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Role of Mitochondria-Associated ER
Membranes in Calcium Regulation
in Cancer-Specific Settings'

Abstract

Mitochondria-associated endoplasmic reticulum (ER) membranes (MAMs) are highly specialized subcellular
compartments that are shaped by ER subdomains juxtaposed to mitochondria but are biochemically distinct from
pure ER and pure mitochondria. MAMs are enriched in enzymes involved in lipid synthesis and transport, channels
for calcium transfer, and proteins with oncogenic/oncosuppressive functions that modulate cell signaling
pathways involved in physiological and pathophysiological processes. The term “cancer” denotes a group of
disorders that result from uncontrolled cell growth driven by a mixture of genetic and environmental components.
Alterations in MAMs are thought to account for the onset as well as the progression and metastasis of cancer and
have been a focus of investigation in recent years. In this review, we present the current state of the art regarding
MAM-resident proteins and their relevance, alterations, and deregulating functions in different types of cancer
from a cell biology and clinical perspective.
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Astonishingly, although the MAM microdomain was observed via
electron microscopy in the years 1952-1959 as packed zones of ER
membranes and mitochondria [3-5], further insights about the
microdomain were not revealed for the next 30 years.

Today, we know that ER-mitochondria contact sites are 10- to 25-
nm-wide regions [6] (this distance is expected to increase in the rough
reticulum) of juxtaposed membranes tethered by proteins, without
complete fusion or loss of organelle identity (Figure 1).

These sites have been fully described from many functional points
of view, and their roles include i) the regulation of lipid synthesis and
transport, serving as the sites where enzymes in lipid synthesis and
transport pathways are located [7], both at the ER and mitochondrial
membranes (e.g., phosphatidylserine synthase 1-2 [8]), and ii)
calcium (Ca**) transport and signaling [9]. Ca* is known to be
released from the ER through 1,4,5-trisphosphate (IP3) and
ryanodine receptors (IP3Rs, RyRs) as a consequence of the functional
interaction of agonists on the plasma membrane receptors and the
intracellular second messenger IP3; then, Ca”* is taken up into
mitochondria in a “quasi-synaptic” manner [10-12] through voltage-
dependent anion channels (VDACs) in the outer mitochondrial
membrane (OMM) at ER-mitochondria contact sites [13].

Furthermore, mitochondrial Ca** uptake is facilitated by the
highly negative mitochondrial membrane potential and finely tuned
by the proteins in the mitochondrial Ca* uniporter (MCU) complex
[14]. The accumulation of Ca®* in the mitochondrial matrix has
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important implications for several processes, including autophagy,
metabolism, and apoptosis [15,16]. In many cell types, a ubiquitous
Ca”* signaling mechanism represented by the dynamic variation in
free cytosolic Ca”* concentrations ([Ca®*].) is utilized to sustain
multicellular responses, and it is commonly termed “Ca®* oscilla-
tions”. These intracellular transient and local [Ca?*], elevations are
generated by Ca®" release channels located either in the ER (like
IP3Rs, RyRs, Polycystin-2 [17], and two-pore channels [18]) or in
the plasma membrane (Orai channels [19]) and can be propagated
inside and through cells [20] by a complex network of Ca®* releasing
effectors (like IP3, cADPR, and NAADP) that, individually or in
combination, orchestrate the conversion of local [Ca**]. signals to
global Ca®* oscillations to achieve a well-defined spatiotemporal
signaling pattern [21]. Whereas Ca*" oscillations are critical to fuel
mitochondrial metabolism, a persistent increase in mitochondrial Ca?
" triggers cell death, e.g., through opening of the mitochondrial
permeability transition pore (mPTP) [15,16]. Another relevant
finding involves the GPX8 protein, a glutathione peroxidase enriched
in MAMs, where it selectively regulates Ca®* storage and flux via its
transmembrane domain [22]. MAMs also play roles in iii)
mitochondrial bioenergetics and iv) mitochondrial morphology and
motility [23], in which the close proximity of the organelles regulates
the machinery responsible for mitochondrial dynamics. It has been
reported that Miro-1, which is anchored to the OMM by its
transmembrane domain and protrudes into the cytosol where it
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Figure 1. Mitochondria-associated ER membranes. Membranes juxtaposition of both ER and mitochondria organelles in the cytosol gives
origin to the highly specialized MAM compartment (green zone in the zoom of the figure), here represented as a cartoon on the basis of a

transmission electron microscopy acquisition.
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interacts with milton and kinesin proteins [24], organizes mitochon-
drial movement along microtubules, possibly in a calcium-dependent
manner [25]; additionally, Fun14 domain-containing 1 (FUNDC1)
together with dynamin-related protein 1 (DRP1) regulates fission and
mitophagy under hypoxic conditions (21). MAMs are also reported to
be involved in v) inflammation signaling [26] and vi) ER stress [27].

The interaction between the ER and the mitochondria in cancer,
which is the focus of this review, has been described in many studies
discussing the function of oncogenes and oncosuppressors in the
modulation of Ca®* and reactive oxygen species (ROS) transfer at
MAMs [28-30]. In particular, the most recent report by Sassano et al.
outlines the role of MAMs in cancer growth [31]. Thus, MAMs play a
pivotal role in cellular adaptation and cell death pathways, impacting
cancer cell function [32].

In this manuscript, we summarize past and recent findings
regarding MAM-resident proteins and intracellular calcium modula-
tion, categorized by their investigation in specific cancer types (Table
1). Although we do not rule out the possible engagement of the
discussed proteins in other tumor environments, assuming that some
mechanisms might apply to multiple cancer types, we collected
information on the highest incidence and best-studied cancers, such
as breast, lung, and prostate cancer.

Alterations at the ER-Mitochondria Interface in

Breast Cancer

Breast cancers (as well as lung cancers) represent one of the most
common types of cancer worldwide [33]. As stated in the
Introduction, ER-mitochondria contact sites play a crucial role in
the onset of cancer, participating in mechanisms involved in rewiring
normal cell signaling toward malignancy. In this context, aberrant
expression or localization of MAM-resident proteins is widely
reported. For instance, in breast cancers, the expression of the
stress-activated chaperone sigma-1 receptor (SiglR), which primarily
acts at the ER-mitochondria interface, is higher in metastatic potential
cancer cells than in normal tissues [34,35]. The regulatory role of

Table 1. Summary of Proteins Discussed in the Review and Their Regulatory Activities at MAMs

SiglR in MAMs in cell survival was defined in a seminal paper by
Hayashi and Su [36]. Under basal conditions, SigIR binds the MAM
chaperone BiP/GRP78; however, upon activation of IP3Rs, SiglR
dissociates from BiP and binds IP3R3, thereby stabilizing IP3R3 at
the MAMs and enhancing IP3R3-mediated Ca** fluxes to the
mitochondria [36] (Figure 2). Importantly, it has been demonstrated
[37] that during conditions of chronic ER stress involving prolonged
ER Ca®" depletion, SigIR translocates from MAMs to the peripheral
ER and attenuates cellular damage, thereby preventing cell death
[36]. Another mechanism through which SiglR expression is a critical
determinant of cell invasiveness in breast cancer was recently revealed:
SigIR regulates Ca>* homeostasis by forming a functional molecular
platform with the calcium-activated K* channel SK3 and Orail, thus
driving Ca?* influx and favoring the migration of cancer cells [35].
These findings support the protumorigenic functions of SiglR, which
are related to the regulation of Ca®" dynamics at the ER-
mitochondria zone.

According to the most recent findings, Ca** signaling appears to be
an event that is remodulated several times during the malignant
transformation pathway of a cell. Indeed, if an initial reduction of
mitochondrial Ca** uptake allows escape from apoptosis, Ca”* fluxes
towards the mitochondria via MCU are decisive for tumor growth
and metastatic behavior [35,38]. For instance, Tosatto et al. showed
that in a set of triple-negative breast cancer cell lines, depletion of
MCU impaired cell migration and invasion and hampered tumor
progression in MDA-MB-231 xenografts, regulating metastasis
through hypoxia-inducible factor 1 (HIF1)—controlled gene repro-
gramming [38]. Although MCU is not localized at the ER-
mitochondria interface, its activity and that of its modulators at the
inner mitochondrial membrane finely regulate the cooperativity of
Ca®* accumulation inside the matrix (please refer to [39-41] for
further details) and could be tuned in a cancer-specific manner [42].

Compared with IP3R isoforms 1 and 2, which are located at the
ER membranes, IP3R3 is highly enriched at the MAMs (and is
considered a MAM marker [43]), where it conveys Ca”"-mediated

Protein Interactor/Localization Regulatory Mechanisms Type of Tumor in Which It Has Been Fully Described

Bapl IP3R/ER Ca®* mobilization, apoptosis Mesothelioma

Bax, Bak IP3R/ER ER Ca** leakage, cell death sensitivity Hematopoietic, skin, breast, prostate, pancreas
m Pore formation in the OMM, mitochondrial dysfunction

Bcl-2 IP3R/MAMs ER Ca** release, cell death resistance Hematopoietic, lung, breast, prostate
VDAC1/MAMs Ca®" passage across OMM, cell death resistance

Bel-xL IP3R/MAMs ER Ca®* release, energy production, and metabolism Hematopoietic, prostate, colon
VDAC1/MAMs ER-m Ca®* transfer, apoptosis Hematopoietic

Erola MAMs Redox homeostasis, ER Ca>* fluxes, immunosuppression Breast

FATE1 MAMs ER-m tethering, cancer progression Colorectal

GRP78 ATAD3/m 'WASEF3 protein stabilization, cell invasion, and metastasis Breast, prostate

HK-2 VDAC1/MAMs Glycolysis Lung

Mcl-1 VDAC1/MAMs Mitochondrial Ca** uptake, cancer cell migration, ROS generation Lung
DRP1/MAMs Mitochondrial dynamics, apoptosis Cervical

MEN1 m Mitochondrial dynamics Prostate

MEN2 MAMs ER-m tethering Prostate

NLRP3 MAMs Inflammation signaling Breast, prostate, skin, lung

p53 SERCA/MAMs Regulation of ER Ca®" levels Almost all
OSCP/m Oxidative phosphorylation modulation

PERK MAMs Redox homeostasis, ER-m tethering, tumor initiation Breast

PML IP3R/MAMs ER Ca** release, cell death Almost all

PTEN IP3R/MAMs Maintenance of IP3R levels, ER-m Ca®" transfers Lung, prostate, head, stomach, breast, pancreas

K-Ras MAMs ER-m Ca®* transfer, cell proliferation, and survival Several

SigIR IP3R/MAMs ER Ca®* release, cell death Breast

mTORC2/Akt IP3R/MAMs IP3R phosphorylation, ER Ca?* release, apoptosis Breast, pancreas, prostate

ER, endoplasmic reticulum; MAMs, mitochondria associated membranes; 72, mitochondria.
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Figure 2. MAM alterations in breast cancer. MAM-resident proteins (green zone) strictly involved in breast cancer onset, progression, and
metastasis are shown in the figure. Black arrows highlight calcium homeostasis where their thickness is proportional to the entity of
calcium fluxes. See text for further details. Ca®™, calcium; RER, rough endoplasmic reticulum.

proapoptotic signals to the mitochondria [44] (Figure 2). This
channel is also responsible for the regulation of cellular bioenergetics
and metabolism in breast cancer, as its inhibition induces autophagic
death [45] and/or mitotic catastrophe in tumorigenic cells, but not in
nontumorigenic cells [46,47]. In addition, depletion or pharmaco-
logical blocking of this channel increases the level of LC3-II, an
autophagy marker, via autophagy protein 5 (Atg5) upregulation and
ROS generation, which lead to arrested tumor growth in a related
mouse model [45]. These findings correlate with high expression of
IP3R3 in human malignant tissues and high concentrations of
metabolites in serum samples from patients [48]. In an independent
study, inhibition of all IP3Rs using xestospongin B resulted in cell
death in cancer cells, without involvement of autophagy. In this case,
IP3R inhibition caused a bioenergetics crisis due to halted ER-
mitochondrial Ca** flux [47]. While nontumorigenic cells halt their
cell cycle, tumorigenic cells display uncontrolled cell cycle progres-
sion, independent of the presence of mitochondrial substrates for
anabolic pathways, leading to mitotic catastrophe [32,46,47]. The
function of IP3R3 is impacted by a wide range of oncogenes and
tumor suppressors that target the receptor [49-51], including the
oncogene Akt kinase [52,53]. The PI3K/Akt/mTOR pathway is

frequently altered in human breast cancers [54,55]. In 2012, our

group showed that Akt preferentially phosphorylates IP3R3, which
reduces ER-mitochondrial Ca®* transfer and inhibits apoptotic
responses [56] (Figure 2). These results were based on previous
findings indicating the capacity of Akt to phosphorylate IP3Rs at their
C-termini [52,53], thereby decreasing Ca?* release and sensitivity to
apoptosis [52,57]. Akt is activated at the ER-mitochondria interface,
where the mechanistic TOR complex 2 (mTORc2) is located [58],
which in turn phosphorylates/activates Akt at position S473 [59].
mTORc2-Ake signaling is fundamental for maintaining proper MAM
functionality, and mTORc2 deficiency induces loss of MAM
architecture and a wide range of mitochondrial defects [58].
Importantly, in invasive breast cancer specimens, expression of the
mTORc2 core component Rictor appears to be significantly
upregulated compared with nonmalignant tissues [60]. This change
contributes to Akt-dependent tumor progression in HER2-amplified
breast cancers [60].

Due to the role of the MAM region in decoding a wide range of
physiological and danger signals, it seems logical that this region
would host a large number of molecular chaperones to regulate
various intracellular functions. Among these chaperones, the
previously cited GRP78 plays a key role in cancer. In both breast
and colon tumor cells, GRP78 cooperates with ATAD3a, a
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mitochondrial protein with unknown function, to stabilize WASF3, a
protein that facilitates actin polymerization, thereby promoting
invasion and metastasis [61]. Interestingly, ATAD3 may play a role in
ER-mitochondria contact site formation and cholesterol substrate
delivery to the mitochondria [62]. Among all organelles inside cells,
mitochondria have a singular lipid composition; the presence of
phosphatidylglycerol, cardiolipin, and phosphatidylethanolamine
confers unique features to mitochondrial membranes. Mitochondria
require that a large amount of lipids be imported, and this is allowed
by the MAM fractions; accordingly, dysregulation of this pathway or
the lipid composition of MAMs has important consequences [63,64].
Since lipid composition and related enzyme activity are essential for
the regulation of Ca”* homeostasis, they affect ER-mitochondria
contact sites and modify mitochondrial functions [65] and may be
essential in regulating apoptotic signaling in tumors. Notably, several
papers have reported both enhanced lipogenesis in cancer cells and
lipolysis from exogenous fatty acids to allow mass growth [66,67] and,
in prostate tumors tissues, alterations in the expression of genes
encoding for enzymes designated to produce cholesterol and lipids
[68]. Thus, these considerations outline an important picture in
which lipid enzyme activities and transport at MAMs are subjected to
cancer-specific variations, but further studies are necessary to unveil
the exact link among all these actors.

As noted in the Introduction section, MAMs are a molecular
platform for the regulation of many oxidoreductase events. In this
context, endoplasmic reticulum oxidoreductin 1-a (EROI-a) is
extensively studied because of its enrichment at ER-mitochondria
contact sites [69] and its high expression in various types of tumors
[70]. Notably, the expression of EROl-a in breast cancer is
associated with a poor prognosis [71]. ERO1-a controls oxidative
folding and ER redox homeostasis and regulates ER Ca** fluxes and
consequent mitochondrial Ca?* accumulation [69]. These ERO1-a—
mediated functions are key events in the cell death mechanism
induced by the procaspase-activating compound-1 (PAC-1), which is
able to promote apoptosis in a variety of cancer cell types [72].
Moreover, in triple-negative breast cancer cells, the expression of
ERO1-a is positively correlated with that of programmed cell death-
ligand 1 (PD-L1), while knockout of ERO1-a results in a significant
attenuation of PD-L1-mediated T-cell apoptosis, suggesting a putative
role for ERO1-a in tumor-mediated immunosuppression [73].

RNA-dependent protein kinase (PKR)-like ER kinase (PERK) is a
critical ER stress sensor of the unfolded protein response at MAMs [74].
PERK has been identified as a key MAM component for maintaining
the ER-mitochondria juxtaposition and ROS-mediated mitochondrial
apoptosis [75]. Thus, loss of PERK is expected to cause defects in cell
death processes. PERK-dependent signaling is involved in tumor
initiation and expansion to preserve redox homeostasis and to promote
tumor growth in the MDA-MB-468 and T47D cell lines [76]. Silencing
of PERK was shown to reduce tumor growth and restore sensitivity to
chemotherapy in resistant tumor xenografts [77]. Moreover, PERK can
regulate the translation of angiogenic factors in the development of
functional microvessels in tumor cells; thus, it plays a fundamental role
in adapting to hypoxic stress and tumor progression [78].

Alterations at the ER-Mitochondria Interface in

Hematopoietic Cancers

B-cell lymphoma 2 (Bcl-2) family proteins were originally discovered
in the context of hematopoietic and lymphoid systems [79], where
antiapoptotic Bcl-2 is upregulated via mechanisms that involve gene

translocation and miRNA deregulation [80,81]. It is reported that
upregulation of Bcl-2 enables cancer cells to survive despite high
expression of proapoptotic Bcl-2-family members, whose levels are
elevated by ongoing oncogenic stress [82,83]. For example, in
childhood acute lymphoblastic leukemia, apoptosis is avoided in this
way in leukemic cells [84].

Because these proteins are principally localized at the mitochon-
dria, ER, and MAMs, their action strongly reflects their intracellular
localization. Indeed, antiapoptotic Bcl-2 proteins can suppress ER-
mitochondrial Ca?* transfer via different mechanisms [85,86]. Bcl-2
directly targets all three IP3R isoforms, suppressing their Ca**-flux
properties [87-89] and thereby suppressing Ca>* accumulation in the
mitochondria. An IP3R-derived peptide corresponding to the Bcl-2-
binding site on IP3R1 was able to overcome the ability of Bcl-2 to
suppress IP3R-channel function [90]. A cell-permeable variant of this
peptide that potentially interferes with the Bcl-2-IP3R interaction at
the MAM interface has been proposed to stimulate IP3R-dependent
Ca”* elevation and cell death in chronic lymphocytic leukemia and
diffuse large B-cell lymphoma models [91]. In contrast, Bcl-2 can
sensitize IP3R1 channels to basal IP3, accounting for a decrease in ER
Ca** loading and thus reduced ER-mitochondrial Ca*" transfer [91].
Bcl-2 can also target the N-terminus of the MAM-resident VDAC
isoform 1 (VDACI) [92,93]. Importantly, VDACI is the mitochon-
drial channel responsible for Ca* passage across the OMM and is
particularly involved in mediating proapoptotic Ca?* transfer [94].
Thus, Bcl-2 can suppress proapoptotic Ca®* transfer to the
mitochondria by inhibiting VDACI [93].

Another apoptosis-inhibiting member of the same family, Bcl-XL
[95], is detectable in the MAM compartment [96], where it can target
IP3R3. Previous work has indicated that Bcl-XL can promote IP3R-
driven Ca®* oscillations [97,98]. Therefore, Bcl-XL enhances Ca**
transfer from the ER to the mitochondria, promoting mitochondrial
energy production and cellular metabolism [99]. In addition, via its
BH4 domain, Bc-XL at MAMs can also target VDACI [96], and
inhibition of VDACI by Bcl-XL prevents mitochondrial Ca?* overload
and protects against apoptosis [100]. Notably, Bcl-XL has also been
reported to enhance VDACI1-mediated Ca** flux, promoting basal
prosurvival Ca®* signaling in particular [101]. Furthermore, the
evaluation of myeloid cell leukemia-1 (Mcl-1, whose role in MAMs is
indicated later in the text) expression in mante cell lymphoma revealed
that high levels of this protein were related to a highly proliferative state
and high-grade morphology [102]. In addition, increased levels of Mcl-
1 have been observed in B-cell chronic lymphocytic leukemia and
linked to complete remission failure after single-agent therapy [103].

The Bcl-2-associated X protein (Bax) and Bcl-2-homologous
antagonist killer (Bak), which are proapoptotic members of Bcl-2
family, function at the ER, where they are involved in preserving Ca®
* homeostasis and ensuring proper cell death sensitivity through Ca**
dynamics [104]. Thus, while Bcl-2 overexpression suppresses ER-
mitochondrial Ca** fluxes, Bax overexpression will do the opposite by
increasing ER Ca’* loading [105]. Additionally, in T cells, Bax/Bak
proteins exert critical roles in antigen-induced proliferation through
regulation of IP3R-driven Ca** dynamics [106]. These proteins also
function at the mitochondria, where they initiate mitochondrial
dysfunction during apoptosis [104,107]. Thus, Bax and Bak can be
considered tumor suppressors, either alone or in cooperation with
other alterations. Bax loss-of-function mutations derived from
nucleotide insertions/deletions or single amino acid substitutions
have been observed in human hematopoietic malignancies [108].
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As mentioned above, IP3R/Ca>* channels exhibit a specialized,
crucial function in cancer onset and progression. In acute myeloid
leukemia, IP3R2 expression is upregulated and associated with
dramatically shorter survival [109]. However, the mechanisms linking
IP3R2 to adverse clinical events are unknown.

Alterations at the ER-Mitochondria Interface in
Lung Cancer

Although Bcl-2 family proteins have been well described in
hematopoietic malignancies [79], their mitochondrial control in the
MAM platform has mainly been elucidated by studies on solid
tumors, such as prostate [110] and lung cancers (Figure 3), both of
which are associated with high mortality. The involvement of MAMs
in this pathology is not as well documented in the literature as it is for
breast cancer, although it can be assumed that the underlying
mechanisms are similar. For instance, as noted for hematopoietic
cancers, Bcl-2 acts at the contact sites between the ER and the
mitochondria [111] to reduce apoptosis by modulating ER Ca** levels
[112,113], but the increase in Bcl-2 expression in lung cancer appears to
depend on environmental factors, such as nicotine consumption
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[114,115]. Differential expression of Bcl-2-family proteins occurs in
non—small cell lung cancer—affected patients and in a related mouse
model system [116,117]. Indeed, Bcl-XL [118] and Bcl-2 overexpres-
sion has been associated with a poor prognosis [116,117]. However,
recent studies on Bcl-2 expression in clinical specimens have provided
conflicting data; increased Bcl-2 levels were found to be associated with
a better prognosis in lung cancer [119], while there was no correlation
with response to anticancer treatments [120]. To exclude possible bias
from these studies, further research is recommended.

Mcl-1, another member of the Bcl-2 family, is also overexpressed
both in lung cancer cell lines, such as H1299, A549, and non-small
cell lung cancer, and in specimens from patients compared with its
expression levels in control cell lines and normal adjacent lung tissues
[121]. Targeting this protein by reducing its intracellular levels may
improve the clinical management of patients [122]. In addition, one
study indicated that Mcl-1 promoted lung cancer cell migration by
directly interacting with VDACI, thereby increasing mitochondrial
Ca? uptake and ROS generation [123] (Figure 3). VDACI1-derived
peptides that can interfere with the ability of Mcl-1 to bind VDACI1

can counteract lung cancer cell migration.

Tumor mass
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Figure 3. MAM alterations in lung cancer. MAM-resident proteins (red zone) strictly involved in lung cancer onset, progression, and
metastasis are shown in the figure. Among all proteins, a novel and complex role for PTEN has been reported; it counteracts FBXL2 binding to
promote IP3R3- and Ca?*-mediated apoptosis limiting tumor growth. Indeed, FBXL2 protein binds IP3R3 and targets it for degradation
to limit Ca?" influx into mitochondria. Black arrows highlight calcium homeostasis where their thickness is proportional to the entity of

calcium fluxes. See text for further details.
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Another protein associated with lung cancer pathology that is
expressed at higher levels in cancer cells than in normal tissues
[124,125] is hexokinase 2 (HK2). Hexokinases are enzymes that
catalyze the first step of glucose metabolism, and they are necessary
for tumor initiation and development, as demonstrated in mouse
models of KRas-driven lung cancer and ErbB2-driven breast cancer
[126]. Following the phosphorylation of HK2 by Akt, HK2 can
associate with VDACI at the MAM site [127,128] (Figure 3). Here,
HK2 phosphorylates glucose using ATP exiting the mitochondria
through VDACI to generate glucose-6-P and stimulate glycolysis.
Thus, HK2 is critical for the Warburg effect in humans, and HK2
depletion restores sensitivity to cell death inducers and oxidative
glucose metabolism [129]. Moreover, 2-deoxy-D-glucose, an inhib-
itor of HK2, has been reported to inhibit human and mouse lung
cancer cell growth by inducing cell apoptosis and autophagy.
Regarding the Akt protein network, the phosphatase and tensin
homologue (PTEN), deleted on chromosome 10, is considered a
canonical tumor suppressor, directly counteracting PI3K/Akt/mTOR
pathway activity [130,131]. A fraction of this protein is highly
enriched at MAM sites, where its function influences Ca®" transfer
from the ER to the mitochondria and involves apoptotic behaviors.
Depletion of PTEN impairs Ca’* release and lowers Ca®*
concentrations in the mitochondria, creating an antiapoptotic
environment. Thus, PTEN can interact with IP3Rs and modify
Ca? signaling at MAMSs [132]. These findings have many
implications for oncology, and PTEN loss of function occurs in
many human cancers [133,134] through mutations, deletions,
transcriptional silencing, or protein instability. By focusing on the
protein phosphatase activity of PTEN (directly implicated in its
localization to MAM:s), the PTENY38¢ mutation was identified in
SCLC, demonstrating that selective loss of protein phosphatase
activity decreases cellular PIP3 levels and Akt phosphorylation [135].
Phosphatase-independent mechanisms in which PTEN acts at the
molecular level can also occur, as demonstrated recently [136],
providing another means of fighting cancer, because PTEN can
compete with the E3-ubiquitin ligase F-box protein FBXL2 for
IP3R3 binding to limit its degradation. FBXL2-dependent degrada-
tion of IP3R3 is increased in cells devoid of PTEN, which results in
the inhibition of apoptosis in cells and tumor masses (in lung and
prostate cancer as a consequence of reduced Ca** transfer from ER to
mitochondria) [136] (Figure 3). Thus, proper maintenance of IP3R3
protein levels is critical for preventing oncogenesis by enabling tumor-
suppressive ER-mitochondrial Ca®" transfer.

Alterations at the ER-Mitochondria Interface in

Prostate Cancer

In early stages, a high percentage of prostate tumors are dependent on
androgens and, thus, sensitive to their ablation, which leads to cell
death. These tumors rapidly evolve to an androgen-independent
pathological stage that is unavoidable, and therapies must therefore be
improved. Experiments in LNCaP cells (androgen-responsive prostate
cancer) have shown that Bcl-2 overexpression promotes a high rate of
cell replication iz vitro and tumor growth in vive despite hormone
deprivation. However, Bcl-2 depletion via antisense oligonucleotide
therapy was found to improve cell death due to cytotoxic agents in the
same cell line. In addition, immunohistochemistry analysis of 88
neoplastic prostate adenocarcinoma specimens revealed an increase in
the protein levels of Bcl-2, Bcl-XL, and Mcl-1 throughout cancer
development [137]. Interestingly, a role in mitochondrial dynamics has

recently been attributed to Mcl-1, which is associated with apoptotic
cell death in a Drp-1-dependent manner, and Mcl-1 was found to be
enriched at the mitochondria, ER, and MAMs [138].

Involvement of the fusion-fission machinery in apoptosis or cancer
development has been observed [139]. Enhancement of mitochon-
drial fusion by increasing mitochondrial GTPases mitofusin 1 (MEN-
1) and mitofusin 2 (MFN-2) levels has been associated with prostate
cancer progression [140]. MFN-1 and MFN-2 are essential
components of the physical tethering between the ER and
mitochondria at the MAM compartment, and they are involved in
mitochondrial Ca®* homeostasis (Figure 4).

The tethering role of MFN-2 must be further established. Initially,
MFN-2 was chosen as a putative candidate with tethering functions
[141,142] for Ca** transfer because its depletion reduces IP3R-
mediated mitochondrial Ca** uptake [143], leading to a decrease in
contact sites [143] in hypothalamic neurons [144]; indeed, MFN-2
appears to be a crucial mediator of the energy balance by acting on the
synergy of the mitochondria-ER membrane juxtaposition [144]. The
experimental evidence indicating the tethering function of MFN-2
has been questioned and was not shared by Filadi and coworkers, who
reported that there is a high percentage of membrane juxtaposition
between the ER and MAMs when MEN-2 is silenced; the ablation of
MFN-2 initiates Ca”" signaling at contact sites [145] and supports
cell death (Figure 4). This hypothesis was confirmed by other
independent groups, as referenced in [146,147]. This topic remains
controversial, although the localization of MFN-2 and its pivotal roles
at MAMs are indisputable.

Finally, the MAM chaperone GRP78, which exhibits Ca*'-
binding properties [36], is able to bind the ER antiapoptotic factor
clusterin (CLU) during ER stress to facilitate its redistribution at the
mitochondria and to minimize the detrimental effects provoked by
ER stress, thus inducing prostate cancer cell survival [148].

MAMs in Other Types of Cancer and the Impact of
Tumor Suppressors/Oncogenes

In the following paragraphs, the general understanding of and recent
discoveries regarding oncogene and tumor suppressor functions at
MAMs are summarized. Although oncogenes and tumor suppressors
are involved in almost all types of cancer as transcription factors, new
transcriptional-independent properties have been revealed in healthy
and disease conditions due to their intracellular localization at the ER-
mitochondria interface.

i) p53

The p53 protein exhibits excellent tumor-suppressive properties and is altered in
most human cancers, including colon, breast, lung, bladder, brain, pancreatic,
stomach, and esophageal cancer [149]. p53 is a nuclear transcription factor that is
activated by a variety of stimuli and subsequently transactivates genes involved in
apoptosis, cell cycle regulation, and prevention of cell transformation and cancer
progression. Additional p53 activities occur in the cytoplasm, where p53 triggers
apoptosis and inhibits autophagy [150], and in the mitochondrial matrix, where it
promotes FiFo-ATP synthase assembly [151], suggesting an ability to increase
oxidative phosphorylation activity by interacting with the oligomycin sensitivity-
conferring protein (OSCP) subunit in a transcriptional-independent manner.

Interestingly, a fraction of p53 has also been found to be associated with the ER and
MAMs, where it modulates Ca®* homeostasis [152] (Figure 5). In particular, p53
binds and simulates the sarco/ER Ca”**-ATPase (SERCA) pumps at the ER,
increasing ER Ca®* levels. As a consequence, during apoptotic stimulation, a greater
amount of Ca®" is releasable from the ER versus the mitochondria, promoting
mitochondrial Ca** overload, mPTP opening, release of caspase cofactors, and
induction of apoptosis via the intrinsic pathway [153]. In cancer cells, this
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Figure 4. MAM alterations in prostate cancer. MAM-resident proteins (yellow zone) strictly involved in prostate cancer onset, progression.
and metastasis are shown in the figure. MFN-2 protein function has been illustrated with quite attention (question marks), as its role at
MAMs is far to be established; see text for further details.

mechanism can easily become impaired due to cither inactivation of p53 or
missense mutations in the coding gene, contributing to disease progression and
resistance to chemotherapy [154,155]. Moreover, by combining the dorsal skinfold
chamber technique with intravital microscopy, Giorgi et al. elucidated the
involvement of p53 in controlling intracellular Ca** signals and apoptosis in three-
dimensional tumor masses in mice. Dysregulation of p53-dependent Ca*
homeostasis led to reduced ER Ca®* release and, consequently, low responsiveness
to apoptotic stimulation [156].

PML and Bapl

Similar to p53, the promyelocytic leukemia protein (PML) is a potent tumor
suppressor that stabilizes the p53 protein and improves its function [157]. PML was
originally associated with the pathogenesis of acute promyelocytic leukemia.
However, loss of PML has been linked to several human cancers, including prostate,
breast, and central nervous system tumors [158]. In addition to its well-
characterized nuclear activity, an extranuclear transcription-independent function
of PML was identified at MAMs, where it controls cell survival. PML regulates
apoptosis in MAMs by modulating Ca®*
with IP3R3 [159] (Figure 5). Moreover, it was recently demonstrated that the
localization of PML at MAMs is fundamental for apoptosis control and autophagy

release through its physical interaction

regulation [160] (Figure 5). IP3R3 has emerged as being involved in gastric cancer
peritoneal dissemination [161], and its expression is directly associated with the
aggressiveness of colorectal carcinomas [162]. Recent findings have provided new
insights regarding mesothelioma malignances in which an important tumor
suppressor, Bapl, is reduced or inactivated by mutations [163]. ER-localized Bap1

iii)

iv)

has been shown to bind and stabilize IP3R3, hence modulating Ca®* mobilization
in favor of apoptosis. Thus, the depletion of Bap1, along with its nuclear-dependent
function, allows cellular transformation and leads to prevalence of mesothelioma
onset rather than other type of cancers [163].

FATE1

A direct link between cancer progression and alteration of the correct ER-

mitochondria distance is presented by the oncoprotein fetal and adult testis-
expressed 1 (FATE1). Analysis of The Cancer Genome Atlas colorectal dataset
revealed that FATEL is frequently co-expressed with the ER-resident E3 ligase
RNF183, which is correlated with a poor clinical outcome [164], suggesting that
these proteins function in human tumors to inhibit cell death. FATEI localizes at
the outer surface of the mitochondria and is associated with MAMs [165].
Moreover, an ER-mitochondria antitethering function has been attributed to
FATE1, which is consistent with a decrease in mitochondrial Ca** uptake and cell
survival [165] (Figure 5). FATE1L protects cells from apoptosis induced by
mitotane, a compound that promotes the accumulation of toxic cholesterol esters
and triggers ER stress by inhibiting the MAM-resident enzyme SOAT1 [166].
Most importantly, high FATEI expression is an indicator of poor prognosis in
adrenocortical carcinoma patients [165].

Mitochondrial fission factors
Fission factors are also mitochondrial regulators of cell death, thus representing

pivotal components of apoptosis signaling pathways [167]. Downregulation of a
fission 1 homologue (Fis1) and Drp1 was demonstrated to reduce apoptosis [168].
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Figure 5. MAM alterations and other types of cancer. Proteins with key functions (see text for details) in a wide range of tumors are
represented in the figure. A pink zone between the mitochondrion and the ER outlines MAM subcellular compartment. A7P, adenosine
triphosphate.

Interestingly, Fisl is responsible for the formation of a platform at MAM sites,
which triggers a feedback loop by releasing Ca”* from the ER, which stimulates
mitochondria-mediated apoptosis. Specifically, Fis1 interacts with Bap31 at the ER,
creating a bridge that enhances the cleavage of Bap31 in its proapoptotic form,
p20Bap31 [169]. Thus, alterations of Fis1 contribute to tumor development. It has
been reported that Fisl is overexpressed in oncolytic cell tumors [170], and Fisl
deletion can drive the selection of compensatory mutations, resulting in defective
growth control and cell death regulation, which are characteristics of human tumor

cells [171].

NLRP3 inflammasome

Although inflammation is not the focus of this review, we would like to briefly refer
to the NOD-like receptor family pyrin domain-containing 3 (NLRP3) inflamma-
some due to its crucial association with cancer onset. NLRP3 is a multimeric
complex that induces innate inflammatory responses with apoptosis-associated
speck-like protein containing a CARD complex (ASC), which recruits procaspase-
1. Procaspase-1 is then cleaved to caspase-1, which converts pro-IL-1p and pro-IL-
18 to the active forms that are responsible for additional recruitment of other
inflammatory cells [172]. Interestingly, a considerable fraction of NLRP3 is
associated with MAMs following inflammasome activation, suggesting that NLRP3
checks and modulates mitochondrial activity [173]. Cancer-associated inflamma-
tory responses are directly involved in cancer biology, including tumor initiation,
progression, metastasis, and treatment. For example, NLRP3 is markedly
upregulated in macrophages in pancreatic ductal adenocarcinoma, where NLRP3
directs the polarization of tumor-associated macrophages and, hence, controls
immunogenic or tolerogenic CD4" T-cell differentiation and CD8" T-cell

activation [174]. Furthermore, in NLRP3 KO mice, inflammasome components
have been shown to exacerbate liver colorectal cancer metastatic growth [175].
Moreover, the activation of the NLRP3 inflammasome and the expression and
secretion of active IL-1B in melanomas cause disease progression [176].

Oncogenic Ras Signaling

Ras proteins, which belong to the family of small GTPases
controlling cell proliferation, cell cycling, and cell survival, are
frequently deregulated in several types of human cancers [177]. One
of the family members K-Ras has recently been found to engage in
cross talk with Ca®* signaling and to impact ER-mitochondrial Ca**
transfer [178]. By comparing two isogenic colorectal cancer cell lines,

G13D/wild- .
Ras C13PMWidope 104 one in

one expressing mutated oncogenic K-
which the oncogenic allele was deleted (K-Ras , it was found

G13D suppressed 1P3-induced
2+

-/wild-rype)
that the presence of oncogenic K-Ras
Ca”" release due to a decrease in ER Ca
functional aberrations in Ca”* signaling could be linked to
remodeling of the expression of ER Ca”" transport systems, revealing
that K-Ras “"*P_expressing cells express less SERCA2b and switch
their IP3R-isoform expression profile compared with K-Ras “'*P—

store contents. These

deleted cells. In particular, cells with oncogenic K-Ras display a
decrease in IP3R3 expression levels and an increase in IP3RI
expression levels, establishing a decrease in susceptibility to apoptotic
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stimuli and an increase in the ability to generate prosurvival Ca®*
oscillations that sustain cell proliferation. As such, upon the deletion
of K-Ras, IP3R3 expression is elevated, and the likelihood of IP3R3
accumulating in MAMs is therefore also increased and is correlated
with restoration of ER-mitochondrial Ca®* transfer and apoptosis
sensitivity. Hence, beyond the direct regulation of oncogenes and
tumor suppressors of Ca** -transport systems in MAM, it is clear that
these genes can also impact the expression levels and, thus, the overall
number of channels available for the MAM compartment, affecting
ER-mitochondrial Ca** transfer and cell death susceptibility (or other
cancer-related hallmarks).

Conclusions

An increasing number of studies have identified important roles of
MAMs in cancer processes, although further study is required to
completely elucidate the molecular mechanisms involved. Changes in
the ER-mitochondrial tethering distance and morphology have
dramatic effects on the health of a cell, which communicates with
the “outside world” via lipids, Ca**, ROS, and the exchange of other
mediators among organelles. There are likely to be many ER-
mitochondria contact sites, leading to many unanswered questions.
For example, how will increased knowledge of MAMSs impact human
studies and clinical therapies? Are there any properties of MAM-
resident proteins that could be attributed to one specific type of
cancer rather than another? Are there different types of MAMs with
specific functions and protein populations? In addition to Ca*", are
there other crucial mediators that could modulate the plasticity and
function of MAMs in the cell? Are lipid synthesis and transfer at ER-
mitochondria membrane contact sites involved in cancer, and what
are the underlying mechanisms? If the proteins that localize or
relocalize to MAMs vary, how do these various proteins regulate their
localization, and under what specific condition are they active?
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