). In addition,
BNIP3 can directly interact with OPA1 and facilitate the
breakdown of OPA1 oligomers, which increases mitochondrial
fission in HeLa cells (61). In the initial stage of chemotherapeutic
drug intervention, mitophagy keeps normal cellular metabolism
and suppresses tumorigenesis. With the prolongation of
chemothrapy, however, the occurrence of mitophagy improves
the tolerance of tumor cells and continuously screens tumor cells
to retain cells with stemness, leading to chemoresistance (62).
Interestingly, several mitophagy receptors, including BNIP3,
NIX and BCL2L13, belong to the BCL2 family (60). BCL2 family
proteins have been described to be involved in both apoptosis and
mitophagy processes, which keeps them at the center of
mitochondrial homeostasis (63). Dysregulation of these key
molecules involved in the induction of mitochondrial apoptosis
and mitophagy are the main mechanisms of increased tumor
chemoresistance, which includes decreases in the ratio of the pro-
apoptotic protein, Bax, to the anti-apoptotic protein, Bcl2 (64).
Importantly, fragmented mitochondria are conducive to

mitophagy (62, 65). Hepatocellular carcinoma (HCC) cells carry
their own defense mechanisms, including autophagy and
mitophagy. With cisplatin intervention, the activation of Drpl
induced mitophagy in favor of HCC survival. Thus, the Drpl-
specific inhibitor, Mdivi-1, targets mitochondrial autophagy,
upregulates Bax and downregulates Bcl-xL, increases
mitochondrial membrane permeability, and stimulates
cytochrome c release, thereby increasing cisplatin-induced
apoptosis in HCC (66). Similar with it, a finding in colorectal
cancer reported that high-mobility group box 1 protein (HMGB1)
secreted from tumor cells after chemoradiotherapy which
promotes tumor cells regrowth, proliferation and metastasis.
HMGBI1/receptor for advanced glycation end product (RAGE)/
Erks signal triggers the activation of Drp1, inducing LC3 and p62-
dependent mitophagy for chemoresistance in colorectal cancer
cells. Furthermore, rectal cancer patients with high phospho-
DrplSer616 are associated with high risk on developing tumor
relapse and poor survival time after chemoradiotherapy treatment
(67). These indicate that signals facilitating mitophagy are
associated with mitochondrial fission-regulated chemoresistance,
whereas apoptosis is often accompanied by mitochondrial fusion-
dependent chemosensitivity (68).

Although only limited evidence is available, mitochondrial
fission appears to be one of the mechanisms by which cisplatin
induces cytotoxicity. Stress-inducible cellular protein P62 acts as
a signaling center to modulate multiple cellular traits, such as
autophagy and apoptosis. The Bcl2 inhibitor ABT737 triggers
selective aggregation of p62 during mitochondrial fission.
Increasing the ratio of the Drpl 60kD form to the Drpl 80kD
form subsequently activates mitochondria-dependent
autophagy, which increases sensitivity to cisplatin. This
investigation demonstrates that the 60kD form of Drpl,
located in the mitochondria, may be the main pro-fission
driver, which could enhance autophagy in favor of
chemotherapy (69). However, another study showed that
inhibiting mitophagy plays antitumor effects in breast cancer.
Liensinine, a new inhibitor of mitophagy, in combination with
doxorubicin inhibits the over-accumulation of mitophagosomes
to enhance mitochondrial fission-dependent apoptosis and
improve chemosensitivity (70).

P53 in the Mitochondrial Shaping

Protein-Regulated Chemotherapy

The C-terminus of the p53 protein contains the mitochondrial
localization sequence (71) that enhances mitochondrial
localization to mediate chemoresistance. P53 can elevate the
activity of Drpl by its mitochondrial translocation and the
phosphorylation of Drpl Ser616 (72). Cyclooxygenase-2
(COX-2) increases the stemness of nasopharyngeal carcinoma
(NPC) cells by enhancing the mitochondrial translocation of p53
that triggers the activation of Drpl. Importantly, the natural
compound resveratrol (RSV) inhibits the COX-2/p53/Drpl
signaling axis to reduce mitochondrial fission, leading to
increased sensitivity of NPC to the chemotherapy drug, 5-
fluorouracil (5-FU) (41). However, a study revealed that p53 is
the downstream regulator of Drpl. Repeated administration of
nedaplatin contributes to extensive hepatocellular injury and
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resistance in patients of hepatocellular carcinoma by inactivating
the p53/Bcl-2 pathway (73). Additionally, Drpl has been
reported to inhibit the expression of p53 and enhance
progression into the HCC cells cycle. Therefore, we
demonstrated that mitochondrial shaping protein Drpl
negatively regulates p53 leading to chemoresistance (74).

In addition, p53 exerts the dual function of mitochondrial
translocation and nuclear activation, which increases chemotherapy
sensitivity by driving mitochondria-shaping proteins. For
instance, wild-type p53 moves to the mitochondria in response
to cell cycle arrest, DNA damage response, and the induction of
apoptosis (75). In gynecological cancers, decreasing the level of
phosphorylated Drpl Ser637 promotes mitochondrial
fragmentation and diminishes chemoresistance (76, 77).
Piceatannol, an extract from grapes and red wine, is capable of
inducing p53 nuclear activation and suppresses the X-linked
inhibitor of apoptosis protein (XIAP) (76). Also, the enhanced
mitochondrial fission or reduced fusion have been shown to be
related to chemoresensitive. Following the cisplatin-induced
DNA damage response, p53 is phosphorylated and
translocated to the mitochondria, where it pushes the self-
cleavage and activation of the mitochondrial protease OMAL.
OMAL inactivates OPA1 by cleaving L-OPA1 to S-OPALI, which
inhibits mitochondrial fusion and induces apoptosis (78, 79).
Furthermore, mitochondrial chaperone protein CLPB sustains
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the mitochondrial cristae structure by interacting with the
cristae-shaping protein OPA1, while its deletion facilitates
apoptosis by causing cristae remodeling and mitochondrial
stress reactions. Targeting CLPB conquers venetoclax
resistance regulated by p53 loss and renders acute myeloid
leukemia (AML) cells sensitive to the co-treatment with
Venetoclax and Azacitidine through the induction of pro-
apoptotic proteins (80). These studies further indicated that
chemotherapy-sensitive cancer cells are mitochondria fission-
dependent (Figure 3).

Hypoxia-Induced ROS Stress-Dependent
Drp1 Mediated-Mitochondrial Fission

in Chemotherapy

Chemotherapy has long been the cornerstone of cancer treatment,
but its ability to kill tumor cells is oxygen-dependent. Hypoxia
induces an increased expression of Drpl, thereby promoting
mitochondrial fission and enhancing the ability of metastatic
tumor cells to invade and metastasize in breast cancer. Thus
inhibition of Drpl-dependent mitochondrial fragmentation
attenuated this hypoxia-induced invasive metastasis (81).
Interestingly, this study also reported that cisplatin induced
significant apoptosis in cells exhibiting a high mitochondrial
fission state. Moreover, Mdivi-1 targeted Drpl and siRNA
silencing of Drpl effectively increased the mitochondrial
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FIGURE 3 | Mitophagy and p53 in mitochondrial shaping protein-regulated chemotherapy. In chemosensitive cells, cisplatin-induced DNA damage exerts dual
functions of p53 nuclear activation and mitochondrial translocation, which drives mitochondria-shaping proteins to promote mitochondrial fission and inhibit fusion,
thereby increasing apoptosis. However, chemotherapeutic drugs can stimulate p53 mitochondrial translocation or directly increase mitochondrial fission by activation
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membrane potential (MMP), the generation of ROS, and
apoptosis in breast cancer cells (81). This suggests that the
inherent metastatic properties of breast cancer may be due
to the fission of the mitochondria under hypoxia. Drpl-driven
mitochondrial division can increase the antitumor activity of
cisplatin in breast cancer cells. In contrast, a new reports
identified that hypoxia-induced ROS triggers mitochondrial
fission by down-regulating phosphorylated Drpl (Ser637) and
Minl expression levels in ovarian cancer cells, thereby inducing
cisplatin resistance (82). This may be attributed to the observation
that chemoresistant cells showed greater oxidative stress activity
and increased mitochondrial division compared to chemosensitive
cells, favoring cell proliferation and autophagy (83).

Generally, oncogenic transformation is followed with an
increase in ROS levels in cells, contributing to redox imbalance
(84). Most tumor cells are killed by oxidized free radicals and
excess ROS (85). For example, the inhibitor of proviral integration
site for moloney murine leukemia virus (PIM) kinases induces the
production of mitochondrial ROS by leading to Drp1-dependent
mitochondrial fission which results in docetaxel sensitivity (86).
Therefore, overcoming anticancer activity and improving the
sensitivity of chemotherapy by effectively interfering with
hypoxia or ROS is crucial. Notably, oxidative stress is an
important mechanism of cisplatin toxicity and mitochondria are
the main targets of cisplatin-induced oxidative stress, with excess
ROS production eventually leading to cell death. For example, co-
culture of bone marrow mesenchymal stem cells (MSCs) with
acute leukemia cells stimulates activation of extracellular signal-
regulated kinases (ERKs), which trigger Drpl-dependent
mitochondrial fragmentation and leads to decreased
mitochondrial ROS levels and promotion of the glycolytic
phenotypic switch resulting in chemoresistance (87). This study
proposes that mitochondria fission interferes with cisplatin-
induced oxidative stress to reduce cytotoxicity and escape death,
while undergoing metabolic reprogramming to increase metabolic
activity, leading to chemoresistance.

REMODELING OF MITOCHONDRIA-
SHAPING PROTEINS AND ENERGY
METABOLISM TO MODULATE
CHEMORESISTANCE

Tumor metabolism is inextricably linked to mitochondrial
dynamics, and mitochondrial fission and fusion are adaptive
processes that continually adjust mitochondrial size, shape, and
subcellular location to adapt to changes in the cellular
environment. These changes obviously contribute to
mitochondrial quality control and cellular responses to energy
stresses (88).

Mitochondrial Fission Prefers Glycolysis to
Resist Chemotherapy

During metabolic reprogramming of tumor cells, mitochondrial
morphology changes, with a predominant preference for

fragmentation. Reports indicate that most tumor stem cells are
more prone to glycolysis, and such tumors were recognized as
glycolysis-addictive tumors, based on increased glucose uptake,
lactate production, and expression of glycolytic enzymes, which
may be related to their mitochondrial hyper-fragmented state
(89-91). Glycolysis-additive cancers include lung, gastric, breast,
glioma, colon, neuroblastoma, ovarian, pancreatic, and
melanoma with high levels of Drpl and low levels of Mfn1/2
proteins. Thus, inhibition of Drpl or overexpression of Mfn1/2
that remodels mitochondrial shape and metabolism could result
in decreased proliferation and increased apoptosis of tumor cells
(42, 51, 53, 92).

For instance, mitochondrial shaping protein Drp1 affects the
metabolic reprogramming of brain tumor-initiating cells
(BTICs). Compared with normal neural stem cells, the
mitochondria of BTICs are highly fragmented and
upregulation of GLUT3 increases glycolytic flux, indicating
that the coupling of glycolysis and mitochondrial division is
essential in neuronal CSCs (43). Indeed, some findings indicated
that oncogene-mediated Drpl activity-driven metabolic changes
are associated with high levels of ROS and glycolytic flux (88, 93,
94). These studies suggest that Drpl-dependent mitochondrial
fission and glycolytic metabolism are mutually reinforcing
processes in tumor progression and that oncogenic gene-
regulated metabolic reprogramming will result in changes in
mitochondrial morphology to support metabolic alterations. In
addition, deletion of Mfnl increased a shift in the metabolic
pattern of hepatoma cells from OXPHOS to glycolysis, with
enhanced cell proliferation and epithelial-mesenchymal
transition (EMT) capacity. The glycolysis inhibitor 2-deoxy-
glucose (2-DG) reverses vascular invasive metastasis in cancer
cells with loss of Mfn1 (95).

These findings imply that mitochondrial fission supports
metabolic alterations as a non-negligible factor in tumor
initiation and progression. Importantly, it is also closely related
to chemotherapy. Some interesting researches revealed that anti-
apoptotic protein complex induces mitochondrial fragmentation
by up-regulating the translocation of Drpl to mitochondria and
inhibits mitochondrial respiratory complex I, thereby preventing
the accumulation of ROS (96, 97). The loss of energy production
due to OXPHOS can be compensated for by an increase in
glycolysis. Thus, the glycolysis inhibitor 2-DG can attenuate the
anti-apoptotic effects of survivin and decrease tumor cell
proliferation, making the tumor sensitive to chemotherapeutic
agents (96, 97). Recently, we revealed that Epstein-Barr virus
latent membrane protein 1 (EBV-LMP1) increases the
mitochondrial fission-induced glycolytic metabolic phenotype
for NPC cells survival to resist chemotherapy, and
phosphorylation of Drpl Ser616 or dephosphorylation of
DrplSer637 is essential for LMP1-regulated enhancement of
glycolytic metabolism (98). In addition, our earlier studies have
shown that LMP1 activates HK2, a key metabolic enzyme in the
glycolysis, and facilitated NPC cells proliferation by blocking
apoptosis (99). This suggests that the tumor-causing protein
LMP1 alters mitochondrial morphology, possibly through the
modifications of enzymes related to glycolytic metabolism in
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NPC cells and then performs metabolic reprogramming to
increase chemoresistance.

Mitochondrial Fusion Favors OXPHOS to
Resist Chemotherapy

Increasing evidence indicates an upregulation of OXPHOS in
many types of cancer, such as diffuse large B-cell lymphoma and
pancreatic cancer, and identifies them as OXPHOS-addictive
tumors (100, 101). Studies in pancreatic cancer have shown
that subsets of cancer stem cells with elevated metastatic and
neoplastic potential are OXPHOS-dependent (102). Fused
mitochondria in tumor stem cells are more dependent on
OXPHOS because they increase MMP expression, oxygen
consumption, and mitochondrial biogenesis (100, 103). Usually,
larger mitochondrial networks arising from fusions are observed in
metabolically active cells (104). High expression of Mfn2, enhanced
OXPHOS respiratory complex and ATP synthase, which facilitates
the proliferation and progression of tumor cells, thus inducing
doxorubicin resistance in Jurkat leukemia cells (105). In hepatoma
cells, highly activated mTOR signaling increases the interaction of
the M2 isoform of pyruvate kinase 2 (PKM2) and Mfn2 by
phosphorylating Mfn2 and thereby inhibiting the activity of
PKM?2 and glycolysis. This further suggests that the mTOR/
Mfn2/PKM2 signaling axis couples the shift of glycolysis to
OXPHOS to promote cancer cell growth (106). The mechanisms
probably involves mitochondrial fusion proteins, which would
mediate metabolic related-enzymes through multiple signaling
pathways to achieve resistance to apoptosis.

Consistent with these findings, the mitochondrial characteristics
of paclitaxel-resistant lung cancer cells are significantly altered.
These changes include decreased mitochondrial volume and
membrane potential and a high activation of the mitochondrial

biotransformation pathway, with decreased expression of the outer
mitochondrial membrane receptor protein Fisl and increased
expression of PGC-1 and the fusion protein Mfn1/2 (107). PGC-
1 is a co-regulator that mediates transcription factors for
mitochondrial biogenesis and influences mitochondrial
respiration, reactive oxygen defenses, and fatty acid metabolism
(108). The paclitaxel-resistant cells with high levels of PGC-1
induced mitochondria to form a net-like structure to resist
external damage and help mitochondria escape autophagy by
increasing the efficiency of ATP synthesis. All of these studies
show that the mitochondrial fusion protein Mfnl/2 can
stimulate the mitochondrial biogenesis pathway and maintain
mitochondrial activity in paclitaxel-resistant cancer cells (107).
In addition, with long-term exposure to cisplatin, OPA1-
dependent mitochondrial fusion gradually increases. Thus, the
expression of PARP-1 and tumor cell apoptosis was decreased
leading to cisplatin resistance. At the same time, histone
deacetylase Sirtl was also increased. Sirtl is an important
assessment marker for tumor cell remodeling and the
mitochondrial metabolic shift to OXPHOS and resistance to
cisplatin treatment (109). This heightened resistance may be
attributable to the observation that the activity of SIRT1 is closely
controlled by the content of the mitochondrial OXPHOS
metabolite NAD". Thus mitochondrial elongation favors its
cristae formation and the assembly of respiratory complexes
enhancing OXPHOS. This mitochondrial change activates
SIRT1 by enhancing NAD™ levels, which inhibited glycolysis in
response to energy stress and promotes tumor cell survival (110).
This study implies that tumor cells respond to chemotherapeutic
agents by adjusting mitochondrial morphology and that
mitochondrial fusion supports enough energy to lead to the
long-term effect of cisplatin-resistant therapy (Figure 4).
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FIGURE 4 | Mitochondrial shaping protein-dependent metabolism and chemoresistance. Tumors addicted to glycolysis exhibit fragmented mitochondria that are
predominantly Drp1-dependent with high reactive oxygen species (ROS) levels to enhance chemoresistance. In contrast, tumors addicted to OXPHOS exhibit high
Mfn1/2-regulated fused mitochondria possessing elevated ATP, MMP, OCR, and mitochondrial biogenesis to resist chemotherapy.
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Micro RNA Drives Mitochondrial Dynamics
and Energy Metabolism to Modulate
Chemoresistance

Generally, miR-488 exhibits low expression in chemoresistant
cancer cells, which can suppress mitochondrial fission proteins,
such as Drpl and Fisl, by decreasing downstream oncoprotein
Six1. As mitochondrial fission reduces, the increased activity of
the respiratory chain complex allows for the induction of ROS
production and a decrease in MMP. This indicates that
dampening the Six1/Drpl signaling pathway contributes to the
suppression of cisplatin resistance (111). In addition, different
microRNAs perform various functions. For instance, miR-148a-
3p governs cisplatin sensitivity by downregulating A-kinase
anchoring protein 1 (AKAP1), which in turn promotes
mitochondrial fission. As a substrate of the energy metabolic
regulator AMPK, AKAP1 is upregulated in cisplatin-resistant
gastric cancer tissues and induces phosphorylation of Drpl
Ser637. The outcome showed inhibition of Drpl activity and
reduced mitochondrial fission, which promoted cell survival
leading to increased cisplatin resistance (112). These discoveries
implied that microRNA rebuilding of mitochondrial structure
can synergize with chemotherapeutic agents to inhibit
tumor growth.

VIRUS-DRIVEN DRP1-DEPENDENT
MITOCHONDRIAL FISSION MEDIATES
CHEMORESISTANCE

Recently, tumor mitochondrial fission conducted by various onco-
viruses has been demonstrated. Hepatitis B and C viruses (HBV,
HCV) enhance the expression and activity of Drpl in
hepatocellular carcinoma cells, causing an induction of
mitochondrial fission and mitophagy that alleviate virus-evoked
apoptosis (113, 114). In gastric and breast cancers, the EBV latent
membrane protein 2A (LMP2A) stimulates mitochondrial fission
and triggers cell migration and EMT (115), suggesting that virus-
driven mitochondrial fission boosts tumor cell survival and may
be an important mechanism by which viruses mediate resistance
to cancer therapy. Our recent study revealed that EBV-LMP1
differentially regulates the signaling axes of AMPK/p-Drp1Ser637
and cyclin B1-Cdkl/p-DrplSer616 leading to remodeling of
mitochondrial morphology and function. Furthermore, clinical
NPC samples indicate that high Drp1 activity is associated with a
poor prognosis (98). EBV-LMP1 induced mitochondrial
fragmentation, resulting in an increased IC50 value of cisplatin
in NPC. Metformin and cucurbitacin E targeting the Drpl
signaling axes enhanced the sensitivity of cisplatin in vitro and
in vivo. This is probably due to the observation that in cisplatin-
resistant cancer cells, mitochondria are able to tolerate mtDNA
damage and accelerate fission. Importantly, regaining control of
mitochondrial mass and maintaining cancer cell survival, suggests
an integrated link between mitochondrial dynamics and
chemoresistance triggered by tumor virus-stress offers new
research directions for cancer therapy.

TARGETED DRUGS FOR
MITOCHONDRIA-SHAPING PROTEINS

Mitochondria-shaping proteins can be used as cancer therapeutic
targets, and their expression and activity can be predictive of tumor
development or as prognostic biomarkers. A variety of drugs
directly targeting mitochondria-shaping proteins have shown
great promise in reducing the viability and proliferation of cancer
cells. For instance, Mdivi-1 is a specific Drpl inhibitor that is
currently widely used in tumor research (116). It impairs the
oligomerization of Drpl on OMM and its ability to promote GTP
hydrolysis (116). Given the role of Drpl-mediated mitochondrial
fission in tumor cell proliferation and metastasis, Mdivi-1 has
potential antitumor effects (117). Thus, Mdivi-1 can inhibit cell
proliferation by antagonizing the highly activated Drpl in tumor
cells, with potential chemosensitizing functions. However, it has
been reported that in neuronal cell lines, mdivi-1 regulates
mitochondrial ROS levels and ETC complex I, which was
independent of mitochondrial length or Drpl (118). Another
Drpl inhibitor, p110, blocks the recruitment of Drpl by Fisl,
thereby inhibiting Drp1 translocation to the outer mitochondrial
membrane, leading to mitochondrial fragmentation and massive
ROS production, which in turn affects apoptosis and cell viability,
and is mainly used in neurodegenerative diseases (119).
Leflunomide is an FDA-approved drug for the treatment of
rheumatoid arthritis, and its pharmacological role is to activate
Mifn2-mediated mitochondrial fusion by inhibiting dihydroorotate
dehydrogenase (DHODH) (120). In pancreatic cancer cells,
leflunomide activates Mfn2, and through inhibition of de novo
pyrimidine synthesis, prevents tumor cell growth and enhances the
chemosensitivity of gemcitabine (121). To date, evidence suggests
that specific inhibitors or activators of mitochondrial fission and
fusion are not widely used in the clinic. In fact, most studies deal
with only non-specific targeting agents, as exemplified by the
inhibitor of upstream regulators that have been approved for
clinical use. The synergistic interaction of these compounds with
chemotherapeutics can also emphasize the multidimensional
function of mitochondrial dynamics in cancer chemotherapy
(Table 2). More relevant, a critical need exists to develop and
identify more drugs that directly interfere with mitochondria-
shaping proteins.

CONCLUSION

Lately, mitochondrial dynamics has been extensively applied in
classifying tumors, predicting clinical prognosis, and assessing
therapeutic response. The study of delicate modifications of
mitochondrial fission and fusion in relation to tumor
development appears to be an active academic frontier. The
chemoresistant phenotype of tumor cells may result from
alterations in mitochondrial dynamics proteins and their
signaling pathways, affecting tumor cell death and
metabolic changes.

Disturbed energy metabolism is an increasingly recognized
mechanism by which mitochondria-shaping proteins mediate
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TABLE 2 | Summary of targeted mitochondrial dynamics synergistic chemotherapy.

Cancer types Chemotherapeutics Intervention  Mitochondrial Findings Refs
shaping
proteins
Hepatocellular Cisplatin Drp1 inhibitor/  Drp1 Mdivi-1 targets mitochondrial autophagy, increasing cisplatin-induced (66)
carcinoma Mdlivi-1 apoptosis
chollangiocarcinoma  Cisplatin Bcl2 inhibitor/ Drp1 ABT737 promotes the ratio of Drp1 60 kD/80 kD form in mitochondria by (69)
ABT737 acting in mitochondrial fission-dependent mitophagy, increasing the sensitivity
to cisplatin.
Ovarian cancers Cisplatin Piceatannol Drp1 Piceatannol to enhance CDDP sensitivity, and it acts on p53, XIAP, and (76)
mitochondrial fission, leading to more effective induction of apoptosis.
Ovarian cancers Cisplatin ROS inhibitor Drp1 Piperlongumine-induced apoptosis appeared to be mediated by Drp1- (77)
/Piperlongumine dependent mitochondrial fission.
Breast cancer Doxorubicin Catehol Drp1 Liensinine inhibiting autophagy, activates Drp1 to increase apoptosis and (70)
improve chemosensitivity.
Nasopharyngeal 5-fluorouracil Resveratrol Drp1 RSV inhibits the Cox-2/p53/Drp1 signaling axis to inhibit mitochondrial fission, 41)
cancer increased sensitivity of NPC to 5-FU.
Ovarian cancers Cisplatin OMA1 OPA1 P53 activates Oma1, promoting OPA1 by cleavage L-OPA1 to S-OPA1, which  (78)
reduces miyochondrial fusion and sensitizes to cisplatin.
Breast cancer Cisplatin Drp1 inhibitor/  Drp1 Mdivi-1 target Drp1to increase MMP, the generation of ROS and apoptosis. 81)
Mdlivi-1
Ovarian cancers Cisplatin Antioxidant Drp1/Mfn 1 hypoxia-induced ROS triggers mitochondrial fission by down-regulating p-Drp1  (83)
(Ser637) and Mfn1 expression levels in ovarian cancer cells, thereby inducing
cisplatin resistance
lymphoblastic Cisplatin MAPK/ERK Drp1 ERK triggers Drp1-dependent mitochondrial fragmentation, leading to a 87)
leukemia inhibitor, decrease in mitochondrial ROS levels and a promotion in glycolytic phenotypic
PD325901 switch that resulting in chemoresistance
Nasopharyngeal Cisplatin Metformin/ Drp1 Decreases mitochondrial fission and increases chemotherapy sensitivity to (98)
cancer Cucurbitacin E cisplatin
Neuroblastoma Etoposide and Glycolysis Drp1 2-DG suppresses mitochondrial fission and increases the pro-apoptotic protein  (97)
doxorubicin inhibitors /2-DG BCL2L11/BimBCL2L11/Bim and attenuate the anti-apoptotic effect of survivin,
making the tumor sensitive to chemotherapeutic agent.
Neuroblastoma Cisplatin Targeting Sirt1~ OPA1 Sirt1 remodeling mitochondrial metabolic to OXPHOS shift resistance to (109)
cisplatin treatment.
Lung cancer Paclitaxel Targeting Mfn1/2 PGC1 induced Mfn1/2 dependent mitochondrial fusion to resist paclitaxel and ~ (107)

PGC1, Mn1/2

Ovarian cancer Cisplatin Restoration of ~ Drp1
miR-488
Gastric cancer Cisplatin Reconstituton ~ Drp1

of miR-148a-3p

chemoresistance. Tumors addicted to glycolysis show
predominantly Drpl-dependent mitochondrial fragmentation
in order to enhance chemoresistance. In contrast, tumors
addicted to OXPHOS exhibit high Mfn1/2-regulated fused
mitochondria to resist chemotherapy. On the basis of
metabolic typing, Drpl or Mfnl/2 proteins might serve as
markers for further stratification of tumor chemotherapy
resistance. Furthermore, our recent findings reveal that the
onco-virus protein EBV-LMP1 exerts a signaling function that
indirectly regulates mitochondrial shaping protein-induced
chemoresistance. Other tumor causing viruses, such as HBV
and HCV have been reported to drive mitochondrial fission by
activating Drpl to evade apoptosis. The biological effects may
affect chemotherapy sensitivity of HBV- or HCV-related liver
cancer, but the mechanism is still unclear. Of course, these
viruses may play an indirect regulatory role similar to EBV
viruses or encoded proteins might translocate to the
mitochondria and interact with mitochondria-shaping proteins
directly, which needs to be further investigated.

help mitochondria escape autophagy by increasing the efficiency of ATP

synthesis.

Inhibition of the Six1/Drp1 signaling pathway contributes to the suppression of ~ (111)
cisplatin resistance.

Downregulation of KAP1, which in turn promotes mitochondrial fission. (112)

Overall, we reviewed the alterations of mitochondrial
dynamics in cancer chemotherapy from a tumor cell
perspective. Moreover, its role in the tumor microenvironment
should also be brought to our attention. Mitochondria have
essential functions in both innate and adaptive immunity.
Mitochondrial remodeling allows quiescent immune cells to
rapidly change their metabolism and become activated,
producing mediators, such as cytokines, chemokines and even
metabolites to execute an effective immune response (122).

In innate immunity, mitochondrial fusion enhances the
formation of (extra-neutrophilic traps) NETs in neutrophils
(123) and promotes M2-like polarization of bone marrow-
derived macrophages (124). Furthermore, hypoxia invokes
excessive mitochondrial fission in liver tumor-infiltrating NK
cells, while enhancing mTOR-Drpl signaling and decreasing the
anti-tumor activity of NK cells (125). In adaptive immunity,
mitochondria-shaping proteins are required for T cell activation,
differentiation, migration (126). OPAl-regulated T cell
mitochondrial fusion promotes T memory cell metabolism by
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altering mitochondrial cristae, leading to activation of the ETC
complex and efficient OXPHOS, improving cellular
immunotherapy against tumors (127).

The main effect of chemotherapeutic drugs in killing tumor
cells is non-immunotoxicity dependent, but there is some
immune activating or inhibiting activity (128). Based on this,
some questions need to be further explored, whether
chemotherapeutic drugs act on mitochondria-shaping proteins
of immune cells and ultimately affect their anti-tumor immune
response. Whether targeting mitochondria-shaping proteins to
regulate mitochondrial morphology in tumor cells also affects the
dynamics of mitochondria in immune cells. A dual role in the
development of tumor chemotherapy by intervening in
mitochondrial dynamics, which is able to both accelerate the
death of tumor cells and enhance the anti-tumor effect of
immune cells. Therefore, a comprehensive understanding of

REFERENCES

1. Bereiter-Hahn J. Behavior of Mitochondria in the Living Cell. Int Rev Cytol
(1990) 122:1-63. doi: 10.1016/S0074-7696(08)61205-X

. Zampieri LX, Silva-Almeida C, Rondeau JD, Sonveaux P. Mitochondrial
Transfer in Cancer: A Comprehensive Review. Int ] Mol Sci (2021) 22:3245-
58. doi: 10.3390/ijms22063245

. Nunnari J, Suomalainen A. Mitochondria: In Sickness and in Health. Cell
(2012) 148:1145-59. doi: 10.1016/j.cell.2012.02.035

4. Li L, Qi R, Zhang L, Yu Y, Hou J, Gu Y, et al. Potential Biomarkers and
Targets of Mitochondrial Dynamics. Clin Transl Med (2021) 11:€529. doi:
10.1002/ctm2.529

. Chan DC. Mitochondria: Dynamic Organelles in Disease, Aging, and
Development. Cell (2006) 125:1241-52. doi: 10.1016/j.cell.2006.06.010

. Chen H, Chan DC. Emerging Functions of Mammalian Mitochondrial
Fusion and Fission. Hum Mol Genet (2005) 14 Spec No. 2:R283-9. doi:
10.1093/hmg/ddi270

. Yapa NMB, Lisnyak V, Reljic B, Ryan MT. Mitochondrial Dynamics in
Health and Disease. FEBS Lett (2021) 595:1184-204. doi: 10.1002/1873-
3468.14077

. Lennon FE, Salgia R. Mitochondrial Dynamics: Biology and Therapy in
Lung Cancer. Expert Opin Investig Drugs (2014) 23:675-92. doi: 10.1517/
13543784.2014.899350

. Caino MC, Altieri DC. Cancer Cells Exploit Adaptive Mitochondrial
Dynamics to Increase Tumor Cell Invasion. Cell Cycle (2015) 14:3242-7.
doi: 10.1080/15384101.2015.1084448
Trotta AP, Chipuk JE. Mitochondrial Dynamics as Regulators of Cancer
Biology. Cell Mol Life Sci (2017) 74:1999-2017. doi: 10.1007/s00018-016-
2451-3
Weiner-Gorzel K, Murphy M. Mitochondrial Dynamics, a New Therapeutic
Target for Triple Negative Breast Cancer. Biochim Biophys Acta Rev Cancer
(2021) 1875:188518. doi: 10.1016/j.bbcan.2021.188518
Sarosiek KA, Ni Chonghaile T, Letai A. Mitochondria: Gatekeepers of
Response to Chemotherapy. Trends Cell Biol (2013) 23:612-9. doi:
10.1016/j.tcb.2013.08.003
Wenner C. Targeting Mitochondria as a Therapeutic Target in Cancer. J Cell
Physiol (2012) 227:450-6. doi: 10.1002/jcp.22788
Oliveira GL, Coelho AR, Marques R, Oliveira PJ. Cancer Cell Metabolism:
Rewiring the Mitochondrial Hub. Biochim Biophys Acta Mol Basis Dis
(2021) 1867:166016. doi: 10.1016/j.bbadis.2020.166016
Shen L, Xia M, Zhang Y, Luo H, Dong D, Sun L. Mitochondrial Integration
and Ovarian Cancer Chemotherapy Resistance. Exp Cell Res (2021)
401:112549. doi: 10.1016/j.yexcr.2021.112549
Sessions DT, Kashatus DF. Mitochondrial Dynamics in Cancer Stem Cells.
Cell Mol Life Sci (2021) 78:3803-16. doi: 10.1007/s00018-021-03773-2

[S5]

w

wu

=2

~

oo

Nel

10.

11.

12.

13.

14.

15.

16.

the role of mitochondrial dynamics in cancer chemotherapy
cannot ignore the activity of the immune system.

AUTHOR CONTRIBUTIONS

LX and YC conceived and designed the study. LX and YC
participated in its drafting. AB helped to edit the manuscript.
TZ and YX performed the visualization. All authors contributed
to the article and approved the submitted version.

FUNDING

This study was supported by the National Natural Science
Foundation of China (82103019, 81430064, and 81602402).

17. Courtois S, de Luxan-Delgado B, Penin-Peyta L, Royo-Garcia A, Parejo-
Alonso B, Jagust P, et al. Inhibition of Mitochondrial Dynamics
Preferentially Targets Pancreatic Cancer Cells With Enhanced
Tumorigenic and Invasive Potential. Cancers (Basel) (2021) 13:698-710.
doi: 10.3390/cancers13040698

Cali T, Szabadkai G. Organelles: The Emerging Signalling Chart of
Mitochondrial Dynamics. Curr Biol (2018) 28:R73-5. doi: 10.1016/
j.cub.2017.11.040

Chakrabarti R, Ji WK, Stan RV, de Juan Sanz J, Ryan TA, Higgs HN. INF2-
Mediated Actin Polymerization at the ER Stimulates Mitochondrial Calcium
Uptake, Inner Membrane Constriction, and Division. J Cell Biol (2018)
217:251-68. doi: 10.1083/jcb.201709111

Kraus F, Ryan MT. The Constriction and Scission Machineries Involved in
Mitochondrial Fission. ] Cell Sci (2017) 130:2953-60. doi: 10.1242/jcs.199562
Steffen J, Koehler CM. ER-Mitochondria Contacts: Actin Dynamics at the
ER Control Mitochondrial Fission via Calcium Release. J Cell Biol (2018)
217:15-7. doi: 10.1083/jcb.201711075

Manor U, Bartholomew S, Golani G, Christenson E, Kozlov M, Higgs H,
et al. A Mitochondria-Anchored Isoform of the Actin-Nucleating Spire
Protein Regulates Mitochondrial Division. Elife (2015) 4. doi: 10.7554/
eLife.08828

Li S, Xu S, Roelofs BA, Boyman L, Lederer W], Sesaki H, et al. Transient
Assembly of F-Actin on the Outer Mitochondrial Membrane Contributes to
Mitochondrial Fission. J Cell Biol (2015) 208:109-23. doi: 10.1083/
jcb.201404050

Guan L, Che Z, Meng X, Yu Y, Li M, Yu Z, et al. MCU Up-Regulation
Contributes to Myocardial Ischemia-Reperfusion Injury Through Calpain/
OPA-1-Mediated Mitochondrial Fusion/Mitophagy Inhibition. J Cell Mol
Med (2019) 23:7830-43. doi: 10.1111/jcmm.14662

Otera H, Mihara K. Molecular Mechanisms and Physiologic Functions of
Mitochondrial Dynamics. ] Biochem (2011) 149:241-51. doi: 10.1093/jb/
mvr002

Tondera D, Czauderna F, Paulick K, Schwarzer R, Kaufmann J, Santel A. The
Mitochondrial Protein MTP18 Contributes to Mitochondrial Fission in
Mammalian Cells. J Cell Sci (2005) 118:3049-59. doi: 10.1242/jcs.02415
Gao S, Hu J. Mitochondrial Fusion: The Machineries In and Out. Trends Cell
Biol (2021) 31:62-74. doi: 10.1016/j.tcb.2020.09.008

Chen H, Detmer SA, Ewald AJ, Griffin EE, Fraser SE, Chan DC. Mitofusins
Mfnl and Mfn2 Coordinately Regulate Mitochondrial Fusion and are
Essential for Embryonic Development. ] Cell Biol (2003) 160:189-200. doi:
10.1083/jcb.200211046

Gal A, Balicza P, Weaver D, Naghdi S, Joseph SK, Varnai P, et al. MSTOl is a
Cytoplasmic Pro-Mitochondrial Fusion Protein, Whose Mutation Induces
Myopathy and Ataxia in Humans. EMBO Mol Med (2017) 9:967-84. doi:
10.15252/emmm.201607058

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

Frontiers in Oncology | www.frontiersin.org

November 2021 | Volume 11 | Article 769036


https://doi.org/10.1016/S0074-7696(08)61205-X
https://doi.org/10.3390/ijms22063245
https://doi.org/10.1016/j.cell.2012.02.035
https://doi.org/10.1002/ctm2.529
https://doi.org/10.1016/j.cell.2006.06.010
https://doi.org/10.1093/hmg/ddi270
https://doi.org/10.1002/1873-3468.14077
https://doi.org/10.1002/1873-3468.14077
https://doi.org/10.1517/13543784.2014.899350
https://doi.org/10.1517/13543784.2014.899350
https://doi.org/10.1080/15384101.2015.1084448
https://doi.org/10.1007/s00018-016-2451-3
https://doi.org/10.1007/s00018-016-2451-3
https://doi.org/10.1016/j.bbcan.2021.188518
https://doi.org/10.1016/j.tcb.2013.08.003
https://doi.org/10.1002/jcp.22788
https://doi.org/10.1016/j.bbadis.2020.166016
https://doi.org/10.1016/j.yexcr.2021.112549
https://doi.org/10.1007/s00018-021-03773-2
https://doi.org/10.3390/cancers13040698
https://doi.org/10.1016/j.cub.2017.11.040
https://doi.org/10.1016/j.cub.2017.11.040
https://doi.org/10.1083/jcb.201709111
https://doi.org/10.1242/jcs.199562
https://doi.org/10.1083/jcb.201711075
https://doi.org/10.7554/eLife.08828
https://doi.org/10.7554/eLife.08828
https://doi.org/10.1083/jcb.201404050
https://doi.org/10.1083/jcb.201404050
https://doi.org/10.1111/jcmm.14662
https://doi.org/10.1093/jb/mvr002
https://doi.org/10.1093/jb/mvr002
https://doi.org/10.1242/jcs.02415
https://doi.org/10.1016/j.tcb.2020.09.008
https://doi.org/10.1083/jcb.200211046
https://doi.org/10.15252/emmm.201607058
https://www.frontiersin.org/journals/oncology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/oncology#articles

Xie et al.

Mitochondria-Shaping Proteins and Chemotherapy

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

Zhang Y, Chan DC. New Insights Into Mitochondrial Fusion. FEBS Lett
(2007) 581:2168-73. doi: 10.1016/j.febslet.2007.01.095

Song Z, Ghochani M, McCaffery JM, Frey TG, Chan DC. Mitofusins and
OPAI1 Mediate Sequential Steps in Mitochondrial Membrane Fusion. Mol
Biol Cell (2009) 20:3525-32. doi: 10.1091/mbc.e09-03-0252

Chiu YH, Lin SA, Kuo CH, Li CJ. Molecular Machinery and
Pathophysiology of Mitochondrial Dynamics. Front Cell Dev Biol (2021)
9:743892. doi: 10.3389/fcell.2021.743892

Korobova F, Ramabhadran V, Higgs HN. An Actin-Dependent Step in
Mitochondrial Fission Mediated by the ER-Associated Formin INF2. Science
(2013) 339:464-7. doi: 10.1126/science.1228360

Bravo-Cordero JJ, Magalhaes MA, Eddy RJ, Hodgson L, Condeelis J.
Functions of Cofilin in Cell Locomotion and Invasion. Nat Rev Mol Cell
Biol (2013) 14:405-15. doi: 10.1038/nrm3609

Zhao L, Li S, Wang S, Yu N, Liu J. The Effect of Mitochondrial Calcium
Uniporter on Mitochondrial Fission in Hippocampus Cells Ischemia/
Reperfusion Injury. Biochem Biophys Res Commun (2015) 461:537-42.
doi: 10.1016/j.bbrc.2015.04.066

Romanello V, Sandri M. The Connection Between the Dynamic Remodeling
of the Mitochondrial Network and the Regulation of Muscle Mass. Cell Mol
Life Sci (2021) 78:1305-28. doi: 10.1007/s00018-020-03662-0

Lee JE, Westrate LM, Wu H, Page C, Voeltz GK. Multiple Dynamin Family
Members Collaborate to Drive Mitochondrial Division. Nature (2016)
540:139-43. doi: 10.1038/nature20555

Kashatus JA, Nascimento A, Myers L], Sher A, Byrne FL, Hoehn KL, et al.
Erk2 Phosphorylation of Drpl Promotes Mitochondrial Fission and MAPK-
Driven Tumor Growth. Mol Cell (2015) 57:537-51. doi: 10.1016/
j.molcel.2015.01.002

Xie LL, Shi F, Tan Z, Li Y, Bode AM, Cao Y. Mitochondrial Network
Structure Homeostasis and Cell Death. Cancer Sci (2018) 109:3686-94. doi:
10.1111/cas.13830

Yu R, Liu T, Ning C, Tan F, Jin SB, Lendahl U, et al. The Phosphorylation
Status of Ser-637 in Dynamin-Related Protein 1 (Drpl) Does Not Determine
Drp1 Recruitment to Mitochondria. | Biol Chem (2019) 294:17262-77. doi:
10.1074/jbc. RA119.008202

Zhou TJ, Zhang SL, He CY, Zhuang QY, Han PY, Jiang SW, et al.
Downregulation of Mitochondrial Cyclooxygenase-2 Inhibits the
Stemness of Nasopharyngeal Carcinoma by Decreasing the Activity of
Dynamin-Related Protein 1. Theranostics (2017) 7:1389-406. doi: 10.7150/
thno.17647

Rehman J, Zhang HJ, Toth PT, Zhang Y, Marsboom G, Hong Z, et al.
Inhibition of Mitochondrial Fission Prevents Cell Cycle Progression in Lung
Cancer. FASEB ] (2012) 26:2175-86. doi: 10.1096/fj.11-196543

Xie Q, Wu Q, Horbinski CM, Flavahan WA, Yang K, Zhou W, et al.
Mitochondrial Control by DRP1 in Brain Tumor Initiating Cells. Nat
Neurosci (2015) 18:501-10. doi: 10.1038/nn.3960

Patten DA, McGuirk S, Anilkumar U, Antoun G, Gandhi K, Parmar G, et al.
Altered Mitochondrial Fusion Drives Defensive Glutathione Synthesis in
Cells Able to Switch to Glycolytic ATP Production. Biochim Biophys Acta
Mol Cell Res (2021) 1868:118854. doi: 10.1016/j.bbamcr.2020.118854

Cao YL, Meng S, Chen Y, Feng JX, Gu DD, Yu B, et al. MFN1 Structures
Reveal Nucleotide-Triggered Dimerization Critical for Mitochondrial
Fusion. Nature (2017) 542:372-6. doi: 10.1038/nature21077

Cohen MM, Tareste D. Recent Insights Into the Structure and Function of
Mitofusins in Mitochondrial Fusion. FI000Res (2018) 7(F1000 Faculty
Rev):1983. doi: 10.12688/f1000research.16629.1

Song Z, Chen H, Fiket M, Alexander C, Chan DC. OPA1 Processing
Controls Mitochondrial Fusion and is Regulated by mRNA Splicing,
Membrane Potential, and YmelL. J Cell Biol (2007) 178:749-55. doi:
10.1083/jcb.200704110

Chen KH, Dasgupta A, Ding J, Indig FE, Ghosh P, Longo DL. Role of
Mitofusin 2 (Mfn2) in Controlling Cellular Proliferation. FASEB ] (2014)
28:382-94. doi: 10.1096/1j.13-230037

WuL, Li Z, Zhang Y, Zhang P, Zhu X, Huang J, et al. Adenovirus-Expressed
Human Hyperplasia Suppressor Gene Induces Apoptosis in Cancer Cells.
Mol Cancer Ther (2008) 7:222-32. doi: 10.1158/1535-7163.MCT-07-0382
Zhao X, Tian C, Puszyk WM, Ogunwobi OO, Cao M, Wang T, et al. OPA1
Downregulation is Involved in Sorafenib-Induced Apoptosis in

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

Hepatocellular Carcinoma. Lab Invest (2013) 93:8-19. doi: 10.1038/
labinvest.2012.144

Zhang GE, Jin HL, Lin XK, Chen C, Liu XS, Zhang Q, et al. Anti-Tumor
Effects of Mfn2 in Gastric Cancer. Int ] Mol Sci (2013) 14:13005-21. doi:
10.3390/ijms140713005

Xu K, Chen G, Li X, Wu X, Chang Z, Xu J, et al. MEN2 Suppresses Cancer
Progression Through Inhibition of Mtorc2/Akt Signaling. Sci Rep (2017)
7:41718. doi: 10.1038/srep41718

Zhao J, Zhang J, Yu M, Xie Y, Huang Y, Wolff DW, et al. Mitochondrial
Dynamics Regulates Migration and Invasion of Breast Cancer Cells.
Oncogene (2013) 32:4814-24. doi: 10.1038/0onc.2012.494

Graves JA, Wang Y, Sims-Lucas S, Cherok E, Rothermund K, Branca MF,
et al. Mitochondrial Structure, Function and Dynamics are Temporally
Controlled by C-Myc. PloS One (2012) 7:¢37699. doi: 10.1371/
journal.pone.0037699

Ferreira-da-Silva A, Valacca C, Rios E, Populo H, Soares P, Sobrinho-Simoes
M, et al. Mitochondrial Dynamics Protein Drpl is Overexpressed in
Oncocytic Thyroid Tumors and Regulates Cancer Cell Migration. PloS
One (2015) 10:¢0122308. doi: 10.1371/journal.pone.0122308

Macintosh RL, Ryan KM. Autophagy in Tumour Cell Death. Semin Cancer
Biol (2013) 23:344-51. doi: 10.1016/j.semcancer.2013.05.006

Chan NC, Salazar AM, Pham AH, Sweredoski MJ, Kolawa NJ, Graham RL,
et al. Broad Activation of the Ubiquitin-Proteasome System by Parkin is
Critical for Mitophagy. Hum Mol Genet (2011) 20:1726-37. doi: 10.1093/
hmg/ddr048

Lazarou M, Sliter DA, Kane LA, Sarraf SA, Wang C, Burman JL, et al. The
Ubiquitin Kinase PINKI Recruits Autophagy Receptors to Induce
Mitophagy. Nature (2015) 524:309-14. doi: 10.1038/nature14893

Chen M, Chen Z, Wang Y, Tan Z, Zhu C, Li Y, et al. Mitophagy Receptor
FUNDCI Regulates Mitochondrial Dynamics and Mitophagy. Autophagy
(2016) 12:689-702. doi: 10.1080/15548627.2016.1151580

Ma K, Chen G, Li W, Kepp O, Zhu Y, Chen Q. Mitophagy, Mitochondrial
Homeostasis, and Cell Fate. Front Cell Dev Biol (2020) 8:467. doi: 10.3389/
fcell.2020.00467

Landes T, Emorine L], Courilleau D, Rojo M, Belenguer P, Arnaune-
Pelloquin L. The BH3-Only Bnip3 Binds to the Dynamin Opal to
Promote Mitochondrial Fragmentation and Apoptosis by Distinct
Mechanisms. EMBO Rep (2010) 11:459-65. doi: 10.1038/embor.2010.50
Wang Y, Liu HH, Cao YT, Zhang LL, Huang F, Yi C. The Role of
Mitochondrial Dynamics and Mitophagy in Carcinogenesis, Metastasis
and Therapy. Front Cell Dev Biol (2020) 8:413. doi: 10.3389/fcell.2020.00413
Ma K, Zhang Z, Chang R, Cheng H, Mu C, Zhao T, et al. Dynamic PGAM5
Multimers Dephosphorylate BCL-xL or FUNDCI to Regulate
Mitochondrial and Cellular Fate. Cell Death Differ (2020) 27:1036-51. doi:
10.1038/s41418-019-0396-4

Sancho-Martinez SM, Prieto-Garcia L, Prieto M, Lopez-Novoa JM, Lopez-
Hernandez FJ. Subcellular Targets of Cisplatin Cytotoxicity: An Integrated
View. Pharmacol Ther (2012) 136:35-55. doi: 10.1016/j.pharmthera.
2012.07.003

Kubli DA, Gustafsson AB. Mitochondria and Mitophagy: The Yin and Yang
of Cell Death Control. Circ Res (2012) 111:1208-21. doi: 10.1161/
CIRCRESAHA.112.265819

Ma M, Lin XH, Liu HH, Zhang R, Chen RX. Suppression of DRP1mediated
Mitophagy Increases the Apoptosis of Hepatocellular Carcinoma Cells in the
Setting of Chemotherapy. Oncol Rep (2020) 43:1010-8. doi: 10.3892/
0r.2020.7476

Huang CY, Chiang SF, Chen WT, Ke TW, Chen TW, You YS, et al. HMGB1
Promotes ERK-Mediated Mitochondrial Drpl Phosphorylation for
Chemoresistance Through RAGE in Colorectal Cancer. Cell Death Dis
(2018) 9:1004. doi: 10.1038/s41419-018-1019-6

Westrate LM, Sayfie AD, Burgenske DM, MacKeigan JP. Persistent
Mitochondrial Hyperfusion Promotes G2/M Accumulation and Caspase-
Dependent Cell Death. PloS One (2014) 9:e91911. doi: 10.1371/
journal.pone.0091911

Fan Z, Yu H, Cui N, Kong X, Liu X, Chang Y, et al. ABT737 Enhances
Cholangiocarcinoma Sensitivity to Cisplatin Through Regulation of
Mitochondrial Dynamics. Exp Cell Res (2015) 335:68-81. doi: 10.1016/
j.yexcr.2015.04.016

Frontiers in Oncology | www.frontiersin.org

November 2021 | Volume 11 | Article 769036


https://doi.org/10.1016/j.febslet.2007.01.095
https://doi.org/10.1091/mbc.e09-03-0252
https://doi.org/10.3389/fcell.2021.743892
https://doi.org/10.1126/science.1228360
https://doi.org/10.1038/nrm3609
https://doi.org/10.1016/j.bbrc.2015.04.066
https://doi.org/10.1007/s00018-020-03662-0
https://doi.org/10.1038/nature20555
https://doi.org/10.1016/j.molcel.2015.01.002
https://doi.org/10.1016/j.molcel.2015.01.002
https://doi.org/10.1111/cas.13830
https://doi.org/10.1074/jbc.RA119.008202
https://doi.org/10.7150/thno.17647
https://doi.org/10.7150/thno.17647
https://doi.org/10.1096/fj.11-196543
https://doi.org/10.1038/nn.3960
https://doi.org/10.1016/j.bbamcr.2020.118854
https://doi.org/10.1038/nature21077
https://doi.org/10.12688/f1000research.16629.1
https://doi.org/10.1083/jcb.200704110
https://doi.org/10.1096/fj.13-230037
https://doi.org/10.1158/1535-7163.MCT-07-0382
https://doi.org/10.1038/labinvest.2012.144
https://doi.org/10.1038/labinvest.2012.144
https://doi.org/10.3390/ijms140713005
https://doi.org/10.1038/srep41718
https://doi.org/10.1038/onc.2012.494
https://doi.org/10.1371/journal.pone.0037699
https://doi.org/10.1371/journal.pone.0037699
https://doi.org/10.1371/journal.pone.0122308
https://doi.org/10.1016/j.semcancer.2013.05.006
https://doi.org/10.1093/hmg/ddr048
https://doi.org/10.1093/hmg/ddr048
https://doi.org/10.1038/nature14893
https://doi.org/10.1080/15548627.2016.1151580
https://doi.org/10.3389/fcell.2020.00467
https://doi.org/10.3389/fcell.2020.00467
https://doi.org/10.1038/embor.2010.50
https://doi.org/10.3389/fcell.2020.00413
https://doi.org/10.1038/s41418-019-0396-4
https://doi.org/10.1016/j.pharmthera.2012.07.003
https://doi.org/10.1016/j.pharmthera.2012.07.003
https://doi.org/10.1161/CIRCRESAHA.112.265819
https://doi.org/10.1161/CIRCRESAHA.112.265819
https://doi.org/10.3892/or.2020.7476
https://doi.org/10.3892/or.2020.7476
https://doi.org/10.1038/s41419-018-1019-6
https://doi.org/10.1371/journal.pone.0091911
https://doi.org/10.1371/journal.pone.0091911
https://doi.org/10.1016/j.yexcr.2015.04.016
https://doi.org/10.1016/j.yexcr.2015.04.016
https://www.frontiersin.org/journals/oncology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/oncology#articles

Xie et al.

Mitochondria-Shaping Proteins and Chemotherapy

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

Zhou J, Li G, Zheng Y, Shen H, Hu X, Ming Q, et al. A Novel Autophagy/
Mitophagy Inhibitor Liensinine Sensitizes Breast Cancer Cells to
Chemotherapy Through DNMI1L-Mediated Mitochondrial Fission.
Autophagy (2015) 11:1259-79. doi: 10.1080/15548627.2015.1056970

Li M, Zhong Z, Zhu ], Xiang D, Dai N, Cao X, et al. Identification and
Characterization of Mitochondrial Targeting Sequence of Human Apurinic/
Apyrimidinic Endonuclease 1. ] Biol Chem (2010) 285:14871-81. doi:
10.1074/jbc.M109.069591

Guo X, Sesaki H, Qi X. Drpl Stabilizes P53 on the Mitochondria to Trigger
Necrosis Under Oxidative Stress Conditions. Vitro vivo. Biochem ] (2014)
461:137-46. doi: 10.1042/BJ20131438

Jiang L, Zhang Q, Ren H, Ma S, Lu C, Liu B, et al. Dihydromyricetin
Enhances the Chemo-Sensitivity of Nedaplatin Via Regulation of the P53/
Bcl-2 Pathway in Hepatocellular Carcinoma Cells. PloS One (2015) 10:
€0124994. doi: 10.1371/journal.pone.0124994

Zhan L, Cao H, Wang G, Lyu Y, Sun X, An J, et al. Drpl-Mediated
Mitochondrial Fission Promotes Cell Proliferation Through Crosstalk of
P53 and NF-xb Pathways in Hepatocellular Carcinoma. Oncotarget (2016)
7:65001-11. doi: 10.18632/oncotarget.11339

Brown JM, Wouters BG. Apoptosis, P53, and Tumor Cell Sensitivity to
Anticancer Agents. Cancer Res (1999) 59:1391-9.

Farrand L, Byun S, Kim JY, Im-Aram A, Lee J, Kim S, et al. Piceatannol
Enhances Cisplatin Sensitivity in Ovarian Cancer via Modulation of P53, X-
Linked Inhibitor of Apoptosis Protein (XIAP), and Mitochondrial Fission.
] Biol Chem (2013) 288:23740-50. doi: 10.1074/jbc.M113.487686

Farrand L, Kim JY, Im-Aram A, Suh JY, Lee HJ, Tsang BK. An Improved
Quantitative Approach for the Assessment of Mitochondrial Fragmentation
in Chemoresistant Ovarian Cancer Cells. PloS One (2013) 8:¢74008. doi:
10.1371/journal.pone.0074008

Kong B, Tsuyoshi H, Orisaka M, Shieh DB, Yoshida Y, Tsang BK.
Mitochondrial Dynamics Regulating Chemoresistance in
Gynecological Cancers. Ann N Y Acad Sci (2015) 1350:1-16. doi: 10.1111/
nyas.12883

Kong B, Wang Q, Fung E, Xue K, Tsang BK. P53 is Required for Cisplatin-
Induced Processing of the Mitochondrial Fusion Protein L-Opal That is
Mediated by the Mitochondrial Metallopeptidase Omal in Gynecologic
Cancers. ] Biol Chem (2014) 289:27134-45. doi: 10.1074/jbc.M114.594812
Chen X, Glytsou C, Zhou H, Narang S, Reyna DE, Lopez A, et al. Targeting
Mitochondrial Structure Sensitizes Acute Myeloid Leukemia to Venetoclax
Treatment. Cancer Discov (2019) 9:890-909. doi: 10.1158/2159-8290.CD-
19-0117

Han X, Yang Z, Jiang L, Wei Y, Liao M, Qian Y, et al. Mitochondrial
Dynamics Regulates Hypoxia-Induced Migration and Antineoplastic
Activity of Cisplatin in Breast Cancer Cells. Int ] Oncol (2015) 46:691-
700. doi: 10.3892/ij0.2014.2781

Han Y, Kim B, Cho U, Park IS, Kim SI, Dhanasekaran DN, et al.
Mitochondrial Fission Causes Cisplatin Resistance Under Hypoxic
Conditions via ROS in Ovarian Cancer Cells. Oncogene (2019) 38:7089-
105. doi: 10.1038/541388-019-0949-5

Kim B, Song YS. Mitochondrial Dynamics Altered by Oxidative Stress in
Cancer. Free Radic Res (2016) 50:1065-70. doi: 10.1080/
10715762.2016.1210141

Jezek J, Cooper KF, Strich R. The Impact of Mitochondrial Fission-
Stimulated ROS Production on Pro-Apoptotic Chemotherapy. Biol (Basel)
(2021) 10:33-52. doi: 10.3390/biology10010033

Falone S, Lisanti MP, Domenicotti C. Oxidative Stress and Reprogramming
of Mitochondrial Function and Dynamics as Targets to Modulate Cancer
Cell Behavior and Chemoresistance. Oxid Med Cell Longev (2019)
2019:4647807. doi: 10.1155/2019/4647807

Chauhan SS, Toth RK, Jensen CC, Casillas AL, Kashatus DF, Warfel NA.
PIM Kinases Alter Mitochondrial Dynamics and Chemosensitivity in Lung
Cancer. Oncogene (2020) 39:2597-611. doi: 10.1038/s41388-020-1168-9
Cai J, Wang J, Huang Y, Wu H, Xia T, Xiao J, et al. ERK/Drp1-Dependent
Mitochondrial Fission is Involved in the MSC-Induced Drug Resistance of
T-Cell Acute Lymphoblastic Leukemia Cells. Cell Death Dis (2016) 7:2459.
doi: 10.1038/cddis.2016.370

Serasinghe MN, Wieder SY, Renault TT, Elkholi R, Asciolla JJ, Yao JL, et al.
Mitochondrial Division is Requisite to RAS-Induced Transformation and

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

Targeted by Oncogenic MAPK Pathway Inhibitors. Mol Cell (2015) 57:521-
36. doi: 10.1016/j.molcel.2015.01.003

Ciavardelli D, Rossi C, Barcaroli D, Volpe S, Consalvo A, Zucchelli M, et al.
Breast Cancer Stem Cells Rely on Fermentative Glycolysis and are Sensitive
to 2-Deoxyglucose Treatment. Cell Death Dis (2014) 5:e1336. doi: 10.1038/
cddis.2014.285

Emmink BL, Verheem A, Van Houdt W], Steller EJ, Govaert KM, Pham TV,
et al. The Secretome of Colon Cancer Stem Cells Contains Drug-
Metabolizing Enzymes. | Proteomics (2013) 91:84-96. doi: 10.1016/
j.jprot.2013.06.027

Liao J, Qian F, Tchabo N, Mhawech-Fauceglia P, Beck A, Qian Z, et al.
Ovarian Cancer Spheroid Cells With Stem Cell-Like Properties Contribute
to Tumor Generation, Metastasis and Chemotherapy Resistance Through
Hypoxia-Resistant Metabolism. PloS One (2014) 9:e84941. doi: 10.1371/
journal.pone.0084941

Inoue-Yamauchi A, Oda H. Depletion of Mitochondrial Fission Factor
DRP1 Causes Increased Apoptosis in Human Colon Cancer Cells.
Biochem Biophys Res Commun (2012) 421:81-5. doi: 10.1016/j.bbrc.
2012.03.118

Prieto J, Torres J. Mitochondrial Dynamics: In Cell Reprogramming as It Is
in Cancer. Stem Cells Int (2017) 2017:8073721. doi: 10.1155/2017/8073721
Wieder SY, Serasinghe MN, Sung JC, Choi DC, Birge MB, Yao JL, et al.
Activation of the Mitochondrial Fragmentation Protein DRP1 Correlates
With BRAF(V600E) Melanoma. J Invest Dermatol (2015) 135:2544-7. doi:
10.1038/jid.2015.196

Zhang Z, Li T, Chen M, Xu D, Zhu Y, Hu B, et al. MFN1-Dependent
Alteration of Mitochondrial Dynamics Drives Hepatocellular Carcinoma
Metastasis by Glucose Metabolic Reprogramming. Br ] Cancer (2020)
122:209-20. doi: 10.1038/s41416-019-0658-4

Hagenbuchner J, Oberacher H, Arnhard K, Kiechl-Kohlendorfer U,
Ausserlechner MJ. Modulation of Respiration and Mitochondrial
Dynamics by SMAC-Mimetics for Combination Therapy in
Chemoresistant Cancer. Theranostics (2019) 9:4909-22. doi: 10.7150/
thno.33758

Hagenbuchner ], Kuznetsov AV, Obexer P, Ausserlechner MJ. BIRC5/
Survivin Enhances Aerobic Glycolysis and Drug Resistance by Altered
Regulation of the Mitochondrial Fusion/Fission Machinery. Oncogene
(2013) 32:4748-57. doi: 10.1038/0nc.2012.500

XieL, ShiF, Li Y, Li W, Yu X, Zhao L, et al. Drp1-Dependent Remodeling of
Mitochondrial Morphology Triggered by EBV-LMP1 Increases Cisplatin
Resistance. Signal Transduct Target Ther (2020) 5:56. doi: 10.1038/s41392-
020-0151-9

Xiao L, Hu ZY, Dong X, Tan Z, Li W, Tang M, et al. Targeting Epstein-Barr
Virus Oncoprotein LMP1-Mediated Glycolysis Sensitizes Nasopharyngeal
Carcinoma to Radiation Therapy. Oncogene (2014) 33:4568-78. doi:
10.1038/0nc.2014.32

Sancho P, Barneda D, Heeschen C. Hallmarks of Cancer Stem Cell
Metabolism. Br ] Cancer (2016) 114:1305-12. doi: 10.1038/bjc.2016.152
Rao S, Mondragon L, Pranjic B, Hanada T, Stoll G, Kécher T, et al. AIF-
Regulated Oxidative Phosphorylation Supports Lung Cancer Development.
Cell Res (2019) 29:579-91. doi: 10.1038/s41422-019-0181-4

Sica V, Bravo-San Pedro J, Stoll G, Kroemer G. Oxidative Phosphorylation as
a Potential Therapeutic Target for Cancer Therapy. Int ] Cancer (2020)
146:10-7. doi: 10.1002/ijc.32616

Pasto A, Bellio C, Pilotto G, Ciminale V, Silic-Benussi M, Guzzo G, et al.
Cancer Stem Cells From Epithelial Ovarian Cancer Patients Privilege
Oxidative Phosphorylation, and Resist Glucose Deprivation. Oncotarget
(2014) 5:4305-19. doi: 10.18632/oncotarget.2010

Skulachev VP. Mitochondrial Filaments and Clusters as Intracellular Power-
Transmitting Cables. Trends Biochem Sci (2001) 26:23-9. doi: 10.1016/
S0968-0004(00)01735-7

Decker CW, Garcia J, Gatchalian K, Arceneaux D, Choi C, Han D, et al.
Mitofusin-2 Mediates Doxorubicin Sensitivity and Acute Resistance in Jurkat
Leukemia Cells. Biochem Biophys Rep (2020) 24:100824. doi: 10.1016/
j.bbrep.2020.100824

Li T, Han J, Jia L, Hu X, Chen L, Wang Y. PKM2 Coordinates Glycolysis
With Mitochondrial Fusion and Oxidative Phosphorylation. Protein Cell
(2019) 10:583-94. doi: 10.1007/s13238-019-0618-z

Frontiers in Oncology | www.frontiersin.org

November 2021 | Volume 11 | Article 769036


https://doi.org/10.1080/15548627.2015.1056970
https://doi.org/10.1074/jbc.M109.069591
https://doi.org/10.1042/BJ20131438
https://doi.org/10.1371/journal.pone.0124994
https://doi.org/10.18632/oncotarget.11339
https://doi.org/10.1074/jbc.M113.487686
https://doi.org/10.1371/journal.pone.0074008
https://doi.org/10.1111/nyas.12883
https://doi.org/10.1111/nyas.12883
https://doi.org/10.1074/jbc.M114.594812
https://doi.org/10.1158/2159-8290.CD-19-0117
https://doi.org/10.1158/2159-8290.CD-19-0117
https://doi.org/10.3892/ijo.2014.2781
https://doi.org/10.1038/s41388-019-0949-5
https://doi.org/10.1080/10715762.2016.1210141
https://doi.org/10.1080/10715762.2016.1210141
https://doi.org/10.3390/biology10010033
https://doi.org/10.1155/2019/4647807
https://doi.org/10.1038/s41388-020-1168-9
https://doi.org/10.1038/cddis.2016.370
https://doi.org/10.1016/j.molcel.2015.01.003
https://doi.org/10.1038/cddis.2014.285
https://doi.org/10.1038/cddis.2014.285
https://doi.org/10.1016/j.jprot.2013.06.027
https://doi.org/10.1016/j.jprot.2013.06.027
https://doi.org/10.1371/journal.pone.0084941
https://doi.org/10.1371/journal.pone.0084941
https://doi.org/10.1016/j.bbrc.2012.03.118
https://doi.org/10.1016/j.bbrc.2012.03.118
https://doi.org/10.1155/2017/8073721
https://doi.org/10.1038/jid.2015.196
https://doi.org/10.1038/s41416-019-0658-4
https://doi.org/10.7150/thno.33758
https://doi.org/10.7150/thno.33758
https://doi.org/10.1038/onc.2012.500
https://doi.org/10.1038/s41392-020-0151-9
https://doi.org/10.1038/s41392-020-0151-9
https://doi.org/10.1038/onc.2014.32
https://doi.org/10.1038/bjc.2016.152
https://doi.org/10.1038/s41422-019-0181-4
https://doi.org/10.1002/ijc.32616
https://doi.org/10.18632/oncotarget.2010
https://doi.org/10.1016/S0968-0004(00)01735-7
https://doi.org/10.1016/S0968-0004(00)01735-7
https://doi.org/10.1016/j.bbrep.2020.100824
https://doi.org/10.1016/j.bbrep.2020.100824
https://doi.org/10.1007/s13238-019-0618-z
https://www.frontiersin.org/journals/oncology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/oncology#articles

Xie et al.

Mitochondria-Shaping Proteins and Chemotherapy

107.

108.

109.

110.

111.

112.

113.

114.

115.

116.

117.

118.

119.

Zhou X, Li R, Chen R, Liu J. Altered Mitochondrial Dynamics, Biogenesis,
and Functions in the Paclitaxel-Resistant Lung Adenocarcinoma Cell Line
A549/Taxol. Med Sci Monitor (2020) 26:€918216. doi: 10.12659/
MSM.918216

Di W, Lv J, Jiang S, Lu C, Yang Z, Ma Z, et al. PGC-1: The Energetic
Regulator in Cardiac Metabolism. Curr Issues Mol Biol (2018) 28:29-46. doi:
10.21775/cimb.028.029

Santin G, Piccolini V, Barni S, Veneroni P, Giansanti V, Dal Bo V, et al.
Mitochondrial Fusion: A Mechanism of Cisplatin-Induced Resistance in
Neuroblastoma Cells? Neurotoxicology (2013) 34:51-60. doi: 10.1016/
j-neuro.2012.10.011

LiJ, Huang Q, Long X, Guo X, Sun X, Jin X, et al. Mitochondrial Elongation-
Mediated Glucose Metabolism Reprogramming is Essential for Tumour Cell
Survival During Energy Stress. Oncogene (2017) 36:4901-12. doi: 10.1038/
onc.2017.98

Yang Z, Feng Z, Gu J, Li X, Dong Q, Liu K, et al. microRNA-488 Inhibits
Chemoresistance of Ovarian Cancer Cells by Targeting Sixl and
Mitochondrial Function. Oncotarget (2017) 8:80981-93. doi: 10.18632/
oncotarget.20941

Li B, Wang W, Li Z, Chen Z, Zhi X, Xu J, et al. MicroRNA-148a-3p Enhances
Cisplatin Cytotoxicity in Gastric Cancer Through Mitochondrial Fission
Induction and Cyto-Protective Autophagy Suppression. Cancer Lett (2017)
410:212-27. doi: 10.1016/j.canlet.2017.09.035

Kim SJ, Khan M, Quan J, Till A, Subramani S, Siddiqui A. Hepatitis B Virus
Disrupts Mitochondrial Dynamics: Induces Fission and Mitophagy to
Attenuate Apoptosis. PloS Pathog (2013) 9:e1003722. doi: 10.1371/
journal.ppat.1003722

Kim SJ, Syed GH, Khan M, Chiu WW, Sohail MA, Gish RG, et al. Hepatitis C
Virus Triggers Mitochondrial Fission and Attenuates Apoptosis to Promote
Viral Persistence. Proc Natl Acad Sci USA (2014) 111:6413-8. doi: 10.1073/
pnas.1321114111

Pal AD, Basak NP, Banerjee AS, Banerjee S. Epstein-Barr Virus Latent
Membrane Protein-2A Alters Mitochondrial Dynamics Promoting Cellular
Migration Mediated by Notch Signaling Pathway. Carcinogenesis (2014)
35:1592-601. doi: 10.1093/carcin/bgu069

Dai W, Wang G, Chwa J, Oh ME, Abeywardana T, Yang Y, et al
Mitochondrial Division Inhibitor (Mdivi-1) Decreases Oxidative
Metabolism in Cancer. Br J Cancer (2020) 122:1288-97. doi: 10.1038/
541416-020-0778-x

Tusskorn O, Khunluck T, Prawan A, Senggunprai L, Kukongviriyapan V.
Mitochondrial Division Inhibitor-1 Potentiates Cisplatin-Induced Apoptosis
via the Mitochondrial Death Pathway in Cholangiocarcinoma Cells. BioMed
Pharmacother (2019) 111:109-18. doi: 10.1016/j.biopha.2018.12.051

Bordt EA, Clerc P, Roelofs BA, Saladino AJ, Tretter L, Adam-Vizi V, et al.
The Putative Drpl Inhibitor Mdivi-1 Is a Reversible Mitochondrial Complex
I Inhibitor That Modulates Reactive Oxygen Species. Dev Cell (2017) 40:583—-
94.e586. doi: 10.1016/j.devcel.2017.02.020

Luo F, Herrup K, Qi X, Yang Y. Inhibition of Drpl Hyper-Activation Is
Protective in Animal Models of Experimental Multiple Sclerosis. Exp Neurol
(2017) 292:21-34. doi: 10.1016/j.expneurol.2017.02.015

120. Miret-Casals L, Sebastian D, Brea J, Rico-Leo EM, Palacin M, Fernandez-
Salguero PM, et al. Identification of New Activators of Mitochondrial Fusion
Reveals a Link Between Mitochondrial Morphology and Pyrimidine
Metabolism. Cell Chem Biol (2018) 25:268-78.e264. doi: 10.1016/
j.chembiol.2017.12.001

Phan T, Nguyen VH, Buettner R, Morales C, Yang L, Wong P, et al.
Inhibition of De Novo Pyrimidine Synthesis Augments Gemcitabine
Induced Growth Inhibition in an Immunocompetent Model of Pancreatic
Cancer. Int ] Biol Sci (2021) 17:2240-51. doi: 10.7150/ijbs.60473

Simula L, Nazio F, Campello S. The Mitochondrial Dynamics in Cancer and
Immune-Surveillance. Semin Cancer Biol (2017) 47:29-42. doi: 10.1016/
j.semcancer.2017.06.007

Pinegin B, Vorobjeva N, Pashenkov M, Chernyak B. The Role of
Mitochondrial ROS in Antibacterial Immunity. J Cell Physiol (2018)
233:3745-54. doi: 10.1002/jcp.26117

Gao Z, Li Y, Wang F, Huang T, Fan K, Zhang Y, et al. Mitochondrial
Dynamics Controls Anti-Tumour Innate Immunity by Regulating CHIP-
IRF1 Axis Stability. Nat Commun (2017) 8:1805. doi: 10.1038/s41467-017-
01919-0

Zheng X, Qian Y, Fu B, Jiao D, Jiang Y, Chen P, et al. Mitochondrial
Fragmentation Limits NK Cell-Based Tumor Immunosurveillance. Nat
Immunol (2019) 20:1656-67. doi: 10.1038/s41590-019-0511-1
Cervantes-Silva MP, Cox SL, Curtis AM. Alterations in Mitochondrial
Morphology as a Key Driver of Immunity and Host Defence. EMBO Rep
(2021) 22:e53086. doi: 10.15252/embr.202153086

Buck MD, O’Sullivan D, Klein Geltink RI, Curtis JD, Chang CH, Sanin DE,
et al. Mitochondrial Dynamics Controls T Cell Fate Through
Metabolic Programming. Cell (2016) 166:63-76. doi: 10.1016/
j.cell.2016.05.035

Galluzzi L, Humeau J, Buque A, Zitvogel L, Kroemer G. Immunostimulation
With Chemotherapy in the Era of Immune Checkpoint Inhibitors. Nat Rev
Clin Oncol (2020) 17:725-41. doi: 10.1038/s41571-020-0413-z

121.

122.

123.

124.

125.

126.

127.

128.

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Publisher’s Note: All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations, or those of
the publisher, the editors and the reviewers. Any product that may be evaluated in
this article, or claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Copyright © 2021 Xie, Zhou, Xie, Bode and Cao. This is an open-access article
distributed under the terms of the Creative Commons Attribution License (CC BY).
The use, distribution or reproduction in other forums is permitted, provided the
original author(s) and the copyright owner(s) are credited and that the original
publication in this journal is cited, in accordance with accepted academic practice. No
use, distribution or reproduction is permitted which does not comply with these terms.

Frontiers in Oncology | www.frontiersin.org

November 2021 | Volume 11 | Article 769036


https://doi.org/10.12659/MSM.918216
https://doi.org/10.12659/MSM.918216
https://doi.org/10.21775/cimb.028.029
https://doi.org/10.1016/j.neuro.2012.10.011
https://doi.org/10.1016/j.neuro.2012.10.011
https://doi.org/10.1038/onc.2017.98
https://doi.org/10.1038/onc.2017.98
https://doi.org/10.18632/oncotarget.20941
https://doi.org/10.18632/oncotarget.20941
https://doi.org/10.1016/j.canlet.2017.09.035
https://doi.org/10.1371/journal.ppat.1003722
https://doi.org/10.1371/journal.ppat.1003722
https://doi.org/10.1073/pnas.1321114111
https://doi.org/10.1073/pnas.1321114111
https://doi.org/10.1093/carcin/bgu069
https://doi.org/10.1038/s41416-020-0778-x
https://doi.org/10.1038/s41416-020-0778-x
https://doi.org/10.1016/j.biopha.2018.12.051
https://doi.org/10.1016/j.devcel.2017.02.020
https://doi.org/10.1016/j.expneurol.2017.02.015
https://doi.org/10.1016/j.chembiol.2017.12.001
https://doi.org/10.1016/j.chembiol.2017.12.001
https://doi.org/10.7150/ijbs.60473
https://doi.org/10.1016/j.semcancer.2017.06.007
https://doi.org/10.1016/j.semcancer.2017.06.007
https://doi.org/10.1002/jcp.26117
https://doi.org/10.1038/s41467-017-01919-0
https://doi.org/10.1038/s41467-017-01919-0
https://doi.org/10.1038/s41590-019-0511-1
https://doi.org/10.15252/embr.202153086
https://doi.org/10.1016/j.cell.2016.05.035
https://doi.org/10.1016/j.cell.2016.05.035
https://doi.org/10.1038/s41571-020-0413-z
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/oncology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/oncology#articles

	Mitochondria-Shaping Proteins and Chemotherapy
	Introduction
	Mitochondrial Dynamics and Cancers
	Mitochondrial Fission and Tumors
	Mitochondrial Fusion and Tumors

	The Mechanism of Mitochondria-Shaping Proteins and Chemotherapy
	Mitophagy Serves as a Bridge to Mitochondria-Shaping Proteins Dependent on Chemosensitivity
	P53 in the Mitochondrial Shaping Protein-Regulated Chemotherapy
	Hypoxia-Induced ROS Stress-Dependent Drp1 Mediated-Mitochondrial Fission in Chemotherapy

	Remodeling of Mitochondria-Shaping Proteins and Energy Metabolism to Modulate Chemoresistance
	Mitochondrial Fission Prefers Glycolysis to Resist Chemotherapy
	Mitochondrial Fusion Favors OXPHOS to Resist Chemotherapy
	Micro RNA Drives Mitochondrial Dynamics and Energy Metabolism to Modulate Chemoresistance

	Virus-Driven Drp1-Dependent Mitochondrial Fission Mediates Chemoresistance
	Targeted Drugs for Mitochondria-Shaping Proteins
	Conclusion
	Author Contributions
	Funding
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages false
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 1
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU (T&F settings for black and white printer PDFs 20081208)
  >>
  /ExportLayers /ExportVisibleLayers
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


