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Mitochondria are dynamic organelles involved in numerous physiological functions. Beyond their
function in ATP production, mitochondria regulate cell death, reactive oxygen species (ROS) generation,
immunity and metabolism. Mitochondria also play a key role in the buffering of cytosolic calcium, and
calcium transported into the matrix regulates mitochondrial metabolism. Recently, the identification of
the mitochondrial calcium uniporter (MCU) and associated regulators has allowed the characterization of
new physiological roles for calcium in both mitochondrial and cellular homeostasis. Indeed, recent work
has highlighted the importance of mitochondrial calcium homeostasis in regulating cell migration. Cell
migration is a property common to all metazoans and is critical to embryogenesis, cancer progression,
wound-healing and immune surveillance. Previous work has established that cytoplasmic calcium is a
key regulator of cell migration, as oscillations in cytosolic calcium activate cytoskeletal remodelling, actin
contraction and focal adhesion (FA) turnover necessary for cell movement. Recent work using animal
models and in cellulo experiments to genetically modulate MCU and partners have shed new light on the
role of mitochondrial calcium dynamics in cytoskeletal remodelling through the modulation of ATP and
ROS production, as well as intracellular calcium signalling. This review focuses on MCU and its regulators
in cell migration during physiological and pathophysiological processes including development and
cancer. We also present hypotheses to explain the molecular mechanisms by which MCU may regulate
mitochondrial dynamics and motility to drive cell migration.
© 2017 The Authors. Published by Elsevier Inc. This is an open access article under the CC BY license

(http://creativecommons.org/licenses/by/4.0/).
1. Introduction

Mitochondria are highly dynamic organelles that constantly
undergo fusion and fission events to adapt their shape to the
physiological needs of the cell. Mitochondrial plasticity allows their
trafficking along the microtubules resulting in their strategic par-
titioning within the cell, which is crucial to ensure specialized
functions such as immunity [1] and cell migration [2]. Mitochon-
dria are also in dynamic contact with other organelles including the
endoplasmic reticulum (ER). Transient contacts between ER and
mitochondria are essential for a number of processes including
autophagy, mitochondrial motility, lipid and calcium (Ca2þ) fluxes
and also mitochondrial division [3,4]. The main actor of the mito-
chondrial division machinery is the large GTPase Dynamin-Related
Protein 1 (Drp1) specifically recruited from the cytosol to ER-
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contact sites, where it oligomerizes and drives scission [5]. These
contacts also allow Ca2þ transfer from ER to mitochondria
enhancing the activity of tricarboxylic acid cycle (TCA) de-
hydrogenases required for oxidative phosphorylation [6]. Mito-
chondrial Ca2þ is also involved in the control of cell death [7] and
reactive oxygen species (ROS) signalling [8]. It is now emerging that
mitochondrial Ca2þ uptake also has a role in regulating cytosolic
Ca2þ homeostasis and influences extracellular Ca2þ entry, which
therefore might impact numerous cellular functions ranging from
muscle contraction, neuron excitability and cell migration.

Cell migration is a natural process, essential for a number of
physiological functions including embryonic development, immu-
nity and wound-healing. This process is controlled by different
regulatory effectors, which orchestrate the remodelling of the
cytoskeleton architecture [9]. While the role of cytosolic Ca2þ in cell
migration is well established, the function of mitochondrial Ca2þ

and dynamics has only emerged recently. Indeed, many studies
have shown that the mechanisms regulating cell migration are
deregulated during metastasis, and Ca2þ signalling dysfunction is
under the CC BY license (http://creativecommons.org/licenses/by/4.0/).
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correlated with increased metastatic invasion and poor prognosis
[10]. Thanks to the discovery of the mitochondrial Ca2þ uniporter
(MCU) and its main regulators, the role of mitochondrial Ca2þ ho-
meostasis in cell migration can be directly interrogated.

In this review, wewill describe recent evidence highlighting the
role of mitochondrial Ca2þ flux in cell migration. We will discuss
the intimate connection between mitochondrial Ca2þ homeostasis
and mitochondria dynamics/motility during this process.
1.1. The mitochondrial calcium homeostasis

Intracellular Ca2þ signals are regulated by Ca2þ influx through
the plasma membrane (PM) (extracellular [Ca2þ] z 1 mM) and
Ca2þ release from intracellular stores, in particular from the Golgi
([Ca2þ]z 300 mM) and the ER ([Ca2þ]z 200e650 mM). Tomaintain
the optimal cytosolic Ca2þ concentration (resting cytosolic
[Ca2þ] z 100 nM), intracellular Ca2þ stores are constantly refilled
while cytosolic Ca2þ is extruded from the cell by the plasma
membrane Ca2þ ATPase (PMCA) pump. Intracellular Ca2þ is mainly
stored in the ER lumen that is constantly refilled by the sarco/
endoplasmic reticulum Ca2þ-ATPase (SERCA) pump [11,12]. Under
stimulation, cell surface receptors activate the phospholipase C
(PLC), which hydrolyses the membrane phospholipid phosphati-
dylinositol 4,5-bisphosphate (PIP2) to form inositol 1,4,5-
trisphosphate (IP3) and diacylglycerol (DAG). IP3 diffuses then to
the ERmembrane, where it binds the IP3 receptor (IP3R), triggering
Ca2þ release from the ER. ER Ca2þ can be released directly into the
cytosol, or into juxtaposed organelles including mitochondria
(Fig. 1) [13], the latter contributing to organelle Ca2þ homeostasis.

The affinity of MCU for Ca2þ is very low (Kd z 10 mM), so the
basal Ca2þ concentration in the cytosol is not sufficient to allow an
Fig. 1. Calcium homeostasis at the ER-mitochondria contact sites.
Under stimulation of the G protein-coupled receptor at the plasma membrane (PM), the pho
1,4,5-triphosphate inositol (IP3) and diacylgycerol (DAG). IP3 binds and activates the IP3 re
neighbouring organelles. Due to the close proximity of the ER and the mitochondria, ensur
specifically formed facilitating Ca2þ transfer to the mitochondria. Ca2þ first enters the mitoch
mitochondrial calcium uniporter (MCU) transports it across the IMM. MCU is part of a comple
essential IMM component required for the uniporter minimal activity. MCU is mainly regul
and MICU2 (because of the unknown function of MICU3 and its specific expression neuron
gatekeeper; at low cytosolic [Ca2þ] MICU1 inhibits MCU activity whereas at high cytosolic [Ca
channel activation. Ca2þ is extruded from the mitochondrial matrix by the IMM resident N
(SERCA) ensures the ER-refilling in Ca2þ.
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efficient mitochondrial uptake [14]. Thus, large and localized Ca2þ

concentrations are needed to activate MCU activity. It is now well
established that one of the main functions of mitochondria-ER
contact sites [15], stabilized by tethering proteins like mitofusin 2
(MFN2) [16], is to generate highly localized and concentrated Ca2þ

microdomains facilitating Ca2þ transport into mitochondria [17].
When released from the ER, Ca2þ first passes the outer mitochon-
drial membrane (OMM) through the voltage-dependent anion
channel (VDAC) [18] and then MCU [19,20] transports it across the
inner mitochondrial membrane (IMM) (Fig. 1). Mitochondrial Ca2þ

uptake has been associated with energized mitochondria, where
depletion of mitochondrial membrane potential abrogates mito-
chondrial Ca2þ uptake and defects in the respiratory chain have
been associated with a decreased ability of mitochondria to pump
Ca2þ [21].

Well before the discovery and the characterization of the uni-
porter, mitochondrial Ca2þ uptake has been associated with
numerous physiological functions such as cell death, autophagy,
skeletal muscle trophism, immunity, cardiomyocyte contraction
and heart rate [22]. In the last six years, the discovery of MCU and it
regulators have allowed us to reach a better understanding of the
mitochondrial Ca2þ regulation and to investigate its role in intra-
cellular Ca2þ signalling.
1.2. The mitochondrial calcium uptake machinery (MCUM)

After more than 50 years of intensive research, the composition
of the uniporter has been finally resolved. It is composed of a pore-
forming unit and regulatory subunits. The pore-forming subunit
MCU was identified in 2011 by Mootha's and Rizzuto's groups
[19,20]. A number of studies confirmed the role of MCU in
spholipase C (PLC) hydrolyses phosphatidylinositol 4,5-biphosphate (PIP2) into inositol
ceptor (IP3R) leading to endoplasmic reticulum (ER) Ca2þ release in the cytosol or into
ed by membrane tethering, highly localized and concentrated Ca2þ microdomains are
ondria through the voltage-dependent anion channel (VDAC) at the OMM and then the
x, the MCUmachinery (MCUM) composed of a negative regulator, MCUb, and EMRE, an
ated by members of the MICU family of proteins localized in the IMS, including MICU1
al tissues, the latter is not represented in the model). MICU1 is considered as the MCU
2þ], the binding of Ca2þ on MICU1 EF-hand leads to its conformational change and MCU
CLX, which exchanges 1 Ca2þ for 3 Naþ. The sarco/endoplasmic reticulum Ca2þ ATPase
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mitochondrial Ca2þ uptake in different animal species and cell
types [22]. MCU is an evolutionarily conserved integral IMM pro-
tein harboring two transmembrane domains with the C- and N-
terminus facing the matrix and a short loop in the IMS allowing
Ca2þ entry [19]. Genomic analysis has identified a dominant
negative form of MCU, MCUb, whose tissue expression profile dif-
fers from MCU [23]. Interestingly, reconstitution of the MCU com-
plex in the yeast Saccharomyces cerevisiae, which lacks the
mitochondrial uniporter, showed that expression of the human
MCU alonewas not sufficient to allowmitochondrial Ca2þ pumping
activity [24]. However, co-expression with the IMM resident pro-
tein EMRE [25] was able to reconstitute theMCU channel activity in
yeast, showing that EMRE is required to the minimal activity of the
channel [24]. It has also been shown that EMRE was able to sense
Ca2þ concentration through its C-terminus end, facing the mito-
chondrial matrix, and modulate MCU activity [26]. Blue native ex-
periments have shown that MCU and EMRE assemble in high
molecular weight complexes in associationwith different regulator
subunits [23,27,28]. Among these regulators, one characterized
even before the identification of MCU, was the mitochondrial Ca2þ

uptake protein 1 (MICU1) [29], which belongs to the MICU family
with MICU2 and MICU3. MICU1 is a soluble IMS protein, which can
directly interact with MCU to modulate the channel activity
depending on the cytosolic Ca2þ concentration. MICU1 is consid-
ered as the MCU “gatekeeper”. At low extramitochondrial Ca2þ

concentration, MICU1 stabilizes MCU in a close state inhibiting
Ca2þ uptake; whereas at high Ca2þ concentration, the EF-hand
motif of MICU1 binds Ca2þ leading to MICU1 conformational
change and subsequently the opening of the channel and Ca2þ

entry [30,31]. MICU2 has been shown to interact with MICU1 [32]
and MICU3 [27] has been described to be specifically expressed in
neuronal tissues. The specific role of these subunits remains to be
clarified but this suggests additional complexity in the regulation of
mitochondria Ca2þ entry that probably needs to be finely regulated
in different tissues (see ([14]) for complete review).

1.3. Cytosolic calcium signalling during cell migration

Directional cell migration involves three important steps: trig-
gering and maintaining cell polarity, remodelling cytoskeleton to
activate linear locomotion and modifying the direction of move-
ment in response to gradients of environmental variations. Cell
movement begins with the formation of protrusions of the cell
membrane, followed by the establishment of new focal adhesions
(FA) at the leading edge to anchor the cytoskeleton to the extra-
cellular matrix (Fig. 2). Traction forces move the cell forward and
the cycle ends with disassembly of the FA at the cell rear [9,33].
Most of these events are spatio-temporally regulated by Ca2þ sig-
nalling [34]. Indeed, oscillations of cytosolic Ca2þ induce actin
remodelling through the activation of the small GTPases RhoA and
Rac1. During the rear-to-end retraction phase, actomyosin
contraction is regulated by the phosphorylation of the myosin light
chain (MLC) ensured by the calmodulin Ca2þ-dependent kinase
MLCK [10,35]. Finally, the disassembly of the FA is controlled by the
calpains, which are Ca2þ-dependent proteases [36]. During
migration, polarized cells exhibit a cytosolic Ca2þ gradient with low
Ca2þ concentration at the leading edge [37] (Fig. 2). This gradient is
ensured by an increased activity of the PMCA pumps at the leading
edge to extrude intracellular Ca2þ [38]. This low Ca2þ concentration
allows the different components of the cell migration machinery to
respond to local pulses of intracellular Ca2þ changes. Recently,
transient and localized microdomains of high Ca2þ concentrations
have been shown to be more active at the front of the migrating
cells (Fig. 2). These “Ca2þ flickers” or “pulses” have been shown to
promote local focal adhesion proteins (FAP) disassembly [39] and
Please cite this article in press as: V. Paupe, J. Prudent, New insights in
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steer the migrating cell in the direction of chemoatractants [40].
These hotspots of Ca2þ are dependent on the store-operated Ca2þ

entry (SOCE) [38,39], or on the activity of the stretch-activated
receptor channel TRPM7 (transient receptor potential cation
channel subfamily member 7) [40].

1.4. Store-operated calcium entry (SOCE) regulation

The main path for Ca2þ entry in non-excitable cells is the SOCE
allowing entry in the cell of extracellular Ca2þ through the PM-
localized Ca2þ-activated Ca2þ-release channel ORAI1 [41]. The
SOCE is mainly regulated by ER lumen Ca2þ concentration and the
Ca2þ sensor ER-resident Stromal Interacting Molecule 1 (STIM1).
Upon ER Ca2þ-depletion, induced for example by sustained IP3
stimulation, cytosolic Ca2þ is extruded by PMCA and the ER refilled
by SERCA. However, if the ER Ca2þ concentration remains too low,
SOCE is activated by the STIM1/ORAI1 pathway in order to refill it
[42] (Fig. 3). At low ER-Ca2þ concentration, Ca2þ dissociates from
the STIM1-EF hand that senses the lumenal ER Ca2þ, leading to the
oligomerization of the protein. Cytoskeletal remodelling then
promotes STIM1 relocalization specifically at ER-PM contact points
where it interacts with ORAI1 and maintains the channel open [43]
(Fig. 3). This regulation system allows a sustained phase of cytosolic
Ca2þ influx required to maintain, for example, prolonged stimula-
tion during cell migration.

Initial studies provided evidence that mitochondria can also
play a role in SOCE regulation. Indeed, it has been shown that
polarized and depolarized mitochondria led to an increase and
decrease in the SOCE activity, respectively. The precise mechanism
involved is still under debate, but some hypotheses point out a role
of mitochondrial Ca2þ uptake. It has been proposed that mito-
chondria relocalize to the PM to directly buffer Ca2þ entry to inhibit
the Ca2þ-dependent inactivation of the ORAI1 channels (Fig. 3).
Indeed, during T-cell activation mitochondria move toward the
immune synapse and directly buffer SOCE induced Ca2þ entry [44]
(Fig. 3A). In other models, an alternative mechanism proposed that
mitochondria acts directly at the ER during IP3-induced Ca2þ-
release and helps buffer microdomains of Ca2þ [45] (Fig. 3B). It has
been well documented that mitochondria can relocalize to the
leading edge during cell migration [46e48] (Fig. 3) but their precise
role in the process has remained elusive so far. We will present
evidence that directly links the MCUM and some regulators of
mitochondrial Ca2þ homeostasis to this process and review the
possible associated mechanisms involving MCUM in intracellular
Ca2þ and SOCE regulation, ATP and ROS production (Table 1).

2. MCUM and cell migration

2.1. MCUM deficiency in vivo

Increasing evidence support an active role for mitochondrial
Ca2þ homeostasis on cell migration in different animal models.
Genetic manipulation of the components of the MCUM, but also of
direct or indirect regulators, have highlighted the contribution of
mitochondrial Ca2þ in cell migration. In 2013, the first evidence for
a role of the pore forming MCU in cell migration was provided by
investigating its function in zebrafish early development [49].
Morpholino-dependent knockdown of MCU induced a dramatic
decrease of the mitochondrial Ca2þ pool correlated with a marked
increase of cytosolic Ca2þ level [49]. During zebrafish early devel-
opment, and in particular during gastrulation, Ca2þ-oscillations and
Ca2þ waves play a crucial role in the cytoskeletal reorganization
allowing guidance of the embryonic cells during migration [50,51].
This disruption in intracellular Ca2þ signalling in morpholino-
injected embyros (morphants) was associated with a deregulation
to the role of mitochondrial calcium homeostasis in cell migration,
.doi.org/10.1016/j.bbrc.2017.05.039



Fig. 2. Schematic representation of calcium signalling in a migrating cell.
During migration, cells exhibit a typical rear-to-front polarization. The cell migration machinery, including actin polarization and focal adhesion (FA) dynamics, is spatio-temporally
regulated by cytosolic Ca2þ. A [Ca2þ] gradient is observed in the polarized cell, with a high [Ca2þ] at the back required for calpain-dependent FA disassembly and with low [Ca2þ] at
the leading edge facilitating functional local Ca2þ pulses formation. This [Ca2þ] gradient is ensured by the accumulation of the plasma membrane Ca2þ ATPase (PMCA) pump at the
cell leading edge leading to Ca2þ extrusion. Local Ca2þ flickers/pulses at the leading edge are established by intracellular Ca2þ entry controlled by the transient receptor potential
(TRP) channel or by a SOCE-STIM1/ORAI1-dependent mechanism. These localized Ca2þ microdomains allow actin-myosin contraction and FA assembly dynamics for cell migration.
Mitochondrial drp1-dependent fission allows their relocalization to the leading edge, in order to generate ATP and ROS required for cytoskeleton remodelling. Mitochondria at the
leading edge may also control the intracellular Ca2þ signalling, including store-operated calcium entry (SOCE) or ER Ca2þ release required for proper cell migration.
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of cell directionality and a decrease in actin polymerization dy-
namics leading to cell migration defects [49]. Other in vivo models
have highlighted physiological functions of MCU. An elegant study
showed that loss of the nematode orthologue of MCU (MCU-1)
suppressed mitochondrial Ca2þ uptake and impaired wound heal-
ing [52]. The authors show, using cytosolic and mitochondrial tar-
geted Ca2þ sensitive GCaMP3 fluorescent probes, that a
mitochondrial Ca2þ wave, induced by the cytosolic Ca2þ wave oc-
curs after wounding. This wave of mitochondrial Ca2þ was totally
inhibited in MCU-1 knockout preventing cytoskeleton remodelling
during the healing process [52]. Despite the difference between
epidermal structures among organisms, some key features of
wound-healing seem to be conserved between vertebrates and
invertebrates [53]. An almost universal signal triggered by
wounding is an elevation of intracellular Ca2þ at wound sites to
locally recruit polymerized actin. In fact, it was described that
wounding induced Ca2þ waves in epithelial cells that were crucial
to increase cell motility rate [54,55]. These data obtained in the
zebrafish and the nematode emphasize the role of MCU in Ca2þ

signalling linked to the regulation of cytoskeleton remodelling.
Surprisingly, the total MCU-KO in a mixed genetic mice back-

ground (outbred CD1 strain) exhibits only a discrete phenotype
with a reduced exercise tolerance and skeletal muscle respiration
correlating to a defect in PDH phosphorylation [56]. The role of
MCU in cellular bioenergetics has also been shown in the control of
the response of the B-adrenergic stimuli on heart rate [57]. The
absence of phenotype in mouse embryogenesis was quite unex-
pected. Although the mice were significantly smaller, development
seemed to happen normally. However, MCU-KO was embryonic
lethal in the inbred C57BL/6 mice background and the outbred CD1
Please cite this article in press as: V. Paupe, J. Prudent, New insights in
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mice did not follow a mendelian transmission suggesting early
defects during embryogenesis [56,58]. These results also point out
the possibility of an unknown compensatory mechanism allowing
adaptation of somemouse embryonic cells [59] or the existence of a
sufficient MCU-independent Ca2þ entry [60] during development
in mammals. Interestingly, two groups have recently characterized
the MICU1-KO mouse with different phenotypes [61,62]. Both
groups reported an increase in the resting mitochondrial Ca2þ level
and a decreased capacity for mitochondria to uptake Ca2þ at high
concentration (>15 mM). However, one study showed that MICU1-
KO in C57BL/6 J background was lethal a few hours after birth due
to failure in basic vital functions [61], whereas the other obtained a
high perinatal mortality in C57BL/6 N KO mice [62]. Surviving mice
exhibited neurological and myopathic defects similar to the
symptoms observed in patients harboring MICU1 mutations
[63e65], however these defects improved with time, highlighting
again the existence of a potential compensatory mechanism.

Taken together, these studies indicate that deregulation of
mitochondrial Ca2þ homeostasis can lead to an alteration of cell
migration via defects in actin dynamics or premature embryonic
death.
2.2. Effect of MCUM deficiency in cell migration

The regulation of cell migration plays a major role in tumor
metastasis allowing the movement of cancer cells to the periphery
and the circulation. In prostate and colon cancers, it has been
shown that overexpressed microRNA specifically downregulating
MCU and dampening mitochondrial Ca2þ uptake resulted in
enhanced cell resistance to apoptosis [66]. On another other hand,
to the role of mitochondrial calcium homeostasis in cell migration,
.doi.org/10.1016/j.bbrc.2017.05.039



Fig. 3. Proposed models for the role of mitochondria in SOCE regulation.
SOCE is characterized by the extracellular Ca2þ entry controlled by ER Ca2þ store depletion. At low ER [Ca2þ], Ca2þ dissociates form the ER-resident Stromal interacting molecule 1
(STIM1) allowing its oligomerization and relocalization at ER-PM contact sites. At these sites, STIM1 interacts with ORAI1 and activates the channel allowing Ca2þ entry. During this
process, PCMA extrudes Ca2þ in the extracellular space and SERCA constantly refills the ER. In non-excitable cells, the contribution of mitochondria to SOCE regulation remains
controversial.
Mitochondria can be involved in SOCE regulation: (A) The immune cell model: During T-cell activation, mitochondria relocalize at the PM where they directly buffer Ca2þ entry. This
reduces [Ca2þ] at ER-PM contact sites and prevents the slow inactivation of ORAI1 by Ca2þ (Red circle arrow). (B) Alternative model: Due to steric hindrance at the ER-PM contact
sites, mitochondria cannot directly buffer Ca2þ at these sites. Mitochondria contribute to ER Ca2þ store depletion by directly uptaking Ca2þ from the ER at the mitochondria-ER
contact sites, contributing indirectly to SOCE activation.
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MCU and mitochondrial Ca2þ up-regulation can greatly enhance
metastatic behavior. Recently, clinical data analysis of breast cancer
patients has associated overexpression ofMCU and downregulation
of MICU1 to poor prognosis [67,68] suggesting that mitochondrial
Ca2þ uptake accelerates cancer dissemination. Indeed, multiple
in vitro studies using triple negative breast cancer (TNBC) and other
breast cancer cell models have shown that depletion of MCU led to
a drastic cell migration decrease, independent of cell proliferation
[67,69,70]. These defects were characterized by a delay in gap
closure after scratch assay and/or a decrease in the number of
migrating cells in Boyden chamber analysis. Moreover, silencing
Please cite this article in press as: V. Paupe, J. Prudent, New insights in
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MCU in TNBC cells strikingly inhibited in vivo tumor growth and
metastasis progression in mice [69]. Specific inhibition of mito-
chondrial Ca2þ uptake by the Ruthenium 360, a potent inhibitor of
MCU, also led to decreased cell migration capacity [67,70]. Inter-
estingly, stable knockdown of MCU in Hs578t cells led to an in-
crease in actin stiffness, loss of cell polarization and an impairment
of the FAP dynamics [70]. In MCU-silenced cells, the polarity of the
cells duringmigrationwas lost due to a decrease in the activation of
the Rho GTPases, RhoA and Rac1 activities, analyzed by FRET and
pull down experiments. Moreover, cytoskeletal dynamics via
phosphorylation of MLC was downregulated, and the turnover of
to the role of mitochondrial calcium homeostasis in cell migration,
.doi.org/10.1016/j.bbrc.2017.05.039



Table 1
Effect of direct mitochondrial calcium uptake regulators on cell migration.

Gene Relation to
mitochondrial Ca2þ

uptake

Genetic perturbation Cell type/organism Effect on cell migration Direct mechanism
proposed

Ref

MCU Mitochondrial Ca2þ

pore forming subunit
KO - Mouse Embryogenesis defect e [56,58]

- C.elegans Wound healing defect Decrease mtROS
production required for
Rho-1 inactivation

[95]

KD - Zebrafish Cell migration and
embryogenesis defects

Cytoskeleton and actin
polymerization
dynamics deregulation

[49]

- TNBC Inhibits cell migration
and tumor growth

Decrease mtROS
production and HIF1
signalling

[69]

- MDA-MB-231 Delays in cell migration SOCE inhibition [129]
- Hs578t Decreases cell

migration/cell
polarization loss

Decrease of Actin/FAP
dynamics, and Rho
GTPases and calpain
activities. Reduced
SOCE activity

[70]

MICU1 Gatekeeper of MCU
complex preventing
mitochondrial calcium
overload

KO - Mouse Perinatal lethality e [61,62]
KD - hCVD-EC Delay cell migration e [31]

- Mouse-EC Delay cell migration e [72]

Bcl-wav Control mitochondrial
calcium entry by
interacting with VDAC

KD - Zebrafish Cell migration and
embryogenesis defects

Actin dynamics defects [49]

Bcl-xL Control mitochondrial
calcium entry by
interacting with
VDAC1/3

KD - TNBC cells Inhibition of cell
migration

Inhibit mitochondrial
Ca2þ-induced ATP
production.

[77]

OE - PanNET Promotes cell migration
and cell invasion in vivo
in mouse

Increase cytoskeleton
remodelling

[130]

Mcl-1 Promote mitochondrial
calcium entry by
interacting with
VDAC1/3

OE - NSCLC cells Promote cell migration Increase mtROS
signalling

[87]

KD - NSCLC cells Inhibition of cell
migration

Decrease mtROS
signalling

[87]

KO: Knock-out; KD: Knockdown; OE: overexpresson; TNBC: triple negative breast cancer; EC: endothelial cells; NSCLC: Non-small lung cancer cells.
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the FAP, Vinculin and Paxillin, was delayed due to the decreased
activity of the calpains proteases [70]. These effects were attributed
to a decrease of intracellular Ca2þ signalling from the ER and
cytosol.

It is now generally accepted that MICU1 serves as a molecular
gatekeeper preventing mitochondria Ca2þ overload (for review see
[71]). Knockdown of MICU1 in endothelial cells (EC) impaired cell
migration in scratch assays [31]. Cultured human EC, derived from
cardiovascular disease patients (CVD-EC), showed a marked
decrease in mRNA for MICU1, but not MCU relative to healthy
control EC [72]. This led to a basal increase of mitochondrial Ca2þ

and migration deficiency. Re-expression of MICU1 in those cells
reduced the mitochondrial Ca2þ accumulation, which correlated
with CVD-EC ability to increase cell migration [72]. Now, it is
questionable why MICU1 loss does not facilitate cell migration as it
actually increases mitochondrial Ca2þ content. Interestingly, it has
been reported that silencing MICU1 increases mitochondrial Ca2þ

uptake at low cytosolic Ca2þ concentration but also strongly in-
hibits mitochondrial Ca2þ uptake in response to agonist-induced
Ca2þ rises [30]. Thus, MICU1 deficient mitochondria would fail to
relay and buffer cytosolic Ca2þ waves triggered during the cell
migration process (this will be discussed later in the review).

Evidence is therefore emerging that mitochondrial Ca2þ dy-
namics are important in cell migration. The challenge is to deter-
mine whether these roles are direct and/or indirect, and identify
the molecular mechanisms that couple these dynamics to the sig-
nalling pathways that drive the migration process.
Please cite this article in press as: V. Paupe, J. Prudent, New insights in
Biochemical and Biophysical Research Communications (2017), http://dx
3. Mechanisms by which MCUM deficiency alters cell
migration

3.1. Role of MCUM in ATP production

Cytoskeleton dynamics is an active process that is directly
dependent on ATP levels. Given the regulatory role of mitochon-
drial Ca2þ on TCA enzyme activities, a deficiency of MCUM could
potentially alter mitochondrial ATP production and subsequently
global or local cytoskeleton remodelling. It has been put forward
that a deficiency of MCU affects ATP production by decreasing
resting mitochondrial Ca2þ levels. However, numerous studies re-
ported that different cell lines with MCU deficiency did not exhibit
respiration defect in basal conditions. Indeed, no detectable dif-
ference in oxygen consumption was noted in MCU-KO derived fi-
broblasts [56], and neither in MCU-silenced HeLa cells under basal
conditions [19]. Thus MCU silencing appears to have surprisingly
little impact on mitochondrial bioenergetics in non-excitable cells
[20,73]. Of note, modulation of MCU levels did not affect the ATP
content in rat neonatal cardiomyocytes either [74]. Nevertheless, it
seems that the effect of MCU loss on ATP production could be
significant in tissues that have a high-energy demand as in the
skeletal muscle of MCU-KO mouse, which exhibited alterations in
the phosphorylation and activity of pyruvate dehydrogenase [56],
and also in pancreatic b-cells where glucose-stimulated ATP in-
creases, necessary for triggering insulin exocytosis, required a
functional MCU [75,76]. Moreover, in MCU-deficient TNBC cells,
to the role of mitochondrial calcium homeostasis in cell migration,
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inhibiting glycolysis by 2-deoxy-D-glucose treatment failed to
induce an increase of ATP production [69]. This illustrates that upon
an increase of energy demand, non-excitable cells lacking MCU can
also exhibit a global ATP production defect. In Hs578t breast cancer
cells, the authors reported no alteration in the total level of intra-
cellular ATP associated to cytoskeleton defects upon MCU loss [70].
However, even if the global intracellular ATP production is not
decreased, a decreased capacity to produce rapid, localized boosts
of ATP could alter local actin cytoskeleton remodelling, and
myosin-dependent contraction. In TNBC cells, Bcl-xL silencing
affected the mitochondrial Ca2þ-induced ATP raise, stimulated by
the cytokine cl-CD95L and impaired cell migration [77] but so far,
no study has confirmed that this ATP defect is directly responsible
for cytoskeleton remodelling defects during cell migration.

In contrast to the loss of mitochondrial Ca2þ in MCU deficient
cells, the MICU1 deficiency that resulted in migration defects was
associated with a consistent increase of resting mitochondrial Ca2þ

levels. This rise in mitochondrial Ca2þ has been correlated to a
better response to increased ATP demand [78]. Since MCU and
MICU1 deficiency show similar issues in cell migration with
opposing matrix Ca2þ load, variation in ATP levels is not likely to
play a major role in the migratory phenotypes of MCUM deficient
cells; rather the dynamics of the Ca2þwave regulationmay bemore
crucial.

3.2. Role of MCUM in ROS signalling

In 2016, Rizzuto's group proposed a mechanism involving
mitochondrial MCU-regulated ROS production during cell migra-
tion in triple negative breast cancer (TNBC) cell lines [69]. MCUwas
silenced in three TNBC cell lines, which strikingly inhibited cell
migration, in vivo tumor growth and metastasis progression [69].
Excessive ROS levels are toxic but sub-lethal production contributes
to important signalling functions, particularly in cancers inwhich it
has been shown that ROS promote cell proliferation, migration and
invasion [79]. Loss of MCU resulted in the inhibition of mitochon-
drial ROS (mtROS) production, which led to a reduction in the
expression of the hypoxia induced factor 1a (HIF1a) transcription
factor. This defect resulted in failure to activate the hypoxic pro-
gram essential for cell invasion in vitro and in vivo [69]. These data
reinforced previous evidence linking spikes in mitochondrial Ca2þ

concentration with increased mtROS production [80].
Links between mitochondrial Ca2þ, ROS and cell migration have

also been made with the Bcl-2 family of proteins. Beyond their role
as key modulators of apoptosis [81], these multifactor proteins also
participate in multiple functions including cell migration [82e84].
In the zebrafish model, loss of the pro-apoptotic protein Bcl-wav
led to acute defects in cell migration during embryogenesis due
to defects in actin dynamics remodelling. This was directly attrib-
uted to Bcl-wav ability to interact with VDAC1 and promote mito-
chondrial Ca2þ uptake [49,59]. Other members of the Bcl-2 family,
including Bcl-xL and Mcl-1, have been shown to regulate mito-
chondrial Ca2þ homeostasis via their direct interaction with
VDAC1/3 [77,85e87] and promote cell migration [77,87]. Moreover,
by studying the effect of an apoptosis defective mutant of Bcl-xL in
cancer cell lines, Soyoung et al. show that Bcl-xL promoted cell
migration and metastasis in mice independently from its anti-
apoptotic function [88]. Similarly, high Mcl-1 expression pro-
moted cell migration but not proliferation in non-small cell lung
cancer (NSCLC) cells and knockdown of Mcl-1 in this cell line
inhibited cell migration in scratch wound-healing assays [87].
Interestingly, the migratory delay in Mcl-1 knockdown cells was
associated with a decrease in mtROS production, which was
rescued upon restoration of ROS levels [87]. These data are
consistent with the idea that ROS production can drive migration in
Please cite this article in press as: V. Paupe, J. Prudent, New insights in
Biochemical and Biophysical Research Communications (2017), http://dx
lung cancer by a mechanism involving Ca2þ channeling through
VDAC. The exact mechanism of ROS action is still controversial,
however pioneering work showed that ROS produced within
migrating cells promotes cell movement and are necessary for
chemotaxis [89]. If generation of anion superoxide might act as a
redox signal itself, it is rapidly degraded by superoxide dismutase
(SOD) to hydrogen peroxide (H202), which is believed to induce
cellular changes by reversibly oxidizing the thiol group of cysteine
residues of specific proteins [90]. H202 levels are regulated by
peroxiredoxins, which have been shown to regulate ROS-mediated
signal transduction in mammalian cells; for example,
peroxiredoxin-2 overexpression has been shown to suppress
chemotactic migration and adhesion induced by platelet-derived
growth factor (PDGF) in MEFs [91]. Moreover, ablation of the pro-
tein in vivo promoted the growth and migration of smooth muscle
cells during vascular remodelling [91]. However, the oxidized
proteins that modulate migration and adhesion are unknown in
most instances. Adhesion dynamics drive the migration cycle by
activating Rho GTPases, which in turn regulate actin polymeriza-
tion and myosin II activity [92]. In HeLa cells, the mechanism by
which ROS facilitate cell spreading involves downregulation of
RhoA activity through activation of p190Rho-GAP, a negative
regulator of RhoA [93]. In C. elegans, it has been shown that wound
closure by F-actin accumulation at wound site, requires the Cdc42
small GTPase and Arp2/3-dependent actin polymerization and is
negatively regulated by RHO-1 and non-muscle myosin [94]. In the
c. elegansmodel of MCU-1 KO leading to wound-healing defects, Xu
et al. demonstrated that mitochondrial Ca2þwas totally inhibited in
MCU-1 knockout and the mtROS production necessary to remodel
the cytoskeleton during healing was prevented. The authors pro-
posed that mtROS inhibited RHO-1 activity by oxidizing its redox
sensitive motif to promote wound closure [95].

Collectively, these studies show that mtROS production are
involved in cell migration and their release in the cytoplasm re-
quires a functional MCU. However, in MICU1 deficient EDV cells
where cell migration was decreased, the authors observed a large
increase of mtROS [31,72]. Therefore it is likely not the mtROS pool
itself, but rather its local release, which is important for cell
migration. Although it is still not clear how mitochondrial Ca2þ

regulates this release, Booth et al. recently demonstrated the
interdependence of mitochondrial Ca2þ uptake and H202 release at
the mitochondria-ER interface [96]. The authors suggested that
nanodomains of H2O2 accumulating in the mitochondrial cristae
are compressed and released at mitochondria-ER contact sites
upon Ca2þ signal propagation to the mitochondria, likely due to
concomitant Kþ and water influx to thematrix. Transient release of
H2O2 in turn, would sensitize ER Ca2þ release to maintain Ca2þ

oscillations [96]. It seems that the capacity of mitochondria to
uptake large amount of Ca2þ at membrane contact sites is crucial
for the generation and release of mtROS required for proper cell
migration.

3.3. Role of MCUM in SOCE regulation

Mitochondria are scattered throughout the cytoplasm but their
distribution can vary depending on local high-energy demands. For
example, human ovarian adenocarcinoma cells increase local AMP-
activated protein kinase (AMPK) activated mitochondria in cellular
protrusions to respond to metabolic demands [97]. During cancer
cell migration, actin polymerization, lamelipodia formation and
FAP dynamics occur at the leading edge of the cell and require high-
energy production and Ca2þ buffering [37]. Mitochondrial relocal-
ization at these sites has been shown to be critical to ensure proper
cell migration and raises the question of their function at these
specific sites. Beside their role in ATP and ROS production, a non-
to the role of mitochondrial calcium homeostasis in cell migration,
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exclusive hypothesis is that mitochondria are important to buffer
high Ca2þ pulses but also to directly control local extracellular Ca2þ

entry at the PM during SOCE. Early work has provided solid evi-
dence demonstrating that mitochondria can play a role in con-
trolling the opening of the Ca2þ release-activated channels (CRAC)
that regulate cellular Ca2þ entry through SOCE regulation [98e103]
(Fig. 3). This function in immune cells, and in particular during T-
cell activation, has been well described [98,104e106]. However, in
other non-excitable cell types the precise function of mitochondria
needs further analysis (Fig. 3). Genetic manipulation of MCU has
revealed the requirement for mitochondrial Ca2þ homeostasis in
regulating transient fluxes of cytosolic Ca2þ. For example, it has
been shown that MCU regulated leukotriene-induced physiological
oscillations of cytoplasmic Ca2þ in a rat basophile cell line (RBL-1)
[107]. The authors showed that pro-inflammatory leukotriene-
induced cytoplasmic oscillations triggered similar (in number and
frequency) oscillations of mitochondrial Ca2þ, whichwere inhibited
by mitochondrial membrane depolarisation or MCU knockdown.
Moreover knockdown of MCU induced a reduction in cytosolic Ca2þ

oscillations indicating a proactive role of mitochondria in the
propagation of physiological cytosolic Ca2þ signalling [107]. Other
studies in breast cancer [67,70] and neuroblastoma cells [108] have
also highlighted a SOCE defect when MCU was silenced, and the
requirement for mitochondrial Ca2þ uptake to ensure IP3-induced
STIM1 oligomerization in HeLa cells [109].

For now, only a few studies have investigated the role of the
uniporter on SOCE during cell migration, and this idea has been
challenged by contradictory results. The role of SOCE regulated by
STIM1 has been shown to control the actomyosin contractility
during breast cancer cell migration [110]. STIM1 silencing inhibited
the recruitment and association of active FA kinase and talin at FA,
and prevented myosin II phosphorylation necessary for contrac-
tility [111]. Interestingly, two independent studies, in MDA-MB-231
[67] and Hs578t [70] breast cancer cell lines have associated MCU
loss to a SOCE defect where MCU silencing considerably reduced
cytosolic Ca2þ entry after ER-store depletion upon thapsigargin
treatment. In these studies, inhibition of the SOCE by pharmaceu-
tical approaches [67] or STIM1 silencing [70], phenocopies cell
migration and actin/FAP dynamics defects induced by mcu-loss.
These data suggest that mitochondrial Ca2þ homeostasis may
control cytoskeleton dynamics and cell migration via the SOCE
regulation. On the other hand, it has been reported that MCU
silencing did not affect SOCE in three different breast cancer cell
lines, attributing cell migration defects to a decrease in ROS pro-
duction and HIF1 signalling [69]. These data corroborate other
studies stating that mitochondria are not directly involved in the
buffering of Ca2þ entry during SOCE [112]. Because of the fast Ca2þ-
dependent inactivation of the CRAC channels, mitochondria would
need to be closely located to the PM to influence this process
(d < 30 nm). It has been shown that in contrast to ER Ca2þ release,
Ca2þ entry via SOCE did not generate Ca2þ hotspots at the OMM.
This suggests that mitochondria could not relocalize at ER-PM
contact, where SOCE occurs, due to steric hindrance [113]. How-
ever, it can be hypothesized than mitochondria can buffer Ca2þ

generated during SOCE by acting directly at the ER (Fig. 3). Thus,
mitochondrial Ca2þ uptake could participate indirectly in STIM1-
regulated SOCE activation by buffering ER Ca2þ release. It should
be noted that the discrepancy between these different studies
might depend on the cell types and agonists used to activate SOCE.
Thus, further studies will be needed to fully assess this question.

Recently, in human lung fibroblasts and umbilical vein EC
(HUVEC), local high Ca2þ microdomains (Ca2þ flickers or pulses)
have been identified and shown to be most active at the leading
edge of migrating cells [38e40] (Fig. 2). When cells are exposed to a
growth factor gradient perpendicular to cell movement,
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asymmetric TRP-dependent Ca2þ flicker activity develops across
the lamella and promotes the turning of the cells towards the
chemo-attractant [40]. Moreover, Tsai et al. showed that Ca2þ

pulses restricted to the leading edge were generated by IP3-
stimulated local depletion of ER Ca2þ, and local activation of
STIM1, supporting pulsatile front retraction and adhesion of the cell
[38,39]. They also have been shown to control local MLCK activation
and FA dynamics. So far, no studies have been performed to eluci-
date the potential role of MCU and the Ca2þ buffer capacity of the
mitochondria in this phenomenon. It is tempting to hypothesize
that MCUmay also regulate the intensity and the duration of those
flickers. MCU may act on these Ca2þ flickers in two different ways:
by its potential ability to regulate SOCE, or by direct Ca2þ buffering
at the ER. Therefore, it will be important to design new experiments
in migrating cells to elucidate the role of MCUM in this
phenomenon.

3.4. Potential role of MCUM in mitochondrial motility and
dynamics

As described previously, mitochondria need to relocalize to the
leading edge of the migrating cells to ensure their function (Fig. 2).
Mitochondrial Ca2þ uptake may also impact cell migration via its
capacity to regulate this process. So far, the role of MCU in mito-
chondrial motility and dynamics has not been fully investigated.
Mitochondrial motility along microtubules is ensured by mito-
chondrial adaptor, motor proteins and cytoskeleton components,
which are regulated by cytosolic Ca2þ [114]. The GTPase mito-
chondrial protein Miro1 contains two EF-hand Ca2þ binding do-
mains and plays an important role in mitochondrial motility along
microtubules. High cytoplasmic Ca2þ levels halt mitochondrial
movement by binding to miro1 EF-hand domains [115,116]. In 2011,
Chang et al. demonstrated that intra-mitochondrial Ca2þ can also
play a critical role in mitochondrial transport along the axons [117].
The authors showed that mitochondrial Ca2þ content was inversely
proportional to the speed of mitochondrial movement. Thus, by
regulating intracellular Ca2þ signal, MCU may indirectly control
mitochondrial motility.

Mitochondrial motility is also regulated by mitochondrial shape
and it has been shown that fragmented and smaller mitochondria
move faster along microtubules. Increasing evidence in multiple
studies has shown that mitochondrial dynamics are involved in cell
migration and cancer invasiveness [46,48,118]. Indeed, mitochon-
drial fragmentation is required for cancer cell migration and inva-
sion [119,120] as Drp1 phosphorylation at Ser616 allows
mitochondrial trafficking to the leading edge [121]. Drp1 recruit-
ment to mitochondria is regulated by the phosphatase calcineurin
dephosphorylating Drp1 at Ser637 upon a rise of cytosolic Ca2þ

[122,123]. Thus bymodulating cytosolic Ca2þ levels, MCUM is likely
to affect mitochondrial dynamics and distribution, which may
impact cell migration. In mouse embryonic fibroblasts derived from
MCU-KO, the mitochondrial shape was not altered by MCU loss
[56]. However, mitochondria from MICU1 patients with high
mitochondrial Ca2þ pool harbored fragmented mitochondria [63].
This was consistent with previous work showing that thapsigargin
treatment on cultured cells induced Ca2þ influx into mitochondria
that drove mitochondrial fragmentation [124]. Additionally, in two
models of ischemia/reperfusion injury, mitochondrial Ca2þ was
required for mitochondrial fragmentation by modulating Drp1
level [125,126]. Finally, a recent study highlighted the role for MCU
in mitochondrial fragmentation via accumulation of Drp1 Ser616
required for neutrophil polarization and chemotaxis [127]. Those
studies support the idea of a role of mitochondrial Ca2þ uptake in
mitochondrial dynamics.

Thus, it will be interesting to further investigate the specific role
to the role of mitochondrial calcium homeostasis in cell migration,
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of MCUM in mitochondrial motility/dynamics during cell
migration.

4. Conclusions

Recent evidence has shed a light on the crucial role of MCU and
its regulators in cell migration. Independently of the role of MCU in
cancer cell migration, different studies have highlighted the role of
mitochondrial Ca2þ homeostasis in immune cell polarization and
chemotaxis [127,128]. Taken together, these data obtained in
different specialized cells and animal models highlight the crucial
and evolutionarily conserved function of MCU in cell migration
from worms to vertebrates.

If MCU is involved in cytoskeleton remodelling, the full mech-
anism of its impact on cell migration remains to be discovered. So
far, the non-exclusive connections between ATP and ROS produc-
tion and cytosolic Ca2þ signal regulation have been investigated. To
fully elucidate these mechanisms, it will be important to decipher
the potential role of the MCUM on Ca2þ flickers formation/intensity
but also the impact of MCUM on mitochondrial dynamics at the
leading edge during cell migration.

Finally, the fact that MCU is overexpressed in breast cancer
patients and the clear evidence linking MCU to cancer invasion and
growth, points to mitochondrial Ca2þ uptake as a potential thera-
peutic target in highly proliferative cancers.
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