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Abstract

Background.—Mammalian cells must constantly reprogram the distribution of mitochondria in
order to meet the local demands for energy, calcium, redox balance, and other mitochondrial
functions. Mitochondrial localization inside the cell is a result of a combination of movement
along the microtubule tracks plus anchoring to actin filaments.

Recent Findings.—Recent advances show that subcellular distribution of mitochondria can
regulate tumor cell growth, proliferation/motility plasticity, metastatic competence and therapy
responses in tumors. In this review we discuss our current understanding of the mechanisms by
which mitochondrial subcellular distribution is regulated in tumor cells.

Conclusions.—Mitochondrial trafficking is dysregulated in tumors. Accumulation of
mitochondria at the leading edge of the cell supports energy expensive processes of focal adhesion
dynamics, cell membrane dynamics, migration and invasion.
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INTRODUCTION

Mitochondria are a keystone organelle in the cell responsible for metabolism, maintaining
calcium homeostasis, buffering ROS, surveying cell wellness, and initiating apoptosis. Not
surprisingly, mitochondria have been linked to many hallmarks of cancer [1]. To meet the
ever-changing demands of cancer cells, the mitochondrial pool is surveyed by quality
control mechanisms, and dynamically reprogrammed to maximize function. One such
mechanism that allows for adaptation to systemic, extracellular, and intracellular conditions
is mitochondrial movement. Mitochondrial subcellular localization is key to maintaining cell
polarity, morphology and cell homeostasis. A growing body of evidence links alterations of
mitochondrial movement to mitochondrial dysfunction and metabolic alterations associated
with motor neuron diseases [2], lethal encephalopathy [3], CMT2A [4], Alzheimer’s disease
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[5], diabetes and cancer. In this review we discuss recent progress in our understanding of
the underpinnings by which mitochondrial subcellular distribution influences the metastatic
ability of tumor cells.

REGULATION OF MITOCHONDRIAL MOVEMENT

Any mammalian cell must constantly reprogram the distribution of mitochondria in order to
meet the local demands for energy, calcium, redox balance, and other mitochondrial
functions. Mitochondrial localization inside the cell is a result of a combination of
movement along the microtubule tracks and anchoring to actin filaments [6] (Table 1). The
molecular machinery responsible for mitochondrial movements along the cytoskeleton has
been largely characterized in neurons. These studies showed that long-range intracellular
mitochondrial transport occurs primarily via the microtubule cytoskeleton using a trafficking
machinery that involves mitochondrial Rho GTPases (MIRO1/2), trafficking adapter
proteins that bind to kinesin (TRAK1/2) and Kinesin-1/3 and Dynein motors (extensively
reviewed in [7]). Anterograde movement of mitochondria (towards the + end of
microtubules) is dependent on Kinesin-1/3 mators (Fig. 1A), and transport mitochondria in
the retrograde fashion (towards the — end of microtubules) is achieved by Dynein motors
(Fig. 1A). More recently, additional Kinesin-1 binding partners have been identified,
including Fasciculation and Elongation Protein Zeta 1 (FEZ1), Syntabulin (SYBU) and Ran-
binding protein 2 (RANBP2) (Fig. 1B). Thus, neurons rely on several Kinesin-1 containing
complexes to move mitochondria. In non-neuronal cells, it has been shown that MIRO1/
Kinesin-1 complexes regulate mitochondrial movements. However, further studies are
needed to address whether Kinesin-1 complexes with FEZ1, SYBU or RANBP2 are
conserved in non-neuronal cells.

Short-range mitochondrial movements rely on actin filaments and unconventional Myaosin
motors (MYO19, MYO6, MYO5) (Table 1, Figure 2). Myosins move along actin filaments
in either anterograde (+ end) or retrograde (- end) directions [8, 9]. The mechanisms by
which Myosins regulate mitochondrial movements are poorly studied, and it is currently
unknown how the Myosins bind to mitochondria (¢e.g. the adaptors have not been identified

yet).

Finally, mitochondrial movement is negatively regulated by immobilization of organelles to
the cytoskeleton. To date, four alternative ways to immobilize mitochondria have been
described: i) Myosin-dependent binding to actin [10, 11], ii) anchoring to microtubules via
Syntaphilin (SNPH) [12]; iii) calcium-induced disengagement from microtubules [6]; and
iv) irreversible removal of the kinesin-1/TRAK complex by proteasomal degradation [6].

Although many fundamental questions on the field of mitochondrial movement remain
unanswered, it has become clear that subcellular distribution of mitochondria can regulate
tumor cell growth, proliferation/motility plasticity, metastatic competence and therapy
responses in tumors (reviewed in [13]).
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MITOCHONDRIAL LOCALIZATION IMPACTS CELLULAR FUNCTION

How exactly does the altered mitochondrial trafficking regulate metastatic properties of
tumor cells? Our current understanding is that accumulation of mitochondria to the leading
edge supports tumor cell invasion by providing a local source of energy and facilitating
signal transduction at the leading edge of the cell (Fig. 4).

The importance of regional ATP production for mitochondrial localization at the leading
edge was demonstrated by studying tumor cells that bear OxPhos-deficient mitochondria
(named pP cells)[14]. Interestingly, p° cells failed to reposition mitochondria proximal to FA
complexes. An independent approach that relied on misfolding of the OxPhos complex Il
subunit SDHB by treatment with the mitochondrial-Hsp90 inhibitor Gamitrinib also
prevented accumulation of mitochondria to FAs [14]. Finally, pharmacological inhibitors of
OxPhos complexes I, I, V (Rotenone, Antimycin A, Oligomycin) or the mitochondrial
uncoupler (carbonyl cyanide m-chlorophenyl hydrazine, CCCP) inhibited mitochondrial
repositioning to the cortical cytoskeleton [14]. In all cases, this reduction of mitochondria to
the vicinity of FAs was associated with impaired focal adhesion dynamics and tumor cell
invasion when compared to OxPhos-proficient (wild type) cells or vehicle-treated cells.
Overall, these studies suggest that only bioenergetically active mitochondria travel to the
cortical cytoskeleton and localize to FAs [15]. These cortical mitochondria might support
enhanced cell motility and invasion by numerous mechanisms (Fig. 4), including providing a
local source of energy (ATP and GTP) to fuel signal transduction and cytoskeleton dynamics
at the leading edge. For instance, it was shown that positioning of mitochondria influences
the shape of energy gradients in living mouse embryonic fibroblasts (MEFs) [16]. Preventing
accumulation of cortical mitochondria in Miro1™~ MEFs led to reduced ATP/ADP ratios at
the cell periphery and impaired actin dynamics, lamellipodia protrusion and membrane
ruffling. Furthermore, Miro1~~ MEFs showed slower migration than WT MEFs. Local
energy production was also important in ovarian cancer cells, where mitochondria led to
increased ATP concentration at the leading egde of lamellipodia [17]. As energy in the form
of ATP and GTP are responsible for fueling a myriad of molecular and cellular processes,
mitochondrial localization provides a means to concentrate energy where is most needed.
Thus, a cancer cell can reprogram mitochondrial localization to respond to extracellular and
intracellular cues, and switch between highly proliferative (when mitochondria are
perinuclear) or a highly invasive (when mitochondria are at the leading edge) phenotype.
Indeed, it has been shown that key regulators of mitochondrial trafficking via microtubules
control the balance between proliferation and motility [18] (see below).

MICROTUBULE BASED MITOCHONDRIAL MOVEMENT

The earliest studies suggesting a role for mitochondrial trafficking in cancer involve
TRAKZI1. TRAKUL is upregulated in gastric [19] and colorectal cancer [20] and higher
TRAKTU levels correlated with poorer prognosis of patients. In a recent study, TRAK1 was
shown to crosstalk to the Arf6—AMAP1 pathway to control of mitochondrial positioning in
highly invasive breast cancer cells. TRAK1 was key to buffer oxidative stress and sustain
tumor cell invasion [21].
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More recently, MIRO1 has emerged as a regulator of cancer cell motility [22]. In these
studies, anterior localization of mitochondria to the migrating front of the cells led to faster
migration velocities and increased directional persistence. Depletion of MIRO1 efficiently
reduced cell motility in breast cancer cells [22]. Since then, MIRO1 has emerged as a
common modulator of tumor cell migration in breast [22], pancreatic [23], glioblastoma [24]
and colon cancer [25]. Furthermore, pancreatic cancer is associated with upregulated
expression of MIRO1 [23], and higher levels of MIROL1 correlate with lymph node
metastasis and reduced overall survival [26]. MIRO2 was consistently upregulated in tumors
of disparate origin, including breast, brain, prostate, lung and melanoma among others [24].
The role of MIRO2 in tumor cell invasion was context dependent; while MIRO2 was
dispensable for cell motility defects on SNPH-deficient cells (see below), it was shown to
mediate therapy-adaptive responses [24]. While all evidence points to a general role of
MIROL1 as a positive regulator of tumor cell motility, conclusive evidence that links
MIROL1’s role in mitochondrial trafficking to its effect on tumor cell invasion is missing.

Kinesins have also been implicated in cancer. For instance, KIF5B prevents epithelial to
mesenchymal transition [27]. Thus, knockdown of KIF5B resulted in diminished cell
proliferation, cell shape changes, and increased cell migration. KIF5B also participates in
exocytosis of membrane-tethered membrane type 1-matrix metalloproteinase (MT1-MMP)
[28]. The binding of phospholipase D2-generated signaling lipid phosphatidic acid and
KIF5B was required for the vesicular association of KIF5B and surface localization of MT1-
MMP [29]. Of note, both functions are independent from kinesin’s role as a mitochondrial
motor. KIF5B also participates in common lung cancer-driving fusions with ALK [30], MET
[31] and RET [32]. Notably, KIF5B-RET driven tumors show enhanced sensitivity to
molecular therapies [33, 34]. Another member of the KIF5 family, KIF5A, is upregulated in
breast cancer [35]. Functional studies concluded that KIF5A overexpression in basal breast
cancer confers resistance to taxane-based chemotherapy [35, 36]. Interestingly, the
bromodomain protein ANCCA/ATAD?2, previously shown to be an estrogen-induced
chromatin regulator, plays a crucial role in the upregulating kinesins by estrogen [37]. Thus,
in ER+ breast cancer, KIF5A and B are highly expressed. Another study suggests a potential
role for KIF5A in the pathogenesis of prostate cancer, since KIF5A was among commonly
mutated genes [38]. To validate this possibility, functional studies will be required. However,
the numerous kinesin-bound cargoes (vesicles, organelles, protein complexes and mRNAS)
preclude from drawing conclusions as to what the contribution of mitochondria transport to
these phenotypes.

The mitochondria-anchoring protein SNPH is a negative regulator of mitochondrial
trafficking in neurons. In a recent study, we showed that SNPH antagonizes cancer cell
invasion in glioblastoma, breast, lung and prostate models [24]. SNPH was downregulated
across disparate tumor types, and lower levels of SNPH correlated with tumor progression,
metastatic dissemination and poorer survival of patients with lung, colon, prostate and breast
cancer [24]. At the cellular level, SNPH inhibited the speed and distance travelled by
individual mitochondria and suppressed organelle shape changes. In turn, repositioning of
mitochondria away from focal adhesions blocked chemotaxis and metastasis, /7 vivo[24].
Mechanistically, both MIRO1 and Kinesin-1 were required for SNPH-dependent inhibition
of cell motility. Surprisingly, MIRO2 was dispensable for SNPH’s functions. In follow up
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studies, we uncovered a novel isoform of SNPH that localizes to the mitochondrial matrix
and maximizes the activity of the oxidative phosphorylation complex Il [18]. Thus, SNPH
knockdown increased mitochondrial superoxide production and oxidative stress-dependent
tumor cell motility. Importantly, endogenous metastatic tumors in mice displayed lower
SNPH levels, and enhanced markers of oxidative stress and epithelial to meshenchymal
transition (EMT) [18]. Furthermore, this novel intramitochondrial SNPH isoform was able
to block metastatic dissemination in a syngeneic melanoma mice model [18]. Given this role
of SNPH in modulating cell metabolism and proliferation versus motility of cancer cells, it
was not surprising that hypoxic or oxidative stress quickly downregulated SNPH expression
[18]. SNPH was also downregulated in tumors with mutations or deletions of von Hippel-
Lindau [18], the negative regulator of the hypoxia inducible transcription factors.

In summary, we know that mitochondrial trafficking in cancer cells follows the neuronal
model, relying on microtubules and Kinesin-1 complexes with MIRO1 and TRAK. One
important difference is that SNPH anchors mitochondria perinuclearly (- end of
microtubules) on cancer cells, but it accumulates mitochondria in axons (+ end of
microtubules) on neurons. Since higher levels of SNPH favor tumor cell proliferation, it
might be that SNPH’s anchoring of mitochondria is essential for cell division. Mechanisms
by which SNPH levels and function are regulated on cancer are less clear, raising a number
of questions. For example, how are SNPH’s levels downregulated in tumors? Which
signaling pathways converge on SNPH to activate mitochondrial anchoring? Are the levels
or activity of SNPH regulated by stimuli other than hypoxia and oxidative stress?

We also know that tipping the balance towards increased mitochondrial trafficking (e.g. by
downregulation of SNPH) leads to enhanced metastatic competence of tumor cells. Given
that SNPH is commonly downregulated in tumors, and further reduced in metastatic tissues,
further investigation into the molecular underpinnings that controls mitochondrial trafficking
in SNPH-low tumor cells are warranted. While MIRO1 and Kinesin-1 were essential to
restrain enhanced tumor cell invasion on SNPH-low cells, it remains to be tested whether
ablating MIRO1/Kinesin-1 in tumors can block metastatic dissemination in vivo. On the
long term, these studies will shed light into potential actionable targets to reduce metastatic
dissemination in SNPH-low tumors.

ACTIN BASED MITOCHONDRIAL MOVEMENT

Currently Myosins (MYO) are the only known actin-based motor. There are over 20 classes
of Myosins in humans. Myosins type | and 11 are conventional and make up basic contractile
units of skeletal muscle and heart tissue [39, 40]. Traditionally, Myosins were thought to
only participate in or makeup muscle fibers, thus all other Myosins discovered thereafter are
considered unconventional. Myosinl19, 5, and 6 are unconventional Myosins that have
provided the most evidence of Myosin-guided mitochondrial movement. Many studies
highlight their dysregulation in cancer and are strong factors in invasion and avoidance of
apoptosis. Despite these advances, the adaptor proteins and regulators have yet to be
explored.

Cancer Rep (Hoboken). Author manuscript; available in PMC 2021 February 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Furnish and Caino

Page 6

Within the last decade, the unconventional Myosin 19 (MYQ19) gained attention as the
canonical mitochondrial transporter that moves towards the + end of actin filaments [9, 41].
The earliest studies on MYO19 established that its overexpression led to increased
mitochondrial movement in lung adenocarcinoma [11]. Since then, studies on MYO19 have
followed suit to elucidate its function. There is evidence that MYO19 is partially responsible
in ensuring mitochondrial distribution during cell division. MYO19 siRNA knockdowns in
HelL a cells caused daughter cells to asymmetrically inherit mitochondria but this was not
lethal [42]. Another study reported MYO19-dependent induction of filopodia in glucose-
starved conditions in U20S cells. Mitochondrial localization was in part attributed to the
buildup of ROS and the addition of H,O, could also elicit mitochondrial polarization [43-
45]. Interestingly, the MYQ19-specific mitochondria outer membrane association domain
(MyMOMA) is sufficient to localize with mitochondria 7 vitro. However, acidic conditions
liberated mitochondria from the MyMOMA domain. The authors described amino acids 882
and 883 essential for mitochondrial interaction; however, the mechanism by which MYO19
binds to mitochondria in neutral pH conditions remains unknown [11, 46]. Future studies are
needed to identify an adaptor protein (e.g. an outer mitochondrial membrane protein) that
anchors MYO19 to mitochondria.

Human Myosin 5 family members include MYO5A, MYO5B, and MYO5C. Yeasts harbor a
homolog of the human class V Myosin, Myo2. There appears to be a consensus that Myo?2
ensures symmetrical mitochondrial inheritance [47, 48]. Myo?2 is directly related to
mitochondrial localization [49, 50], since its overexpression results in inefficient polarization
of mitochondria [51]. These findings are recapitulated in Drosophila neurons, diminishing
MyoV liberates mitochondria, suggesting a docking role [10]. More recently, human
MYO5s have been linked to actin-mediated mitochondrial transport.

MYOS5A is largely expressed in neuronal and skin tissues and is the best understood of the
human class V Myosins [52]. Like yeast Myo2, human MYO5A was shown to directly
associate with mitochondria in melanoma and mouse pancreatic cells [53, 54]. In addition to
associating with mitochondria, there is mounting evidence that class VV Myosins are highly
expressed in cancer [55, 56]. Namely, microarray analysis of pituitary adenomas pointed to
stronger invasive phenotypes when MYO5A was overexpressed compared to non-invasive
samples [57]. In melanoma, MYO5A was shown to export methotrexate and knockdowns
subsequently sensitized cells to treatment[58]. Another group verified that diminishing
MYOS5A in melanoma reduced migration and invasion /n vitro [59]. Bcl-xL, a negative
regulator of the apoptotic pathway was shown to physically associate with MYO5A in
immunoprecipitations in a mouse model of pancreatic islet tumorigenesis. In this context,
MYOS5A is thought to synergize with the anti-apoptotic and protumorigenic effects of Bcl-
XL [60]. This work has underscored the importance of the MYO5A on migratory phenotypes
and possible activation and crosstalk with pathways other than apoptosis. Although 5a was
associated with cancer, we still do not know the mechanism of how it becomes pathogenic or
the inciting stimuli that may alter normal function.

Modern research has emphasized the link between MYO5A and EMT. Snail, a master
regulator of EMT, was shown to bind the promoter of MYO5A in both lung and colon
cancer models. MYO5A RNAI resulted in a decreased invasion /n vitro and reduced
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metastases /n7 vivo [61]. Congruent with this idea, MYO5A was associated with worse
survival in previously untreated, patient-derived esophageal squamous cell carcinoma
(ESCC). In these cases, MYO5A also correlated with the increase in Vimentin mRNA and
the loss of E-cadherin mRNA. Furthermore, MYO5A ablation resulted in decreased
migratory behavior [62]. Taken together, there is growing evidence that class V Myosins are
instrumental in the metastatic cascade and driving cancer development. Snail-mediated
activation of MYOBSA is probably one of many possible explanations for the changes in
migratory behavior, however MYOS5A was not shown to localize to mitochondria in that
context. While these studies suggest that mitochondria might be required for EMT, further
studies should unequivocally address this idea. Additionally, there should be focus on
MYOS5A as an integrator of signaling cascades downstream of EMT or apoptosis to help
explain divergent functions of MYOS5A depending on cancer context.

The other two human Myosins have not been yet associated with mitochondrial movements,
however they have been shown to correlate with patient prognosis. In a meta-analysis,
MYOS5B was identified as a biomarker in colorectal cancers for poorer patient outcome [63].
MYOS5B is present in some neural tissues, colon, and testes. MYO5B participates in
recycling endosome trafficking and membrane recycling through the Rab family members
[64, 65]. MYOSC is the least characterized Class V Myosin and is associated with epithelial,
glandular, and secretory tissues. MYOS5C retains only half of the sequence similarity
compared to the other human Myosins but is still structurally similar [52]. It is shown to
interact with secretory granules and localizes distinctly from other Myosin cargo [66].
Although MYOS5C has not yet been shown to interact with mitochondria, it has been
proposed as a putative biomarker for prostate cancer. Further studies are needed to delineate
MYOS5C’s role in prostate cancer, yet alone whether MYOS5C plays a role in mitochondrial
trafficking at all.

Myosin6 is an emerging player in cytoskeletal dynamics and cancer progression. In contrast
to MYOS5, MYO6 is a (=) end directed motor [67]. MYO6 has been used as a marker for
invasive border cells in ovarian cancer. Microarray analyses revealed that increased
expression of MYQG is associated with an aggressive phenotype compared to benign ovarian
tumors. In this study, they revealed that silencing MYOG6 reduced migration /in vitro and
metastases in nude mice but did not affect proliferation rates [68]. Contrarily, microarray
analysis of medium-grade prostate cancer was associated with an increase of MYO6
expression. Interestingly, higher grade, androgen-independent cell lines showed a reduction
in expression of MYOG6. Depleting MYOG also caused a marked increase in a tumor
suppressor, Vitamin D3 upregulated Protein 1 (VDUP1), suggesting a protumorigenic role
for MYO6 [69]. Overall, MYQOS6 is a contributor to some aspects of pathogenesis but
dispensable in other contexts. Its presence in cancer still stresses MYQ6 as a potential
modulator of aberrant behavior.

Although MYO6 has not been shown to directly drive the typical cancer hallmarks, it was
shown interact with mitophagy mediators [70]. Shortly after that initial finding, MYO6 was
verified to interact with the E3 ubiquitin ligase Parkin and ubiquitin-marked mitochondria
upon induced mitochondrial damage in HEK293 cells. In these studies, MYO6 knockdown
in mouse embryonic fibroblasts resulted in inefficient mitophagy. Other evidence points out
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an involvement of MYOG in mitophagy. MYO6 was shown promote F-actin encapsulating
waves to sequester mitochondria destined for degradation. Consistent with this role, MYO6
was required for full mitochondrial operating capacity [71, 72]. From these studies, we see a
divergent role for MYOG in the mitophagy cascade. Interestingly, the authors showed that
MYO6'’s association with mitochondria was Parkin-dependent. To our knowledge, the other
instance in which MYO6 was shown to interact with mitochondria was in Drosophila
oocytes [73]. As mitochondria are needed to support several of the hallmarks of cancer [1],
we propose that MYO6-dependent mitophagy could serve as initiators or promoters of
precancerous phenotypes. Further work should be conducted to determine if MYO6
associates with mitochondria exclusively during mitophagy or if it has other functions
pertaining to mitochondria.

In summary, Myosins drive some of the hallmarks of cancer progression. Specifically,
inhibiting apoptotic signaling and altering distinctive epithelial and mesenchymal markers to
induce invasion. From this body of evidence, we are left with many questions pertaining to
the specificity and regulation of Myosins. Many of the Myosins affect migration, invasion,
and metastases /77 vivo. An additional layer of complexity might be contributed by the fact
that multiple Myosins might be co-expressed in the same cell types and thus compete for
mitochondria binding. What converging feature allows Myosins to have distinct functions in
their respective tissues, yet all alter cell mobility? One alternative is that different Myo-
cargoes, including mitochondria, would mediate divergent functions of Myaosins. Yet another
possibility is that mitochondria is the common denominator which explains the cell motility
phenotypes for all the Myosins, seeing as all of them (except MYO5B and 5C) have
evidence of interaction with mitochondria. This idea is supported by the fact that invasion
and migration require copious amounts of energy, thus requiring and adaptation and the need
for mitochondria in select locations. Another open question is how are these mitochondria
recruited to the Myosins? Aside from the Myo19 outer membrane association domain, there
are no known MYQO5 or MYOG6 adaptors to mitochondria. The mechanisms of regulation of
these Myosins are largely unknown. Realistically, the involvement of Myosin/mitochondria
in metastatic pathology is probably a multifaceted process that requires integration and
transduction of many signals, all of which must be identified.

One interesting feature of microtubule-mediated transport is that SNPH can sense the
oxidative phosphorylation (OxPhos) capacity of transported mitochondria. Thus,
mitochondria that are deficient in OxPhos are not engaged on long-term movements. It can
be postulated that a similar mechanism of quality control might be at place on actin-
mediated transport. In this line of thought, a yet to be identified sensor might select active
versus inactive mitochondria for engagement with Myosins and active transport.

SIGNALING PATHWAYS THAT REGULATE MITOCHONDRIAL
LOCALIZATION

Within the past decade, it has become evident that signaling components regulate
mitochondrial movement via calcium-induced conformational changes and post-translational
modifications mediated by kinases, GTPases, and E3 Ubiquitin Ligases.
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High concentrations of calcium inhibit mitochondrial trafficking, by regulating MIRO1/2.
When Miro1’s EF-Hands bind Ca2* binding to KIF5 is reduced. Therefore, Ca2* inhibits
mitochondrial movement by disengaging Miro from its respective motor protein [74]. The
prominent role of calcium as a second messenger suggests that mitochondrial trafficking
might be regulated by a myriad of signaling pathways that culminate in calcium release into
the cytosol. Furthermore, mitochondria survey and buffer intracellular levels of calcium, thus
one might hypothesize that regulation of Miro-coupling to Kinesins might provide a way to
locally sense calcium spikes in the mitochondrial surface. In this manner, mitochondrial
trafficking can be switched on and off according to fluctuations in calcium signaling.

A second signaling mechanism to control mitochondrial trafficking is ubiquitination of
SNPH. In a recent study, it was demonstrated that ubiquitination of several residues in
SNPH is required for proper association of SNPH with Tubulin, thus tethering the
mitochondria to the microtubule [75]. Mechanistic studies showed that SNPH is modified by
the ubiquitin ligase, CHIP/STUB1 and de-ubiquitinated in an USP7-dependent manner.
These studies pointed to ubiquitination of SNPH as a key regulator of mitochondrial
trafficking and tumor cell motility and invasion [75].

Environmental cues such as ROS, nutrients or oxygen concentration have all been shown to
regulate mitochondrial trafficking. For instance, ROS drive cancer motility through the
actions of polarized mitochondria [43, 76, 77]. Mechanistically, the ROS-sensitive MAPK,
p38, was shown to target the MIRO/TRAK complexes to decrease mitochondrial trafficking
[78].

Glucose fluctuations can also elicit post-translational modifications that directly affect
mitochondrial movement. For instance, high extracellular glucose induced O-GlcNAcylation
on the mitochondrial adaptor TRAKL in hippocampal neurons. As a result, mitochondrial
movement was negatively regulated by glucose starvation in an O-GlcNac Transferase
(OGT) dependent manner [79]. It is conceivably that a similar mechanism is at play in tumor
cells; however, future studies will need to look into this possibility.

Lastly, hypoxia-upregulated mitochondrial movement receptor (HUMMR), was induced to
associate with the MIRO/TRAK complex and inhibited mitochondrial movement under a
hypoxic environment. While this is a mechanism that was described in neuronal cells [80]
one might postulate that it is shared by cancer cells. In this context, recent evidence supports
alternate mechanisms by which hypoxia controls mitochondria localization in cancer cells.
Tumor cells exposed to hypoxia quickly downregulated SNPH protein and mRNA levels,
which led to enhanced cortical mitochondrial localization and invasiveness of glioblastoma
cells [18]. Interestingly, tumors where HIF1a was stabilized due to mutations or deletions in
its negative regulator von Hippel-Lindau (VHL) correlated with lower expression of SNPH,
arguing that this mechanism is relevant /n vivo [18].

Another mechanism that controls mitochondria’s movement is physical removal of MIRO by
degradation or mitophagy. This is mediated primarily by the actions of the E3 ubiquitin
ligase, Parkin. The PINK1/Parkin pathway was discovered as the most common hereditary
driver of Parkinson’s disease when mutated. Under basal conditions, PTEN-Induced Kinase
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(PINK1) is degraded by the inner membrane serine protease, PARL [81]. When the
mitochondria is damaged, PINK1 accumulates on the surface of the mitochondria, and
directly phosphorylates Parkin [82, 83]. Once Parkin is activated by phosphorylation, it can
initiate mitophagy by ubiquitination of outer mitochondrial membrane proteins [84-86]. In
addition, PINK1 targets MIRO. PINK1-induced phosphorylation on MIRO1 at S156 induces
mitochondrial arrest and induces MIRO1 degradation. However, this phosphorylation site is
not sufficient to induce mitophagy [87, 88].

In summary, an increasing number of signaling pathways are being linked to mitochondrial
trafficking. Since this is an emerging field of investigation, it is highly probable that there
are other nodes of regulation yet to be identified. Molecules such as MIRO, SNPH, TRAK,
and FEZ appear to be pivotal regulators of mitochondrial trafficking that have repercussion
intracellularly (subcellular mitochondrial localization) and possibly extracellularly
(mitochondrial-mediated metastasis). Further studies are needed to fully characterize post-
translational modifications and signaling pathways that regulate the activation, availability
and degradation of the core trafficking components.

CONCLUSIONS

In order for cancer cells to grow and evolve, they must carefully balance the many roles of
mitochondria as metabolic and signaling hubs, apoptosis, and calcium/ROS homeostasis.
Over the past few years, we have learned that mitochondria are not static, solitary organelles,
but they rather undergo constant changes in morphology and subcellular distribution to meet
the metabolic and homeostatic demands of the cell.

Up to date, most of the studies have shown that dysregulated mitochondrial trafficking fuels
high cell motility and invasion, leading to metastasis of cancer cells. While these
mechanisms of mitochondrial trafficking were characterized and mostly studied in neurons,
only recently it has been appreciated that tumor cells exploit mitochondrial trafficking to
fuel metastatic traits. This is an emerging field of study, where many open questions remain
unanswered. Some of the most basic questions include what are the types and compositions
of trafficking complexes present in cancer cells? As it has been shown that Kinesin
complexes might use different alternate adapters in neurons (SYBU, MIRO1, FEZ1,
RanBP2), it might be possible that several complexes cooperate to move mitochondria along
microtubules in cancer cells as well. Likewise, the 3 Myosins (MYO19, MYO5A and
MYO6) might compete or cooperate for short-term movement of mitochondria along actin
filaments. Knowledge of the different complexes might open opportunities to characterize
the spatio-temporal regulation of trafficking. One possibility is that cells prefer a motor
complex for trafficking between certain subcellular regions (e.g. Myo19 from the cortical
cytoskeleton into the filopodia, but not into invadopodia). Alternatively, migrating cells
might utilize a preferred motor for moving mitochondria into the migratory front versus the
retracting tail of the cells.

Another question that warrants further investigation is whether there is crosstalk between the
tubulin and actin transport systems. How is the sharing and transfer of cargoes between
Kinesin, Dynein and Myosins coordinated? One study bridged this gap where it modeled
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MYOS5A gliding over microtubules, suggesting a mechanism that allows the switching of
microtubule and actin cargoes [89]. Similarly, the actin binding domain of the adaptor
protein Melanophilin, could be phosphorylated and change MYO5A’s preference from actin
to microtubules [90]. This evidence also adds a layer of complexity that not only the motor
domain, but the adaptors, could dictate crosstalk between these transport systems. Despite
these exciting findings, the subject of filament switching still requires further investigation
and validation in other cell systems. We also need to know whether there is competitive
binding of the different complexes to mitochondria and how is this regulated, and also
whether mitochondria competes with other cargoes for binding to molecular motors.
Another related issue to examine is whether mitochondria recruitment to a particular motor
complex is specific on the context?

For the actin-Myosin trafficking, more studies should focus on the regulation of the
recruitment of yo5a and Myo6 to the mitochondria. Myo6 was shown to switch from a
motile to anchoring position in ADP-rich conditions, which allowed a competing Myo5
“win” the cargo [91], but this still requires examination. In addition, the adaptor proteins that
link yo5a/6 to mitochondria have not been identified yet. Is there an actin-anchoring protein
similar to SNPH? This putative actin-anchoring protein might contribute to negative
regulation of mitochondrial movement, by immobilizing organelles at sites of intensive
energy requirements or where other mitochondrial functions are locally needed.

From a cancer related standpoint, we have limited knowledge on potential differences
between normal and cancer tissues regarding expression and genomic/epigenetic alterations
on the molecular machinery that regulates trafficking. Another point in need of studies is the
role of each of the individual components of the trafficking complexes during tumor
progression. While the evidence shows that MIRO1, SNPH, MYO19 and MYOS5A are
common regulators of tumor cell matility, invasion and EMT in cell culture and
experimental models of metastasis, we lack studies that address the requirements of these
genes in endogenous models of tumor progression. Thus, future studies should focus on
understanding the spatio-temporal regulation of mitochondrial trafficking, emphasizing on
the molecular complexes, during the natural progression of cancer. Likewise, there is limited
information on how the genetic, epigenetic and microenvironmental factors influence
mitochondrial trafficking, or which signaling pathways integrate extracellular stimuli with
mitochondrial localization in cancer.

Finally, an area in need of further investment is the development of selective small molecule
inhibitors that target these pathways. The fact that several tumors show increased expression
of Kinesin or Myosin complexes might warrant further effort in this area.
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Fig. 1. Microtubule-mediated mitochondrial trafficking.
A) Kinesin motor complexes containing TRAK and MIROL1 are responsible for moving

mitochondria towards the + end of microtubules. Calcium negatively regulates movement by
inducing a conformational change on MIRO1, which in turn disengages mitochondria from
the microtubules. SNPH is an outer membrane mitochondrial protein that anchors
mitochondria via direct binding to microtubules and Kinesin. Dynein motor complexes
containing Bicaudal 2 (BiCD2) adaptor and MIRO1 move mitochondria towards the — end of
microtubules. B) Additional Kinesin-containing complexes have been described in neurons,
containing SYBU, FEZ1 or RanBP2.
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Fig. 2. Actin-mediated short-range mitochondrial movement.
Both MYO5A and Myo19 motors move mitochondria towards the + end of the actin

filaments. Myo019 has been shown to traffick mitochondria into filopodia as well. MYO6
motors move mitochondria towards the — end of the actin filaments. While Myo19 is an
outer membrane mitochondrial protein, the other Myosins would require a yet to be
identified adaptor protein to link the cargo to the motors.

Cancer Rep (Hoboken). Author manuscript; available in PMC 2021 February 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuepy Joyiny

1duosnuely Joyiny

Furnish and Caino Page 19

SNPH expressed l SNPH depletion or loss '

SNPH

Mito anchored perinuclearly

A\ Cell invasion
Worse prognosis in patients

Fig. 3. SNPH prevent metastasis.
In tumors with high expression of SNPH, mitochondria are anchored perinuclearly, leading

to lower cell invasion and preventing metastatic dissemination in mice. In tumors with loss
of SNPH expression, mitochondria are free to move to the cortical cytoskeleton via Kinesin/
MIRO1 complexes. These cortical mitochondria fuel enhanced tumor cell invasion and
correlate with poorer prognosis in patients.
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Fig. 4. Cortical mitochondria provide a regional source of energy.
Possible mechanisms by which mitochondria accumulation on the cortical cytoskeleton

enhance tumor cell motility and invasion. When mitochondria reach the leading edge of the

cell, local production of ATP and GTP by mitochondrial bioenergetics enable energy-
expensive cellular processes. Examples of the consumption of ATP and GTP for signal

G-protein signaling

transduction and energy-dependent molecular, cellular and structural homeostasis in cells are

provided.
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Composition of trip motor complexes discussed in this review

Motor

Kinesin

Myosin

Filament
Type

Microtuble

Actin

TABLE 1

Mitochondrial Implication in
Adaptor Cancer
FEZ1/LZTS1 Proliferation, chemotherapy
MIRO1/2 resistance
RanBP2 Cell migration and invasion
SYBU Segregation errors
TRAKI/2/Milton  ?

Cell invasion
? Cell invasion, chemotherapy

resistance, EMT
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