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Abstract

Declining mitochondrial function and homeostasis is a hallmark of aging. It is appreciated that the 

role of mitochondria is much more complex than generating reactive oxygen species to cause 

aging-related tissue damage. More recent literature describes that the ability of mitochondria to 

undergo fission or fusion events with each other impacts aging processes. A dynamic balance of 

mitochondrial fission and fusion events is required to sustain critical cellular functions including 

cell cycle. Specifically, cell cycle regulators modulate molecular activities of the mitochondrial 

fission (and fusion) machinery towards regulating cell cycle progression. In this review, we discus 

literature leading to our understanding on how shifts in the dynamic balance of mitochondrial 

fission and fusion can modulate progression through, exit from, and re-entry to the cell cycle or in 

undergoing senescence. Importantly, core regulators of mitochondrial fission or fusion are 

emerging as crucial stem cell regulators. We discuss the implication of such regulation in stem 

cells in the context of aging, given that aberrations in adult stem cells promote aging. We also 

propose a few hypotheses that may provide direction for further understanding about the roles of 

mitochondrial fission-fusion dynamics in aging biology.

1. Introduction

Mitochondria perform the crucial task of energy metabolism in eukaryotic cells, and are also 

critically involved in cell signaling and organismal homeostasis. Declining mitochondrial 

function in various tissues is considered to be a major hallmark of aging. According to the 

mitochondrial free radical theory of aging, the cumulative tissue damage by mitochondrial 

reactive oxygen species (ROS) is the primary cause for aging. However, attenuating 

mitochondrial ROS generation sometimes produces unexpected or inconsistent effects on 

aging, suggesting complex roles for ROS in aging processes (Balaban et al., 2005). In 

contrast to the cellular damage associated with ROS overproduction, finely regulated 

production of mitochondrial ROS contributes to normal signaling (Reczek and Chandel, 

2015). Furthermore, low levels of mitochondrial ROS have been implicated in adaptive anti-

aging responses, a phenomenon termed as mitohormesis (Ristow, 2014). Therefore, a 

broader outlook on the mitochondrial contribution to aging is required given mitochondria 

contributes to almost all the 9 identified hallmarks of aging (Lopez-Otin et al., 2013).
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Tissues primarily consist of differentiated cells that have exited proliferating cycle and must 

maintain chronological survival. Cells of certain lineages, like the hematopoietic lineage, 

can re-enter proliferating cycle after activation. Additionally, various tissues harbor adult 

stem cells that can regenerate tissues. When activated, the quiescent adult stem cells enter a 

self-renewal and proliferating cycle and further differentiate into their lineage specific 

counterparts (Oh et al., 2014). Adult stem cell exhaustion or their senescence (inability to 

exit cell cycle quiescence) has been linked to aging. Mitochondrial properties, including 

their fission and fusion ability, have been demonstrated to contribute to cell cycle regulation, 

cellular quiescence and senescence, and also organismal aging. Here, we will review 

literature related to the role of mitochondrial fission and fusion in regulating the cell cycle 

and how that can possibly impact stem cells in the context of organismal aging. Given, this 

review covers research from non-mammalian and mammalian model organisms as well as 

human, our discussion would pertain to mammalian system unless otherwise mentioned.

2. Mitochondrial fission-fusion dynamics

In proliferating cells mitochondria are not static structures as they rapidly undergo the 

processes of fission or fusion with each other. Mitochondrial fission divides larger 

mitochondria into smaller elements, and mitochondrial fusion joins smaller mitochondria to 

form larger ones. Also, mitochondria can transiently fuse and share their contents without 

altering mitochondrial shape or size. Cells maintain a given mitochondrial shape or size 

architecture by maintaining a dynamic balance between the countering processes of 

mitochondrial fission and fusion (Fig. 1). The details of the mitochondrial fission and fusion 

processes have been reviewed elsewhere (Kraus and Ryan, 2017; Labbe et al., 2014; Pernas 

and Scorrano, 2016). Here we introduce only the essential mechanistic principles involving 

the core machinery of mitochondrial fission and fusion (Fig. 1 and Table 1).

Mitochondria are double membrane bound organelles with an intermembrane space between 

the outer and the inner mitochondrial membranes. The inner mitochondrial membrane 

bounds the mitochondrial matrix and folds into specialized structures called cristae where 

mitochondrial respiratory complexes reside. The inner and outer mitochondrial membranes 

meet at certain contact sites called the cristae junctions at the base of individual cristae. 

Mitochondrial fission and fusion processes involve both the inner and outer mitochondrial 

membranes. The core regulatory proteins of mitochondrial fission and fusion processes are 

members of the dynamin related protein family. Mitochondrial fission is brought about by 

the GTPase action of the multimerized Dynamin-Related Protein 1 (Drp1) when it is 

recruited from the cytosol to the mitochondrial outer membrane (Kageyama et al., 2011). 

The outer mitochondrial membrane proteins, mitochondrial fission factor 1 (MFF1), 

mitochondrial dynamics proteins of 49 and 51 KDa (MID49/MID51), or fission protein 1 

(Fis1) act as receptors for Drp1 on the mitochondria (Kraus and Ryan, 2017). Although the 

Drp1 regulatory role of MID49/MID51 remains under active investigation, they can co-

assemble with Drp1 to form the protein ring that causes mitochondrial fission (Kalia et al., 

2018). Fis1 recruits Drp1 to mitochondria in yeast, but in mammalian cells Fis1 is thought to 

recruit Drp1 to the mitochondria to cause mitochondrial fission only in certain stress related 

situations (Qi et al., 2013; Shen et al., 2014). Fis1 may also inhibit mitochondrial fusion 

machinery independent of Drp1 (Yu et al., 2019). Recent evidence suggests that Drp1 driven 
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mitochondrial fission is regulated through interaction with the endoplasmic reticulum 

membranes and the cytoskeletal elements (Chakrabarti et al., 2018; Friedman et al., 2011; 

Moore et al., 2016; Rehklau et al., 2017), and may also involve Dynamin 2 that primarily 

promotes endocytosis (Lee et al., 2016). The mitochondrial fusion apparatus is split between 

the outer membrane GTPases mitofusins 1 and 2 (Mfn1/2), and the inner membrane GTPase 

Optic Atrophy protein 1 (OPA1). The mitofusins of apposing mitochondria interact and 

oligomerize in a heterotypic or homotypic manner to dock mitochondria together. 

Subsequent fusion depends on Mfn1/2 driven destabilization of the mitochondrial outer 

membrane in a way that is not fully characterized (Daste et al., 2018; Huang et al., 2017; 

Pernas and Scorrano, 2016). The inner membrane fusion protein Opa1 is either tethered to 

the mitochondrial inner membrane or localizes to mitochondrial inter membrane space. 

Opa1 gets processed by membrane bound proteases Yme1 or Oma1 into a long (L-Opa1) 

and a short form (S-Opa1), though the long form is sufficient for the fusogenic activity of 

Opa1(Song et al., 2007). Other than driving mitochondrial fusion, Opa1 is also responsible 

for maintaining the organization of the mitochondrial cristae (Cogliati et al., 2013; Frezza 

and Cipolat, 2006). The molecular machinery supporting the cristae junctions and their 

contact with the outer mitochondrial membrane is called MICOS (mitochondrial contact site 

and cristae organization system) (Rampelt et al., 2017). Interaction of Opa1 with 

components of MICOS may contribute to Opa1 driven regulation of mitochondrial fusion 

and cristae organization (Darshi et al., 2011). An in vitro study suggests that mitochondrial 

inner membrane fusion is brought about by interaction of L-Opa1 with the inner membrane 

specific lipid cardiolipin, while S-Opa1 modulates this interaction (Ban et al., 2017). The 

same study suggests that cardiolipin independent action of Opa1 may contribute to 

mitochondrial cristae maintenance. Thus far, no fission machinery has been identified for 

mitochondrial inner membrane. Moreover, the mechanism for coordination of fission and 

fusion of the outer and inner membranes remains to be elucidated, although some candidates 

have been proposed. The yeast protein Ugo1 has been demonstrated to mediate 

mitochondrial inner and outer membrane fusion events (Hoppins et al., 2009). Recently, a 

potential mammalian homologue has been identified with similar function to Ugo1, loss of 

which maintains mitochondrial hyperfused state (Abrams et al., 2015). Notably, regulation 

of mitochondrial inner and outer membrane fusion events appears to be distinct. For 

example, mitochondrial fusion of the inner membranes in mammals is ATP dependent, while 

the outer membrane fusion is not (Mishra and Chan, 2016).

Mitochondrial fission and fusion activities counteract each other. Tilting of the balance 

towards fission leads to maintenance of individual punctate mitochondria (hyperfission), 

while tilting of the balance towards fusion maintains a singular fused mitochondrial element 

(hyperfusion) (Kraus and Ryan, 2017; Labbe et al., 2014; Pernas and Scorrano, 2016) (Fig. 

1). We recently designed quantitative metrics for the steady state levels of mitochondrial 

fission and fusion that contribute to the maintenance of mitochondrial shape in any given 

cell. Using these metrics we found that although counteracting fission and fusion status are 

inversely related to each other, their quantitative relationship may be influenced by other 

factor(s). (Spurlock et al., 2019). One such factor could be mitophagy, which is the process 

of clearance of mitochondria through autophagosomal machinery. Mitochondrial fission-

fusion processes clearly crosstalk with mitophagy (Twig and Shirihai, 2011; Song and Dorn, 
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2015). It has been hypothesized that fusion of damaged and undamaged mitochondria may 

serve as a protective measure by diluting damage. On the other hand, mitochondrial fission 

segregates damaged mitochondria to allow their degradation by mitophagy. Moreover, 

certain mitochondria derived vesicles carrying specific cargo have been found to be targeted 

for degradation (Pickles et al., 2018). It is important to note that the abundance of punctate 

mitochondria after lowering of levels of mitochondrial fusion proteins is a result of lowering 

of both mitochondrial fusion and mitophagic clearance of the damaged punctate 

mitochondria (Chen and Dorn, 2013; Lee et al., 2012; Sebastian et al., 2016). Our analyses 

of the quantitative relationship between steady state mitochondrial fission and fusion status 

generated the testable hypothesis that reduction of mitochondrial fusion only below 

threshold leads to linear increase in mitophagy (Spurlock et al., 2019).

There is an ongoing debate about the rate of mitochondrial fission-fusion dynamics in 

different tissues in intact animals. While measurement of mitochondrial fission and fusion 

rate has been challenging, several efforts have been made to measure the rate of 

mitochondrial fusion-fusion dynamics using various live cell microscopy based approaches. 

The state of the art method of measurement of mitochondrial fission-fusion dyanmics is by 

the use of a live cell pulse chase assay using photoconvertible probes targeted to the 

mitochondrial matrix. This assay has been successfully performed in intact cells and in ex 

vivo tissue from animals expressing a photoconvertible mitochondrial probe (Karbowski et 

al., 2004; Mishra et al., 2015; Spurlock et al., 2019; Twig et al., 2008). However, the 

absolute rate of mitochondrial fission-fusion dynamics in an in vivo system has not been 

measured yet, but has been estimated. Based on the rate of detectable decrease in 

mitochondrial size in fusion deficient conditions, it has been estimated that mitochondrial 

fission/fusion cycle in adult heart may be as slow once in two weeks (Song and Dorn, 2015). 

However, mitochondrial fission-fusion dynamics could be detected within 30 mins in 

excised muscle tissues ex vivo, using live cell pulse chase assay, where rate of mitochondrial 

fission-fusion dynamics was shown to vary between different muscle fibers (Mishra et al., 

2015). It has been hypothesized that the slower mitochondrial fission/fusion cycle in 

differentiated tissues, like cardiomyocytes, are primarily important for mitochondrial quality 

control through regulation of mitophagy (Song and Dorn, 2015).

Ablation of the various core proteins regulating mitochondrial fission or fusion can result in 

embryonic lethality across various model organisms (Kraus and Ryan, 2017; Labbe et al., 

2014; Pernas and Scorrano, 2016), demonstrating the critical role of mitochondrial fission-

fusion and their regulatory proteins. However, the exact role of mitochondrial fission and 

fusion events may vary between proliferating cells and differentiated tissues, as well as in 

different molecular context in any tissue type.

3. Regulation of mitochondrial fission-fusion dynamics during cell cycle

Cell cycle is one of the various physiological stimuli that have been shown to impact 

mitochondrial fission or fusion abilities (Chen and Chan, 2017; Labbe et al., 2014). In a 

symmetric division cycle, the two daughter cells resulting from mitotic division of the 

mother cell undergo a long growth (G1) phase followed by a DNA synthesis phase (S) that is 

followed by a short growth phase (G2) before the next round of mitotic division (M). The 
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asymmetric division of stem cells is driven by the intrinsic or extrinsic (niche based) cues 

that influence the mitotic machinery (Venkei and Yamashita, 2018). The core cell cycle 

regulation depends on the cyclins, which oscillate in their expression and/or activity in a cell 

cycle stage-specific manner. They bind and activate their cognate Cyclin Dependent Kinases 

(CDKs) to phosphorylate and modulate various target proteins in the respective phase of the 

cell cycle. The core cell cycle regulators regulate mitochondrial functions including 

biogenesis, energy metabolism, ROS production and fission-fusion dynamics (Lee and 

Finkel, 2013; Lopez-Mejia and Fajas, 2015). Here, we will focus only on regulation of 

mitochondrial fission-fusion dynamics by canonical Cyclins and CDKs (for the sake of 

relevance, the cell cycle independent regulation by any non-canonical Cyclin/CDKs (Lopez-

Mejia and Fajas, 2015) will not be covered here).

Work from various laboratories, including ours, revealed cell cycle associated change in 

mitochondrial shape in various mammalian cells (Chen and Chan, 2017; Mitra, 2013). In 

normal proliferating cells, mitochondria undergo hyperfusion during G1 to S transition, and 

hyperfission occurs during mitotic transition (Fig. 2, red in Mitotic Cycle). The majority of 

cell cycle driven regulation of mitochondrial fission/fusion reportedly happens at the level of 

the mitochondrial fission protein Drp1. Enhanced mitochondrial fission in mitosis is brought 

about by activation of Drp1 by phosphorylation at its S616 residue by the mitotic Cyclin-B-

CDK1 complex (Taguchi et al., 2007). The mitotic kinase Aurora kinase A activates the 

RalA/RalBP1 complex to mediate the Cyclin-B-CDK1 driven activation of Drp1 on the 

mitochondrial outer membrane (Kashatus et al., 2011) (Fig. 2). Ectopic overexpression of 

Cyclin B1 in the mitochondrial matrix was not found to impact Drp1 in spite of impacting 

mitochondrial energetics during mitotic transition (Wang et al., 2014b). Although Aurora 

kinase A can support mitochondrial fission at endogenous levels, when overexpressed in 

cancer cells Aurora kinase A localizes to mitochondria to possibly promote mitochondrial 

fusion in a RalA independent manner (Bertolin et al., 2018). Microtubule reorganization is a 

crucial structural component for segregation of chromosomes during mitosis and division of 

cytosol during cytokinesis. In mammalian cells, a particular isoform of Drp1 (Drp1-x01) 

particularly associates with microtubules and not mitochondria (Strack et al., 2013). 

However, phosphorylation of Drp1 at S616 disrupts the Drp1-microtubule interaction and 

recruits Drp1 to mitochondria causing mitochondrial hyperfission in mitosis (Strack et al., 

2013). In fission yeast, a model has been proposed where association of microtubules with 

mitochondria prevents assembly of mitochondrial fission apparatus driven by Dnm1 (yeast 

homologue of Drp1) (Mehta et al., 2019). This competition model proposes that engagement 

of microtubules to form mitotic spindle precludes micro-tubule association with 

mitochondria, thus allowing assembly of the Drp1 driven fission apparatus on mitochondria 

during mitosis.

Mitochondrial hyperfusion at the G1-S transition may occur by activating the degradation of 

Drp1 by the cell cycle specific degradation machinery, APC-Cdh1 (Horn et al., 2011). 

However, the general degradation properties of Drp1, including its turnover rate, remain to 

be studied. Additionally, a recent study proposed that cytosolic calcium/CaMKII driven 

Drp1-S616 phosphorylation can prevent hyperfusion of mitochondria during G1 to S 

transition and block this cell cycle transition (Koval et al., 2019). The G1 phase is regulated 

by distinct set of molecules before and after the restriction point beyond which the cell 
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commits to the G1-S transition (Johnson and Skotheim, 2013). The early G1 phase leading 

to the restriction point is marked by growth factor driven induction of MAPK and/or other 

signaling pathways. Importantly, growth factors and MAPK pathway-induced ERK 

activation activates Drp1 in multiple mammalian cells, including stem cells (Fu et al., 2017; 

Kashatus et al., 2015; Koval et al., 2019; Prieto et al., 2016; Serasinghe et al., 2015). It is 

tempting to speculate that such MAPK kinase dependent activation of Drp1 can potentially 

suppress precocious hyperfusion of mitochondria in the early G1 phase (before restriction 

point), ensuring mitochondrial hyperfusion happens only during G1 to S transition at late 

G1(after restriction point) (Fig. 2). Drp1 was identified as a major interacting protein of the 

growth factor induced Cyclin D1 (Jirawatnotai et al., 2011), while Cyclin D1 knockout mice 

were found to harbor long tubular mitochondria reminiscent of the hyperfused mitochondria 

in Drp1 repressed conditions (Wang et al., 2006). These findings lead to the hypothesis that 

Cyclin-D1 interacts with Drp1 to sustain its activity to prevent transition to late G1, which 

remains to be tested (Fig. 2).

Direct evidence of cell cycle dependent regulation of the core mitochondrial fusion proteins, 

MFN1/2 and Opa1, is limited. Degradation of fzo1 protein (yeast homologue of MFN1) was 

proposed to be cell cycle dependent (Neutzner and Youle, 2005). Circumstantial evidence 

links MFN1/2 and Opa1 to cell cycle driven regulation of the Hippo signaling pathway as 

follows: The upstream Mst1/2 (mammalian homologue of Drosophila Hippo kinase) 

activates LATS kinase to repress the downstream transcriptional regulator Yap or Yorkie 

(Drosophila homologue of Yap) (Yu et al., 2015). APC-Cdh1 driven degradation of the 

LATS kinase activates Yap/Yorkie in the G1 phase of cell cycle (Kim et al., 2019). 

Activation of Yap/Yorkie has been shown to drive transcription of MFN1 and its Drosophila 

homologue Marf1 as well as Opa1 to regulate cell proliferation (Nagaraj et al., 2012). 

Therefore, it is possible that the APC-Cdh1 driven activation of Yap contributes to 

mitochondrial fusion during G1 to S transition by transcriptional activation of Mfn1/2 and 

Opa1 genes (Fig. 2). It is worth testing this hypothesis in stem cells given Hippo pathway 

regulates stemness (Yu et al., 2015). The Hippo kinase itself has also been proposed to 

regulate Drp1, but the mechanism remains unclear (Ouyang et al., 2019; Wang and Song, 

2018).

In summary, data from several laboratories indicate that regulation of mitochondrial fission-

fusion status is integrated within the cell cycle regulation (Fig. 2). Such integration remains 

to be specifically validated in stem cells, which would advance understanding how 

integration of mitochondria and cell cycle modules can impact cell cycle exit, maintenance 

of quiescence, senescence and differentiation of stem cells.

4. Impact of mitochondrial fission-fusion on cell cycle regulation and cell 

proliferation

Propagation of errors in cell cycle regulation is minimized by specific check points. Various 

mitochondrial stresses activate metabolic check points in cell cycle, which reflects passive 

involvement of mitochondria in cell cycle regulation. On the other hand, active involvement 

of mitochondria in regulation of cell cycle involves modulation of cell cycle activities (e.g. 
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DNA synthesis, chromosomal segregation) by mitochondria derived metabolites, ATP, ROS 

etc. Depletion of mitochondrial supplies that actively control cell cycle may also activate cell 

cycle blocks or delay cell cycle. Mitochondrial ATP production is modulated according to 

the energetic demand of different cell cycle stages, maximizing during the G1/S and/or 

G2/M transitions, likely depending on the cell context (Mitra et al., 2009; Wang et al., 

2014b; Harbauer et al., 2014; Koval et al., 2019). Also, mitochondria derived ROS 

contributes to the redox regulation of the cell cycle (Lee and Finkel, 2013).

Mitochondrial ATP and ROS production are linked through the mitochondrial energetics 

circuitry, and are also subject to nutrient availability (Murphy, 2009). Mitochondrial ATP 

and ROS production and nutrient utilization crosstalk in a bi-directional manner with 

mitochondrial fission and fusion dynamics, although the mechanistic details of these 

interactions are being investigated (Galloway et al., 2012; Willems et al., 2015). Multiple 

lines of evidence lead to the consensus that in nutrient-rich conditions, mitochondrial 

hyperfission maintains energetically less efficient mitochondria, whereas in nutrient-

deprived conditions, energetically efficient hyperfused mitochondria are maintained (Liesa 

and Shirihai, 2013; Schrepfer and Scorrano, 2016). In this regard, we and others have shown 

in non-neoplastic mammalian cells that hyperfusion achieved by repression of mitochondrial 

fission protein Drp1 at G1-S transition (or in other physiological conditions) is associated 

with stimulation of mitochondrial respiration (Mitra et al., 2009). In budding yeast, it has 

been proposed that import of key mitochondrial fusion protein fzo1 (yeast homologue of 

mitofusins) is required to maintain enhanced fusion to support mitochondrial respiration in 

mitosis (Harbauer et al., 2014). Similarly in cancer cells, Aurora kinase A overexpression 

has been proposed to support mitochondrial respiration in mitosis (Bertolin et al., 2018).

It remains to be determined whether hyperfusion promotes efficient nutrient/metabolite 

utilization, electron transport chain activity, ATP synthesis or optimal ROS generation. 

Ablation of the mitochondrial fission protein Drp1, which sustains hyperfused mitochondria, 

enhances maximal respiratory capacity of mitochondria, suggesting a possible regulation of 

the mitochondrial electron transport efficiency in the hyperfused mitochondria (Parker et al., 

2015). Furthermore, such increase in respiratory capacity took place only in the presence of 

exogenous factors that support cell proliferation, suggesting additional factors regulate 

respiratory efficiency (Parker et al., 2015). Ablation of the inner membrane fusion protein 

Opa1 impacts various aspects of mitochondrial energetics, including organization of the 

mitochondrial respiratory chain super-complexes by maintaining proper mitochondrial 

cristae structure (Cogliati et al., 2013; Del Dotto et al., 2018). However, the fusion ability of 

Opa1 is thought to be independent of its ability to sustain energetics (Frezza and Cipolat, 

2006). This distinction in Opa1 function is likely achieved by its multiple isoforms (Del 

Dotto et al., 2018). For example, the S-Opa1 isoform supports mitochondrial energetics in 

spite of not being able to support fusion (Lee et al., 2017). Nonetheless, Opa1 inactivity 

reduces cell proliferation (Chen et al., 2005; Merkwirth et al., 2008). Similarly, ablation of 

mitochondrial fusion proteins MFN1/2 dramatically compromises mitochondrial respiration 

and slows down proliferation (Chen et al., 2003). This may be due to defects in mtDNA 

maintenance (Chen et al., 2003), reduction of coenzyme Q pools (Mourier et al., 2015) or 

autophagic regulation (Chen and Dorn, 2013; Lee et al., 2012; Sebastian et al., 2016). Over-

expression of MFN2, can also reduce cell proliferation in certain cellular contexts (Chen et 
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al., 2004; Cheng et al., 2013). Drp1, Mitofusins and Opa1 have all been implicated in the 

control of cellular metabolism in proliferating and/or differentiated cells (Del Dotto et al., 

2018; Liesa and Shirihai, 2013; Schrepfer and Scorrano, 2016). How these alterations in 

metabolism are functionally linked to the impact of mitochondrial fission-fusion dynamics 

on energetics needs to be tested. In this regard, multiparametric analyses of mitochondrial 

energetics would shed additional insight on the mechanistic regulation of the bi-directional 

crosstalk of mitochondrial energetics and mitochondrial fission-fusion dynamics. Towards 

this goal, we recently developed the mito-SinCe2 approach to quantitatively analyze 

mitochondrial ATP or redox status and fission/fusion status in single cells (Spurlock et al., 

2019). Mito-SinCe2 analyses of tumor initiating stem cells revealed that mitochondrial 

fusion status and ATP increase linearly with each other only once mitochondrial hyperfusion 

is achieved. The analyses also revealed that the status of mitochondrial fission-fusion 

changes linearly either with ATP or with redox, but not simultaneously with both.

What is the significance of the mitochondrial ATP synthesis in proliferating cells? We found 

active mitochondrial ATP synthesis is required for G1-S transition of cell cycle, while not 

for mitosis at least in non-neoplastic mammalian cells tested (Mitra et al., 2009). Given ATP 

can also be synthesized through the (faster) glycolytic pathway in the cytosol, what may be 

the advantage of mitochondrial ATP production during G1 to S transition? The answer may 

lie in Cyclin E that governs the G1 to S transition (Siu et al., 2012). We and others found 

that Cyclin E, is uniquely linked to mitochondrial energetics and metabolism at least in 

mammalian cells and Drosophila (Mandal et al., 2010; Mandal et al., 2005; Mitra et al., 

2009; Ohhara et al., 2017; Parker et al., 2015; Qian et al., 2012; Xu et al., 2014). In 

Drosophila, genetic perturbation of mitochondrial energetics prevents G1-S transition by 

specifically degrading Cyclin E (Mandal et al., 2010; Mandal et al., 2005). Consistent with 

this we showed that boost in mitochondrial respiration supported by ablation of Drp1 driven 

mitochondrial fission prevents the normal Cyclin E degradation in mitosis in mouse 

embryonic fibroblasts (MEFs) (Parker et al., 2015). This mitochondrial regulation of Cyclin 

E happens by its recruitment to the mitochondria that we detected in MEFs and in 

Drosophila (Parker et al., 2015). Specifically, repression of Drp1 enhances the mitochondrial 

pool of Cyclin E that can be released by perturbing mitochondrial energetics, as tested in 

MEFs (Parker et al., 2015). Therefore, we proposed that Drp1 repression increases 

mitochondrial respiration to recruit Cyclin E on energetically active mitochondria to prevent 

its degradation and facilitate its build up required for G1-S transition (Fig. 2). Cyclin E 

abundance throughout the cell cycle causes various cell cycle defects and aberrant cell 

proliferation (Siu et al., 2012), as well as stem cell maintenance (Orford and Scadden, 2008). 

Consistent with this, repression of Drp1 driven mitochondrial fission, which maintains 

Cyclin E throughout the cell cycle, promotes various cell cycle defects including the 

following: a) cell cycle blocks (Mitra et al., 2009; Qian et al., 2012; Rehman et al., 2012; 

Tanwar et al., 2016; Westrate et al., 2014), b) context dependent aberrant cell proliferation 

and inhibition of differentiation (Mitra et al., 2012; Mitra et al., 2009; Parker et al., 2015), 

and c) maintenance of stem cell properties (Khacho and Slack, 2017; Parker et al., 2015; 

Todd et al., 2010). Aberrant cell proliferation resulting from Drp1 repression is dependent on 

EGFR-MAPK signaling in Drosophila and in MEFs (Mitra et al., 2012; Parker et al., 2015; 

Tomer et al., 2018). Importantly, aberrant cell proliferation and inhibition of differentiation 
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in cells ablated for Drp1 can be prevented by genetic perturbation of mitochondrial 

energetics in Drosophila (Tomer et al., 2018). Inappropriate Cyclin E activity in mitosis 

leads to aneuploidy and genomic instability (Siu et al., 2012). Indeed, aneuploidy induced by 

Drp1 repression can be attenuated by Cyclin E downregulation in certain cancer cells tested 

(Qian et al., 2012). Interestingly, the Drp1 ablated cells escape contact inhibition and 

proliferate aberrantly when the mitochondrial Cyclin E pool is released by ERK activation in 

both MEFs and Drosophila (Parker et al., 2015). From the above findings, we propose that 

modulation of mitochondrial fission-fusion dynamics controls critical aspects of 

mitochondrial energetics to promote G1-S transition and initiation of DNA replication by 

stabilizing Cyclin E on the mitochondrial surface (Fig. 2). Four critical questions arising 

from this line of thought are: a) Does mitochondrial Cyclin E, when released, translocate to 

the nucleus (Fig. 2)? b) Is Cyclin E regulated by ATP or ROS generated from mitochondria? 

c) Are there specific metabolites that maintain the energetic state of mitochondria towards 

regulating Cyclin E? d) Is a feedback loop established because Cyclin E has been reported to 

regulate mitochondrial energetics in erythroid lineage in mice (Xu et al., 2014)?

The increase in Drp1 driven mitochondrial fission in M phase, as described in the previous 

section, can be hypothesized to promote cell proliferation, and possibly important for cell 

proliferative disorders like cancer. From analyses of publically available cancer genomics 

data, we found Drp1 co-expresses with crucial genes controlling mitosis in a wide variety of 

cancer tissues, demonstrating the importance of Drp1 in neoplastic cell cycle (Tanwar et al., 

2016). Moreover, enhanced Drp1 activity in mitosis can be envisioned to be important for 

segregation of mitochondria between daughter cells during mitosis. However, partitioning of 

mitochondria happens in Drp1 ablated mouse embryonic fibroblasts, although there may be 

asymmetry in mitochondrial partitioning in daughter cells (Ishihara et al., 2009).

Cell cycle regulatory events guide the determination of whether a cell will remain quiescent, 

proliferate or differentiate. It is clear that genetic disruption of fission or fusion machinery 

alters cell proliferation at specific points during the cell cycle. The mechanistic details of 

such regulatory processes are being investigated (Fig. 2). Tight regulation of mitochondrial 

energetics by mitochondrial fission and/or fusion events actively regulates normal 

progression through the cell cycle. It will, therefore, be important to better understand the 

crosstalk between mitochondrial fission/fusion and energetics to elucidate regulation of the 

energetics of cell proliferation and cell fate determination.

5. Can mitochondrial fission-fusion influence stem cell self-renewal and 

differentiation by regulating cell cycle events?

Asymmetric mitotic division of adult stem cells results in one self-renewing cell and one 

differentiating cell. However, adult stem cells are largely maintained in a state of mitotic-

quiescence. Maintenance of stem cell quiescence is a necessary step for preventing stem cell 

exhaustion and/or senescence (Oh et al., 2014). Thus, stringent regulation of re-entry of 

quiescent stem cells into self-renewal and proliferative cycle is critical for maintenance of 

healthy tissues. The cell cycle status of the stem cells critically contributes to their cell fate 

determination between self-renewal, differentiation and quiescence (Liu et al., 2019; Julian 

Spurlock et al. Page 9

Exp Gerontol. Author manuscript; available in PMC 2021 July 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



et al., 2016; Orford and Scadden, 2008). Proliferating stem cells have distinctly different cell 

cycle profile from their differentiated progenies, including a shorter G1 phase and prolonged 

S and/or G2-M phase, while induction of differentiation prolongs the length of G1 (Julian et 

al., 2016). Importantly, prolonging the S and/or G2-M phase (involving Cyclin E and Cyclin 

B, respectively) maintains self-renewal (Gonzales et al., 2015), while levels of the growth 

factor Cyclin D determine the lineage of differentiation (Pauklin and Vallier, 2013).

Modulation of mitochondrial fission and fusion is emerging as critical for regulation of both 

pluripotent and adult stem cells. The consensus is that the balance of mitochondrial fission-

fusion is tilted more towards unopposed fission in embryonic stem cells or induced 

pluripotent stem cells (Fu et al., 2019) (covered more detail in a relevant review in this 

special issue). However, transition from naïve to primed pluripotent cells involves tilting the 

balance towards mitochondrial fusion (Bahat et al., 2018). Interestingly, a longer G1 is 

maintained in naïve pluripotency state than a primed pluripotency state (Ter Huurne et al., 

2017), raising the interesting possibility that mitochondrial fusion may be linked to 

shortening the overall length of G1 in primed pluripotency state. We showed that Drp1 

ablated MEFs, which maintain hyperfused mitochondria, have reduced G1 length and 

elevated levels of the stem cell marker Sox-2, in comparison to the wild type controls 

(Parker et al., 2015). Consistently, the Sox-2 positive adult mouse neural stem cells harbor 

tubular mitochondria (indicating elevated fusion or reduced fission) relative to their 

differentiated progeny (Khacho et al., 2016). The self-renewal of these neural stem cells is 

sustained by redox balance maintained by mitochondrial fusion proteins Mfn1 and Opa1 

(Khacho et al., 2016). Involvement of any cell cycle regulation by mitochondrial fusion in 

maintenance of these neural stem cells has not been tested yet. Importantly, neural 

progenitor cells derived in vitro from pluripotent stem cells also harbor more tubular 

mitochondria in comparison to the parental pluripotent stem cells (Lorenz et al., 2017). The 

mitochondrial fusion proteins have been shown to sustain self-renewal ability of Drosophila 
male germline stem cells by facilitating lipid utilization, where involvement of cell cycle has 

not been tested (Senos Demarco et al., 2019). Sustaining mitochondrial hyperfusion by 

repressing mitochondrial fission protein Drp1 maintains elevated Cyclin E levels and 

enhanced cell proliferation in the Drosophila ovarian epithelial cells (Mitra et al., 2012), 

including their stem cells (our unpublished results).

Maintenance of mitochondrial hyperfusion throughout the cell cycle reportedly disturbs the 

partitioning of mitochondria into daughter cells (Ishihara et al., 2009), raising the possibility 

that sustained hyperfusion regulates stem cell properties by modulating mitochondrial 

partitioning during asymmetric division of stem cells. Consistent with this idea, Mfn1 driven 

fusion proficient mitochondria preferentially partition in stem cells during asymmetric 

division (Wu et al., 2019). Moreover, depletion of Mfn1 resulted in symmetric division with 

loss of stemness and undue induction of differentiation in a normal mammary stem cell 

model (Wu et al., 2019). Similarly, appropriate partitioning of specific mitochondria during 

asymmetric division has been proposed as a way to maintain stemness in a neoplastic 

mammary stem cell model (Katajisto et al., 2015). The asymmetric division of budding yeast 

serves as model for studying asymmetric stem cell division (Pernice et al., 2017). In this 

model, the partitioning of mitochondria into daughter cells happens in proportion with the 

cytosolic volume (Jajoo et al., 2016) and involves interactions of the mitochondrial fission/
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fusion machinery, cytoskeletal elements, endoplasmic reticulum and plasma membrane 

(Pernice et al., 2017). The details of these interactions continue to be investigated. Towards 

such an endeavor, interaction between a myosin motor and mitochondrial fission and fusion 

genes has been proposed as a mechanism of mitochondrial partitioning to the bud during 

asymmetric division (Bockler et al., 2017).

Taken together, the literature suggests that mitochondrial fusion supports maintenance of 

various adult stem cells. Adult stem cells can undergo neoplastic transformation leading to 

initiation of tumor formation (Magee et al., 2012). Enhanced Drp1 driven mitochondrial 

fission can sustain self-renewal properties of the tumor initiating cells (Xie et al., 2015). 

However, repression of Drp1, that sustains mitochondrial hyperfusion, can enhance certain 

markers for tumor initiating cells (Parker et al., 2015). We recently reported that tumor 

initiating cells with hyperfused mitochondria and enhanced mitochondrial ROS and can be 

triggered to self-renew and proliferate more efficiently (at least in vitro) than tumor initiating 

cells that do not have those mitochondrial properties (Spurlock et al., 2019). Interestingly, 

triggering self-renewal converts the mitochondrial hyperfusion state to a hyperfission state. 

Therefore, we proposed that the tumor initiating cells with mitochondrial hyperfusion status 

in quiescence are ‘primed’ to self-renew more efficiently than others (Spurlock et al., 2019). 

This priming appears to result from alterations in cell cycle (our unpublished data).

Exit from the mitotic cell cycle to a mitotic quiescence state is a prerequisite for induction of 

differentiation. Differentiated cells can re-enter mitotic cycle when stimulated by 

physiological (ex: immune cell proliferation) or pathological cues (ex: cancer cell 

proliferation). Undue induction of differentiation observed with depletion of Mfn1 in human 

mammary stem cells (Wu et al., 2019) is consistent with our observation of precocious 

induction of differentiation induced by depletion of Marf 1 (Drosophila homologue of 

mitofusins) in the Drosophila ovarian epithelial cell layer (Mitra et al., 2012). Based on our 

data, we proposed mitochondrial fission sustained by reduced mitofusin activity is required 

for cell cycle exit, which may allow increase in mitochondrial biogenesis during 

differentiation (Mitra, 2013). Indeed, in a muscle differentiation model, enhanced 

mitochondrial fission was observed early in differentiation that was followed by increase in 

PGC1-alpha driven mitochondrial biogenesis (Sin et al., 2016). We further showed that 

mitochondrial fusion may resume after cell cycle exit and initiation of differentiation 

depending on the cell type (Mitra et al., 2012). Opa1 driven mitochondrial fusion has been 

proposed to be required for inducing differentiation in Drosophila intestinal epithelial 

progenitor cells (Deng et al., 2018) and for cardiomyocyte differentiation from mouse 

embryonic stem cells (Kasahara et al., 2013). Differentiation of pluripotent cells to various 

other lineages associates with mitochondrial fusion and boost in mitochondrial energetics 

(Fu et al., 2019).

Naïve embryonic stem cells differentiate into prime embryonic stem cells that further 

differentiate into lineage specific adult stem/progenitor cells, ultimately giving rise to the 

terminally differentiated cells of the respective lineage. Shifts in mitochondrial fission-

fusion dynamics appears to contribute at various levels of stem cell maintenance and 

differentiation. Based on the above discussed evidence, we have developed the following 

hypothesis to be experimentally tested in future (Fig. 3). We hypothesize that the level of 
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mitochondrial fusion gradually increases from naïve embryonic cells to the adult stem cells 

in a lineage specific manner. At each level, modulating mitochondrial fission-fusion 

dynamics guides the maintenance of quiescent G0/G1 state and their entry into a 

proliferating state towards maintaining self-renewal and differentiation.

6. Aging and mitochondrial fission-fusion dynamics

Aging is a complex multifactorial process (Lopez-Otin et al., 2013). Imbalance in 

mitochondrial fission or fusion contributes to both chronological aging (decline in function 

of non-proliferating cells) and replicative aging (loss of proliferative capacity i.e. 

senescence). Moreover, mitochondrial fission and fusion dynamics is linked to dysregulation 

of nutrient sensing, genomic instability, cellular senescence and stem cell exhaustion, all of 

which contribute to the biology of aging. Here, we will discuss the current literature on the 

contribution of mitochondrial fission and fusion dynamics in both replicative and 

chronological aging, although any connection to cell cycle remains speculative.

Replicative senescence is defined as an irreversible exit from the cell division cycle, in 

contrast quiescent cells are able to re-establish a proliferative state. Importantly, elimination 

of senescent cells increases life span (McHugh and Gil, 2018). Senescence is primarily 

caused by the stress induced DNA damage response, which brings about permanent cell 

cycle block by activating the CDK inhibitors p16 and p21 (Chandler and Peters, 2013). The 

senescent state has been proposed to resist oncogenic induction of cell proliferation. 

Paradoxically, the senescence associated secretory phenotype (SASP) provides cytokines to 

support proliferation of oncogenic cells by paracrine regulation (McHugh and Gil, 2018). In 

various cell culture systems including certain adult stem cells, β-gal positive senescent cells 

maintain hyperfused mitochondria. Certain senescent cells were found to have reduction of 

mitochondrial fission proteins Drp1 and/or Fis1 and down-regulation of Drp1 or Fis 1 was 

sufficient to induce senescent like features, including increase in β-gal positive staining (Lin 

et al., 2015; Mai et al., 2010; Zhang et al., 2017). Moreover, over activation of mitochondrial 

fusion protein Mfn1 resulting from its reduced turn over (driven by ubiquitin ligase 

MARCH5) could promote senescent like phenotypes (Park et al., 2010). Also, chemotherapy 

induced senescence in melanoma cells has been shown to involve Mfn1 driven induction of 

the interleukin IL-6 that contributes to SASP (Martinez et al., 2019). However, SASP 

induced by various forms of mitochondrial dysfunction in non-neoplastic cells appears to be 

distinct from IL-6 induction (Wiley et al., 2016). The mitochondrial fusion protein Mfn2 has 

been proposed to be involved in maintenance of senescence triggered by reduction of FGF21 

in mesenchymal stem cells (Li et al., 2019). Various forms of mild stress can induce 

mitochondrial hyperfusion, which has been proposed to be a protective measure to boost 

mitochondrial respiration to counteract the stress (Eisner et al., 2018; Youle and van der 

Bliek, 2012). Mitochondrial hyperfusion sustained by Drp1 repression brings about cell 

cycle dependent genomic instability to elicit the ATR driven DNA damage response in 

cancer cells tested (Qian et al., 2012). Also, persistent Drp1 repression can bring about cell 

cycle block in various cells (Mitra et al., 2009; Qian et al., 2012; Tanwar et al., 2016; 

Westrate et al., 2014). Therefore, it can be hypothesized that such cell cycle block triggered 

by sustained mitochondrial hyperfusion causing a DNA damage response can potentially 

underlie the senescence induction in the above proliferating cell culture systems. In contrast, 
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endothelial cell senescence in the context of diabetes is associated with activation of 

mitochondrial fission by sulphenylation of Drp1 (Kim et al., 2018). Similarly, senescence 

occurring with myocardial infarction related hypoxia involves Drp1 driven mitochondrial 

fission (Nishimura et al., 2018). In the single cellular budding yeast model system, 

replicative aging is studied by the number of daughter cells produced by the mother cell that 

ages and dies (Steinkraus et al., 2008). replicative aging in yeast is associated with 

maintenance of mitochondria in hyperfission state (Scheckhuber et al., 2007; Wang et al., 

2014a).Moreover, the quality and quantity of mitochondria retained in the mother yeast cell 

are reduced with age (Hughes and Gottschling, 2012; McFaline-Figueroa et al., 2011; 

Pernice et al., 2016). Additionally, distinct shapes of mitochondria in non-proliferating yeast 

cells, characterized as globular vs vesicular, were found to indicate cell quiescence or 

apparent senescence in chronological aging (Laporte et al., 2018). Although this study did 

not find any involvement of mitochondrial fission in determining the vesicular or globular 

mitochondrial phenotype, the effects of mitochondrial fusion remain to be tested.

A shift towards mitochondrial hyperfission has been observed with aging of differentiated 

tissues in several model organisms and in humans. Repression of mitochondrial fission has 

been found to enhance life span in various model organisms, strongly suggesting a 

regulatory role of mitochondrial fission in causing aging-related phenotypes. Deletion of the 

mitochondrial fission protein Dnm1 (yeast homologue of Drp1) increases chronological 

lifespan in yeast as assessed by the number of yeast cells surviving in cultures for an 

extended period of time (Scheckhuber et al., 2007). Moreover, deletion of the mitochondrial 

fusion protein mgm1 (yeast homologue of Opa1) reduces lifespan in yeast (Scheckhuber et 

al., 2011). The simple multicellular model, C elegans, has been extensively used in 

chronological aging studies primarily due to the ease of quantification of lifespan and aging-

related pathologies in this model (Kenyon, 2010). Interestingly, aging-related mitochondrial 

fission has been reported in multiple tissues of C elegans (Chaudhari and Kipreos, 2017; 

Jiang et al., 2015). Age related increase in drp1 driven mitochondrial fission in certain 

neurons of C elegans has been linked to lack of neuronal activity (Jiang et al., 2015). 

Regulated mitochondrial fission in neurons has been proposed to contribute to trafficking of 

mitochondria for synaptic activity (Morsci et al., 2016). Due to the substantial evolutionary 

conservation of the aging-related signaling pathways with mammals, C. elegans model has 

been also extensively used to characterize the signaling pathways in aging and lifespan. In 

fact, critical aging pathways were first identified by analyzing long or short lived C elegans 
mutants (Kenyon, 2010). One example is the extension of lifespan with attenuation of 

insulin signaling pathway, which has been widely confirmed in other models. Interestingly, 

attenuation of mitochondrial fission protein drp1 further prolongs the lifespan of insulin 

signaling mutants of C elegans, but not in the wild type (Yang et al., 2011). This synergistic 

epistatic interaction between the insulin pathway and drp1 remains to be studied further in 

the context of aging. Increase in longevity achieved with genetic modulation of various 

pathways associates with enhanced mitochondrial fusion state as detected in body wall 

muscle in C elegans (Chaudhari and Kipreos, 2017). Moreover, downregulation of eat-3 (C 
elegans homologue of Opa1) reversed the longevity phenotype of a majority of the longevity 

pathways tested, including repressed insulin signaling. This suggests different longevity 

pathways may share a requirement of optimal levels of eat-3/opa1 to maintain mitochondrial 
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fusion and/or energetics. In this study, the authors proposed that altered proteolytic 

processing of eat-3 protein causes the age-related decline in mitochondrial fusion, leading to 

mitochondrial hyperfission. Nonetheless, the possibility remains that reduction of eat-3 
levels would induce overall apoptosis which could explain the reversal of longevity.

Dietary restriction (DR) consistently prolongs lifespan in model organisms ranging from C 

elegans to Rhesus macaques (Riera et al., 2016). The full molecular mechanisms underlying 

DR mediated longevity are not fully understood but the role of mitochondrial fission-fusion 

dynamics is currently receiving attention. Activation of the AMP-activated protein kinase 

(AMPK) in response to DR contributes to DR mediated longevity in C elegans. Genetic 

deletion of mitochondrial fusion proteins fzo-1 (C elegans homologue of mitofusin) or eat-3 
reverses this effect, suggesting DR mediated extension of lifespan is mediated by 

mitochondrial fusion at least in C elegans (Weir et al., 2017). In this report, deletion of either 

fzo-1 or drp1 did not enhance normal longevity, likely due to disturbance of mitochondrial 

homeostasis. Interestingly, simultaneous deletion of drp1 and fzo-1 maintained 

mitochondrial homeostasis and markedly increased longevity in fed animals. This is 

consistent with the prediction generated from computational modeling that reducing rates of 

mitochondrial fission-fusion cycles may prolong healthy lifespan by preventing propagation 

of mitochondrial damage (Figge et al., 2012). However, the prolonged lifespan in the drp1/
fzo-1 double knockout C elegans was not observed with intermittent fasting, likely because 

fasting involves remodeling of mitochondria by either fission and/or fusion processes (Weir 

et al., 2017). Indeed, starvation promotes mitochondrial hyperfusion in mammalian models, 

which is proposed to sustain mitochondrial respiration and evade mitophagy (Gomes et al., 

2011; Rambold et al., 2011).

The Sirtuin family of proteins, which modulate acetylation status of certain proteins, are 

major regulators of aging and metabolism (Houtkooper et al., 2012). Aging is associated 

with reduction of Sirtuin levels in some tissues. Some Sirtuins specifically modulate 

mitochondrial proteins and may also localize to the mitochondria. Action of Sirt3, one of the 

mitochondrial Sirtuins, leads to boost in mitochondrial energy metabolism (Ahn et al., 2008; 

Hirschey et al., 2010). Also, Sirt3 overexpression can improve regenerative capacity of at 

least aged hematopoietic stem cells as tested in a mouse model (Brown et al., 2013). 

Interestingly, Sirt3 can suppress the induction of Drp1 driven mitochondrial fission in 

protecting against acute kidney injury in mouse model (Morigi et al., 2015). It remains to be 

tested whether anti-aging effects of the Sirtuins involves modulating mitochondrial fission-

fusion dynamics.

In mice, age related decline in muscle functionality due to ablation of the mitochondrial 

fusion protein Mfn2 is accompanied by altered mitophagic clearance of dysfunctional 

mitochondria (Sebastian et al., 2016). Interestingly, exercise promotes mitochondrial fusion 

in muscles in multiple model organisms including humans (Chaudhari and Kipreos, 2017; 

Huertas et al., 2019; Picard et al., 2013) and has been proposed to delay age related decline 

in mitochondrial fusion proteins Mfn1/2 (Halling et al., 2017). A recent report demonstrated 

age related decline in the levels of Drp1, Opa1 and Mfn1/2 in muscle biopsies of ‘sedentary’ 

senior human subjects but not in ‘sportsmen’ senior human subjects (Tezze et al., 2017). 

However, decrease in muscle activity only correlated with decrease in Opa1. Importantly, 
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muscle-specific ablation of Opa1 in mice led to systemic metabolic changes, senescence in 

multiple tissues and caused premature organismal aging and death. However, in this study it 

was not tested if the fusogenic activity of Opa1 can restore the function of Opa1 ablation. In 

another study, S-nitrosylation mediated activation of the mitochondrial fission protein Drp1 

and impairment of mitophagy were proposed as the underlying causes of aging mouse 

tissues (Rizza et al., 2018). These changes are brought about by age related reduction of 

GSNOR denitrosylase activity, which was observed in aging humans but not in centenarians. 

Therefore, it was proposed that preventing such mitochondrial changes may prolong 

lifespan. A study of normal human fibroblasts (NHFs) obtained from healthy subjects 

demonstrated age-dependent increase in oxidative respiration that was mediated by Mfn1 

and Opa1 (Son et al., 2017). However, it is not clear whether these changes lead to aging or 

protect from age related changes. Taken together, it can be hypothesized that mitochondrial 

fusion promotes health and longevity, and that mitophagic clearance of damaged 

mitochondria incapable of fusion is also beneficial. Interestingly, using a Drosophila model, 

it was demonstrated that activating Drp1 (or reducing mitofusin) to promote mitochondrial 

fission particularly in midlife increased healthspan while improving mitophagic clearance 

and proteostasis (Rana et al., 2017).

Elucidation of complexities of organismal aging is a challenging endeavor. Experiments with 

model organisms like yeast, C elegans, Drosophila and mouse together demonstrate that 

timely regulation of mitochondrial fission-fusion dynamics contributes to the complexities 

of replicative aging (senescence) of proliferating cells and chronological aging in in non-

proliferating differentiated tissue. Some of these aspects have also been verified in humans. 

Given mitochondria perform distinct functions in proliferating and differentiated cells 

(Vander Heiden et al., 2009), it is not clear if and how the impact of modulation of 

mitochondrial fission/fusion differs in proliferating cells undergoing cell cycle and in cells 

that are in mitotic quiescence including adult stem cells. Work to establish mechanistic links 

between mitochondrial fission-fusion and the hallmarks of aging will require determining 

where their optimal fission-fusion balance lies for different tissues and how it shifts as cells 

proliferate and commit to cell fates over a lifespan.

7. Conclusion

Progression through, exit from, and re-entry to the cell cycle are actively guided by the shifts 

in the dynamic balance of mitochondrial fission and fusion. Such mitochondrial structural 

changes impact mitochondrial function of cells as they self-renew, proliferate, differentiate, 

and age. Alteration of mitochondrial fission and fusion balance also contributes to various 

age related disorders including cancer, diabetes, neurodegenerative, cardiovascular and 

musculoskeletal diseases (discussed elsewhere (Sebastian et al., 2017)). The mechanistic 

molecular details of such an integrated control of mitochondrial fission-fusion and cell cycle 

have only begun to emerge. The understanding of the impact of the shifting balance of 

mitochondrial fission-fusion dynamics would be further aided by gene manipulation 

techniques that are more sophisticated than current gene knockout/knockdown approaches. 

Moreover, screening of drugs for specifically impacting the activities of mitochondrial 

fission or fusion proteins would provide additional tools for both basic understanding of the 

processes they impact and for prolonging healthspan. It is important to highlight that 
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mitochondria are extremely heterogeneous: they are wired differently to achieve distinct 

function in distinct tissues, while mitochondria perform distinct functions in proliferating 

and differentiated cells. Therefore, the role of mitochondrial fission and fusion may be 

distinct in the different cellular context of the differentiated tissue and their proliferating 

cells including their stem cells.
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Fig. 1. 
Mitochondrial fission-fusion dynamics. The dynamic balance between mitochondrial fission 

and fusion lies between mitochondrial hyperfission (left) and hyperfusion (right). The core 

proteins of the mitochondrial fission and fusion machinery are indicated. OMM: Outer 

mitochondrial membrane; IMM: Inner mitochondrial membrane. See Table 1 for gene names 

of homologous machinery across different species.
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Fig. 2. 
Model depicting integration of mitochondrial fission-fusion dynamics within mitotic cell 

cycle, which may impact mitotic quiescence, differentiation, senescence and aging. Cell 

cycle regulators modulate Drp1 (and Mfn1/2) function to alter the dynamic balance of 

mitochondrial fission-fusion towards regulating cell cycle progression. Lowering of Drp1 

levels by APC/Cdh1 driven degradation during the G1-S transition, promotes mitochondrial 

hyperfusion, supported by Yap-mediated transcription of Mitofusin and Opa1. Mitochondrial 

hyperfusion boosts mitochondrial ATP and/or ROS levels, leading to recruitment and 

stabilization of Cyclin E on mitochondria in late G1. During the G1-S transition Cyclin E 

may translocate from mitochondria to the nucleus to drive cell cycle progression through S 

phase and G2 into mitosis. Release of mitochondrial Cyclin E can happen by activation of 

Drp1, lowering of mitochondrial energetics (ox-phos), and/or activation of p-ERK. Mitotic 

activation of Drp1 promotes mitochondrial hyperfission to possibly allow symmetric 

segregation of mitochondria. The inability of released mitochondrial Cyclin E to translocate 

to the nucleus may lead to its degradation or inactivity and mitotic cell cycle exit into mitotic 

quiescence. Differentiation cues act on quiescent cells to confer lineage specificity so that 

mitochondrial fission-fusion status and mitochondrial Cyclin E pool can vary between 

lineages (a, b, c). Physiological or pathological signals can cause differentiated cells to re-

enter mitotic cell cycle. Moreover, senescence and/or aging of various differentiated cells 

can be supported by altered mitochondrial fission-fusion status (d, e, f). (?) Signifies 

proposed hypothesis to be tested; p-Drp1 specifically signifies the activating p-S16-Drp1.
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Fig. 3. 
Proposed hypothesis about how interaction of cell cycle modules with mitochondrial fission-

fusion dynamics in stem cells and their differentiated counterparts may impact senescence 

and aging. During development, a gradual overall increase in mitochondrial fusion is 

associated with differentiation of embryonic naïve pluripotent stem cells (PSCs) to adult 

stem cells (SCs). At each level of differentiation, the length of the G1 phase may vary with 

mitochondrial fusion activity. Various adult SCs (or their progenitors) may be self-renewed 

by cell cycle-regulated mitochondrial hyperfusion, which when inhibited leads to cell cycle 

exit and differentiation. Sustained mitochondrial hyperfusion by mild stresses may lead to 

permanent cell cycle exit and cause senescence. Also, different potent stresses during the 

lifespan may sustain a mitochondrial hyperfission state in adult SCs and/or their 

differentiated counterparts in association with senescence and aging.
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