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Abstract 
 
Mitochondria are essential to cell homeostasis, and alterations in mitochondrial distribution, 
segregation or turnover have been linked to complex pathologies such as neurodegenerative 
diseases or cancer. Understanding how these functions are coordinated in specific cell types is 
a major challenge to discover how mitochondria globally shape cell functionality. In this 
review, we will first describe how mitochondrial transport and dynamics are regulated 
throughout the cell cycle in yeast and in mammals. Second, we will explore the functional 
consequences of mitochondrial transport and partitioning on cell proliferation, fate acquisition, 
stemness, and on the way cells adapt their metabolism. Last, we will focus on how 
mitochondrial clearance programs represent a further layer of complexity for cell 
differentiation, or in the maintenance of stemness. Defining how mitochondrial transport, 
dynamics and clearance are mutually orchestrated in specific cell types may help our 
understanding of how cells can transition from a physiological to a pathological state.  
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Introduction 

Mitochondria are found in most of the eukaryotic cells and they contribute to many functions 
such as ATP generation, β oxidation of fatty acids, and cellular metabolism (1). Mitochondria 
are also implicated, among other functions, in reactive oxygen species (ROS) generation and 
turnover, in apoptotic pathways, and in calcium signaling (1). Mitochondria are dynamic and 
motile organelles (2, 3) that constantly fragment (a mechanism also known as fission) and fuse 
(3, 4). Mitochondria also undergo turnover, which comprises selective clearance by mitophagy 
when organelles are damaged and biogenesis events to increase the mass of the mitochondrial 
network (4). Mitochondrial fission is driven by the binding of Dynamin-1-like protein 
(Drp1/DNM1L) to its receptor proteins MFF (mitochondrial fission factor), MID49/51, and/or 
FIS1 on the mitochondrial outer membrane (4, 5). Oligomerized DNM1L wraps around 
mitochondria by forming a ring that causes Outer Mitochondrial Membrane deformation and 
scission (6). Daughter mitochondria obtained after fission may undergo re-fusion with the rest 
of the network, or they can be subjected to mitophagy in case their activity is compromised, 
such as after the accumulation of deleterious mtDNA mutations, of ROS, or of misfolded 
proteins (7). In contrast to fission, mitochondrial fusion is a mechanism in which two 
mitochondria fuse together, and the two mitochondrial units share tRNAs, rRNAs, proteins and 
matrix metabolites (8). Fusion between Inner Mitochondrial Membranes is mediated by Optic 
Atrophy Protein 1 (OPA1), while on the Outer Mitochondrial Membranes (OMM) Mitofusin1 
(MFN1), and Mitofusin2 (MFN2) are the key players (9). Mitochondrial fusion and fission 
processes are collectively known as mitochondrial dynamics and influence nearly all 
mitochondrial functions including respiration, calcium buffering, bioenergetic adaptation, and 
apoptosis (10, 11).  

Here, we will review our current state of the art on how mitochondrial dynamics is involved in 
and required for the transport of mitochondria within the cell, and for the effective clearance 
of mitochondria under physiological conditions. We will also recapitulate our current 
knowledge on the consequences of mitochondrial transport, dynamics and mitophagy failures 
for mitochondrial homeostasis, cell stemness and fate acquisition.  

 

The interplay of mitochondrial transport and dynamics ensures faithful organelle 
distribution. 

Mitochondria move along the cytoskeleton with the help of the motor proteins and this function 
is critical for organelles to orchestrate fission, fusion and quality control events. In specialized 
cells as neurons, mitochondrial movements towards the axonal ends are critical for fulfilling 
the energy required at synapses. In mammals, mitochondrial movements occur on the 
microtubules with the help of motor proteins such as kinesins and dyneins (12, 13). The 
recruitment of the motor proteins on the mitochondrial surface is essential for mitochondrial 
transport. Typically, these motor proteins are opposite in nature, and the kinesins transport the 
mitochondria to the plus end of the microtubule (anterograde), while dynein to the minus end 
(retrograde). The adaptor proteins Milton/TRAK help in the anchoring of mitochondria by 
motor proteins, as they interact directly with the OMM proteins MIRO 1/2 on one hand, and 
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with the cytoskeletal protein Kinesin 5 on the other hand (13). MIRO proteins also interact 
with the mitochondrial fusion proteins MFN1 and MFN2, thereby linking mitochondrial 
dynamics and transport (12, 14). This link is further corroborated by the observation that the 
motor protein dynein is critical for DNM1L-mediated fission (15). The disruption of dynein 
functions in HeLa cells dramatically changes the organization of the mitochondrial network 
and inhibits organelle fission, causing extensive branching and tubular mitochondria (15). 
However, what are the consequences on cell physiology, metabolism and proliferation if 
mitochondrial transport and dynamics are impaired?  
 
Mitochondrial transport and inheritance during cell cycle progression 
 
As introduced above, mitochondria play multiple functions and their proper distribution during 
cell division is essential for cell survival.  However, these organelles can only be generated by 
an increase in mitochondrial mass, followed by the separation of pre-existing mitochondria 
from the network (16). Therefore, the maintenance of the mitochondrial pool must be 
coordinated throughout the cell cycle to ensure the proper distribution of these organelles in 
the daughter cells. Mutations in genes encoded by the mitochondrial genome are lethal in 
higher vertebrates, thereby limiting our capacity to explore how these mutations might affect 
mitochondrial inheritance. To overcome this issue, early studies on mitochondrial inheritance 
were performed in baker's yeast (Saccharomyces cerevisiae), and showed that organelle 
inheritance is well coordinated with the cell cycle.  
 
Actin cables – bundles of F-actin acting as a track for the bidirectional movement of cargo – 
are responsible for the transfer of mitochondria from the mother to the bud. In addition, these 
cables also arise from the bud tips and undergo continuous movements toward the mother cell 
tip. This backwards movement is called retrograde cable flow (RCAF) and as described below, 
increased RCAF rates for mitochondria are linked with the fitness of the mitochondria that are 
transferred to the bud. In the early stage of the G1 phase, actin starts to polarize, and 
mitochondria align with the mother-bud axis. In the S phase and until the G2 phase, 
mitochondrial movement occurs towards the bud tip by anterograde linear excursions, and 
towards the mother tip by retrograde linear excursions (17, 18). This bidirectional movement 
leads to the accumulation of mitochondria into both bud and mother cell tips in an actin-
dependent manner. During the M phase instead, mitochondria are shed from actin and 
distributed throughout the bud (17, 18). The mutant yeast strain tpm1∆ lacking a functional 
actin stabilizing tropomyosin 1 gene (TPM1) shows abnormal mitochondrial distribution and 
morphology (17). Mutations in the actin-encoding gene ACT1 (19), or in the chaperone-
encoding genes CCT4 and CCT6 which are essential for actin folding, cause defects in 
mitochondrial morphology and unequal distribution of mitochondria to the daughter cell (19–
21). During cell division, mitochondrial inheritance mechanisms ensure the transfer of 
metabolically active mitochondria to the daughter cell, while mitochondria with a highly-
oxidized redox potential are retained in the mother cell and maintain the mother-daughter age 
asymmetry in yeast (18, 22). Deleting the Mmr1p protein, a member of the DSL1 family that 
assists the tethering of mitochondria to the bud, was shown to compromise the quality of 
mitochondria delivered to the daughter cell (22). Yeast Sirtuin (SIRT2) was also found to be 
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essential for the normal RCAF and for mitochondrial inheritance during cell division. Any 
perturbation of its functions causes the  transfer of mitochondria containing high reactive 
oxygen species to daughter cells and reduces yeast lifespan (18, 22, 23).  
Last, Altmann et al. showed that the class V myosin motor protein Myo2 is essential for actin-
mediated mitochondrial transport (24). They showed that Myo2 facilitates the binding of 
mitochondria to actin, and it helps mitochondrial motility during cell division. Moreover, 
mutations in Myo2 that alter the binding of mitochondria to actin cables cause the abnormal 
accumulation of mitochondria in the mother cell (24). Although a significant body of evidence 
illustrated that mitochondrial delivery and quality control in yeast is mediated by actin 
throughout the cell cycle, the majority of the molecular motors involved beyond Myo2 still 
remains to be discovered. 
 
In mammalian cells, mitochondrial segregation also occurs during mitosis. However, a cross-
talk between the mitochondrial dynamics and the cell cycle machinery begins as early as a cell 
commits to cell cycle entry (G0-G1), and both cell cycle progression and mitochondrial division 
occur in parallel.  
During the G1 phase, the biosynthesis of the mitochondrial complexes occurs (25, 26). As the 
cell progresses towards the S phase, the levels of Cyclin E  increase together with the Cyclin 
E-dependent inhibition of DNM1L (27, 28). This tips the mitochondrial dynamics balance 
towards fusion, and mitochondria appear as a hyper-fused and compact tubular network (27, 
28), together with high ATP synthesis capabilities needed for the cell cycle to progress (29). 
During the S phase, mitochondrial DNA content also increases, thereby reflecting a strong 
coordination between nuclear and mitochondrial DNA synthesis processes (30). As the cell 
progresses toward mitosis, the levels of Cyclin B increase and the CDK1 (Cyclin-dependent 
kinase 1)/Cyclin B complex phosphorylates DNM1L on Ser585 (31) and on Ser616 (32). The 
phosphorylation of DNM1L is critical to activate its GTPase activity, leading to the activation 
of mitochondrial fission programs during cell division (33) (Fig. 1). 
From the beginning of the G1 phase and until mitosis, mitochondria are associated with motor 
proteins for their transport. After fission at mitosis, mitochondria are released from 
microtubules upon the phosphorylation of dynein by CDK1, and of kinesin-1 (Kinesin Heavy 
Chain or KHC) by Aurora A/AURKA (31, 34, 35). Interestingly, motor proteins were shown 
to be required for mitochondrial fission events during early mitosis. After fission is achieved, 
motor shedding is necessary for the symmetric distribution of mitochondria in mammalian cells 
(34). The forced attachment of kinesin to mitotic mitochondria causes an asymmetric 
mitochondrial distribution in the daughter cells, while the attachment of dynein-bound 
mitochondria to the mitotic spindle arrests cell at mitosis (34). This strongly supports the notion 
that the release of motor proteins from the mitochondrial membrane is crucial for successful 
progression through mitosis (Fig. 2). However, the mechanism of mitochondrial distribution 
after the release of motor proteins remains controversial (12, 34, 36). Chung et al. showed that 
mitochondrial distribution occurs passively after the release of the motor proteins during 
mitosis, and treatment of cultured cells with the actin-depolymerizing agent latrunculin A did 
not alter mitochondrial partitioning into the two daughter cells (34). However, Moore et al 
showed that mitochondria were associated with a dynamic wave of actin filament during 
mitosis, and depolymerizing the actin meshwork with either latrunculin A or cytochalasin D 
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causes the aggregation of mitochondria and alter the mitochondrial positioning at this cell cycle 
phase (37). These discrepancies may be due to differential incubations with latrunculin A (10 
min (34) or 1 h (37)), or they might be intrinsic to the resolution power of the microscopy 
setups used to image the samples (Airyscan high-resolution microscopy (37) or conventional 
confocal microscopy (34)). 
Overall, mitochondrial segregation at mitosis is a complex, but well-coordinated process in 
mammalian cells: after the release of mitochondria from motor proteins during the early stages 
of mitosis, actin cables ensure the uniform distribution of mitochondria prior to cell division. 
 
The requirements for mitochondrial transport in proliferating cells and in cells largely in 
quiescence share functional similarities, although in specific cell types as neurons the 
mechanisms of mitochondrial transport on cytoskeletal tracks have been better characterized. 
Neurons mostly rely on mitochondrial ATP for their survival, and they maintain a 
comparatively higher number of mitochondria than other cell types. Neurons typically have 
higher ATP demands at synapses, and this finding is supported by the high amount of 
mitochondria that can be found at these locations following their transport from the cell body. 
Similarly, the dependence of mitochondria on the nuclear genome for organelle-specific 
turnover programs necessitates the transport of damaged mitochondria back from the axon and 
dendrites to the cell body (38).   
As in other cell types, mitochondria in neurons travel long-distance along the microtubule 
cytoskeleton, and short-distance along the actin network (39). The long-distance transport of 
mitochondria along microtubules is facilitated by kinesins and dynein (40). There are three 
classes of kinesin motors: the major transporter class Kinesin-1 family (KIF5s – KIF5A, KIF5B 
and KIF5C–), the Kinesin-3 family (KIF1B-α) and Kinesin-Like Protein 6 (KLP6) (41, 42). As 
introduced above, the loading of kinesins on mitochondria is performed with the help of the 
adaptor protein Milton in Drosophila, or the TRAK proteins in mammals. Milton links the 
OMM protein dMiro in Drosophila /MIRO1 and MIRO2 in mammals (43) to the cargo binding 
domain of KIF5. This complex constituted by MIRO (receptor), KIF5 (motor), and 
Milton/TRAKs (adaptors) facilitates the anterograde mitochondrial movement of mitochondria 
(36, 42). Although the complete mechanism of mitochondrial transport by KIF1B-α and KLP6 
motor proteins is not well understood yet, their loading on mitochondria appears to be 
facilitated by the adaptor protein KBP (kinesin binding protein) (44, 45). Impairing the function 
of KLP6 by RNAi in C. elegans was shown to cause an alteration of mitochondrial morphology 
(46). Similarly, HeLa and Neuro-2a cells expressing a mutant KLP6 construct lacking the 
motor domain showed altered mitochondrial morphology and an inhibited transport of 
mitochondria in neurites of differentiated Neuro-2a cells (46) (Fig. 3A). 
The retrograde mitochondrial motion in neurons is driven by the dynein motor complex and its 
partner dynactin (47).  The dynein motor is a multimeric protein consisting of two heavy chains 
(DHC), several intermediate chains (DICs) and dynein light intermediate chains (DLICs), and 
dynein light chains (DLC) (47–49). The dynein heavy chains act as the motor, and the other 
subunits participate to the association of the dynein motor with the cargo and in regulating the 
mobility of dynein along the microtubule tracks. However, the large structure of dynein 
complexifies experimental analyses, and the dynein-mediated mitochondrial transport 
mechanism has not been fully elucidated yet. One study suggests that the DLC protein 
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TCTEX1 favors the binding of dynein with the OMM protein voltage-dependent anion-
selective channel (VDAC) (50). Then, dynactin binds directly to dynein, and it also binds to 
microtubules through its p150Glued component (51). Dynein in complex with dynactin is then 
capable to interact with Milton/TRAK2 and MIRO to mediate retrograde mitochondrial 
transport (36, 52) (Fig. 3A and B).  
Although most mitochondrial transport takes place on microtubule tracks with the help of 
kinesins and dynein, the short distance movements in dendritic spines are orchestrated by 
myosins on the actin network (53). As introduced above, myosins are ATP-dependent motor 
proteins and out of 18 classes of myosin proteins, Myo-19 (53, 54) and Myo-5 were associated 
with mitochondrial transport in mammalian cells, with Myo-5 acting through the SPIRE1 actin-
nucleating protein (55, 56). Both Myo-19 and Myo-5 were shown to bind to MIRO proteins to 
facilitate the mitochondrial transport (36) (Fig. 3C). However, the involvement of these motors 
in specific cells as neurons remains to be fully elucidated. 
Mitochondrial transport is crucial for the survival of neurons and for the maintenance of 
synapses. Perturbations of mitochondrial transport have been linked to neurodegenerative 
diseases such as  Alzheimer’s (57–61) and Parkinson's (62–66), amyotrophic lateral sclerosis 
(67–70),  schizophrenia (71, 72) and Huntington's diseases (73–75). 
 

 
Asymmetric mitochondrial inheritance during mitosis and its link to stemness 
 
In general, somatic cell division show a symmetric distribution of mitochondria into the two 
daughter cells, which receive comparable amounts of mitochondria with similar membrane 
potential levels. DNM1L-mediated mitochondrial fission is critical for the correct distribution 
of mitochondria in the daughter cells. AURKA and the Cyclin B/CDK1 complex, together with 
RALA (small Ras-like GTPase) and its adaptor and RALBP1 were shown to be key for 
mitochondrial fission at mitosis. AURKA phosphorylates RALA at Ser194 and upon 
phosphorylation, RALA localizes to mitochondria and favors the localization of its effector 
RALBP1 and of DNM1L itself to this compartment (32). Impairing this cascade of events alters 
DNM1L-dependent mitochondrial fission, resulting in the asymmetric segregation of 
mitochondria in the two daughter cells (32). 
Unlike in somatic cells, the uneven distribution of “aged” mitochondria often occurs during the 
asymmetric cell division of stem cells. One of the daughter cells receives the majority of newly-
synthesized mitochondria and maintains the stem cell fate, while the daughter cell receiving a 
higher proportion of “aged” mitochondria will acquire a differentiated, non-stem fate (76). In 
addition, the inhibition of DNM1L-mediated mitochondrial fission events in the stem cell 
blocks the asymmetrical distribution of “old” mitochondria, leading to the loss of stem cell 
properties (76). Therefore, mitochondrial fission is also crucial for the maintenance of the stem 
cell phenotype. A similar study showed that the alteration of mitochondrial dynamics, or the 
presence of mitochondrial stress during the division of hematopoietic stem cells (HSCs) causes 
the asymmetric distribution of mitochondria in the daughter cells (77). The cells receiving 
dysfunctional mitochondria fail to manage the biosynthetic demands needed to progress 
throughout the cell cycle, and undergo replicative senescence (77). Another study illustrated 
that LPS-activated lymphocytes divide asymmetrically, and give rise to daughter cells having 
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different sets of “aged” mitochondria (78). Based on the relative content of aged mitochondria, 
lymphocytes will enter separate metabolic pathways. The cells that follow PI3K-dependent 
catabolic pathways were shown to contain “younger” mitochondria, to clear damaged 
organelles more efficiently and self-renew as naive stem cells. On the contrary, cells following 
AMPK-related anabolic pathways contain more “aged” mitochondria and undergo senescence 
(78). Although the respective molecular mechanisms and the player involved still remain to be 
fully understood, these studies show that the asymmetric partitioning of mitochondria is key to 
cell metabolism, together with the capacity of the cell to maintain stemness in specific cell 
types.  

 

The transport of mitochondria among cell populations as a potential route to adapt cell 
metabolism and contribute to chemoresistance in cancer 

Metabolic adaptation is an essential aspect for survival in the adverse tumor microenvironment, 
where every cell is undergoing multiple rounds of uncontrolled cell division. In such a 
competitive environment for nutrients availability, it is challenging to fulfill both substrate and 
energy requirements. Mitochondria play an essential role by fueling the energy requirements 
of the cancer cell by using various substrates, maintaining a pool of cancer stem cells, and 
helping in the development of metastasis (79–81). However, it is not clear whether the role(s) 
of mitochondria in these processes is played by the entire mitochondrial network within a 
particular cell population, or it is due to an exchange of mitochondria among the various cell 
populations constituting a tumor. It has been shown that mitochondria can be transferred from 
adult stem cells and/or somatic cells to defective cells with no mitochondrial DNA (r0 cells) 
(82, 83). This transfer restores aerobic respiration in r0 cells, and provided the first evidence 
of mitochondrial transfer between two cell populations (82). After this report, mitochondrial 
transfer was shown to occur under various paradigms: from the pluripotent mesenchymal stem 
cells to lung epithelial cells to protect from cigarette smoke-induced damage (84); from 
mesenchymal stem cells to epithelial cells to protect the injured cells in ischemia-reperfusion 
models (85, 86); from mesenchymal stem cells to rotenone-stressed mitochondrial myopathy, 
encephalomyopathy, lactic acidosis, and stroke-like episodes (MELAS) fibroblasts to rescue 
their bioenergetics capabilities (87). Furthermore, the transfer of dysfunctional mitochondria 
from neurons to astrocytes and the consequent clearing of defective mitochondria within the 
astrocytes (88) was shown to provide neuroprotection in an animal model of stroke. In the 
context of cancer, the transfer of mitochondria was shown to occur from endothelial cells to 
cancer cells (89), and from bone marrow stromal cells to leukemic cells (90). This transfer 
protects the cancer cells from apoptosis and increases its chemoresistance. Last, the 
intracellular transfer of functional mitochondria from a highly invasive bladder cancer cells 
increases their metastatic and invasive properties, and results in an increased tumor size in a 
T24 xenograft mice model (91).  
The transport of mitochondria to active sites of inflammation or metastasis was also shown to 
be key to disease progression. Lymphocyte migration is vital for adequate immunological 
response at the site of injury or inflammation, and it is guided by the cytokines or chemokines 
released at the site of the injury (92, 93). Lymphocyte migration is an energy-consuming 
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process that requires high quantities of ATP for lymphocytes to adhere, contract and perform 
protrusions. In this light, mitochondria play a crucial role in lymphocyte migration (94): 
mitochondrial fission and redistribution were shown to be critical for migration, while an 
increase in mitochondrial fusion slows down this process (94). 
Similarly, cell migration is a characteristic feature of cancer cells that allows them to 
metastasize away from the primary site of the tumor (95). Cytoskeletal proteins are known to 
be crucial for cell migration and cancer metastasis, and many dugs developed to target 
cytoskeletal stability and functions are under investigation and show promising results (96–
98). However, the involvement of mitochondrial transport and its role in providing ATP for 
cell migration has been neglected. A study on epithelial breast cancer cell lines shows that the 
localization of mitochondria to the leading edge of the migrating cell increases the migration 
velocity and helps directional persistence (99). Similarly to the impact of mitochondrial fission 
for lymphocyte migration (94), promoting mitochondrial fusion by overexpressing OPA1, 
blocking fission by overexpressing a dominant-negative form of DNM1L (DNM1LK38A) or 
impairing mitochondrial transport using a MIRO1 shRNA slow down the migration of cancer 
cells (99). These data further corroborate the importance of mitochondrial dynamics and 
transport in cancer metastasis, although our current view of the importance of their interplay 
for cancer progression is still partial. 
 

Mitochondrial quality control as a requirement for cell differentiation, fate acquisition 
and stemness. 
 
As introduced above, the capacity of cells to activate and achieve the clearance of dysfunctional 
mitochondria is key to cell physiology, and organelle turnover heavily relies on mitochondrial 
dynamics and transport (100). Mitochondria are selectively cleared by mitophagy, an 
organelle-specific autophagy pathway (101, 102). In mitophagy, dysfunctional mitochondria 
are engulfed in a double-membrane vesicles known as autophagosomes and then degraded by 
lysosomes. Mitochondrial quality control begins before the entry into the cell cycle, as cells 
with defective mitochondria were shown to remain in G0 (103). Interestingly, an in vivo study 
in Drosophila showed that the disruption of mitochondrial complex I functions can 
compromise mitochondrial membrane potential, ATP synthesis, and it causes  G1-S arrest 
(104). A recent report linked the PINK1/PARKIN mitophagy pathway and a successful cell 
cycle progression. Upon widespread mitochondrial dysfunction, induced by incubating cells 
with an oligomycin/antimycin cocktail, the PINK1/PARKIN pathway was shown to sequester 
the mitotic Tank Binding Kinase 1 (TBK1) to damaged mitochondria. Genetic ablation or 
pharmacological inhibition of TBK1 triggered cell cycle arrest at mitosis (105). These studies 
suggest that mitochondrial quality control is a prerequisite for cell cycle entry and progression. 
Whether these events are important also in physiological paradigms of mitophagy, and whether 
the mitochondrial transport machinery is involved in basal quality control events is currently a 
matter of intense investigation in the field. 
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In the sections below, we will review our current knowledge on the main mechanisms of basal 
mitophagy, and explore the consequences of impaired mitophagy for cell proliferation, 
stemness and fate acquisition. 
 

Mechanisms of mitophagy in red blood cells 

The maturation of erythroblasts into mature red blood cells is a process commonly known as 
terminal erythropoiesis. It starts in the bone marrow within erythroblastic islands, which consist 
of a central macrophage surrounded by erythroblasts, and it ends in the bloodstream, where 
reticulocytes complete their maturation in approximately two days (106, 107). The maturation 
of erythroblasts into red blood cells leads to profound changes in cell morphology, such as the 
loss of nearly 20% of the plasma membrane surface area, an overall reduced cell volume, the 
increased association of the cytoskeleton with the outer plasma membrane, enucleation and the 
loss of all residual cytoplasmic organelles, such as the Golgi apparatus, the endoplasmic 
reticulum (ER), mitochondria and ribosomes (106). 

The disappearance of mitochondria during terminal erythropoiesis gathered significant 
attention after the discovery that the main mechanism of mitochondrial clearance in 
erythroblast maturation is mitophagy (107). During the final step of erythroid differentiation 
LC3, an ubiquitin-like modifier required for the growth of autophagosomal membranes is 
converted from its unmodified form – known as LC3-I – to a lipidated form, LC3-II (108). The 
presence of autophagy during erythroid differentiation was confirmed by the work of 
Mortensen et al, where it was shown that the conditional knockout of the essential autophagy 
gene ATG7 in mouse erythrocytes induces the accumulation of  damaged mitochondria with 
altered membrane potential (ΔΨm), increased susceptibility to cell death and anemia (109).  

During erythroblast maturation, it was shown that the outer mitochondrial membrane protein 
NIP3-like protein X (NIX), also named Bcl-2/adenovirus E1B 19 kDa interacting protein 3-
like (BNIP3L) induces a loss of ΔΨm and the recruitment of LC3 to mitochondria (110). These 
events target mitochondria to autophagosomes for clearance during erythroid maturation. At 
the molecular level, NIX plays the role of a mitophagy receptor by recruiting LC3 and its 
cognate protein GABARAP, to damaged mitochondria through its amino-terminal LC3-
interacting region (LIR) (111). Mice lacking the NIX:LC3/GABARAP interaction showed an 
altered mitochondrial clearance in maturing reticulocytes, a restored ΔΨm, altered erythroid 
maturation, and anemia.  

Other proteins were also shown to play a role in erythroid maturation, such as the serine-
threonine kinase ULK1 (Uncoordinated 51-Like Autophagy Activating Kinase 1). ULK1 
deficiency was shown to delay the clearance of mitochondria in mouse reticulocytes and 
embryonic fibroblasts (112). The mitophagy-inducing function of ULK1 during erythroid 
maturation was shown to require AMPK activity, and more specifically the activity of the a1 
isoform (PRKAA1) (113). The lack of PRKAA1 activity (by PRKAA1 inactivation or gene 
deletion in mice erythroid precursors) decreases ULK1 phosphorylation on Ser555, a key 
modification required for the nucleation of autophagic vesicles. The absence of this 
phosphorylation prevents the direct association of ULK1 with autophagy-related partners such 
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as RB1CC1, the formation of BECN1-PtdIns3K complexes, and it ultimately inhibits 
mitophagy. Mitochondria not undergoing mitophagy display excessive mitochondrial ROS 
levels and overall oxidative stress, which was proposed to cause the destruction of erythrocytes 
by hemolysis. Although ATG7 and ULK1 were shown to play key roles in mitophagy during 
terminal erythropoiesis, their absence does not completely abolish mitochondrial turnover, and 
it suggests the existence of an alternative pathway that can be implicated in this process (112, 
114, 115). In this optic, RAB9A, a member of the Rab GTPase family implicated in endosome 
trafficking (116),  was shown to trigger mitophagy activation in erythroid leukemic cell lines 
and in vivo even when the canonical, ATG7-dependent autophagy pathway is blocked (115, 
117) (Fig. 4). However, further studies are required to understand the spatiotemporal activation 
of these two pathways in physiological conditions. 

Mitochondrial elimination by mitophagy during the maturation of red blood cells is an 
important process, and its deficiency is associated with many diseases such as myelodysplastic 
syndromes anemia and sickle cell disease (118, 119). This is why investigating the mechanisms 
and actors implicated in the clearance of mitochondria from red blood cells is necessary to 
unravel how this process is compromised in patients, and may help developing new therapeutic 
strategies. 

 

Mitophagy in Stem Cell Maintenance and Differentiation 

As described above, the correct maintenance of the blood system is critical to homeostasis. In 
addition to the mitophagy mechanisms regulating terminal erythropoiesis, HSCs continuously 
repress oxidative metabolism and eliminate active mitochondria via mitophagy to remain in a 
quiescent state (120). HSCs were shown to rely on anaerobic glycolysis for their energy needs, 
and this is a potential strategy used by the stem cell to prevent the accumulation of high levels 
of ROS that can lead to blood aging phenotypes (121, 122). It has been demonstrated that 
mitophagy in HSCs involves the autophagy factor ATG12 (120). The knockout of ATG12 in 
mice HSCs induces an increase in the total number of mitochondria, which were shown to 
adopt an elongated morphology. Under these conditions, HSCs also display an increased 
mitochondrial membrane potential compared to the controls, revealing an accumulation of 
active mitochondria which cannot undergo ATG12-mediated autophagic degradation. In a 
parallel study, Ito et al. have demonstrated that Tie2+ HSCs, a subpopulation of mouse HSCs, 
can maintain their stemness potential by upregulating a PINK1/PARKIN-dependent mitophagy 
program (123). Complementary data show that the absence of PINK1 in mouse embryonic 
fibroblasts (MEFs) lowers their capacity to be reprogrammed into induced pluripotent stem 
cells (iPSCs) and conversely, PINK1-deficient iPSCs tend to spontaneously differentiate and 
to lose their ability to maintain stemness proprieties (124). In addition, the overall 
reprogramming  of MEFs into iPSCs was recently associated with a decrease in mitochondrial 
mass and an increase of BNIP3L/NIX-dependent mitophagy, and this independently of a ΔΨm 
loss (125).  

Mitophagy has also been shown to be implicated in the differentiation of mouse neuroblast 
stem cells into retinal ganglion cells (RGCs). This process has been found to involve NIX-
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dependent mitophagy induced by hypoxia to eliminate mitochondria and shift their metabolism 
from mitochondrial respiration towards glycolysis (126). In muscle differentiation, mitophagy 
was also found to play a role in differentiating primitive myoblasts into mature myotubes (127). 
This was shown to require mitochondrial network remodeling and the induction of SQSTM1 
(sequestosome1)-mediated mitophagy. Mitophagy in this model temporally occurs before the 
biogenesis of new mitochondria, and this transition parallels a metabolic shift: myoblasts were 
found to be mainly in a glycolytic state, while mature myotubes switch to oxidative 
phosphorylation. 

 

Basal mitophagy in Drosophila, C. elegans and mice: paternal mitophagy after fertilization 
 
Despite the fact that spermatozoan mitochondria are found in the oocyte upon fertilization, only 
maternal mitochondria are inherited in the majority of eukaryotic species (128). Several reports 
have shown that paternal mitochondria sperm-derived (PMS) are eliminated shortly after 
fertilization. In mice, PMS disappear from embryos during the 4-cell to 8-cell stage transition 
(129). In 2011, Sato and Sato demonstrated that the elimination of PMS in C. elegans requires 
autophagy, as PMS were maintained in zygotes with defective autophagy, and they were 
detectable even at the first larval stage (130). By following the expression of LGG-1 and LGG-
2, the C. elegans homologs of LC3, Rawi et al. showed that the entry of the spermatozoan 
organelles into the oocyte upon fertilization triggers an autophagy response (131). Under these 
conditions, structures positive for LGG-1 and LGG-2 were found to surround PMS. Similarly, 
several autophagosomal markers such as LC3, GABARAP, SQSTM1 and Lys63-positive 
ubiquitin chains were found in the vicinity of ubiquitinated PMS in the fertilized mouse oocyte 
and corroborating the role of autophagy  for the clearance of paternal mitochondria (131). 
However, the molecular mechanisms of mitochondrial turnover seem to partially differ among 
species, as mammalian PMS are ubiquitinated while C. elegans sperm mitochondria are not 
(131, 132).  

The elimination of paternal mitochondria has been also shown to occur in Drosophila. 
Transgenic flies with fluorescently-tagged sperm mitochondria revealed that PMS disappear 
90 minutes after egg laying (133). Eggs fertilized by DJ-GFP, a fluorescent sperm-specific 
mitochondrial protein, and maternally expressing the fluorescent autophagy reporter mCherry-
Atg8, the Drosophila homolog of LC3, showed a localization of Atg8-positive vesicles in the 
vicinity of DJ-positive paternal mitochondria, which start to be degraded 30 minutes after egg 
laying. In contrast to C. elegans, ubiquitination seems to be required for paternal mitochondrial 
clearance in Drosophila. Directly after fertilization, PMS are ubiquitinated and SQSTM1, an 
autophagy receptor recognizing ubiquitylated proteins (134), is recruited to the PMS. While 
PARKIN does not appear to be involved in the paternal clearance of mitochondria 
in Drosophila, it seems to be required for the mammalian turnover of PMS (133, 135).  

Recently, Prohibitin 2 (PHB2) an inner mitochondrial membrane protein has been found to 
function as a key mitophagy receptor for PARKIN-mediated mitophagy in mammalian cells 
and to play a critical role in the elimination of paternal mitochondria in C. elegans (136). By 
following the fate of paternal mitochondria stained by MitoTracker Red in fertilized C. elegans 
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oocytes, it has been shown, that the knockdown of PHB2 in spermatozoids impaired paternal 
mitochondrial clearance. In this study, it was shown that PHB2 has an LC3-interacting motif 
allowing it to bind to LC3 during mitophagy. However, PHB2 is an inner mitochondrial 
membrane protein and its interaction with LC3 requires its exposure to the cytosol. Indeed, it 
was demonstrated that a proteasome-dependent OMM rupture is necessary for the interaction 
between PHB2 and active, lipidated LC3 (LC3-II) (136). These findings were further 
corroborated in vivo, as paternal mitochondria were shown to undergo depolarization and a 
ruptured OMM upon the entry of the PMS into the oocyte in C. elegans (137).  

 
Conclusions and open questions. 
 
Our knowledge on how mitochondrial dynamics, transport and mitophagy are orchestrated in 
specific cell types and in physiological conditions is core to our understanding of how cell 
homeostasis is maintained. These functions are not only required to maintain proper 
mitochondrial functionality, but they also allow the correct partitioning of the mitochondrial 
pool to daughter cells during cell division. In addition, the molecular machineries involved in 
maintaining these mitochondrial functions were shown to directly participate to the acquisition 
of cell fate and stemness, and to regulate the overall metabolic capacity of the cell. Failure in 
regulating these functions by altering the abundance of the molecular players involved has been 
linked to pathological conditions, such as neurodegenerative disorders or cancer. 

Although the importance of mitochondrial dynamics, transport or clearance is increasingly 
clear, our knowledge of how these functions are mutually connected at the physiological level 
remains partial. Recent data shed light on paradigms and molecular actors of basal, piecemeal 
mitophagy in mammalian cells, which appears to be turned on when cells rely on oxidative 
phosphorylation for ATP production (138, 139). So far, the major players appear to be ATG8 
proteins, SQSTM1 and the import protein SAMM50, while no involvement of PINK1 or of 
DNM1L has been found (138, 139). Therefore, piecemeal mitophagy seems to be different 
from the physiological clearance of paternal mitochondria, which utilizes the PINK1/PARKIN 
pathway and mitochondrial dynamics actors instead (135). However, differences in the 
abundance of proteins regulating mitochondrial dynamics can be observed in SAMM50-
induced piecemeal mitophagy (139). Whether this is directly linked to a mitochondrial 
transport impairment or a chronic protein import deficiency still remains to be ruled out. 
Together, it appears that several paradigms of physiological mitophagy exist, each of them 
being activated in specific cell types or metabolic conditions, and each of them showing a 
unique set of molecular actors only partially shared with the other ones. Whether these 
paradigms all rely on an efficient transport machinery still remains to be determined. 

In conclusion, the link between physiological paradigms of mitophagy and their relationship to 
organelle transport still remains to be fully elucidated, together with the importance that these 
processes have for mitochondrial segregation at cell division in both symmetrically- and 
asymmetrically-dividing cells. Last, future studies are needed to explore how the adaptation of 
cellular and mitochondrial metabolism can shape mitochondrial transport and basal mitophagy 
pathways, and the consequences that this metabolic adaptation has for cell proliferation or 
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quiescence, differentiation or stemness, and fate acquisition in physiological and pathological 
conditions. 
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Figures and figure legends 
 

 
Fig. 1. Changes in mitochondrial dynamics during cell cycle. The levels of Cyclin E increase 
during S phase, and this inhibits DNM1L-mediated mitochondrial fission in favor of fusion. 
The resulting hyper-fused mitochondria have high ATP synthesis capabilities, that sustain 
cycle progression. At mitosis, Cyclin B/CDK1 activate DNM1L by phosphorylating it on 
Ser585 and Ser616 residue. These modifications cause mitochondrial fission, which is 
mandatory for cells to progress throughout mitosis. Figure assembled using templates freely 
available on https://bioicons.com/ and on https://smart.servier.com/)   
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Fig. 2. The release of motor proteins from mitochondria during mitosis is essential for 
successful cell cycle progression (A) CDK1 causes the phosphorylation of dynein, which 
causes release of mitochondria from this motor. (B) Inhibiting the release of mitochondria from 
dynein, or the forced attachment of dynein to mitochondria causes cell cycle arrest at mitosis. 
(C) Aurora A/AURKA causes phosphorylation of kinesins, which causes the release of 
mitochondria from the motor protein. (D) Inhibiting the release of mitochondria from kinesins, 
or the forced attachment of kinesins to mitochondria causes the asymmetric distribution of 
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mitochondria at mitosis. Figure assembled using templates freely available on 
https://bioicons.com/ and on https://smart.servier.com/) 
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Fig. 3. Mitochondrial transport in neurons. (A) Mitochondrial transport is carried by dynein 
and kinesins. Due to the difference in polarity of microtubules in axon, mitochondrial 
anterograde movement is carried by kinesins, and retrograde movement by dynein. (B) 
Microtubule in dendrite have mixed polarity and unlike in axons, both anterograde and 
retrograde movements are facilitated by dynein. (C) Short-distance mitochondrial transport in 
the actin-rich dendritic spines is performed by myosins. Mitochondria previously traveling on 
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microtubule tracks can be transferred to myosin motors, which facilitate their anchoring on 
actin tracks. Figure assembled using templates freely available on https://bioicons.com/ and on 
https://smart.servier.com/) 
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Fig. 4. Mitochondrial elimination by mitophagy during the maturation of red blood cells. 
When red blood cell maturation is not perturbed, mitochondrial elimination by mitophagy 
occurs following two pathways: a NIX/BNI3PL-dependent mitophagy, and a RAB9A-
dependent clearance. NIX/BNI3PL induces mitochondrial depolarization and recruitment of 
LC3 on autophagosomal membranes, followed by degradation of the cargo. RAB9A-dependent 
mitophagy was also shown to occur in parallel. In case of ATG7 deficiency, altered and 
depolarized mitochondria accumulate in erythrocytes, while ULK1 deficiency results in 
delayed mitochondrial clearance. Mitochondria not undergoing mitophagy display excessive 
mitochondrial ROS levels and overall oxidative stress, which was proposed to be the leading 
cause for the destruction of erythrocytes by hemolysis and anemia. Figure assembled using 
templates freely available on https://bioicons.com/ and on https://smart.servier.com/)   
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