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Abstract 

Background: Mitochondria play critical roles in cellular physiological activity as cellular organelles. Under extracel-
lular stimulation, mitochondria undergo constant fusion and fission to meet different cellular demands. Mitochondrial 
dynamics, which are involved in mitochondrial fusion and fission, are regulated by specialized proteins and lipids, and 
their dysregulation causes human diseases, such as cancer. The advanced literature about the crucial role of mito-
chondrial dynamics in breast cancer is performed.

Methods: All related studies were systematically searched through online databases (PubMed, Web of Science, and 
EMBASE) using keywords (e.g., breast cancer, mitochondrial, fission, and fusion), and these studies were then screened 
through the preset inclusion and exclusion criteria.

Results: Eligible studies (n = 19) were evaluated and discussed in the systematic review. These advanced studies 
established the roles of mitochondrial fission and fusion of breast cancer in the metabolism, proliferation, survival, and 
metastasis. Importantly, the manipulating of mitochondrial dynamic is significant for the progresses of breast cancer.

Conclusion: Understanding the mechanisms underlying mitochondrial fission and fusion during tumorigenesis is 
important for improving breast cancer treatments.
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Introduction
Breast cancer is the most common cancer and the sec-
ond leading cause of cancer-related death in women 
[1]. Patients in the terminal stage usually exhibit tumor 
metastasis, which is fatal [2]. Breast cancer is heteroge-
neous and involves both genetic and environmental fac-
tors, and it can be divided into three groups according 
to the molecular and histological characteristics: hor-
mone receptor (estrogen receptor (ER+) or progesterone 
receptor (PR+)), human epidermal receptor 2 (HER2+) 

and triple-negative (ER−, PR−, and HER2−) breast can-
cer. Thus, treatment should be based on the molecular 
characteristics of the cancer [3]. Although many stud-
ies have explored the molecular mechanisms underlying 
breast cancer, these mechanisms are still poorly under-
stood; therefore, additional in-depth research studies and 
analyses are needed to identify more effective therapeutic 
approaches.

Mitochondria play crucial roles in a series of physi-
ological processes, such as proliferation, differentiation, 
metabolism, and apoptosis [4]. Mitochondrial mor-
phology is governed by the regulation of two antagonis-
tic processes: fusion and fission [5]. Mitochondria can 
fuse with each other to form a larger network, and they 
may also split into smaller mitochondria [6]. Mitochon-
drial dynamics have been reported to play a critical role 
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in the process of breast tumor metastasis [7]. The main 
proteins related to mitochondrial fission and fusion are 
members of the dynamin family, with fission mainly 
mediated by dynamin-related protein 1 (Drp1) and 
mitochondrial fission 1 (FIS1) and fusion mainly rely-
ing on mitofusin (Mfn1 and Mfn2) and optic atrophy 1 
(OPA1) [8]. It has been reported that DRP1 phospho-
rylation or expression levels were involved in the regu-
lation of mitochondrial fission and fusion [9]. Recently, 
increasing evidence has revealed that cancer develop-
ment is closely related to dysregulated mitochondrial 
dynamics [10]. A number of reports have indicated 
that dysregulation of the mitochondrial network plays 
an important role in the invasion, metastasis, apop-
tosis, and autophagy of cancer cells [11, 12]. Further-
more, a previous study showed that mitochondrial 
fusion enhances OXPHOS while mitochondrial fission 
promotes glycolysis [13]. However, the critical roles of 
mitochondrial dynamics in the progression of breast 
cancer remain elusive. In this review, the regulatory 

mechanisms underlying mitochondrial fission and 
fusion in breast cancer and the role of mitochondrial 
dynamics in the proliferation, apoptosis, and metastasis 
of breast cancer cells are discussed to provide impor-
tant insights for the development of new breast cancer 
therapy drugs that target mitochondria.

Methods
Search strategy
We had systematically collected useful literature from 
PubMed, Web of Science, and EMBASE. Search terms 
included “breast cancer,” “mitochondrial,” “fusion,” 
“fission,” “metabolism,” “proliferation,” “metastasis,” 
“migration,” “apoptosis,” “autophagy,” and “treatment”. 
We expanded the range of the study by “related arti-
cles” option. A flowchart illustrating the study selec-
tion process and criteria for inclusion and exclusion is 
shown in Fig. 1.

Fig. 1 Study flow chart and selection process
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Eligibility criteria
The inclusion criteria were as follows: (1) researches 
identifying mitochondrial fission and fusion that are 
potentially associated with metabolism, proliferation, 
metastasis, migration, apoptosis, and autophagy of 
breast cancer; (2) researches identifying the treatment of 
breast cancer via targeting mitochondrial dynamic; (3) 
researches published as original articles (not as review 
articles, editorials, dissertations, conference proceedings, 
or comments); (4) open access to the full text; and (5) 
studies published in English.

Additionally, the exclusion criteria were as follows: (1) 
related study was not about breast cancer, (2) the relevant 
data were investigated before 2020, and (3) conference 
articles, case, letters, and other unqualified articles.

Results
Regulation of mitochondrial dynamics
Mitochondria are composed of an outer membrane, 
an inner membrane, an inner membrane space, and a 
matrix. The inner membrane consists of numerous cris-
tae, and it is mainly involved in oxidative phosphorylation 
(OXPHOS). In the matrix, double-stranded mitochon-
drial DNA encodes 2 ribosomal RNAs, 13 protein elec-
tron transport chain (ETC) subunits, and 22 transfer 
RNAs [14]. Other mitochondrial proteins are encoded 
and transported from the nuclear genome. Mitochondria 
are essential for biosynthetic sensing and stress sensing 
to allow for cellular adaptations to various environments, 
especially the tumor microenvironment. Mitochon-
dria have the ability to modulate their morphology after 
encountering various stimuli. Mitochondrial dynamics 
include morphological changes, intracellular distribu-
tion, and cytoskeletal transport. Under nutrient-deficient 
conditions, mitochondrial fusion occurs to promote the 
sharing of nutrient precursors and maintain OXPHOS. 
Smaller and fragmented mitochondria are derived from 
mitochondrial fission to fulfill the high energy demands 
of certain cell regions or perform mitosis [15]. The role 
of mitochondrial dysregulation in different cancers has 
been investigated for several decades, and the findings 
indicate that the mitochondrial architecture plays an 
important role during tumorigenesis.

The balance between mitochondrial fusion and fis-
sion is highly regulated to ensure the appropriate main-
tenance of mitochondrial functions. The regulation of 
mitochondrial fusion is mainly mediated by Mfn1, Mfn2, 
and OPA1. Mfn1 and Mfn2, which are involved in outer 
mitochondrial membrane fusion, are broadly expressed 
in a series of tissues [16]. Proteolytic ubiquitination is 
involved in the regulation of MFN1 and MFN2 via post-
transcriptional modification [17]. OPA1 is located in 

the intermembrane space and is related to mitochon-
drial intermembrane fusion and cristae regulation [18]. 
The regulation of OPA1 expression mainly occurs via 
alternative splicing and proteolysis at the posttranscrip-
tional level [19, 20]. In addition, mutations in OPA1 are 
involved in OXPHOS dysregulation, cristae morphol-
ogy defects, and mtDNA instability [21, 22]. Mitochon-
drial fission is a hallmark of cancer and involved in the 
fragmentation, reorganization, and spatial distribution 
of mitochondria [23]. Mitochondrial fission is mediated 
mainly by the regulation of GTPase dynamin 1-like pro-
tein (DRP1), which is encoded by DNM1L [24, 25]. DRP1, 
which is located in the cytosol, regulates mitochondrial 
fission when recruited to the mitochondrial outer mem-
brane, where it interacts with receptors. The role of DRP1 
in mitochondrial fission is regulated by several posttrans-
lational modifications, such as nitrosylation, ubiquitina-
tion, phosphorylation, and sumoylation [14] (Figs. 2 and 
3).

Mitochondrial dynamics in breast cancer metabolism
Metabolic reprogramming is a crucial step in tumorigen-
esis, and mitochondrial-mediated cellular metabolism 
plays a central role in cancer progression; however, the 
role of mitochondrial dynamics in metabolic regulation 
remains unclear. Reports have shown that increases in the 
demand for ATP associated with glycolysis and starvation 
could improve the OXPHOS ability of cancer cells [26]. 
Enhanced mitochondrial metabolism reprogramming is a 
critical characteristic of breast cancer stem cells (CSCs) 
during tumorigenesis, which reveals that targeting mito-
chondrial metabolism represents a potential method of 
inhibiting CSCs. MFF, located in the outer mitochondrial 
membrane, functions as the primary molecular regula-
tor of mitochondrial fragmentation. Rosa et al. reported 
that MFF suppressed the mitochondrial biogenesis in 
MCF7 cells. In addition, the overexpression of MFF in 
breast cancer cells has a deleterious impact on the met-
abolic cell machinery, affecting OXPHOS, glycolysis, 
and CSC Activity, which indicates that improved mito-
chondrial fission may impair the metabolic processes 
required for breast cancer development [27]. Further-
more, they performed a proteomic analysis and found 
that the fatty acid metabolism pathway, oxidative stress-
response pathway and hypoxia pathway were activated 
in MCF7 cells that overexpress MFF, which revealed 
that mitochondrial fission may impair breast cancer cell 
mitochondrial metabolism and could serve as a poten-
tial target for suppressing breast cancer progression [27]. 
A previous report indicated that PKM2 could induce 
mitochondrial dysfunction to reprogram mitochondrial 
metabolism from OXPHOS to glycolysis [28]. Further-
more, PKM2 overexpression promotes mitochondrial 
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Fig. 2 Mitochondrial fusion and fission mechanisms. This picture depicts a basic mechanism of mitochondrial fusion and fission, as well as 
significant factors that influence their regulation, which are discussed in greater depth in the main text

Fig. 3 Regulators of mitochondrial fusion and fission in breast cancer. This picture depicts the roles of regulators in manipulating mitochondrial 
fusion and fission in breast cancer
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fusion by upregulating Mfn2, which decreases ATP lev-
els and increases the mitochondrial DNA copy num-
ber [28]. Li et  al. also reported that PKM2 could target 
MFN2 and improve mitochondrial fusion and OXPHOS 
in breast cancer [29]. Gao et al. found that salt-inducible 
kinase 2 (SIK2), a member of the AMP-activated pro-
tein kinase family, could enhance the Warburg effect of 
cancer by promoting mitochondrial fission [30]. Mecha-
nistically, SIK2 could phosphorylate Drp1 at the Ser616 
site and suppress the mitochondrial OXPHOS pathway, 
thus suggesting that mitochondrial fission mediated by 
the phosphorylation of Drp1 plays an important role in 
impairing the OXPHOS pathway and promoting cancer 
development [30]. These results indicate that mitochon-
drial fission and fission play crucial roles in metabolic 
reprogramming during breast cancer development.

The rigidity of the extracellular matrix (ECM) is a global 
signal that regulates cell proliferation, differentiation, and 
death. ECM rigidity is a key regulator of normal tissue 
function and contributes to disease-related cell behavior. 
The actin cytoskeleton and integrin-mediated adhesions 
help cells measure ECM rigidity by actively producing 
myosin-independent contractile forces. Recently, it was 
found that the mechanical cues in the ECM play a criti-
cal role in affecting mitochondrial metabolism. Romani 
et  al. reported that mitochondrial fission was regulated 
by ECM rigidity via DRP1 [31]. The mitochondrial mor-
phology of breast cancer cells grown on a soft ECM 
was changed. In breast cancer cells on a soft ECM, both 
endogenous DRP1 puncta and DRP1 phosphorylated at 

serine 616, which is an active form, were elevated. Impor-
tantly, DRP1 knockdown and induction with the DRP1 
inhibitors MDIVI1 and Drpitor1a inhibited the genera-
tion of mtROS on a soft ECM. Furthermore, inhibiting 
DRP1 reduced cystine absorption and restored sensitiv-
ity to cumene hydroperoxide on a soft ECM. These find-
ings revealed that soft ECM can activate DRP1 and cause 
mitochondrial fission and that DRP1 regulates metabo-
lism by modulating mtROS and antioxidant capability in 
breast cancer cells (Table 1).

Mitochondrial dynamics in breast cancer proliferation
The constant fusion and fission and dynamics of mito-
chondria are crucial for maintaining the physiologi-
cal functions of cancer cells. It has been reported that 
increasing mitochondrial fission mediated by upregulated 
Drp1 improves the proliferation of hepatocellular carci-
noma (HCC) cells mainly by promoting the G1/S phase 
transition of the cell cycle, which indicates that manipu-
lating Drp1-dependent mitochondrial fission could be 
a potential method for suppressing HCC tumor growth 
[47]. Similarly, Yin et al. discovered that DRP1 expression 
was dramatically upregulated in glioma tissues compared 
to normal tissues and that inhibiting DRP1 expression 
suppressed cell proliferation and blocked pseudopodia 
formation [48]. Mechanistic studies further revealed that 
DRP1 could target RHOA, and thus regulate the prolif-
eration and invasion of glioma cells.

In mammals, there are four Drp1 receptors on 
the mitochondrial membrane, including fission, 

Table 1 Regulators of mitochondrial fission or fusion in breast cancer cells

Regulators Cell line Fission/fusion Roles References

Hypoxia MDA-MB-231 Fission↑ Migration↑ [27]

GBP2 MDA-MB-231 and MDA-MB-436 Fission↓ Migration↓ and invasion↓ [32]

MARCH5 MDA-MB-231 and MDA-MB-468 Fission↑ Migration↑and metastasis↑ [33]

PISD SUM159 and MDA-MB-231-PISD Fission↑ Migration↑, OXPHOS↑ [34]

BRCA1 MDA-MB-231 Fusion↓ Migration↓, proliferation↓, and metastasis↓ [35]

RACGAP1/LncRNA RACGAP1 MCF7 and MDA-MB-231 Fission↑, Fusion↓ Migration↑, glycolysis↑, and metastasis↑ [6]

CaMKII MDA-MB-231 Fission↑ Apoptosis↑ and ROS↑ [36]

MiR-195 MCF-7 and MDA-MB-231 Fission↑, Fusion↓ Apoptosis↑ [37]

Mdivi-1 MCF-7 and MDA-MB-231 Fission↓ Apoptosis↓, OXPHOS↓, ATP↓ [38, 39]

MiDs MCF7 Fission↑ and Fusion↓ Proliferation↑and apoptosis↓ [40]

MiRNA 148/152 MDA-MB-231 Fission↑ Proliferation↑ [41]

MTFR2 Hs578T, MDA-MB-231, and MCF-7 Fission↑ Proliferation↑, invasion↑ and glycolysis↑ [42]

IR-783 MDA-MB-231 and MCF-7 Fission↑ Proliferation↓, migration↓, and ATP↓ [43]

PKM2 MCF-7 Fusion↑ mtDNA↑and ATP↓ [30]

Polyphyllin I MCF-7 and MDA-MB-231 Fission↑ Apoptosis↑, cytochrome c↑, and mitophagy↑ [44]

Silibinin MDA-MB-231 Fusion↑ Proliferation↓, migration↓, and invasion↓ [38]

Luteolin 4T1 and MDA-MB-231 Fission↓ Apoptosis↑ and metastasis↓ [45]

Cepharanthin MDA-MB-231 and BT549 Fission↑ Apoptosis↑and autophagy↓ [46]
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mitochondrial 1 (Fis1), mitochondrial fission factor 
(MFF), mitochondrial elongation factor 2 (MIEF2, also 
known as MiD49), and mitochondrial elongation factor 1 
(MEF1, also known as MiD51). Rehman et al. discovered 
that the upregulation of MiD49 and MiD51 improved 
mitochondrial fission in moderate hyperproliferative vas-
culopathy [49]. Recently, the roles of MiD49 and MiD51 
were investigated in non-small-cell lung cancer (NSCLC) 
and breast cancer. Dasgupta et al. found that MiDs were 
pathologically upregulated in breast cancer cell lines, and 
in tumor tissues from breast cancer patients [40]. In addi-
tion, MiDs knockdown induced mitochondrial fusion 
and cell cycle arrest and thus inhibited proliferation by 
suppressing the activity of Drp1. Furthermore, suppress-
ing the expression of MiDs attenuated tumor progression 
in a xenograft model. Mechanistic studies revealed that 
MiDs regulated mitochondrial fission via inhibiting the 
Akt-mTOR pathway and that dysregulated miR-34a-3p 
can target and manipulate MiDs in breast cancer cells.

OPA1, located in the inner mitochondrial membrane, 
plays an essential role in manipulating mitochondrial 
fusion and has been treated as a promising candidate in 
the area of directed mitochondrial cancer treatment. In 
addition, the dysregulated expression of OPA1 is involved 
in regulating cytochrome c release, cell proliferation and 
angiogenesis [50]. Furthermore, the OPA1 upregulation 
was linked to a poor prognosis, decreased chemothera-
peutic sensitivity, and increased resistance to venetoclax 
[51]. Recently, the role of OPA1 in breast cancer was sys-
tematically investigated. Zamberlan et al. discovered that 
upregulated OPA1 expression is related to worse prog-
nosis in breast cancer and that OPA1 downregulation 
can attenuate the proliferation, migration, and invasion 
of breast cancer [41]. Furthermore, they revealed that 
miRNA 148/152 can regulate the expression of OPA1 
thus affecting the migration and proliferation in breast 
cancer cells.

In tumors, mitochondrial fission regulator 2 (MTFR2), 
known as family with sequence similarity, member A 
(FAM54A), has received little attention [52]. According 
to several studies, MTFR2 has a key role in mitochon-
drial and aerobic respiration, as well as promoting mito-
chondrial fission in cells [53]. Recently, the expression 
and physiological functions of MTFR2 in breast cancer 
were investigated. Lu et  al. discovered that the expres-
sion of MTFR2 was increased in human breast cancer tis-
sues and can be used as a prognostic diagnostic marker 
in patients [42]. Furthermore, they revealed that MTFR2 
improved proliferation, invasion and aerobic glycolysis in 
breast cancer cells via regulating Hif1α and Hif2α.

Because of its well-visualized and significant tissue per-
meability qualities, near infrared (NIR) has a great poten-
tial in the detection and treatment of different diseases, 

such colorectal cancer, gastric cancer, and kidney can-
cer [54]. IR-783, as one of the NIR agents, has recently 
received much interest because of its remarkable imaging 
and tumor targeting characteristics. Several studies have 
previously shown that IR-783 can be selectively absorbed 
and enriched by cancer cells while causing minimal dam-
age to normal organs [55]. Researchers have recently 
discovered that IR-783 can decrease the viability of can-
cer cells using pH-switchable photothermal therapy and 
photodynamic therapy [56]. IR-783 has also been shown 
to reduce MDA-MB-231 cell viability and increase mito-
chondrial apoptosis in human breast cancer cells, accord-
ing to our earlier research [57]. A prior study reported 
that IR-783 can cause apoptosis in breast cancer cells 
by triggering mitochondrial fission [58]. Recently, the 
regulatory role of IR-783 in the proliferation and migra-
tion of breast cancer cells was investigated. Li et al. dis-
covered that IR-783 can suppress the proliferation of 
MDA-MB-231 and MCF-7 cells via causing cell cycle 
arrest at the G0/G1 phase [43]. A mechanistic study fur-
ther revealed that IR-783 induces mitochondrial fission 
by suppressing the expression of OPA1, Mfn1, and Mfn2, 
while enhancing the expression of MFF, Fis1, and Drp1. 
These findings revealed that IR-783 plays a critical role in 
attenuating the proliferation and migration of breast can-
cer cells and can be applied for the breast cancer treat-
ment (Table 1).

Mitochondrial dynamics in breast cancer metastasis 
and migration
The majority of breast cancer-related deaths are induced 
by metastasis, and approximately 50% of breast can-
cer patients will experience metastasis [59]. Zhao et  al. 
reported that the mitochondrial fission-related protein 
Drp1 is upregulated significantly in invasive breast cancer 
and during metastasis to lymph nodes and upregulated to 
a greater degree in metastatic breast carcinoma than in 
non-metastatic cancer; moreover, the fragmented mito-
chondrial content was positively related to the expression 
of Drp1 [60]. Furthermore, Drp1 knockdown or Mfn1 
overexpression induces mitochondrial elongation and 
significantly inhibits breast cancer cell metastasis, indi-
cating that Drp1 can serve as a novel target for limiting 
breast cancer metastasis [60]. Hypoxia is a typical feature 
of the microenvironment of solid tumors, as well as a 
significant activator of migration and invasion. Hypoxia 
has been shown to affect cellular activity by stabilizing 
HIF-1α and HIF-1α, which are linked to distant metasta-
sis and a poor prognosis, and upregulation is more com-
mon in breast cancer metastases than in the initial tumor 
[61]. Han et  al. found that the expression of Drp1 was 
higher in metastatic MDA-MB-231 cells than in non-
metastatic MCF-7 cells and hypoxia further increased 
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Drp1 expression and induced mitochondrial fission in 
MDA-MB-231 cells but not in MCF-7 cells. In addition, 
hypoxia-stimulated mitochondrial fission and cell migra-
tion were considerably reduced in MDA-MB-231 cells 
when Drp1-dependent mitochondrial fission was inhib-
ited by Mdivi1 or Drp1 knockdown, which confirmed 
the regulation of Drp1-mediated mitochondrial fission 
in hypoxia-induced breast cancer metastasis [62]. Simi-
larly, hypoxia was reported to drive mitochondrial fis-
sion in GBM cells by upregulating Drp1 transcription 
and expression and Drp1 expression was prevented when 
HIF-1 was inhibited with echinomycin [63]. It has been 
documented that the upregulation of guanylate-binding 
protein 2 (GBP2), a GTPase, is linked to a better prog-
nosis in breast cancer patients [64]. Zhang et al reported 
that GBP2 plays a crucial role in the suppressing mito-
chondrial fission and metastasis of breast cancer cells 
[32]. Mechanistically, GBP2 targets Drp1 and limits Drp1 
translocation into mitochondria, thereby suppressing 
Drp1-dependent mitochondrial fission and breast cancer 
cell invasion, which suggests that GBP2 could be a poten-
tial therapeutic target for preventing breast cancer spread 
by inhibiting Drp1-dependent mitochondrial fission [32].

Membrane-associated ring finger 5 (MARCH5), is 
an E3 ubiquitin-protein ligase that regulates mitochon-
drial morphology by ubiquitinating DMN1L, MFN1, 
and MFN2 [65]. MARCH5 expression was significantly 
increased in BC cells, due to miR-30a downregulation, 
which contributed to poor survival in BC patients [66]. 
MARCH5 plays a critical role in increasing BC cell prolif-
eration and metastasis in vitro and in vivo via promoting 
G1–S cell cycle arrest and epithelial–mesenchymal tran-
sition, which is mediated by facilitating mitochondrial 
fission and subsequent ROS generation [66]. Recently, 
MARCH5 was reported to trigger mitochondrial fission 
and mitophagy in response to ER stress by facilitating the 
ubiquitination and degradation of MFN2 in melanoma 
[33].

Phosphatidylserine decarboxylase (PISD), a mitochon-
drial enzyme that transforms phosphatidylserine (PS) 
to phosphatidylethanolamine (PE), has previously been 
shown to cause mitochondrial fission [34]. Recently, 
Humphries et  al. reported that using genetic and phar-
macological approaches to enforce mitochondrial fission 
lowered the metastatic potential of triple-negative breast 
cancer cells (TNBCs) [67]. Furthermore, they found that 
mitochondrial fission inhibited Akt and ERK signaling in 
cell and mouse models of breast cancer, and promoting 
mitochondrial fusion could reverse these characteristics 
and improve metastasis. In addition, higher expression 
levels of fission genes and lower expression of mitochon-
drial fusion genes were associated with increased survival 
of breast cancer patients, which suggests that promoting 

mitochondrial fission will be beneficial for breast can-
cer patients [67]. It has been reported that breast cancer 
susceptibility gene 1 (BRCA1), as a breast cancer sup-
pressor gene, play a crucial role in keeping DNA intact 
and maintaining genomic stability [68]. In addition, 
TNBC accounts for more than 75% of cancers that arise 
in women with BRCA1 mutations. The nuclear loca-
tion of BRCA1 has been linked to its tumor suppressor 
action, as it participates in DNA damage repair, cell cycle 
checkpoint control, and apoptosis signaling pathways 
[69]. Recently, Chen et al. revealed that BRCA1 involved 
in maintaining healthy mitochondrial network via regu-
lating mitochondrial dynamics [35]. Furthermore, they 
disclosed that BRCA1 knockdown improved mitochon-
drial fusion by increasing the promoter activities of Mfn1 
and Mfn2, thus upregulating the expression of MFN1/2. 
Increased BRCA1 on mitochondrial outer membranes 
was involved in activating AMPK pathways and promot-
ing DRP1 recruitment to the mitochondrial outer mem-
brane, which led to mitochondrial fission [35].

Rac GTPase activation protein 1 (RACGAP1) is a 
part of the central spindlin complex that functions as 
a microtubule-dependent and Rho-mediated signaling 
pathway for the production of myosin contractile rings 
during cell cycle cytokinesis [70]. The RacGAP1 gene 
is significantly upregulated in a variety of malignancies 
and is linked to a higher rate of tumor metastasis and a 
poor prognosis in breast cancer patients [71]. Recently, 
Ren et  al. found that the upregulation of RACGAP1 
in breast cancer cells could induce the fission of mito-
chondria. Furthermore, they showed that RACGAP1 
improved mitochondrial fission via targeting ECT2 
during anaphase and activating the ERK-DRP1 path-
way, which promoted the metastatic progression of 
breast cancer [6]. Non-protein-coding transcripts more 
than 200 nucleotides in length are known as long non-
coding RNAs (lncRNAs). A growing body of evidence 
has implicated that lncRNAs in the progression of 
human malignancies. LncRNA RACGAP1P, a member 
of the GTPase activating protein family, was reported to 
manipulate mitochondrial fission in the progression of 
breast cancer [69]. LncRNA RACGAP1P was found to 
be upregulated in breast cancer tissues and was linked 
to tumor metastasis and a poor prognosis in breast can-
cer patients. On the other hand, Mdiv1’s suppression of 
mitochondrial fission attenuated the invasion capac-
ity of RACGAP1P-overexpressing breast cancer cells. 
Mechanistically, the enhancement of mitochondrial fis-
sion by RACGAP1P relied on its competitive targeting 
of miR-345-5p, causing the activation of Drp1, which 
revealed that lncRNA RACGAP1P facilitates breast 
cancer metastasis through miR-345-5p/RACGAP1 
axis-mediated mitochondrial fission (Table 1).
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Mitochondrial dynamics in breast cancer apoptosis 
and autophagy
The interchange of proteins, mtDNA, and metabolites is 
facilitated by frequent fusion and fission, which helps to 
preserve mitochondrial integrity. Dysregulation of mito-
chondrial dynamic processes is also involved in impaired 
autophagy and apoptosis, thus affecting cancer progres-
sion. Recently, the role of Drp1 dysregulation in regu-
lating mitophagy in breast cancer cells was investigated 
and inhibiting autophagy via targeting Drp1 could serve 
as a potential therapeutic strategy in cancer. Zou et  al. 
found that Drp1 expression and mitochondrial biogen-
esis were upregulated and the mitochondrial number 
was decreased, which was linked to a reduction in mito-
chondrial oxidative ability in breast cancer cells [72]. 
Furthermore, they found that BNIP3, which plays a key 
role in mitochondrial autophagy, was also upregulated in 
breast cancer cells and that Drp1 inhibition significantly 
suppressed mitochondrial autophagy and decrease the 
viability of breast cancer cells, which revealed that Drp1 
plays an essential role in regulating breast cancer cell sur-
vival via manipulating mitophagy. Mitochondrial fission 
and apoptosis are two interrelated events, and improved 
mitochondrial fission may represent a marker of apopto-
sis. CaMKII is a versatile serine/threonine protein kinase 
that regulates different physiological processes through 
the transmission of Ca2+ signals [73]. CaMKII has also 
been shown to regulate the phosphorylation of Drp1 at 
S616 and hence causes radiation-induced mitochondrial 
fission [74]. Recently, Hu et  al. discovered that CaM-
KII promoted Drp1-dependent mitochondrial fission 
and apoptosis in TNBCs treated with isorhamnetin and 
chloroquine [36]. Moreover, they disclosed that mito-
chondrial fission and apoptosis were suppressed in cells 
overexpressing CaMKII and that the Thr286 phospho-
rylation was slightly upregulated in cells overexpressing 
CaMKII and that the Thr286 phosphorylation was acti-
vated under treatment with the isorhamnetin and chlo-
roquine (CQ/IH) combination. Furthermore, CaMKII 
downregulation dramatically inhibited mitochondrial fis-
sion and apoptosis induced by CQ/IH, which suggested 
that CaMKII is needed for the Drp1-dependent mito-
chondrial fission and apoptosis.

Several investigations have shown that miR-195 is dys-
regulated in breast cancer tissues [75], and the enhanced 
methylation on the CpG island of the promoter of miR-
195 is responsible for miR-195 downregulation in can-
cer tissue [76]. A prior study revealed that miR-195 is 
involved in promoting apoptosis in breast cancer and 
could attenuate the expression of Bcl2 via targeting its 
3′UTR [77]. Another study showed that miR-195 exerts 
critical anti-proliferative, non-invasive, and anti-meta-
static effects in breast cancer cells, which indicates that 

hsa-miR-195 has substantial anti-cancer activities and 
could serve as a target for breast cancer intervention [78]. 
In addition, miR-195 was also found to depolarize the 
inner membrane of mitochondria and raise calcium lev-
els in mitochondria [78]. Recently, Purohit et al. reported 
that miR-195 could regulate mitochondrial dynamics 
and function and that the upregulation of miR-195 pro-
moted mitochondrial fission [37]. They discovered that 
miR-195 improved mitochondrial fission by upregulating 
Drp1 expression and suppressing OPA1 expression, and 
the upregulation of miR-195 promoted the apoptosis of 
MCF-7 cells and MDAMB-231 cells by disrupting mito-
chondrial dynamics [37].

Li et al. reported that polyphyllin I, which is extracted 
from Paris polyphylla rhizomes, could dephosphoryl-
ate DRP1 and induce DRP1 mitochondrial transloca-
tion, thereby causing mitochondrial fission, cytochrome 
c release, and cell apoptosis. Mechanistically, DRP1 
suppression could block polyphyllin I-induced mito-
chondrial fission and apoptosis [44]. Previously, Si et al. 
showed that silibinin could promote mitochondrial fis-
sion and suppress fusion and subsequent apoptosis in 
double-positive and triple-negative breast cancer cells. 
Furthermore, they reported that mdivi-1, an inhibitor of 
DRP1, could reverse silibinin-induced mitochondrial fis-
sion and that inhibiting mitochondrial fission via mdivi-1 
could limit mitophagy in both MDA-MB-231 and MCF-7 
cells [38].

A previous study showed that the activation of Drp1-
mediated mitochondrial fission was linked to the release 
of cytochrome c and the induction of apoptosis [79]. 
However, further investigations revealed that Drp1 defi-
ciency causes apoptosis to be delayed but not prevented, 
implying that mitochondrial fission is not required for 
apoptosis [80]. In addition, mitochondrial fission has 
been reported to improve the growth of breast cancer 
cells by suppressing apoptosis via a Notch-dependent 
pathway [72, 81]. Chang et al. reported that mitochondria 
transplantation into breast cancer cells could suppress 
Drp1 expression, promote mitochondrial fusion, and 
increase cell apoptosis [82]. In addition, they revealed 
that transplantation of Pep-1-conjugated mitochondria 
into mice bearing TNBC tumors promoted mitochon-
drial fusion and limited apoptosis, thereby suppressing 
tumor growth [83]. In summary, the above data suggest 
that mitochondrial fission might promote breast cancer 
progression, such as its initiation and development. How-
ever, excessive tumor microenvironmental stress could 
cause mitochondrial fragmentation and cell apoptosis.

It was recently discovered that ionizing radiation 
causes mitochondrial fragmentation by increasing Drp1-
dependent fission in mouse fibroblasts [84]. Radiation-
induced mitochondrial fragmentation was suppressed 
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by Drp1 downregulation, as was radiation-induced clo-
nogenic cell death and mitotic catastrophe, a type of cell 
death associated with aberrant mitosis, suggesting that 
radiation-induced mitochondrial fragmentation and its 
related function are partly linked to radiation-induced 
cell death [85]. Bo et  al. reported that Drp1 appears to 
be marginally engaged in apoptosis, and that the sup-
pression of mitochondrial fission reduces cellular radio-
sensitivity. Furthermore, it was discovered that mitotic 
catastrophe is a primary cause of radiation-induced cell 
death in EMT6 cells, and that radiation-induced mitotic 
catastrophe is mostly caused by mitochondrial fission 
[86]. They also disclosed that cytosolic [Ca2+], not ATP 
or ROS generation, is implicated in radiation-induced 
mitotic catastrophe, and that mitochondrial fission is 
partly engaged in mitotic catastrophe by raising cyto-
solic [Ca2+] following irradiation. These findings will 
favor the establishment of a strategy for modifying cel-
lular radiosensitivity by intervening with mitochondrial 
dynamics (Table 1).

Mitochondrial dynamic targeting in breast cancer
Recent studies have revealed that mitochondrial fis-
sion and fusion take part in oncogenesis and that mito-
chondrial dynamics could serve as a potential target 
for breast cancer treatment. Direct inhibition of fission 
can be achieved by blocking Drp1. Moreover, the mito-
chondrial division inhibitor Mdivi1 has been shown to 
selectively inhibit Drp1 and suppress mitochondrial fis-
sion in breast cancer cells [39]. Federico et al. found that 
Mdivi1 could inhibit ATP production and OXPHOS 
and promote apoptosis in breast cancer cells by sup-
pressing mitochondrial fission [87]. In addition, Mdivi1 
also serves as an inhibitor in several cancer cells, such 
as pancreatic cancer [88], HCC [89], gastric cancer [90], 
by manipulating mitochondrial dynamics. Han et al. also 
reported that Mdivi1 plays a crucial role in increasing 
the cisplatin sensitivity of ovarian cancer by suppressing 
mitochondrial fission [91]. However, the role of Mdivi1 
in cancer progression has not been investigated in vivo. 
The regulators of mitochondrial fission and fusion can 
also serve as potential targets for breast cancer therapy. 
Silibinin is a polyphenolic flavonoid derived from Sily-
bum marianum (milk thistle). It has been reported that 
silibinin could induce autophagy by causing mitochon-
drial malfunction and ATP depletion in human MCF7 
breast cancer cells [92]. According to Byun et al., silibinin 
suppresses the Jak2/STAT3/MMP2 pathway, prevent-
ing MDA-MB-231 cells from proliferating, migrating, or 
invading [93]. Recently, Si et  al. disclosed that silibinin 
treatment promoted mitochondrial fusion by suppressing 
the expression of DRP1 and enhancing the expression of 
Mfn1, Mfn2, and OPA1, leading to attenuated migration 

and invasion of breast cancer cells [94]. Additionally, sili-
binin plays an important role in other cancer cells such 
as colorectal cancer [95], ovarian cancer [96], and lung 
cancer [97] cells, and could serve as a potential therapeu-
tic biomolecule. Doxorubicin (Dox) is a highly effective 
chemotherapy drug used to treat solid tumors and hema-
tological malignancies. However, it induces dose-related 
cardiotoxicity in patients, which can lead to heart fail-
ure. In addition, Dox could cause mitochondrial fission 
via manipulating Drp1 expression [98]. Luteolin (Lut), 
a flavonoid found in a wide variety of plants, has been 
investigated for the treatment of a variety of disorders, 
including hypertension and cancer. Recently, Shi et  al. 
documented that Lut could attenuate Dox-induced tox-
icity in cardiomyocytes [45]. Importantly, Lut effectively 
suppressed the improved mitochondrial fission after 
Dox treatment, thus weakening metastatic breast cancer. 
Lut also has anti-metastatic potential by targeting vari-
ous signaling pathways associated with the suppression 
of epithelial to mesenchymal transition [99]. Jiang et  al. 
reported that Lut could downregulate inducible PD-L1 
expression to promote anti-tumor immunity in KRAS 
mutant lung cancer [100]. In addition, Lut is involved in 
the anti-inflammatory function in inflammatory bowel 
disease [101]. mDIVI1, a small molecule derived from 
quinazolinone, can selectively and reversibly target DRP1 
[102]. mDIVI1 was demonstrated to regulate DRP1 
by binding and decreasing both DRP1 self-assembly 
into ring-like structures and its ability to catalyze GTP 
hydrolysis in cancer stem cells, leading to the dysregu-
lation of mitochondrial fission and suppressing cancer 
progression [39]. Autophagy inhibition has been iden-
tified as a viable cancer treatment method. Cepharan-
thin (CEP), a benzylisoquinoline alkaloid derived from 
Stephania cepharantha Hayata, is a natural anti-inflam-
matory and anti-tumor medicine that has been author-
ized for use in clinical trials to treat various acute and 
chronic disorders, including leukopenia, with minimal 
adverse effects [46]. Recently, Shen et al. found that CEP 
significantly suppressed cell survival and colony forma-
tion in human breast cancer MDA-MB-231 and BT549 
cells. CEP and epirubicin work together to cause apop-
tosis in TNBC cells through the mitochondrial axis [103]. 
They also discovered that combining CEP and epirubicin 
increased Fis and Mff expression while decreasing Mfn1, 
Mfn2, and OPA1 expression. In addition, they reported 
that combining CEP and epirubicin causes mitochondrial 
fission and apoptosis and inhibits autophagy by induc-
ing the dephosphorylation and translocation of Drp1. 
These results revealed that CEP inhibits autophagy/
mitophagy and increases epirubicin-induced apoptosis 
in TNBC cells mainly by manipulating mitochondrial 
fission. In addition, CEP also suppressed endogenous 
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ANO1 currents, significantly inhibited cell proliferation 
and migration, and induced death in lung cancer cells 
[104]. In addition, CEP could be used as a candidate drug 
for HCC that suppresses cell migration and proliferation 
[105]. IR-783, a near-infrared heptamethine cyanine dye, 
has a potential anti-cancer role. Recently, IR-783 was 
reported to inhibit the migration and proliferation of 
breast cancer cells by causing mitochondrial fission and 
subsequently suppressing ATP levels, leading to cell cycle 
arrest and inhibiting filopodia formation [43]. However, 
investigations of IR-783 in other cancers are lacking, and 
further research is needed (Table 1).

However, there are several challenges in treating breast 
cancer by targeting mitochondrial fission and fusion. 
Since tumor cells modify the mitochondrial rheostat 
in response to a range of stimuli to obtain proliferation 
and survival advantages, determining when stimulation 
or suppression of mitochondrial fission may help in the 
fight against tumor cells is a major challenge. In addi-
tion, it will be critical to determine whether changes in 
mitochondrial morphology are specific to different breast 
cancer mutations or to cancer cells in different tissues 
and whether mitochondrial dynamics may be targeted 
effectively for clinical the treatment of breast cancer.

Conclusions
The study of mitochondrial dynamics in the breast can-
cer field is limited. However, growing evidence has 
reported the crucial role of mitochondria in metastasis, 
proliferation, apoptosis and metabolic reprogramming 
during cancer development. Understanding the regula-
tory mechanisms underlying mitochondrial dynamics is 
the basis of discovering novel targets for breast cancer 
therapy.

In this review, we summarized the significance of mito-
chondrial dynamics in biological processes associated 
with breast cancer. Elucidating the heterogeneity of the 
mitochondrial dynamics in different breast cancer cells 
and the mechanism of inducing mitochondrial dynam-
ics are current problems that need to be solved. Addi-
tionally, determining whether activation or suppression 
of mitochondrial fission will work against tumor cells 
remains a challenge. Thus, in  vitro and in  vivo research 
is urgently required to discover potential pharmacologi-
cal agents that manipulate mitochondrial dynamics in 
breast cancer. Additionally, the critical role of mitochon-
drial dynamics in stemness and chemotherapy resist-
ance needs to be investigated because little information 
is currently available regarding breast cancer. Indeed, 
different tumors have different regulatory mechanisms. 
Do mitochondrial fission and fusion play the same role 
in different cancers? Or are mitochondrial fission and 
fusion regulatory mechanisms consistent across tumors? 

Do pharmaceuticals targeting mitochondrial fusion or 
fission in breast cancer work in other tumors or normal 
cells, and are the mechanisms of action the same? These 
issues deserve further exploration in the future.

In summary, studies on mitochondrial dynamics have 
revealed that fusion and fission are involved in breast 
cancer development; thus, more thorough investigations 
will be conducive to furthering our understanding of this 
disease and identifying better therapy options for breast 
cancer patients in the future.

Abbreviations
ER: Estrogen receptor; PR: Progesterone receptor; HER2: Human epidermal 
receptor 2; FIS1: Fission 1; Mfn: Mitofusin; Drp1: Dynamin-related protein 1; 
OPA1: Optic atrophy 1; OXPHOS: Oxidative phosphorylation; ETC: Electron 
transport chain; GBP2: Guanylate-binding protein 2; TNBC: Triple-negative 
breast cancer; BRCA1: Breast cancer susceptibility gene 1; CSCs: Cancer stem 
cells; SIK2: Salt-inducible kinase 2.

Acknowledgements
Not applicable.

Authors’ contributions
JX X, LY Q, and Y Y wrote the manuscript. XF L, GX S, XH S, and Y Y edited and 
proofread the manuscript. All authors read and approved the final manuscript.

Funding
Funding for the current study was provided by the Key Project of Natural Sci-
ence Foundation of Shandong Province (grant no. ZR2020MH356), the Medi-
cal and Health Science and Technology Development Plan Project [Shandong 
Provincial Health Commission, grant no. 202104080463], the Natural Science 
Foundation of Shandong Province (grant no. ZR2017BH107), and the Shan-
dong Province TCM Science and Technology Development Program (grant no. 
2019-0090 and no. 2019-0160).

Availability of data and materials
Not applicable.

Declarations

Ethics approval and consent to participate
Not applicable.

Consent for publication
Not applicable.

Competing interests
The authors declare that they have no competing interests.

Author details
1 First College of Clinical Medicine, Shandong University of Traditional Chinese 
Medicine, Jinan, Shandong, China. 2 The Seventh People’s Hospital Affiliated 
to Shanghai University of Traditional Chinese Medicine, Shanghai 200137, 
China. 3 Department of Breast and Thyroid, Affiliated Hospital of Shandong 
University of Traditional Chinese Medicine, Jinan, Shandong, China. 

Received: 27 April 2022   Accepted: 24 September 2022

References
 1. Siegel RL, Miller KD, Jemal A. Cancer statistics, 2020. CA Cancer J Clin. 

2020;70:7–30.



Page 11 of 13Xing et al. World Journal of Surgical Oncology          (2022) 20:331  

 2. Eckhardt BL, Cao Y, Redfern AD, Chi LH, Burrows AD, Roslan S, et al. Acti-
vation of canonical BMP4-SMAD7 signaling suppresses breast cancer 
metastasis. Cancer Res. 2020;80:1304–15.

 3. Loibl S, Poortmans P, Morrow M, Denkert C, Curigliano G. Breast cancer. 
Lancet. 2021;397:1750–69.

 4. Döhla J, Kuuluvainen E, Gebert N, Amaral A, Englund JI, Gopalakrishnan 
S, et al. Metabolic determination of cell fate through selective inherit-
ance of mitochondria. Nat Cell Biol. 2022;24:148–54.

 5. Boulton DP, Caino MC. Mitochondrial fission and fusion in tumor pro-
gression to metastasis. Front Cell Dev Biol. 2022;10:849962.

 6. Ren K, Zhou D, Wang M, Li E, Hou C, Su Y, et al. RACGAP1 modulates 
ECT2-Dependent mitochondrial quality control to drive breast cancer 
metastasis. Exp Cell Res. 2021;400:112493.

 7. Zeng F, Yao M, Wang Y, Zheng W, Liu S, Hou Z, et al. Fatty acid 
β-oxidation promotes breast cancer stemness and metastasis via the 
miRNA-328-3p-CPT1A pathway. Cancer Gene Ther. 2022;29:383–95.

 8. Yang Z, Wang L, Yang C, Pu S, Guo Z, Wu Q, et al. Mitochondrial mem-
brane remodeling. Front Bioeng Biotechnol. 2021;9:786806.

 9. Yu Y, Peng XD, Qian XJ, Zhang KM, Huang X, Chen YH, et al. Fis1 phos-
phorylation by Met promotes mitochondrial fission and hepatocellular 
carcinoma metastasis. Signal Transduct Target Ther. 2021;6:401.

 10. Lee YG, Park DH, Chae YC. Role of mitochondrial stress response in 
cancer progression. Cells. 2022;11:771.

 11. Scheid AD, Beadnell TC, Welch DR. Roles of mitochondria in the hall-
marks of metastasis. Br J Cancer. 2021;124:124–35.

 12. Bonora M, Giorgi C, Pinton P. Molecular mechanisms and conse-
quences of mitochondrial permeability transition. Nat Rev Mol Cell Biol. 
2022;23:266–85.

 13. Ghosh P, Vidal C, Dey S, Zhang L. Mitochondria targeting as an effective 
strategy for cancer therapy. Int J Mol Sci. 2020;21:3363.

 14. Trotta AP, Chipuk JE. Mitochondrial dynamics as regulators of cancer 
biology. Cell Mol Life Sci. 2017;74:1999–2017.

 15. Wai T, Langer T. Mitochondrial dynamics and metabolic regulation. 
Trends Endocrinol Metab. 2016;27:105–17.

 16. Gao S, Hu J. Mitochondrial fusion: the machineries in and out. Trends 
Cell Biol. 2021;31:62–74.

 17. Adaniya SM, JOU, Cypress MW, Kusakari Y, Jhun BS. Posttransla-
tional modifications of mitochondrial fission and fusion proteins 
in cardiac physiology and pathophysiology. Am J Phys Cell Physiol. 
2019;316:C583–c604.

 18. Lenaers G, Neutzner A, Le Dantec Y, Jüschke C, Xiao T, Decembrini S, 
et al. Dominant optic atrophy: Culprit mitochondria in the optic nerve. 
Prog Retin Eye Res. 2021;83:100935.

 19. Karatas OF, Capik O, Barlak N, Aydin Karatas E. Comprehensive in silico 
analysis for identification of novel candidate target genes, including 
DHX36, OPA1, and SENP2, located on chromosome 3q in head and 
neck cancers. Head Neck. 2021;43:288–302.

 20. Anand R, Wai T, Baker MJ, Kladt N, Schauss AC, Rugarli E, et al. The i-AAA 
protease YME1L and OMA1 cleave OPA1 to balance mitochondrial 
fusion and fission. J Cell Biol. 2014;204:919–29.

 21. Zeviani M, Carelli V. Mitochondrial Retinopathies. Int J Mol Sci. 
2021;23:210.

 22. Manini A, Abati E, Comi GP, Corti S, Ronchi D. Mitochondrial DNA 
homeostasis impairment and dopaminergic dysfunction: a trembling 
balance. Ageing Res Rev. 2022;76:101578.

 23. Mishra P, Chan DC. Mitochondrial dynamics and inheritance dur-
ing cell division, development and disease. Nat Rev Mol Cell Biol. 
2014;15:634–46.

 24. Gao Q, Tian R, Han H, Slone J, Wang C, Ke X, et al. PINK1-mediated 
Drp1(S616) phosphorylation modulates synaptic development and 
plasticity via promoting mitochondrial fission. Signal Transduct Target 
Ther. 2022;7:103.

 25. Yan X, Shen Z, Yu D, Zhao C, Zou H, Ma B, et al. Nrf2 contributes to the 
benefits of exercise interventions on age-related skeletal muscle disor-
der via regulating Drp1 stability and mitochondrial fission. Free Radic 
Biol Med. 2022;178:59–75.

 26. Sánchez-de-Diego C, Pedrazza L, Pimenta-Lopes C, Martinez-Martinez 
A, Dahdah N, Valer JA, et al. NRF2 function in osteocytes is required for 
bone homeostasis and drives osteocytic gene expression. Redox Biol. 
2021;40:101845.

 27. Sánchez-Alvarez R, De Francesco EM, Fiorillo M, Sotgia F, Lisanti MP. 
Mitochondrial fission factor (MFF) inhibits mitochondrial metabo-
lism and reduces breast cancer stem cell (CSC) activity. Front Oncol. 
2020;10:1776.

 28. Wu H, Li Z, Wang Y, Yang P, Li Z, Li H, et al. MiR-106b-mediated Mfn2 
suppression is critical for PKM2 induced mitochondrial fusion. Am J 
Cancer Res. 2016;6:2221–34.

 29. 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.

 30. Gao T, Zhang X, Zhao J, Zhou F, Wang Y, Zhao Z, et al. SIK2 promotes 
reprogramming of glucose metabolism through PI3K/AKT/HIF-1α path-
way and Drp1-mediated mitochondrial fission in ovarian cancer. Cancer 
Lett. 2020;469:89–101.

 31. Romani P, Nirchio N, Arboit M, Barbieri V, Tosi A, Michielin F, et al. Mito-
chondrial fission links ECM mechanotransduction to metabolic redox 
homeostasis and metastatic chemotherapy resistance. Nat Cell Biol. 
2022;24:168–80.

 32. Zhang J, Zhang Y, Wu W, Wang F, Liu X, Shui G, et al. Guanylate-binding 
protein 2 regulates Drp1-mediated mitochondrial fission to suppress 
breast cancer cell invasion. Cell Death Dis. 2017;8:e3151.

 33. Wang H, Yi X, Guo S, Wang S, Ma J, Zhao T, et al. The XBP1–MARCH5–
MFN2 axis confers endoplasmic reticulum stress resistance by coor-
dinating mitochondrial fission and mitophagy in melanoma. J Invest 
Dermatol. 2021;141:2932–2943.e2912.

 34. Chen YC, Humphries B, Brien R, Gibbons AE, Chen YT, Qyli T, et al. 
Functional isolation of tumor-initiating cells using microfluidic-based 
migration identifies phosphatidylserine decarboxylase as a key regula-
tor. Sci Rep. 2018;8:244.

 35. Chen Q, Lei JH, Bao J, Wang H, Hao W, Li L, et al. BRCA1 deficiency 
impairs mitophagy and promotes inflammasome activation and mam-
mary tumor metastasis. Adv Sci (Weinh). 2020;7:1903616.

 36. Hu J, Zhang Y, Jiang X, Zhang H, Gao Z, Li Y, et al. ROS-mediated 
activation and mitochondrial translocation of CaMKII contributes to 
Drp1-dependent mitochondrial fission and apoptosis in triple-negative 
breast cancer cells by isorhamnetin and chloroquine. J Exp Clin Cancer 
Res. 2019;38:225.

 37. Purohit PK, Edwards R, Tokatlidis K, Saini N. MiR-195 regulates mito-
chondrial function by targeting mitofusin-2 in breast cancer cells. RNA 
Biol. 2019;16:918–29.

 38. Si L, Fu J, Liu W, Hayashi T, Mizuno K, Hattori S, et al. Silibinin-induced 
mitochondria fission leads to mitophagy, which attenuates silibinin-
induced apoptosis in MCF-7 and MDA-MB-231 cells. Arch Biochem 
Biophys. 2020;685:108284.

 39. Peiris-Pagès M, Bonuccelli G, Sotgia F, Lisanti MP. Mitochondrial fission 
as a driver of stemness in tumor cells: mDIVI1 inhibits mitochondrial 
function, cell migration and cancer stem cell (CSC) signalling. Onco-
target. 2018;9:13254–75.

 40. Dasgupta A, Chen KH, Wu D, Hoskin V, Mewburn J, Lima PDA, et al. An 
epigenetic increase in mitochondrial fission by MiD49 and MiD51 regu-
lates the cell cycle in cancer: Diagnostic and therapeutic implications. 
FASEB J. 2020;34:5106–27.

 41. Zamberlan M, Boeckx A, Muller F, Vinelli F, Ek O, Vianello C, et al. Inhibi-
tion of the mitochondrial protein Opa1 curtails breast cancer growth. J 
Exp Clin Cancer Res. 2022;41:95.

 42. Lu G, Lai Y, Wang T, Lin W, Lu J, Ma Y, et al. Mitochondrial fission regula-
tor 2 (MTFR2) promotes growth, migration, invasion and tumour pro-
gression in breast cancer cells. Aging (Albany NY). 2019;11:10203–19.

 43. Li P, Liu Y, Liu W, Li G, Tang Q, Zhang Q, et al. IR-783 inhibits breast can-
cer cell proliferation and migration by inducing mitochondrial fission. 
Int J Oncol. 2019;55:415–24.

 44. Li GB, Fu RQ, Shen HM, Zhou J, Hu XY, Liu YX, et al. Polyphyllin I induces 
mitophagic and apoptotic cell death in human breast cancer cells by 
increasing mitochondrial PINK1 levels. Oncotarget. 2017;8:10359–74.

 45. Shi Y, Li F, Shen M, Sun C, Hao W, Wu C, et al. Luteolin prevents cardiac 
dysfunction and improves the chemotherapeutic efficacy of doxoru-
bicin in breast cancer. Front Cardiovasc Med. 2021;8:750186.

 46. Bailly C. Cepharanthine: An update of its mode of action, phar-
macological properties and medical applications. Phytomedicine. 
2019;62:152956.



Page 12 of 13Xing et al. World Journal of Surgical Oncology          (2022) 20:331 

 47. Zhan L, Cao H, Wang G, Lyu Y, Sun X, An J, et al. Drp1-mediated 
mitochondrial fission promotes cell proliferation through crosstalk of 
p53 and NF-κB pathways in hepatocellular carcinoma. Oncotarget. 
2016;7:65001–11.

 48. Yin M, Lu Q, Liu X, Wang T, Liu Y, Chen L. Silencing Drp1 inhibits glioma 
cells proliferation and invasion by RHOA/ ROCK1 pathway. Biochem 
Biophys Res Commun. 2016;478:663–8.

 49. Atkins K, Dasgupta A, Chen KH, Mewburn J, Archer SL. The role of Drp1 
adaptor proteins MiD49 and MiD51 in mitochondrial fission: implica-
tions for human disease. Clin Sci (Lond). 2016;130:1861–74.

 50. De R, Sarkar S, Mazumder S, Debsharma S, Siddiqui AA, Saha SJ, et al. 
Macrophage migration inhibitory factor regulates mitochondrial 
dynamics and cell growth of human cancer cell lines through CD74-
NF-κB signaling. J Biol Chem. 2018;293:19740–60.

 51. Kong B, Wang Q, Fung E, Xue K, Tsang BK. p53 is required for cisplatin-
induced processing of the mitochondrial fusion protein L-Opa1 that is 
mediated by the mitochondrial metallopeptidase Oma1 in gynecologic 
cancers. J Biol Chem. 2014;289:27134–45.

 52. Wang J, Xie Y, Bai X, Wang N, Yu H, Deng Z, et al. Targeting dual speci-
ficity protein kinase TTK attenuates tumorigenesis of glioblastoma. 
Oncotarget. 2018;9:3081–8.

 53. Lu W, Zang R, Du Y, Li X, Li H, Liu C, et al. Overexpression of MTFR2 
predicts poor prognosis of breast cancer. Cancer Manag Res. 
2020;12:11095–102.

 54. Holt D, Okusanya O, Judy R, Venegas O, Jiang J, DeJesus E, et al. Intraop-
erative near-infrared imaging can distinguish cancer from normal tissue 
but not inflammation. PLoS One. 2014;9:e103342.

 55. Guan Y, Zhang Y, Zou J, Huang LP, Chordia MD, Yue W, et al. Synthesis 
and biological evaluation of genistein-ir783 conjugate: cancer cell 
targeted delivery in MCF-7 for superior anti-cancer therapy. Molecules. 
2019;24:4120.

 56. Zhang J, Liu Z, Lian P, Qian J, Li X, Wang L, et al. Selective imaging and 
cancer cell death via pH switchable near-infrared fluorescence and 
photothermal effects. Chem Sci. 2016;7:5995–6005.

 57. Hou L, Yang X, Ren J, Wang Y, Zhang H, Feng Q, et al. A novel redox-
sensitive system based on single-walled carbon nanotubes for 
chemo-photothermal therapy and magnetic resonance imaging. Int J 
Nanomedicine. 2016;11:607–24.

 58. Tang Q, Liu W, Zhang Q, Huang J, Hu C, Liu Y, et al. Dynamin-related 
protein 1-mediated mitochondrial fission contributes to IR-783-in-
duced apoptosis in human breast cancer cells. J Cell Mol Med. 
2018;22:4474–85.

 59. Yousefi M, Nosrati R, Salmaninejad A, Dehghani S, Shahryari A, Saberi 
A. Organ-specific metastasis of breast cancer: molecular and cel-
lular mechanisms underlying lung metastasis. Cell Oncol (Dordr). 
2018;41:123–40.

 60. 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.

 61. Zhang Y, Wang C, Li W, Tian W, Tang C, Xue L, et al. Neutrophil cyto-
pharmaceuticals suppressing tumor metastasis via inhibiting hypoxia-
inducible factor-1α in circulating breast cancer cells. Adv Healthc Mater. 
2022;11:e2101761.

 62. Han XJ, Yang ZJ, Jiang LP, Wei YF, Liao MF, Qian Y, et al. Mitochondrial 
dynamics regulates hypoxia-induced migration and antineoplastic 
activity of cisplatin in breast cancer cells. Int J Oncol. 2015;46:691–700.

 63. Wan YY, Zhang JF, Yang ZJ, Jiang LP, Wei YF, Lai QN, et al. Involvement of 
Drp1 in hypoxia-induced migration of human glioblastoma U251 cells. 
Oncol Rep. 2014;32:619–26.

 64. Godoy P, Cadenas C, Hellwig B, Marchan R, Stewart J, Reif R, et al. 
Interferon-inducible guanylate binding protein (GBP2) is associated 
with better prognosis in breast cancer and indicates an efficient T cell 
response. Breast Cancer. 2014;21:491–9.

 65. Xu S, Cherok E, Das S, Li S, Roelofs BA, Ge SX, et al. Mitochondrial E3 
ubiquitin ligase MARCH5 controls mitochondrial fission and cell sensi-
tivity to stress-induced apoptosis through regulation of MiD49 protein. 
Mol Biol Cell. 2016;27:349–59.

 66. Tang H, Peng S, Dong Y, Yang X, Yang P, Yang L, et al. MARCH5 overex-
pression contributes to tumor growth and metastasis and associates 
with poor survival in breast cancer. Cancer Manag Res. 2019;11:201–15.

 67. Humphries BA, Cutter AC, Buschhaus JM, Chen YC, Qyli T, Palagama 
DSW, et al. Enhanced mitochondrial fission suppresses signaling 
and metastasis in triple-negative breast cancer. Breast Cancer Res. 
2020;22:60.

 68. Patel PS, Abraham KJ, Guturi KKN, Halaby MJ, Khan Z, Palomero L, et al. 
RNF168 regulates R-loop resolution and genomic stability in BRCA1/2-
deficient tumors. J Clin Invest. 2021;131:e140105.

 69. Dine J, Deng CX. Mouse models of BRCA1 and their application to 
breast cancer research. Cancer Metastasis Rev. 2013;32:25–37.

 70. Aguilar-Aragon M, Bonello TT, Bell GP, Fletcher GC, Thompson BJ. Adher-
ens junction remodelling during mitotic rounding of pseudostratified 
epithelial cells. EMBO Rep. 2020;21:e49700.

 71. Lawson CD, Fan C, Mitin N, Baker NM, George SD, Graham DM, et al. 
Rho GTPase transcriptome analysis reveals oncogenic roles for rho 
GTPase-activating proteins in basal-like breast cancers. Cancer Res. 
2016;76:3826–37.

 72. Zou P, Liu L, Zheng LD, Payne KK, Manjili MH, Idowu MO, et al. Coor-
dinated upregulation of mitochondrial biogenesis and autophagy 
in breast cancer cells: the role of dynamin related protein-1 and 
implication for breast cancer treatment. Oxidative Med Cell Longev. 
2016;2016:4085727.

 73. Wang YY, Zhao R, Zhe H. The emerging role of CaMKII in cancer. Onco-
target. 2015;6:11725–34.

 74. Bo T, Yamamori T, Suzuki M, Sakai Y, Yamamoto K, Inanami O. Calmod-
ulin-dependent protein kinase II (CaMKII) mediates radiation-induced 
mitochondrial fission by regulating the phosphorylation of dynamin-
related protein 1 (Drp1) at serine 616. Biochem Biophys Res Commun. 
2018;495:1601–7.

 75. Qattan A, Intabli H, Alkhayal W, Eltabache C, Tweigieri T, Amer SB. 
Robust expression of tumor suppressor miRNA’s let-7 and miR-195 
detected in plasma of Saudi female breast cancer patients. BMC Cancer. 
2017;17:799.

 76. Ma X, Zou L, Chen Z, Li X, Wei L, Wu X. Demethylation of miR-195 sup-
presses prostate cancer cell proliferation, migration and invasion. FEBS 
Open Bio. 2020;10:525–34.

 77. Singh R, Saini N. Downregulation of BCL2 by miRNAs augments drug-
induced apoptosis--a combined computational and experimental 
approach. J Cell Sci. 2012;125:1568–78.

 78. Singh R, Yadav V, Kumar S, Saini N. MicroRNA-195 inhibits prolifera-
tion, invasion and metastasis in breast cancer cells by targeting FASN, 
HMGCR, ACACA and CYP27B1. Sci Rep. 2015;5:17454.

 79. Oshima Y, Cartier E, Boyman L, Verhoeven N, Polster BM, Huang 
W, et al. Parkin-independent mitophagy via Drp1-mediated outer 
membrane severing and inner membrane ubiquitination. J Cell Biol. 
2021;220:e202006043.

 80. Jenner A, Peña-Blanco A, Salvador-Gallego R, Ugarte-Uribe B, Zollo C, 
Ganief T, et al. DRP1 interacts directly with BAX to induce its activation 
and apoptosis. EMBO J. 2022;41:e108587.

 81. Chen L, Zhang J, Lyu Z, Chen Y, Ji X, Cao H, et al. Positive feedback loop 
between mitochondrial fission and Notch signaling promotes survivin-
mediated survival of TNBC cells. Cell Death Dis. 2018;9:1050.

 82. Chang JC, Chang HS, Wu YC, Cheng WL, Lin TT, Chang HJ, et al. Mito-
chondrial transplantation regulates antitumour activity, chemoresist-
ance and mitochondrial dynamics in breast cancer. J Exp Clin Cancer 
Res. 2019;38:30.

 83. Chang JC, Chang HS, Wu YC, Cheng WL, Lin TT, Chang HJ, et al. Antitu-
mor actions of intratumoral delivery of membrane-fused mitochondria 
in a mouse model of triple-negative breast cancers. Onco Targets Ther. 
2020;13:5241–55.

 84. Yamamori T, Sasagawa T, Ichii O, Hiyoshi M, Bo T, Yasui H, et al. Analysis 
of the mechanism of radiation-induced upregulation of mitochondrial 
abundance in mouse fibroblasts. J Radiat Res. 2017;58:292–301.

 85. Yamamori T, Ike S, Bo T, Sasagawa T, Sakai Y, Suzuki M, et al. Inhibition 
of the mitochondrial fission protein dynamin-related protein 1 (Drp1) 
impairs mitochondrial fission and mitotic catastrophe after x-irradiation. 
Mol Biol Cell. 2015;26:4607–17.

 86. Bo T, Yamamori T, Yamamoto K, Fujimoto M, Yasui H, Inanami O. Mito-
chondrial fission promotes radiation-induced increase in intracellular 
Ca(2+) level leading to mitotic catastrophe in mouse breast cancer 
EMT6 cells. Biochem Biophys Res Commun. 2020;522:144–50.



Page 13 of 13Xing et al. World Journal of Surgical Oncology          (2022) 20:331  

•
 
fast, convenient online submission

 •
  

thorough peer review by experienced researchers in your field

• 
 
rapid publication on acceptance

• 
 
support for research data, including large and complex data types

•
  

gold Open Access which fosters wider collaboration and increased citations 

 
maximum visibility for your research: over 100M website views per year •

  At BMC, research is always in progress.

Learn more biomedcentral.com/submissions

Ready to submit your researchReady to submit your research  ?  Choose BMC and benefit from: ?  Choose BMC and benefit from: 

 87. Lucantoni F, Dussmann H, Prehn JHM. Metabolic targeting of breast 
cancer cells with the 2-deoxy-d-glucose and the mitochondrial bioen-
ergetics inhibitor MDIVI-1. Front Cell Dev Biol. 2018;6:113.

 88. Courtois S, de Luxán-Delgado B, Penin-Peyta L, Royo-García A, Parejo-
Alonso B, Jagust P, et al. Inhibition of Mitochondrial dynamics preferen-
tially targets pancreatic cancer cells with enhanced tumorigenic and 
invasive potential. Cancers (Basel). 2021;13:698.

 89. Lin XH, Qiu BQ, Ma M, Zhang R, Hsu SJ, Liu HH, et al. Suppressing 
DRP1-mediated mitochondrial fission and mitophagy increases mito-
chondrial apoptosis of hepatocellular carcinoma cells in the setting of 
hypoxia. Oncogenesis. 2020;9:67.

 90. Mazumder S, De R, Debsharma S, Bindu S, Maity P, Sarkar S, et al. Indo-
methacin impairs mitochondrial dynamics by activating the PKCζ-p38-
DRP1 pathway and inducing apoptosis in gastric cancer and normal 
mucosal cells. J Biol Chem. 2019;294:8238–58.

 91. Han Y, Kim B, Cho U, Park IS, Kim SI, Dhanasekaran DN, et al. Mitochon-
drial fission causes cisplatin resistance under hypoxic conditions via 
ROS in ovarian cancer cells. Oncogene. 2019;38:7089–105.

 92. Jiang K, Wang W, Jin X, Wang Z, Ji Z, Meng G. Silibinin, a natural flavo-
noid, induces autophagy via ROS-dependent mitochondrial dysfunc-
tion and loss of ATP involving BNIP3 in human MCF7 breast cancer cells. 
Oncol Rep. 2015;33:2711–8.

 93. Byun HJ, Darvin P, Kang DY, Sp N, Joung YH, Park JH, et al. Silibinin 
downregulates MMP2 expression via Jak2/STAT3 pathway and inhibits 
the migration and invasive potential in MDA-MB-231 cells. Oncol Rep. 
2017;37:3270–8.

 94. Si L, Fu J, Liu W, Hayashi T, Nie Y, Mizuno K, et al. Silibinin inhibits migra-
tion and invasion of breast cancer MDA-MB-231 cells through induc-
tion of mitochondrial fusion. Mol Cell Biochem. 2020;463:189–201.

 95. Villota H, Röthlisberger S, Pedroza-Díaz J. Modulation of the canoni-
cal wnt signaling pathway by dietary polyphenols, an opportunity 
for colorectal cancer chemoprevention and treatment. Nutr Cancer. 
2022;74:384–404.

 96. Maleki N, Yavari N, Ebrahimi M, Faisal Faiz A, Khosh Ravesh R, Sharbati A, 
et al. Silibinin exerts anti-cancer activity on human ovarian cancer cells 
by increasing apoptosis and inhibiting epithelial-mesenchymal transi-
tion (EMT). Gene. 2022;823:146275.

 97. Verdura S, Cuyàs E, Ruiz-Torres V, Micol V, Joven J, Bosch-Barrera J, et al. 
Lung cancer management with silibinin: a historical and translational 
perspective. Pharmaceuticals (Basel). 2021;14:559.

 98. Xia Y, Chen Z, Chen A, Fu M, Dong Z, Hu K, et al. LCZ696 improves car-
diac function via alleviating Drp1-mediated mitochondrial dysfunction 
in mice with doxorubicin-induced dilated cardiomyopathy. J Mol Cell 
Cardiol. 2017;108:138–48.

 99. Hussain Y, Cui JH, Khan H, Aschner M, Batiha GE, Jeandet P. Luteolin 
and cancer metastasis suppression: focus on the role of epithelial to 
mesenchymal transition. Med Oncol. 2021;38:66.

 100. Jiang ZB, Wang WJ, Xu C, Xie YJ, Wang XR, Zhang YZ, et al. Luteolin and 
its derivative apigenin suppress the inducible PD-L1 expression to 
improve anti-tumor immunity in KRAS-mutant lung cancer. Cancer Lett. 
2021;515:36–48.

 101. Franza L, Carusi V, Nucera E, Pandolfi F. Luteolin, inflammation and 
cancer: Special emphasis on gut microbiota. Biofactors. 2021;47:181–9.

 102. Cooper HA, Cicalese S, Preston KJ, Kawai T, Okuno K, Choi ET, et al. Tar-
geting mitochondrial fission as a potential therapeutic for abdominal 
aortic aneurysm. Cardiovasc Res. 2021;117:971–82.

 103. Shen LW, Jiang XX, Li ZQ, Li J, Wang M, Jia GF, et al. Cepharanthine sen-
sitizes human triple negative breast cancer cells to chemotherapeutic 
agent epirubicin via inducing cofilin oxidation-mediated mitochondrial 
fission and apoptosis. Acta Pharmacol Sin. 2022;43:177–93.

 104. Zhang X, Zhang G, Zhao Z, Xiu R, Jia J, Chen P, et al. Cepharanthine, a 
novel selective ANO1 inhibitor with potential for lung adenocarcinoma 
therapy. Biochim Biophys Acta, Mol Cell Res. 2021;1868:119132.

 105. Feng F, Pan L, Wu J, Li L, Xu H, Yang L, et al. Cepharanthine inhibits 
hepatocellular carcinoma cell growth and proliferation by regulating 
amino acid metabolism and suppresses tumorigenesis in vivo. Int J Biol 
Sci. 2021;17:4340–52.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.


	Roles of mitochondrial fusion and fission in breast cancer progression: a systematic review
	Abstract 
	Background: 
	Methods: 
	Results: 
	Conclusion: 

	Introduction
	Methods
	Search strategy
	Eligibility criteria

	Results
	Regulation of mitochondrial dynamics
	Mitochondrial dynamics in breast cancer metabolism
	Mitochondrial dynamics in breast cancer proliferation
	Mitochondrial dynamics in breast cancer metastasis and migration
	Mitochondrial dynamics in breast cancer apoptosis and autophagy
	Mitochondrial dynamic targeting in breast cancer

	Conclusions
	Acknowledgements
	References


