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Abstract

Mitochondrial dynamics are increasingly recognized to play an important role in regulating
mitochondrial function in response to diverse stimuli. Given the overlap in the physiological
processes influenced by mitochondria and the physiological processes disrupted in tumor cells, we
speculate that tumor cells alter mitochondrial shape to promote the tumorigenic phenotype. Here,
we briefly review the evidence linking changes in mitochondrial fusion and fission to a number of
key tumorigenic processes, including metabolic rewiring, inhibition of cell death, cell migration,
cell proliferation and self-renewal capacity. The role of mitochondrial dynamics in tumor growth is
an important emerging area of research, a better understanding of which may lead to promising
new therapeutic options for the treatment of cancer.

Introduction

The development of a tumor is driven by a series of physiological changes both within the
tumor cells and the cells of the surrounding tissue that disarm the multiple mechanisms in
place to maintain normal tissue homeostasis. These physiological changes, famously
summarized by Hanahan and Weinberg [1], are driven initially by discrete genetic alterations
that activate or disable key control mechanisms that drive a proliferative phenotype and
inhibit key cell death and growth arrest fail-safes. As the tumor develops, evolutionary
pressures select for additional changes, both genetic and non-genetic, that allow it to avoid
immune detection, to outgrow its fuel supply and to escape the tissue of origin and colonize
additional organs. The challenges of combating cancer lie in the complexity of mechanisms
through which these physiological changes arise and the difficulty inherent in selectively and
safely targeting these changes while minimizing damage to non-tumor cells. While great
progress has been made over the past several decades in both understanding and combatting
tumor growth, there is still a great deal of work to accomplish in order to successfully and
consistently combat this disease.
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An emerging area of research that has the potential to significantly alter our understanding
of tumor biology and our ability to successfully treat patients is mitochondrial dynamics.
While mitochondria have long been postulated to play a role in tumor growth [2], recent
years have seen an explosion in research demonstrating links between key oncogenic
signaling pathways and mitochondria [3,4]. Furthermore, it is clear that mitochondrial
changes can allow cells to adapt to the unique and rapidly changing microenvironment.

The more we understand about mitochondrial function, the clearer it becomes that their
function lies at the heart of many of the physiological changes driving tumor initiation and
all stages of tumor progression [4]. To better understand how the mitochondria can play so
many different roles, it is important that we understand the myriad ways that mitochondrial
functions are regulated. Changes in the expression and import efficiency of mitochondrial
proteins, changes in the post-translational modification of key mitochondrial enzymes and
alterations in the lipid content of both the inner and outer mitochondrial membranes can all
influence mitochondrial behavior, and are all potential mechanisms by which tumors will
coopt mitochondrial function for their own benefit [4]. In addition, a wealth of recent
evidence is revealing how changes in mitochondrial shape can profoundly influence
mitochondrial function. This review will highlight several of the key physiological changes
associated with tumorigenesis and how changes in mitochondrial shape, through the
regulation of fusion and fission, may promote the tumorigenic process (Figure 1).

The regulation of mitochondrial dynamics

The appearance of the mitochondrial network varies significantly in different cell types, both
for cells grown in culture and for intact tissues [5]. There is much more mitochondrial
morphology data available from tissue culture cells, most of which exhibit a reticular
mitochondrial morphology consisting of a mix of elongated tubules and shorter fragments
that extend throughout the cytoplasm. This phenotype can vary depending on cell type, and
manipulations of culture conditions can also elicit changes, resulting in more netlike or
highly fragmented morphologies [5,6]. Data on intact tissues are more limited, but the
evidence is consistent with this range of morphologies observed in cultured cells that is
highly dependent on cell type and environment [7-9]. These various morphologies arise
through the delicate balance of the opposing activities of a set of dynamin related GTPases
that fuse or divide mitochondrial tubules. Fission of mitochondria occurs when Dynamin
related protein 1 (Drp1l) is recruited to the outer mitochondrial membrane by a set of integral
membrane adapter proteins, including MFF and Mid49/51 [10-13]. Drpl oligomerizes to
form a ring or spiral around the outer membrane [14]. Assembly of this oligomeric structure,
along with constriction of the ring induced by GTP hydrolysis, induces constriction of the
mitochondrial membrane [15-17]. Following this membrane constriction, the classical
dynamin, dynamin 2, is recruited to the membrane through an unknown mechanism to
complete the scission process [18]. The fission process is regulated at a number of different
steps. Sites of fission, at least under certain conditions, occur at a subset of Endoplasmic
reticulum (ER) mitochondria contact sites, where the ER wraps around the mitochondrial
tubule to provide the initial constriction that allows Drpl oligomers to form [19]. The
process is also linked to replication of mitochondrial DNA, as newly formed nucleoids
preferentially localize to the tips of newly divided mitochondria [20].
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The recruitment and activity of Drpl are also highly regulated by posttranslational
modifications. Phosphorylation of Drpl on S616 promotes Drpl-dependent fission. This site
integrates a variety of upstream signals and can be targeted by multiple kinases, including
Cdk1 [21], Cdk5 [22,23], Erk1 [24], Erk2 [9], PKC6 [25], CaMKII [26]. Conversely, S637
is phosphorylated by the cAMP-dependent protein kinase (PKA) to inhibit Drpl activity
[27]. This site can be dephosphorylated by the phosphatase calcineurin to promote
mitochondrial fragmentation [28]. In addition to phosphorylation, Drpl can be activated by
sumoylation [29-31], ubiquitination [32-34] and s-nitrosylation [35].

This fission activity is balanced by mitochondrial fusion, which is likewise regulated by
numerous upstream signals. Outer mitochondrial membrane fusion occurs following homo-
or heterodimerization of two large GTPases (Mfn1 or Mfn2), which span the outer
mitochondrial membrane and tether the two opposing membranes in close proximity [36].
Once tethered, the exact mechanism of fusion remains poorly understood, but is proposed to
require GTPase activity [37]. Inner membrane fusion is thought to involve a similar
mechanism, with the tethering provided by the large GTPase Opal [38]. Opal also plays an
important role in maintaining cristae morphology [39]. The regulation of fusion activity
remains poorly understood and is an area of active research. Mitofusin activity can be altered
by a number of posttranslational modifications, including phosphorylation, acetylation and
ubiquitination and these signals converge on this machinery in response to a variety of
environmental signals, including bioenergetics stress and loss of mitochondrial membrane
potential [37,40-42]. Opal is primarily regulated by proteolytic cleavage by two inner
membrane peptidases YMELL and OPAL1 [43]. Current models suggest that various stress
stimuli, including mitochondrial dysfunction or respiratory deficiency, promote cleavage of
Opal from its fusion competent long form, to a short form that not only lacks fusion activity,
but actively promotes fission [44].

While still not completely understood, it is speculated that mitochondrial fusion is important
to maintain mitochondrial health, perhaps through content mixing or dilution of toxic
molecules [37]. Further, it has been proposed that fusion is able to protect mitochondria
from autophagic clearance and promote more efficient ATP generation through oxidative
phosphorylation [45,46]. A better understanding both of the regulation of fusion and the
physiological benefits of a fused mitochondrial network will be critical as we seek to
understand the consequences of disrupted mitochondrial dynamics in tumors.

Tumor cell metabolism and mitochondrial dynamics

Tumor cells have much different metabolic demands than the differentiated, non-dividing
cells from which they arise. Rapid proliferation requires increased production of molecular
building blocks required to build new cells. While several different strategies have been
described to support this increase in anabolic metabolism, the most well understood
mechanism is an increase in the uptake of glucose and the utilization of glucose derived
carbon for a variety of biosynthetic pathways, rather than its complete oxidation to generate
ATP [47,48]. While on the surface this metabolic shift in glucose utilization suggests a
diminished role for mitochondrial metabolism, more recently it has become clear that
metabolic function of mitochondria still plays a critical role in these cells. Not only do many
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TCA cycle intermediates feed into important biosynthetic pathways, but the relative decrease
of glucose-derived carbon used for mitochondrial energy production can be compensated by

relative increases in the oxidation of alternative carbon sources such as glutamine and lipids

{DeBerardinis:2008gk}. As a result, mitochondrial ATP production in many cancer cells has
been shown to be comparable to that of non-transformed cells {Vyas:2016kg}.

How might alteration of mitochondrial shape contribute to this metabolic shift? Studies from
a number of different systems indicate how changes in mitochondrial shape can affect
cellular metabolism. For example, under starvation conditions, it was shown that elongated
mitochondria exhibited increased dimer formation of ATP synthase, leading to higher
efficiency [45]. Furthermore, if elongation of mitochondria inhibits mitophagy, as has been
proposed [46], it will lead to increased mitochondrial mass in the absence of a compensatory
decrease in mitochondrial biogenesis, further increasing oxidative capacity. Given this, it is
tempting to speculate that mitochondrial fragmentation will lead to diminished oxidative
capacity and potentially contribute to a more glycolytic phenotype (Figure 2). Consistent
with this, extensive mitochondrial fragmentation is observed in a number of different tumor
types, including lung adenocarcinoma, pancreatic ductal adenocarcinoma, melanoma, colon
carcinoma, and glioma [9,24,49-51] and Drpl-dependent mitochondrial fission was shown
to promote increased glycolysis in high grade neuroblastoma [52]. Furthermore, oncogenic
Ras signaling and activation of MAPK signaling, both of which are known inducers of the
glycolytic switch 100.101 ' nromote Drp1-dependent mitochondrial fragmentation {Kashatus:
2015eq, Serasinghe:2015kc}.

A great deal of work over the past several years has highlighted the many disparate
mechanisms through which cancer cells alter their metabolism, including through alteration
of key metabolic enzymes such as PKM {Yang:2012fh} and the mitochondrial pyruvate
carrier (MPC) {Schell:2014dg, Vacanti:2014ei}, and through changes in the transporters that
bring nutrients such as glucose and glutamine into the cell {Altman:2016hj}. Because of
this, the full extent to which mitochondrial shape per se contributes to a glycolytic shift will
require more careful analysis. Further, it remains to be determined how the fusion and
fission machinery impacts glucose metabolism independently of mitochondrial shape, and
how fusion-fission dynamics impact other key metabolic adaptations of tumor cells, such as
altered amino acid metabolism and lipid metabolism. However, despite our incomplete
knowledge at this point, the growing links between mitochondrial dynamics and nutrient
utilization [53,54] suggest that mitochondrial shape will likely a key mechanism through
which tumor cells promote the metabolic shifts required for their unabated growth.

Mitochondrial dynamics and stemness

Most tissues in the human body are comprised primarily of differentiated cells that lack the
capacity for self renewal but a small number of stem cells resident within those tissues
allows for the replacement of old or damaged cells and maintenance of tissue homeostasis
[55]. Whether this hierarchical structure exists for tumors is still a matter of some debate,
but it is clear that many tumor types consist of a mix of cells with differing self renewal
capacity and that the existence of tumor stem cells or stem-like cells can pose challenges for
effective therapeutic intervention [56]. For example, in glioma, as few as 100 glioma cells
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expressing the cell surface antigen CD133 are able to form tumors when injected into
immunocompromised mice, while 10° CD133-negative cells isolated from the same
population of tumor cells lack tumor forming capabilities [57]. The existence of these tumor
cell populations with self-renewal capacity was first demonstrated for liquid tumors such as
leukemia [58], but has since been demonstrated for a number of solid tumors, including
breast [59], colorectal cancer [60,61], pancreatic cancer [62,63] and melanoma [64,65],
among others [56]. The emerging importance of this phenomenon in a wide variety of tumor
types underscores the need to understand the pathways that promote and maintain this self
renewal capacity.

A number of recent studies have suggested a role for mitochondrial morphology in the self
renewal and stemness. Reprogramming of somatic cells into induced pluripotent stem cells
(iPSCs) was shown to require an Erk and Drpl-dependent mitochondrial fragmentation
event that occurs following forced expression of Oct4, Sox2, KIf4 and c-Myc [66].
Consistent with this, differentiation from embryonic stem cells into cardiomyocytes requires
the mitochondrial fusion activity of Mfn2 and Opal [67]. In contrast, Mfn2 is required for
the maintenance of haematopoietic stem cells, and deletion of Opal or Mfn1 and Mfn2
impaired self-renewal capacity of neural stem cells, suggesting cell type specificity in the
role of mitochondrial shape in maintaining stemness [68,69]. Studies of cancer stem cells are
more limited, but mitochondrial fragmentation was observed in brain tumor initiating cells
(BTICs), and inhibition of Drp1-dependent fission led to their apoptosis and inhibited tumor
growth [23]. The changes in mitochondrial morphology observed during stem cell
differentiation likely represent the change in metabolic requirements [70], a more complete
understanding of which is critical given the clinical importance of directly targeting the stem
cell compartment for so many tumor types.

Regulation of cell death by mitochondrial dynamics

An important part of maintaining normal tissue homeostasis is the ability of damaged or
otherwise abnormal cells to undergo programmed cell death. In the absence of additional
mutations, aberrant activation of oncogenic signaling pathways, excessive genetic damage
and disruption of normal tissue architecture will activate signaling pathways that can lead to
the orderly destruction and clearance of the effected cells. For a tumor to develop requires
disruption of this process and tumor cells accomplish this in a number of different ways.
Most of these cell death pathways converge on the mitochondria, where, in the case of
apoptotic cell death, pores are formed on the OMM to allow the release of a number of
factors that initiate a cascade of proteolytic cleavage events resulting in the orderly
destruction of the cell [71]. Not surprisingly, alterations in the levels or activities of the pore
forming proteins, or their endogenous antagonists, are associated with tumor progression
[71].

Intriguingly, many of these key regulators of cell death physically associate with the
mitochondrial fusion and fission machinery and the initiation of cell death is invariably
associated with dramatic changes in mitochondrial morphology [72-74]. Thus, it stands to
reason that changes in mitochondrial shape, or the activities of mitochondrial shape-
changing proteins, can impact the ability of tumor cells to survive. The most consistent
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observation related to the relationship between mitochondrial shape and apoptosis is that
mitochondrial outer membrane permeabilization (MOMP) is accompanied by extensive
mitochondrial fragmentation, but the exact relationship between these events remains
enigmatic and seems to be context dependent [75]. Under certain conditions, inhibition of
fission is sufficient to delay or inhibit cytochrome C release from mitochondria [10,11,76-
79], potentially through effects on cristae remodeling [80-82] or membrane curvature [83—
85]. However, it is also clear that in certain cell types and in response to certain stimuli, loss
of Drpl or inhibition of fission has little or no effect on MOMP and the initiation of
apoptosis [78,86—89]. Furthermore, Mfn1 deficient MEFs, which exhibit highly fragmented
mitochondria, are resistant to certain apoptotic stimuli, and knockdown of Drpl was
sufficient to re-sensitize the cells [85].

How does this relationship between mitochondrial fragmentation and apoptosis affect
tumorigenesis? One possibility is that the fragmented mitochondrial morphology observed
in most tumors represents an adaptation that promotes tumor cell survival [3]. It is also
possible, however, the tumor cell is trading an increased sensitivity to apoptosis for the other
physiological benefits of a constitutively fragmented mitochondrial network. A couple of
important questions arise from this latter conclusion. First, can this increased sensitivity be
exploited for therapeutic purposes? Second, can manipulation of mitochondrial shape
increase the selectivity and efficacy of chemotherapeutic drugs designed to kill cancer cells?
A better understanding of how MOMP is influenced both by mitochondrial membrane
curvature and the specific interactions between Bcl2 family members and the mitochondrial
dynamics machinery will be required to devise the appropriate strategies for exploiting the
tumor associated changes in mitochondrial shape to kill cancer cells.

Mitochondrial dynamics and cell migration

Cancer mortality is rarely caused by the primary tumor, but more often a result of metastasis
to distant organs [90]. The ability to invade and increased migratory behavior are essential
for a tumor cell to exit the primary tumor, escape into the blood stream, and colonize the site
of metastasis. Migration and invasion are energetically demanding processes that require
exquisite spatial and temporal coordination of a number of key cellular processes.
Mitochondria are increasingly recognized to play an important role in this regulation and
changes in mitochondrial shape and localization are key to that role [91].

One consistent observation in the analysis of the role of mitochondrial dynamics in
migration and invasion is that mitochondria accumulate at the leading edge, where there is
extensive actin remodeling and high energy demand (Figure 3). In most model systems
analyzed to date, this localization is accompanied by mitochondrial fragmentation. For
example, metastatic breast cancer cells exhibit increased fission activity compared with non-
metastatic cells, and inhibition of Drpl or forced expression of Mfn1 is sufficient to inhibit
lamellipodia formation and metastatic potential [92-94]. Importantly, mitochondrial
function is required for this increased metastatic ability, as inhibition of mitochondrial
function also led to decreased lamellipodia formation and migratory behavior [92]. Similar
finding have been reported for glioma [95,96], where inhibition of Drp1-dependent
mitochondrial fission inhibited pseudopodia and microvilli formation as well as cell
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invasion. Interestingly, the increased Drp1l activity in these cells is potentially downstream of
the kinase NIK, representing a novel NF-xB independent role for this kinase [96].
Furthermore, Drpl may impact actin dynamics directly in glioma cells, in addition to
facilitating proper mitochondrial localization, through direct interactions with the GTPase
RhoA [95]. The requirement for mitochondrial fission has also been observed in oncocytic
thyroid tumors, where inhibition of Drp1 blocked migration and invasion ability [97]. The
model arising from these studies is that mitochondrial function is required to fuel the
energetically demanding actin remodeling at the leading edge of migrating and invading
cancer cells and that mitochondrial fission facilitates the rapid relocalization of mitochondria
along microtubule tracks. However, in at least some instances, fission may not be required
for this process. Indeed, in certain lung cancer and glioblastoma cell lines, mitochondrial
tubules extend to the cell periphery in a manner dependent on mitofusin activity, and
inhibition of Mfnl or Mfn2 was sufficient to inhibit both mitochondrial trafficking and cell
invasion [98]. Importantly, mitochondrial function at the leading edge, ie - localized ATP
production, was still important for the migratory behavior, suggesting that mitochondrial
function, but not dynamics per se, is what is important for invasion and migration, and that
cellular context will be critical in determining how changes in mitochondrial shape affect
this important tumorigenic process.

Mitochondrial dynamics and cell proliferation

A defining feature of a tumor cell is the ability to rapidly proliferate, even in the absence of
external growth signals [1]. The decision to proliferate is influenced by multiple factors,
including many of the physiological processes described above. Progression through the cell
cycle ultimately requires activation of a series of well defined signaling cascades that in
normal cells are highly responsive to incoming signals from outside of the cell as well as
each of the cell’s various compartments. This communication ensures that cell division only
occurs if conditions are appropriate for it to do so. Division puts a number of demands on a
cell: energetic, biosynthetic and structural. To help meet all of these demands, the regulation
of mitochondrial dynamics is tightly coupled with the cell cycle machinery. During the
energetically demanding S-phase, mitochondria elongate to increase efficiency of ATP
production [99]. However, during the more structurally demanding mitotic phase, the
mitochondria fragment to ensure equal distribution to daughter cells [21]. These dramatic
shifts in mitochondrial morphology are coordinated with cell cycle progression through
reciprocal interactions between the fusion and fission machinery and the cyclin dependent
kinases [100]. How do changes in mitochondrial morphology impact the reciprocal
regulation between the mitochondrial dynamics machinery and the cell cycle machinery? Do
oncogene-induced changes in mitochondrial shape promote cell cycle progression, or is the
loss of cell cycle control of mitochondrial structure another checkpoint tumor cells have to
overcome?

A number of studies from tissue culture cells suggest that alterations in mitochondrial
structure throughout the cell cycle are due to direct and indirect manipulation of fission
activity by cyclin dependent kinases and other cell cycle regulated activities. During mitosis,
Drp1l is activated by Cyclin B/Cdk1 phosphorylation on S616 in a process that requires
several other factors, including the small GTPase RalA and the kinase Aurora A [21,101].
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Drp1 activity is further enhanced during mitosis through de-sumoylation by the Sumo
protease SenP5 [102]. Interestingly, while inhibition of mitotic mitochondrial fission does
not completely block progression through mitosis, it can delay mitotic entry and slow
proliferation underscoring the importance of this fragmentation for proper cell cycle
regulation [101,102]. After mitosis, fragmentation is reversed through degradation of Drp1,
mediated by the APC/C-Cdh1 ubiquitin ligase [103]. The loss of Drpl allows reformation of
the mitochondrial network and presumably contributes to the hyperfusion of mitochondria
observed as the cell builds to the G1/S transition [99]. In addition to increasing ATP
production, this hyperfusion promotes buildup of Cyclin E, which in turn promotes S-phase
entry [99,104]. How does this regulation play out in tumor cells, which often lack proper
control of the cell cycle machinery? In normal tissues, both hyperfusion and excessive
fragmentation can result in aneuploidy, DNA damage, disrupted proliferation and loss of
normal tissue homeostasis [104-106]. Based on this, it seems likely that oncogene induced
mitochondrial fragmentation (or hyperfusion, in the case of some Myc-driven tumors [107])
can potentially promote further tumor progression through the induction of genomic
instability, but also represents a potential roadblock for a tumor cell to rapidly progress
through the cell cycle. In this regard, it is important to consider the additional benefits,
highlighted above, that a tumor cell gains from oncogene induced changes in mitochondrial
morphology, as well as the fact that the loss of tumor suppressors such as p53 and Rb, major
regulators of cell cycle progression, can potentially override the regulation of cell cycle
progression by the mitochondrial fusion and fission machinery.

Concluding thoughts

The progression from tumor initiation to metastasis requires the dysregulation of a number
of normal physiological processes. Each tumor represents a unique set of genetic lesions that
drive these changes, making it difficult to develop therapeutic approaches that can broadly
impact the growing population of cancer patients. The identification of common
mechanisms that underlie many of these physiological processes would thus have the
potential to have a very positive impact. As mitochondrial are so central to so much of
cellular physiology, they represent an emerging area of research in the cancer community.
This review highlights just a few of the many physiological processes dysregulated in tumors
that may be impacted by tumor-associated changes in mitochondrial shape. In each of the
examples, mitochondrial shape will represent just one of the many factors influencing the
process and will also be tightly integrated with cellular signaling, redox status,
transcriptional regulation, and a number of other potential influences. In addition,
mitochondrial shape changes will be impacting multiple processes simultaneously, each of
which will to some extent be integrated with the others. The challenge of future research lies
in untangling these inherent complexities. This will require the collaboration of scientists
across a wide range of disciplines, from cell biologists to geneticists to systems biologists in
order to fully comprehend how changes in mitochondrial shape contribute to the complex
physiological changes that occur during tumor growth. This is an exciting time to be
studying mitochondrial dynamics, as it has become increasingly clear that dynamic changes
to mitochondrial shape, through fusion, fission and movement, have significant impact on
their function. A clearer understanding of mitochondrial dynamics has the potential to
greatly improve our ability to both understand and treat human cancer.
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Highlights
. Mitochondrial fusion and fission can influence mitochondrial function.
. Mitochondrial function underlies a number of physiological changes
associated with cancer.
. Mitochondrial dynamics represent a potential mechanism cancer cells use to

promote tumorigenic growth.
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Figure 1. Mitochondrial dynamics can contribute to multiple tumorigenic processes
Changes in mitochondrial shape contribute to the regulation of a number of processes

dysreulated in human tumors, including self-renewal, apoptosis, proliferation, cell migration
and metabolic reprogramming.
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Figure 2. Highly fragmented mitochondria can contribute to a glycolytic metabolism in multiple
ways

Studies from a variety of systems have shown that mitochondrial fragmentation is associated
with increased mitophagy and decrease efficiency of ATP synthesis, suggesting that
mitochondrial fragmentation may be a mechanism through which tumor cells reprogram
their metabolism.
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Figure 3. Mitochondrial localization to the leading edge promotes migration and invasion
Studies in a variety of tumor types demonstrate that mitochondrial function is required at the

leading edge of migrating cells to facilitate multiple energetically demanding processes.
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