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Simple Summary: Several important cellular functions are finely tuned by the physical and functional
interactions between mitochondria and other organelles, such as lipid trafficking, mitochondrial
dynamics, calcium flow and Endoplasmic Reticulum stress. These functions in turn impact on
apoptosis, autophagy, cell proliferation and differentiation, playing an important role in the
pathogenesis of various human diseases. Mitochondria are closely interconnected with several
organelles, such as Endoplasmic Reticulum, lipid droplets, Golgi apparatus, lysosomes, melanosomes
and peroxisomes, through physical contacts. Several findings demonstrated that these interaction
sites are important to fulfill specific cellular functions. In this review, we will highlight the
role of membrane contact sites with mitochondria in modulating mitochondrial metabolism and
intracellular signaling in the context of cancer development and progression, with a special focus on
calcium signaling. In particular, we will discuss on mitochondria-ER, mitochondria-lysosomes and
mitochondria—peroxisomes contact sites.

Abstract: Mitochondria are organelles that are mainly involved in the generation of ATP by cellular
respiration. In addition, they modulate several intracellular functions, ranging from cell proliferation
and differentiation to cell death. Importantly, mitochondria are social and can interact with other
organelles, such as the Endoplasmic Reticulum, lysosomes and peroxisomes. This symbiotic
relationship gives advantages to both partners in regulating some of their functions related to several
aspects of cell survival, metabolism, sensitivity to cell death and metastasis, which can all finally
contribute to tumorigenesis. Moreover, growing evidence indicates that modulation of the length
and/or numbers of these contacts, as well as of the distance between the two engaged organelles,
impacts both on their function as well as on cellular signaling. In this review, we discuss recent
advances in the field of contacts and communication between mitochondria and other intracellular
organelles, focusing on how the tuning of mitochondrial function might impact on both the interaction
with other organelles as well as on intracellular signaling in cancer development and progression,
with a special focus on calcium signaling.
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1. Introduction

Primordial mitochondria were symbiotic resident proteobacteria of the cell, providing an efficient
energetic supply due to their ability to generate ATP using molecular oxygen as a final electron
acceptor during respiration. As their counterpart, the host gives these ancient bacteria protection
from the external environment and constant support in term of nutrients (e.g., ADP, amino acids,
lipids and sugars) [1]. Primordial interactions with the host substantially differed from the current
ones, because metabolic adaptation has constantly occurred within the cells during evolution. Indeed,
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mitochondria have lost about 90% of the original archaea-like genome, and most functions were
transferred to the host nucleus [2]. Thus, cells acquired the ability to modulate mitochondrial
metabolism; vice versa, mitochondria constantly communicate to the nucleus their energetic state via
retrograde signals. Recently, the complexity of this communication has been further enriched in terms of
organelles’ interaction. Mitochondria are connected to some intracellular compartments, and via these
interactions they indirectly modulate some “a priori” independent biologic events (e.g., Wnt signaling or
apoptosis) [3,4]. These facts drastically improve mitochondria-related functions, independently of the
ancestral genome of mitochondria. Indeed, mitochondria are involved not only in cellular respiration
but ATP and ROS production, both of which are generated during oxidative phosphorylation and also
regulate cell differentiation, apoptosis, cell growth and cell cycle [5]. The participation of mitochondria
in these cellular processes seems to depend also on retrograde signals, which allow the triggering of a
transcriptional program that impacts on both organelle function and intracellular signaling [6].

Several important cellular functions are finely tuned by the physical and functional interactions
between mitochondria and other organelles, such as lipid trafficking, mitochondrial dynamics,
calcium (Ca?*) flow and ER stress. These functions in turn impact on apoptosis, autophagy [7] and
melanogenesis [8]. The relevance of these inter-organellar contacts is underlined by the findings that
mitochondria associated membranes (MAMs) seem to play an important role in the contexts of various
pathologies, such as neurodegenerative diseases [9-11], diabetes [12], metabolic syndrome [13] and
cancer [14].

Mitochondria are closely interconnected with several organelles by establishing physical contacts;
for example, mitochondria have been proven to physically interact with Endoplasmic Reticulum
(ER), lipid droplets, Golgi apparatus, lysosomes, melanosomes and peroxisomes [8,15]. Recently,
system-level spectral imaging has revealed that even more than two organelles can interact at the same
time, similar to what happens in plant cells performing photorespiration, where a physical contact
between chloroplasts, mitochondria and peroxisomes allows metabolic coupling among all three
organelles [16]. In particular, in the mammalian cells, mitochondria predominantly interact with ER,
but then they contact Golgi, peroxisomes and lipid droplets [17]. These observations support the idea
that these sites of physical interactions are important for specific cellular functions shared by different
organelles, like mitochondria, ER and Golgi, all involved in cholesterol synthesis and transport [18].

In this review, we will discuss the role of mitochondria—organelle contact sites in modulating
mitochondrial metabolism and intracellular signaling in the context of cancer development and
progression. In particular, we will focus on mitochondria-ER, mitochondria-lysosomes and
mitochondria—peroxisomes contact sites.

2. Mitochondria and Endoplasmic Reticulum

Mitochondria-ER contacts (MERCs), biochemically isolated as the mitochondria-associated
membranes (MAMs), were discovered on electron micrographs in the early 1950s [19,20]. However,
MERCs’ importance in cell homeostasis was recognized only many years later, when regulation of
phospholipid transfer and Ca®* exchange was demonstrated [21,22]. Every cell has a specific number,
length and thickness of MERCs [23]. In recent years, new tools have been developed to study MERCs
number and length using confocal microscopy [24]. The architecture of the structural scaffold of MERCs
is depicted in Figure 1, and is constituted by proteins that are inserted in the outer mitochondrial
membrane (Protein tyrosine phosphatase interacting protein 51 (PTPIP51), Voltage-dependent anion
channel 1 (VDAC1), Mitochondrial fission 1 (FIS1), Mitofusin 2 (MFN2), Pyruvate dehydrogenase
kinase 4 (PDK4), Transglutaminase 2 (TG2) and ATPase family AAA domain containing 3A (ATAD3A))
and are able to interact with proteins residing in the ER membrane (VAMP-associated Protein B
(VAPB), Inositol 1,4,5-triphosphate receptors (IP3R), Glucose-regulated protein 75 (GRP75), B-cell
receptor-associated protein 31 (BAP31), Mitofusin 2 (MFN2), Motile sperm domain containing 2
(MOSPD2) and Binding immunoglobulin protein (BIP)) [8,25].
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Figure 1. Cancer-relevant interactions between mitochondria and the ER at mito-ER contact
sites (MERCs). Calcium transfer from the ER to mitochondria through the IP3R-GRP75-VDAC
complex modulates mitochondrial energy metabolism and apoptosis induction, and is regulated by
post-translational modifications of IP3R, ROS and associations with proteins such as TG2 and BRCAL.
Further, proteins such as IRE1a and the Sig1R-BiP complex can interfere with the calcium transfer.
Mitochondrial ATP, on the other hand, is important for the correct functioning of SERCA, and thus ER
calcium homeostasis. These mechanisms influence, amongst others, cancer cell proliferation, invasion,
cell death and mitochondrial dynamics. In addition to calcium, lipid homeostasis is also regulated at
MERCs. MFN2 is important for the transfer of phosphatidylserine (PS) from the ER to mitochondria,
where it is converted to phosphatidylethanolammine (PE), while the MAM-resident protein ACAT1
converts cholesterol to ceramide, a sphingolipid often abundantly found in cancer. Impaired lipid
homeostasis has been associated with different kinds of tumors, such as liver, breast, pancreatic and
colon cancers. For abbreviations, please refer to the text. This figure was created using images from
Servier Medical Art (http://smart.servier.com). Servier Medical Art by Servier is licensed under a
Creative Commons Attribution 3.0 Unported License.

The close relationship brings advantages to both organelles. For example, protein folding that
takes place in the ER relies on mitochondrial ATP, while ER-released Ca?* that enters mitochondria
positively regulates ATP synthesis. Metabolite flux also takes place at these MERCs, which are located
in the MAMs [26]. Today, it is clear that MERCs represent hubs for signaling that control mitochondrial
biology related to several aspects of the many functions of healthy cells, but also play a crucial role
in pathologic conditions. In fact, MERCs control redox signaling, inflammation, autophagy and
mitochondrial fission. Altered MERCs can deregulate Ca?* homeostasis, phospholipid metabolism,
mitochondrial morphology and dynamics [14,27]. MERCs can be considered as sensors of cell health.
In fact, they can modulate cell cycle progression by sensing if the Ca?* dynamic is regular and
coordinated. Furthermore, if MERCs undergo transient dissociation, the ER stress response is induced,
and then the ribosomes’ super-complexes transduce a signal to the ER and to some cytosolic partners,
leading to the blocking of protein translation, thus arresting cell growth. Finally, the apoptotic pathway
is the final stage of this process if ER dysfunction becomes permanent [28,29].

MERGCs are particularly important in Ca* signaling (Figure 1) because they connect two of the
most important organelles involved in Ca?" homeostasis. In 1998, contact sites were identified as
players in calcium (CaZ) shuttling between mitochondria and ER [22]. Ca®" is an important signaling
ion in cell biology, and multiple cellular responses are evoked by local and/or transient changes in
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its concentration. Ca®" is a relevant messenger for all cell compartments, but its concentration has
to be precisely regulated, especially in the cytosol, where basal [Ca?*] is constantly reduced to nM
concentration (¥100 nM) by the continuous activity of Ca>* ATPases, which move Ca?" into stores
(ER, mitochondria) or the extracellular matrix (2 mM [Ca®*]). The cytosolic basal Ca?* level can be
rapidly altered upon activation of Ca®* signaling. Indeed, it can almost instantly increase by up to
3 uM due to several selective Ca?* channels located in the plasma membrane or on the ER surface [30].
Ca?* is a highly reactive species because it can coordinate both charged and uncharged oxygen atoms
in carbonyl groups of glutamate, aspartate, glutamine and asparagine. The interaction of calcium with
the amino acids in turn can affect the properties and activities of a wide range of proteins and enzymes.
For example, calmodulin (CaM), a 15 KDa protein with calcium-binding sites, undergoes substantial
conformational changes, revealing internal hydrophobic patches on its surface, enabling interaction
with some target proteins [31].

Several oncogenic pathways supporting tumor cell growth and survival depend on cellular
metabolism and Ca?* signaling [32]. Emerging data suggest that ER and mitochondria can reciprocally
transduce signaling relevant for oncogenesis by MERCs. An increasing number of studies have
revealed a link between the proliferation of cancer cells and MERCs’ functions, related to cell survival,
adhesion, motility, invasion, metastasis and apoptotic resistance [33-35]. ER can load Ca?* into
mitochondria, offering new insights into mitochondria regulation and functions [36]. Multiple effects
can be generated by Ca?* dynamics in mitochondria, as follows: mitochondrial [Ca?*] can be taken
up by the mitochondrial calcium uniporter MCU [37,38], regulating ATP production or the release
of caspase cofactors [39]. The Krebs cycle enzymes «-ketoglutarate dehydrogenase and isocitrate
dehydrogenase, as well as pyruvate dehydrogenase, are all Ca2+—dependent enzymes [40], thus also
a mild increase in mitochondrial [Ca%*] results in elevated generation of ATP [41]. However, Ca%+
signals have a dual effect: excessive and prolonged [Ca?*] within the mitochondrial matrix can induce
apoptosis, for example by triggering permeability transition pore (PTP) opening [42], a Ca®>*-dependent
channel [43], proposed to be formed by dimers of FyF; ATP synthase [44]. Mitochondrial Ca%+
imbalance also induces the oligomerization of Bcl-2-associated X protein (BAX), so as to increase
the permeability of mitochondrial membranes [45]. This process may lead to activation of the
intrinsic apoptotic pathway and caspase activation by releasing cytochrome ¢, Smac/DIABLO and
apoptosis-inducing factor (AIF) [46]. Several oncoproteins can interact at the MAMs with the inositol
1,4,5-triphosphate receptor (IP3R) responsible for Ca®* release from the ER, and can thus modulate
Ca®* fluxes to the mitochondria, with consequent regulation of the induction of the intrinsic apoptotic
pathway. Recently, it has been demonstrated that all three IP3R isoforms are required for maintaining
MERCs [47], and that IP3R can bind with proteins like the phosphatase and tensin homolog deleted on
chromosome 10 (PTEN), breast cancer type 1 susceptibility protein (BRCA1) and Bcl-2 [48]. PTEN,
often mutated or absent in several cancers, can physical interact with IP3R3, thus favoring Ca®*
transfer by dephosphorylating both IP3R3 and AKT and leading to cell death [49]. On the contrary,
IP3R phosphorylation by AKT reduces ER-mitochondria Ca?* relocation and inhibits apoptosis in
cancer cells [50-52]. Similarly to PTEN, BRCA1 can interact with IP3R1, supporting Ca®* release and
apoptosis [53]. Conversely, Bcl-2 binds IP3R isoforms, blocking Ca?* transfer and conferring resistance
to cell death. In fact, Bcl-2 overexpression is a key event for cancer cell survival and chemoresistance, as
observed for the cisplatin treatment in ovarian cancer [54,55]. Recently, Transglutaminase type 2 (TG2)
has also been shown to modulate Ca" fluxes and cell death by interacting with the glucose-regulated
protein 75 (GRP75). GRP75 is one of the key proteins localized at MAMs, and is important for Ca®*
signaling, able to form a complex with IP3R and the voltage-dependent anion channel (VDAC).
It has been demonstrated that GRP75 creates a molecular bridge between IP3R and VDACT at the
MAMs, supporting Ca?* transfer from ER to mitochondria [56]. A lack of TG2 leads to impaired Ca®*
movement from ER to mitochondria, and to a decreased number of MERCs controlling the interaction
between IP3R and GRP75 at the MAMSs [57]. TG2 overexpression promotes cell attachment, invasion
and survival in breast cancer cells [58].
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Ca?* fluxes from ER to mitochondria are also tuned by Sigma receptor 1 (SIG1R), a chaperone
located in different districts within the cell and enriched at MAMSs, where it can interact with GRP78
(also called BIP) [59]. SIGR1 is overexpressed in cancer cells with high metastatic potential, where it
can form a molecular complex with the small-conductance Ca?*-activated potassium (SKCa) channel
and the Ca?*-release-activated Ca** modulator 1 (ORAI1), which favors cancer cells migration [60,61].
Whether such interaction also takes place at the level of MAMs involving the mitochondrial counterpart
of the SKCa [62] remains to be determined. Finally, the oncoprotein Ras, a small GTPase that localizes
at the plasma membrane-ER interface as well as at MAMs, prevents apoptotic cell death by modulating
ER mitochondrial Ca?* signaling [35]. Very recently, the UPR (unfolded protein response) signal
transducer IRE1« has also been shown to act as a scaffold at MAMs, influencing Ca?* signal and
mitochondrial bioenergetics [63]. In addition to calcium signaling, redox signaling at MAMs is also
emerging as a critical player in setting the cells’ behavior. Basal redox signaling occurs at MAMs and
mediates cell growth and differentiation. Excessive ROS production causes oxidative stress, and by
disrupting ER Ca?* homeostasis may affect cancer progression. For example, superoxide anions can
target IP3R thiol groups so as to affect MERCs and to modulate Ca®* signaling by promoting Ca**
transfer from the ER to mitochondria [64]. Such a cross-talk between redox and calcium signaling at
the MERCs might turn out to be of great relevance for fighting different pathologies, ranging from
neurodegeneration to cancer and diabetes.

Since mitochondria have several distinct functions, they can constantly change their shape to
satisfy the cell requirements and modulate their functions. Thus, both the balance between oxidative
and glycolytic metabolisms as well as the balance between fusion and fission, which is intimately linked
to the bioenergetic efficiency of this organelle [46,65], are continuously tuned. Ca?* modulates these
structural changes both in normal and in cancer cells [66,67]—indeed, mitochondrial CaZ* overload
increases fragmentation. Ca" influx into the mitochondria has important consequences, not only in the
context of apoptosis, but also concerning mitochondrial dynamics. For example, Ca?* influx through
VDAC and MCU induces rapid mitochondrial fission by phosphorylation of the dynamin-related
protein 1 (DRP1) in neurons [68].

It is not only ER that can modulate mitochondria through MERCs; mitochondria can also alter ER
functionality via contact sites in healthy cells and under pathological conditions. Mitochondria can
sustain the ER-located SERCA machinery by providing ATP for its function, thus preventing ER stress,
and can also support lipid synthesis and the exchange of metabolites between the organelles [3,69,70].
MERCs allow both Ca?* channeling and ATP translocation to the ER Ca?* ATPase (SERCA), generating
an efficient synergistic cycle. Mitochondrial membrane depolarization triggered by high Ca2* levels is
followed by a decrease in ATP synthesis, leading to decreased SERCA function, and ultimately leading
to cell death [71]. The recent discovery of a mitochondria/ER-Wnt Axis [3] also provides evidence
regarding the consequence of destroying this homeostatic mechanism [72,73]. Indeed, mitochondrial
dysfunction leading to reduced ATP production and/or the disruption of mitochondria/ER junctions
induces ER stress and affects the re-loading of Ca?* into the ER, leading to a catastrophic and cyclic
impairment of cell functions (Figure 2). Thus, a beneficial and synergistic Ca>*/ATP exchange between
mitochondria and ER sustains cell life and cell proliferation in normal cells [3].

In addition to proliferative functions, Ca®* signaling at the ER/mitochondria interface controls
cell migration [74]. As examples, the ER resident STIM1 in the human umbilical vein acts locally
on adhesion by enhancing Ca?" influx and reloading ER Ca?* stores in the front of the cell, so as to
permit local Ca?* pulses [75]. At the level of mitochondria, the upregulation of MCU activity was
shown to significantly improve cell migration in vitro in MCF-7 tumor cells, as well as in vivo [76].
In accordance with this, the MCU channel is often found to be overexpressed in breast cancer biopsies
of patients with tumor metastasis [76,77]. Whether the calcium flux among the two organelles ensured
by MERCs plays a role in migration is still unclarified.



Cancers 2020, 12, 2574 6 of 19

TFAM silencing ‘ Increased glycolysis

. - 1 a-ketoglutarate
Mitochondnal uncouplers i
OxPhos inhibitors Metabolic
itoKv1.3 block reprogrammin
miofv ovkers Mitochondrial stress prog 9
R, "
i - . ! Loss of mitochondrial
Reduction of mitochondrial membrane potential
ATP production
Tunicamycin {/ \\
Thapsigargin [~ OxPhos impairment
)‘?ﬁ}&a\&\\‘\- Mitochondrial
i A | ERcalcum
[N e _ biogenesis
N (\ - 7\‘ Energy supply
o v/
<
) - - Cytosolic translocation and
“~/| Increased tumorigenesis 5 ane
in APCM* mice promotion of B-catenin stability

Reduced LRP6 stability and
diminished p-catenin activity

| _ \ Regulation of Wnt signaling and
Adaptation o X3P merachon | |Redution of Wt signaing | modulation of cell proliferation,
to hypoxia with HIF1a migration, invasion and tumor growth

Figure 2. Interplay between mitochondria and Wnt signaling. Mitochondria can modulate intracellular

signaling in different ways. ER stress induced by hypoxia or reduced ATP production in mitochondria
leads to a decrease in 3-catenin stability and a subsequent reduction in Wnt signaling. On the other hand,
the loss of mitochondrial membrane potential can induce the translocation of PGAMS into the cytosol,
where it promotes 3-catenin stability. TFAM, a mitochondrial transcription factor, is also thought to
contribute to the complex regulation of Wnt signaling by mitochondria. All these events are important
factors that allow a dynamic regulation of intracellular signaling. For further details, please refer to
the text. This figure was created using images from Servier Medical Art (http://smart.servier.com).
Servier Medical Art by Servier is licensed under a Creative Commons Attribution 3.0 Unported License.

In addition to Ca?* signaling, MAMs are also hubs for lipid metabolism (Figure 1), which is
reprogrammed, as postulated by Otto Warburg, during oncogenic transformation [78]. In fact,
the survival and proliferation of cancer cells is highly demanding in terms of energy, being thus
influenced by de novo fatty acid synthesis [79]. In this scenario, MAMs have an important role
in cholesterol, ceramide and phospholipids biosynthesis [80]. For example, Mitofusin-2, a protein
essential for mitochondrial fusion and resident in the MAMs, can bind phosphatidylserine during its
transport from the ER to the mitochondria, where phosphatidylserine is decarboxylated to produce
phosphatidylethanolamine (Figure 1) [81]. In several cancer cells, compared to normal ones, Mitofusin-2
expression and the transfer of phosphatidylserine are reduced, causing decreased phospholipid
synthesis. In particular, the downregulation of Mitofusin-2 in hepatic cells leads to non-alcoholic
steatohepatitis, which finally induces liver cancer [82]. Not only biosynthesis, but also lipid degradation,
is important and impaired in several types of cancer, and the enzymes involved in this pathways have
been specifically found at the MAMSs [48]. Lipids are degraded to triacylglycerols and cholesteryl
esters that are incorporated into lipid droplets, which are increased in number in glioblastoma [83],
leukemia [84], breast [85], pancreatic [86] and colon cancers [87]. Furthermore, due to the activity
of the enzyme localized at the MAMs acyl-coenzyme A: cholesterol acyltransferase-1 (ACAT1) [88],
cholesterol is converted into ceramide and accumulated in lipid droplets (Figure 1). Ceramide is more
present in lipid droplets in cancer cells than in healthy ones, and this increase is correlated with cancer
cell proliferation and metastatic potential, as well as with poor prognosis in pancreatic and prostate
cancers [89,90]. Ceramide accumulation due to ACAT1 activity has also been related to activation of
the phosphatidylinositol-3-kinase (PI3K)/AKT, and the mammalian target of rapamycin (mTOR) or the
caveolin-1/mitogen-activated protein kinase (MAPK) signaling pathways [91-93].

The modulation of the length of the ER/mitochondria contact surface as well as of the distance
between the two organelles impacts both on the function of the involved organelles as well as on cellular
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signaling. As an example, a recent work shows that pharmacological inhibition of the mitochondrial
pyruvate dehydrogenase kinase 4 (PDK4) activity, which suppresses the conversion of pyruvate
to acetyl CoA via inhibitory phosphorylation of the pyruvate dehydrogenase complex, dampens
MAMs formation and improves insulin signaling by preventing MAM-induced mitochondrial Ca?*
accumulation, mitochondrial dysfunction and ER stress. Indeed, Pdk47" mice exhibited reduced
MAMs formation and were protected against diet-induced skeletal muscle insulin resistance [94].
Importantly, the length of the MERCs can be modulated by diet, as it was shown to increase in vivo
in the postprandial liver [95]. On the contrary, the MAMs integrity was shown to be reduced in the
liver after feeding [96]. Reduction in MERCs number, beginning three days after the introduction
of a high-fat diet, was observed in another study [97]. In addition, recent evidence indicates that
MAMs could be a hub of hepatic insulin signaling and nutrient sensing. The view is emerging that
the dynamic regulation of MERCs/MAMs affects mitochondrial physiology and the adaptation of
cellular metabolism to nutrient availability, and that chronic MAMs disruption participates in the
metabolic inflexibility associated with metabolic disorders [98]. Thus, diet can indeed modulate MAMs
that in turn seem to affect ER stress. ER stress, hypoxia and starvation all induce tighter contacts,
while contacts are looser with high glucose levels [13].

Finally, MERCs dysfunction-linked ER stress impacts on several important cellular processes,
including Wnt signaling [99,100], which is one of the most important signaling pathways determining
either cell life or death (Figure 2). Canonical Wnt signaling relies on the progressive accumulation
of unphosphorylated 3-catenin in the cytoplasm, and its translocation into the nucleus to act as a
transcriptional co-activator of a plethora of transcription factors, including the T cell factor/lymphoid
enhancer factor (TCF/LEF) family. In the absence of Wnt ligands, 3-catenin is degraded by the
destruction complex that includes Axin, adenomatosis polyposis coli (APC), protein phosphatase 2A
(PP2A), glycogen synthase kinase 3 3 (GSK33) and casein kinase 1a (CK1 ). Wnt initiates signaling
events by binding to a receptor complex. Subsequently, the cytoplasmic adaptor protein Dishevelled
(Dvl) is phosphorylated and inhibits GSK3f3 activity through its association with Axin, leading to the
accumulation of unphosphorylated 3-catenin [101]. Wnt/3-catenin signaling is often constitutively
activated in cancer cells (e.g., [102]), including breast [103] and colon cancer [104], thereby actively
participating in conferring unlimited proliferative potential to these pathologic cells. The aberrant
activation of Wnt/f3-catenin signaling promotes the development of several cancers [105]; indeed,
Wnt/[-catenin signaling is often constitutively activated in cancer cells, thereby actively participating
in conferring unlimited proliferative potential to these pathologic cells, and leading to a worsened
outcome in patients in whom this pathway is elevated [58]. Wnt has also been shown to be involved
in the EMT that drives cells towards differentiation into migratory mesenchymal and invasive cells,
able to form metastasis [106]. In this context, following mitochondrial stress due to the loss of
mitochondrial membrane potential, mitochondria can modulate 3-catenin by favoring the translocation
in the cytosol of PGAMS, a serine/threonine phosphatase that resides in the inner mitochondrial
membrane and that interacts with AXIN1-promoting (-catenin de-phosphorylation and stabilization
(Figure 2) [107]. This signaling pathway support mitochondrial biogenesis, replacing damaged
mitochondria with healthy ones, in turn supplying energy necessary for cancer cell progression [108].
Furthermore, Wnt signaling has been recently shown to be modulated also by mitochondrial retrograde
signals [72,109]. Thus, mitochondrial DNA (mtDNA) instability leads to increased tumorigenesis by
enhancing ROS production in TFAM*/" (Transcription factor A mitochondria) heterozygous knock-out
mice crossed with adenomatous polyposis coli multiple intestinal neoplasia (APCM™+) mouse cancer
models [109]. Similarly to the mitochondria/ER-Wnt axis, the silencing of TFAM causes the loss of
mtDNA, a deficiency in oxidative phosphorylation and a decrease in Wnt/{3-catenin target genes,
impairing the ability of colon cancer cells to form tumors in vitro as well as in vivo [72] (Figure 2).
Furthermore, TFAM depletion leads to a cellular metabolic reprogramming by enhancing glycolysis
and increasing production of x-ketoglutarate, which in turn can downregulate Wnt signaling by the
reduction of hypoxia-inducible factor 1o (Hiflox expression [72]). Moreover, Hiflx has also been shown
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to support colon cancer cell proliferation by interacting with spliced X-box-binding protein 1 (XBP1).
Indeed, during hypoxia, induced ER stress reduces low-density lipoprotein receptor-related protein 6
(LRP6), which in turns diminishes 3-catenin expression [110] (Figure 2).

Thus, the molecules/processes involved in this signaling pathway are considered attractive
targets for the design of new chemotherapeutic agents [106]. To date, some of the small molecules
inhibiting Wnt signaling have entered clinical testing [111]. In this scenario, the direct mitochondrial
modulation of Wnt signaling is a new frontier in oncology [73]. Indeed, mitochondrial uncouplers,
like nonactin (a member of a family of naturally occurring cyclic ionophores known as macrotetrolide
antibiotics), have been shown to selectively kill mutant 3-catenin-harboring tumor cells in vivo in
xenograft mouse models [112]. Furthermore, pyrvinium pamoate, an FDA-approved drug that
inhibits NADH-fumarate reductase systems leading to electron transport chain and ATP synthesis
decrease [113], was demonstrated to block Wnt/{3-catenin signaling by selectively potentiating casein
kinase 1o (CK1ex) in colorectal cancer cells harboring APC mutation and aberrant Wnt activation [114].
Recently, a cationic cyclometalated platinum(ii) complex has been shown to selectively accumulate
in the mitochondria and to disrupt them, thus reducing the proliferation and migration of cancer
cells, and finally blocking Wnt signaling by preventing {3-catenin translocation into the nucleus [115].
Finally, metformin, a known inhibitor of mitochondrial respiratory complex I, impairs colorectal cancer
cell growth by inhibiting the Wnt/3-catenin signaling pathway [116]. Thus, growing evidence points
to a modulation of this important signaling pathway by mitochondrial fitness.

3. Mitochondria and Lysosomes

A peculiar characteristic of cancer cells is that of being able to indefinitely expand. However,
this uncontrolled growth is accompanied by a rapid depletion of cellular nutrients, and an accumulation
of aggregated proteins and damaged organelles. To overcome cellular stress and to guarantee a high
level of available biomolecules, the building blocks necessary to sustain cell growth, cancer cells
reprogram their metabolism and upregulate lysosomal biogenesis and the expression of lysosomal
enzymes. Indeed, as the waste disposal system of the cell, lysosomal dysfunction plays a key role
in cancer development. Using ATP hydrolysis-derived energy, lysosomal vATPase pumps protons
against the electrochemical gradient from the cytosol into the organelle, acidifying the lysosomal lumen
and allowing the correct function of the acidic lysosomal hydrolases that catalyze macromolecule
breakdown [117]. Moreover, lysosomes mediate autophagy, the mechanism that permits the digestion
of intracellular material (either damaged or during starvation), to sustain cell survival and proliferation.
While damaged mitochondria trigger cell death, lysosome-mediated mitophagy plays a cytoprotective
role favoring tumorigenesis. On the other hand, damaged lysosomes can release proteolytic enzymes
into the cytosol, promoting apoptotic process [118]. For that reason, cancer cells have developed
many strategies to overcome the lysosomal death pathway. For example, cancer cells overexpress
phosphatidylinositol 3-kinase (PI3K) and the Heat shock protein 70 (Hsp70) to stabilize the lysosomal
membrane and to prevent its rupture [119-121].

Lysosome membranes are the site of action of target of rapamycin (mTOR), a protein kinase
involved in several biological process, whose mutations can trigger carcinogenesis [122]. mTOR is
a key component of several complexes, including mTOR complex 1 (mTORC1), mTOR complex 2
(mTORC2) and mTOR complex 3 (mTORC3). mTORCI1 regulates cell proliferation, and monitors
nutrients and energy accessibility to maintain metabolic homeostasis. Thus, de-regulation of the mTOR
signaling pathway is observed in many cancers, among them pancreatic, renal, breast, liver, prostate,
and lung carcinomas. The upregulation of mTOR signaling suppresses autophagy, enhancing cellular
stress, which in turn can promote tumor growth, metabolic alterations, angiogenesis and metastasis
formation [123].

To allow the proper performance of lysosomes, several ion channels finely adjust ion homeostasis
within the organelle [124]. The fundamental cancer cell functions, such as cell survival, proliferation
and migration, are maintained by ion fluxes across the membranes, and in particular Ca?* plays a
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crucial role. While the concentration of Ca%* within the cell in the cytosol is about 100 nM, in the
lysosome lumen it is about 500 uM [125]. Ca®* fluxes across lysosomal membranes are regulated by
several ion channels, like those of the TRP family, namely TRPM2, TRPML1, TRPML2 and TRPML3,
and those of the TPC family [124]. Upon activation by small molecules, synthetic compounds or
nutrient starvation, these channels guide Ca?* and other cations from the lumen of the lysosome into
the cytosol. The increased cytosolic Ca?* concentration leads to the dephosphorylation and activation
of TFEB, the master regulator of lysosome biogenesis and autophagy-related genes, inducing the
removal of damaged cellular components and re-establishing organelle homeostasis [126]. Lysosomal
calcium release through TRPML1 binds calmodulin, favoring its association with mTOR and finally
activating mTORC1 [127]. Moreover, some evidence reveals that TPC channels directly interact with
mTOR, acting as nutrient sensors within the cell, and are also required for the uptake and processing
of proteins in the endosome. In addition, Ca®* can activate the lysosomal big-conductance K* (BK)
channels, known to be implicated in cancer migration, proliferation and metastasis [128]. BK can
couple with TRPML1 channels, forming a complex within the lysosomal membrane. Together, BK and
TRPMLI1 channels facilitate the efflux of Ca?* from lysosomes, which mediates lysosomal membrane
trafficking. Improper conductance through these lysosomal ion channels has been associated with
many diseases; in particular, BK and TPC have been linked to cancer cell proliferation and metastasis
formation [124,128].

During carcinogenesis, mitochondria also adjust their ion homeostasis to favor cellular growth
and metabolism [129]. An increased mitochondrial biogenesis is important for cancer cells in order
to sustain cellular biosynthetic and respiratory capacity, upregulating mitochondrial metabolism to
support redox balance and to obtain sufficient energy to enhance cell growth [130]. Mitochondrial
biogenesis and bioenergetics are modulated by mTOR (the mammalian target of rapamycin) in a
transcription-dependent and -independent manner, modulating PGC-1c activity [131], the master
regulator of mitochondrial biogenesis. During carcinogenesis, autophagy, particularly mitophagy,
also plays an important role because its regulation can promote both pro- and anti-tumorigenic
processes in relation to the tumor stage. In some stages, decreased mitophagy permits the permanence
of damaged mitochondria, which increases tumor-promoting ROS production. On the contrary,
established tumors need mitophagy to overcome stress and survive. Many studies show also an
imbalance between fission and fusion in the mitochondria of cancer cells, with the predominance of a
fragmented mitochondrial network in tumor cells [129].

Considering the intertwined tasks between lysosomes and mitochondria, the question of how
these two organelles can communicate with each other became an important issue. Nowadays, some
rather limited information about the interactions between endosomes or lysosomes and mitochondria
is available (Figure 3). Lysosomes and mitochondria directly interact during mitophagy or the
degradation of mitochondrial-derived vesicles. However, they also interact in normal conditions,
but this novel field needs to be further explored [132]. Membrane contacts are maintained by tethering
proteins, which physically bridge organelles’ membranes. Additional proteins are involved in the
regulation of these contacts’ function, which mediate metabolite trafficking among the organelles and
their responses to environment [133]. In the case of the lysosome-mitochondria tethering process, the
small GTPase Rab?7 is the main regulator of their dynamics, Rab7 being the master regulator of lysosomal
dynamics (Figure 3). It is present in the cytoplasm in the inactive GDP binding state, while GTP
binding promotes its lysosomal localization and activation. Once attached to lysosomal membranes,
other effector proteins bind Rab7 in the GTP binding state [134]. Among the Rab?7 effector proteins,
TBC1D15 is a GTP-ase activating protein. It is recruited by the mitochondrial Fis1, and after the binding
of Rab7, it promotes the hydrolysis to a GDP-bound state, and mitochondria-lysosomes untether [135].
FYCO1 [136] and RILP [137] bind GTP-bound Rab? to respectively promote anterograde and retrograde
transports among microtubules. Moreover, mitochondria-lysosomes contact sites mark the areas of
mitochondrial fission, as observed by the presence of Drp1 [134]. Drpl is a dynamin-related GTPase
that, once activated, oligomerizes around the OMM, binds its adaptors, like Fis1, constricting and
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dividing the mitochondria into two separate organelles [138]. Thus, mitochondria-lysosome contact
sites also regulate mitochondrial dynamics. Another function of mitochondria-lysosome tethering is
the favoring of the flux of metabolites, lipids, iron and ions among them. The endosomal protein MLN64
seems to be necessary for the physical coupling between endosome and mitochondria, supporting
the transfer of cholesterol and iron between these two organelles (Figure 3). Furthermore, oxidative
stress seems to enhance association between endosomes and mitochondria, decreasing apoptosis and
enhancing the exchange of metabolites and lipids among the organelles, while favoring the repair of
damaged mitochondria [65]. Finally, recent evidence indicates that during hypoxia, local microfusions
between mitochondria and endolysosomes can favor the post-translational C-terminus cleavage of
VDACI, a voltage-dependent anion channel that moves ions, including calcium, and metabolites from
and into mitochondria. The cleavage is mediated by the endolysosomal asparagine endopeptidase,
marking mitochondria for protection from mitophagy to promote cell survival during hypoxia [139].

/ Mitochondrial fission Adaptation to \
hypoxi mito
.... ypoxia _mit

Fe?*
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o osoo F’uh? DoSOo oS R1b7 .
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Figure 3. Signaling at mitochondria-lysosome contact sites. GTP-bound Rab?7 is important for the

tethering of the two organelles and also acts as a docking site for FYCO1 and RILP, which are responsible
for the anterograde and retrograde transport of lysosomes among microtubules. The GTP-ase activating
protein TBC1D15 is recruited by FIS1 and promotes GTP hydrolysis, leading to an untethering of
mitochondria and lysosomes. FIS1 also recruits Drp1, important for mitochondrial fission. MLN64,
a presumptive tether protein, contributes to the exchange of iron and cholesterol (chol.). Microfusions
of the membranes during hypoxia bring the asparagine endopeptidase (AEP) into close proximity
with VDAC, which could protect mitochondria from mitophagy and increase survival by cleaving the
C-terminus of the channel. Finally, TRPMLI releases calcium from lysosomes at mitochondria-lysosome
contact sites. This figure was created using images from Servier Medical Art (http://smart.servier.com).
Servier Medical Art by Servier is licensed under a Creative Commons Attribution 3.0 Unported License.

The contact sites between lysosomes and mitochondria seem to play a crucial role in calcium
homeostasis as well. In particular, lysosomal calcium released by TRPML1 has been recently
shown to promote calcium transfer to mitochondria, which was mediated by the tethering of
mitochondria-lysosome contact sites (Figure 3). Interestingly, the disruption of this contact and
calcium transfer has been linked to mutations of TRPMLI, and to the lysosomal storage disorder
Mucolipidosis type IV [140].

4. Mitochondria and Peroxisomes

Peroxisomes are single membrane-surrounded dynamic organelles that play important roles in
biosynthetic processes and signal transduction, since they are involved in phospholipid biosynthesis,
fatty acid «- and 3-oxidation, bile acid and docosahexaenoic acid synthesis, glyoxylate metabolism,
amino acid catabolism, polyamine oxidation, ROS and nitrogen species metabolism, inflammation
and innate immunity [141,142]. Peroxisomes can cooperate with mitochondria to achieve fatty acid
-oxidation and to maintain ROS balance [143]. The 3-oxidation of fatty acids is executed both in the
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mitochondria and peroxisomes by four consecutive reactions [144]. The 3-oxidation of some lipids
is initiated in the peroxisomes and completed in the mitochondria, where intermediates are used to
produce energy [144].

In mammalian cells, the contact sites among mitochondria and peroxisomes are mediated by a
complex constituted by a splice variant of enoyl-CoA isomerase 2 (ECI2) [145] (Figure 4). Mitochondria
and peroxisomes interplay could be supported not only by direct membrane contact sites, but also
through vesicle transport and signaling molecules [146]. Importantly, peroxisomes are essential
in preserving mitochondrial functions, and their dysfunction impairs mitochondrial metabolism,
morphology and biosynthesis, and is linked to several disease, among which is cancer [145].

mito
%’?&“W%‘%W%ﬁxﬁ%jﬁ
&':‘J Y FULLUYY

ROS o
Lipids O
Vesicles
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Q& %&&%ﬁé

Figure 4. Mitochondria—peroxisome contact sites. At these contact sites, enoyl-CoA isomerase 2

(ECI2) is the only physical tethering complex identified to date. The two organelles are thought to
communicate with each other also through vesicles, ROS and lipids. Indeed, peroxisomes are important
for ROS clearance and (3-oxidation of fatty acids. Please refer to the text for further details. This figure
was created using images from Servier Medical Art (http://smart.servier.com). Servier Medical Art by
Servier is licensed under a Creative Commons Attribution 3.0 Unported License.

Furthermore, peroxisomes are important organelles involved in the clearance of ROS, since they
contain catalase to break HyO,. The impairment of catalase activity will lead to mitochondrial oxidative
stress response induction, which could trigger damages to the cell components [147,148]. ROS, such as
H,0,, are important signaling molecules able to support cancer proliferation by, for example, activating
the epidermal growth factor (EGF) of the platelet-derived growth factor (PDGF), or by regulating
the PTEN activity of the phosphoinositide 3-kinase (PI3K) signaling pathway [149,150]. In addition,
ROS can promote tumor cell proliferation during hypoxia by preventing hypoxia inducible factors
(HIFs) degradation by prolyl hydroxylases (PHDs) [149]. Generally, tumor cells display a higher
ROS production, which favors DNA damage and increased mutation rates, leading to a malignant
phenotype [151]. Moreover, ROS support also the angiogenesis, invasion and migration of transformed
cancer cells [152]. Whether and how mitochondria—peroxisome contact sites contribute to the setting
of cellular ROS level is still unclear, to the best of our knowledge.

5. Conclusions

In summary, while the relevance of the targeting of mitochondrial metabolism by molecules able
to specifically disrupt mitochondrial fitness and trigger cell death exclusively in cancer cells has been
recognized by the scientific community as a promising strategy against cancer [153], the exploitation
of the results regarding inter-organellar contact sites for pharmacological intervention is still limited.
In this context, the recent discovery of two drugs able to modulate both mitochondrial functions
and, at sub-lethal concentrations, Wnt signaling, by affecting the functional coupling between
mitochondria and the ER, might be a promising example. The same drugs at higher concentrations
trigger mitochondrial ROS production by the direct targeting of a mitochondrial potassium channel
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that is overexpressed in cancer cells, and induce apoptosis selectively in cancer cells, even in vivo,
in melanoma and pancreatic ductal adenocarcinoma models [154]. Similarly to MAMs, the contact sites
between mitochondria and lysosomes, as well as peroxisomes, are emerging as important contributors
to correct calcium and ion homeostasis. Future work is required to fully explore the complexity of
the machineries responsible for the tethering of these organelles, as well as for the identification of
drugs able to specifically modulate ion/metabolite fluxes among the organelles, possibly leading to the
selective elimination of cancer cells.
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