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Abstract

Mitochondria-associated membranes (MAM), physical platforms that enable
communication between mitochondria and the endoplasmic reticulum (ER), are enriched
with many proteins and enzymes involved in several crucial cellular processes, such as
calcium (Ca2*) homeostasis, lipid synthesis and trafficking, autophagy and reactive oxygen
species (ROS) production. Accumulating studies indicate that tumor suppressors and
oncogenes are present at these intimate contacts between mitochondria and the ER, where
they influence CaZ* flux between mitochondria and the ER or affect lipid homeostasis at MAM,
consequently impacting cell metabolism and cell fate. Understanding these fundamental roles
of mitochondria-ER contact sites as important domains for tumor suppressors and oncogenes
can support the search for new and more precise anticancer therapies. In the present review,
we summarize the current understanding of basic MAM biology, composition and function

and discuss the possible role of MAM-resident oncogenes and tumor suppressors.



1. Introduction

Mitochondria-endoplasmic reticulum contacts (MERCs) were initially visualized in the
late 1950s and are considered a subfraction of the endoplasmic reticulum (ER) juxtaposed to
the outer mitochondrial membrane (OMM) [1]. A subcellular fraction of mitochondria-
associated membranes (MAM) was isolated in the early 1990s and originally identified as a
site of phospholipid biosynthesis and remodeling [2]. MERCs are quite dynamic structures
that do not include fusion of the interacting membranes and thus loss organelle identity.
Studies with live cell imaging systems and electron tomography have shown that the ER and
mitochondria can be 10-25 nm apart and that from 2% to 5% of the mitochondrial surface
area can be wrapped with ER tubules [1, 3]. Currently, MAM have been linked to metabolic
regulation, calcium (Ca2?*) homeostasis, autophagy, aging, senescence and reactive oxygen
species (ROS) production. Moreover, the involvement of MAM in inflammation [4], infection
with human cytomegalovirus and hepatitis C virus [5, 6] and different pathologies, such as
Alzheimer's disease [7-11], Parkinson’s disease, amyotrophic lateral sclerosis [12-14], obesity
[15], type 2 diabetes mellitus [16, 17] and GM1-gangliosidosis [18], has been repeatedly
documented.

Several groups have comprehensively analyzed the proteome of isolated MAM
fractions and reported different numbers of proteins. For example, Zhang et al. identified 991
proteins in the heavy MAM fraction [19], Poston et al. found 1212 proteins in MAM [20], and
Hung et al. described up to 1313 nonredundant proteins in MAM [21]. However, Hung et al.
[22] and Raturi et al. [23] identified many fewer proteins (68 and 75, respectively), as MAM-
specific proteins. In accordance with Poston’s characterization and classification, we can
classify three groups of proteins detected in the MAM fraction: 1) proteins localized only in
MAM (“MAM-resident proteins”), 2) proteins localized in MAM but also present in other
cellular compartments (“MAM-enriched proteins”), and 3) proteins transiently present in
MAM (“MAM-associated proteins”) [20]. The details of the proteins present in the MAM
fraction and their possible functions have been reviewed by Giorgi et al. [24], Schon and Area-
Gomez [25], Krols et al. [26], Rimessi et al. [27], Morciano et al. [28], Janikiewicz et al. [29]
and, most recently, Fan and Simmen [30].

Recently, accumulating studies have identified important roles of MAM in cancer cell
function as well as cancer growth [31]. Noncoincidentally, most oncoproteins (both
oncogenes and oncosuppressors) exploit this strategic subcellular compartment to perform
their roles, most often by interacting with proteins considered to be molecular scaffolds for

several molecular pathways. Recent studies have discussed the roles of oncogenes and



oncosuppressors in MAM in the modulation of Ca?* homeostasis and ROS production [32].
Indeed, alteration of Ca2* signaling is widely considered a potent contributor to the
development of malignant phenotypes; Ca2* signaling essential and continuously rewired in
all stages of carcinogenesis. Alterations in these processes as well as changes in the ER-
mitochondrial tethering distance and morphology can dramatically disrupt cell function.
Thus, we summarize the recently acquired knowledge about MAM functions and MAM-related

processes by characterizing these intimate MERCs and their role in cancer.

2. Functions of MAM

2.1. MAM as hubs for lipid metabolism and their implications in cancer

One main feature of oncogenic transformation is the reprogramming of cellular
metabolism. Initially described by Otto Warburg and colleagues, the Warburg effect is
characterized by increased glucose uptake and subsequent lactate production in cancer cells
regardless of Oz levels and mitochondrial function [33]. As numerous studies have shown, due
to their great energy demands for survival and proliferation, cancer cells exhibit increased de
novo fatty acid synthesis [34], which is driven mainly by the formation of structural
membranes and provides sources of energy and signaling molecules [35].

In cells, lipid synthesis and transport involve specific carrier proteins, membrane
contact sites and/or vesicle-mediated pathways. MAM represent an evolutionarily conserved
mitochondria-ER contact site [36] with a key role in phospholipid, cholesterol and ceramide
synthesis [37]. In fact, MAM have a higher cholesterol and sphingolipid content and are
thicker than the contiguous ER membrane [38, 39]. Moreover, compared with the contiguous
ER membrane, MAM have a different curvature and phospholipid composition, containing raft
domains enriched in fatty acids with longer and more saturated acyl chains [40]. Several lipid
biosynthetic enzymes could be considered MAM marker proteins because of their specific
enrichment in MAM rather than throughout the ER [2]. Examples are enzymes involved in
phospholipid synthesis, including phosphatidylserine-1 (PSS1) [41], phosphatidylserine-2
(PSS2) [41], phosphatidylserine decarboxylase (PSD) and phosphatidylethanolamine-N-
methyltransferase 2 (PEMT2) [37]. Phosphatidylserine (PS) has been shown to be
externalized to the external leaflet of the plasma membrane (PM) on cells undergoing
apoptosis [42], although in vitro assays showed that this process is not dependent on the
levels of PSS1 and PSS2 [43]. During the synthesis of other classes of phospholipids, newly

synthesized PS is channeled to the inner mitochondrial membrane (IMM), where PS favors



phosphatidylethanolamine (PE) synthesis via PSD [52]. Mitofusin (MFN)2 was recently shown
to bind PS and transfers it between the ER and mitochondria. Interestingly, reduced levels of
MFN2 were found in cancer cells from different origins [44, 45]. Thus, ablation of hepatic
MFN2 caused nonalcoholic steatohepatitis that progressed into liver cancer in aging mice
[46]. This progression was associated with disrupted PS transfer and, consequently, reduced
phospholipid synthesis that led to ER stress, inflammation, fibrosis and, in later stages, cancer
[46]. Figure 1 shows an overview of the lipid-related proteins present in MAM that are
involved in cancer.

Both lipogenic and lipolytic pathways were found to be enhanced in cancer cells to
allow tumor mass growth [47, 48]. Excess lipids are converted to triacylgycerols (TGs) and
cholesteryl esters (CE), both of which accumulate in the form of lipid droplets. Several reports
have identified increased amounts of lipid droplets in numerous types of tumors, including
glioblastoma, leukemia, and breast, pancreatic and colon cancers [49-53]. Moreover, enzymes
involved in the synthesis of TGs and ceramide (fatty acid CoA ligase (ACS) 1/4 [54]) and
cholesterol (acyl-coenzyme A:cholesterol acyltransferase-1 (ACAT1/SOAT1) [37]) were found
to be specifically localized in MAM. Therefore, alterations in the activity of the
abovementioned proteins may influence the concentrations of intracellular signaling
molecules involved in cancer development. Evidence strongly suggests that the amount of
ceramide synthesized at MAM is sufficient to permeabilize the OMM [55], promoting the
release of proapoptotic proteins such as apoptosis inducing factor (AIF), cytochrome c (cyt c)
and procaspases into the cytosol in human breast cancer cell lines [56, 57]. The role of
ceramide as a tumor suppressor lipid is supported by a study in which an inhibitor of ACS1/4
(triacsin C) blocked ceramide production and apoptosis by increasing the content of the
antiapoptotic oncogene B-cell lymphoma 2 (BCL-2) [58]. In addition, reports have linked
cholesterol metabolism with chemoresistance in breast and pancreatic cancers [59, 60]. In a
basal state, membrane-bound free cholesterol is converted into soluble CE via ACAT1
localized at MAM and is then incorporated into lipid droplets [61]. Notably, CE were shown to
be the major constituent of lipid droplets in cancer cells compared with normal cells [62]. In
addition, ACAT-1-mediated accumulation of CE is positively correlated with the proliferation
and metastasis capacities of cancer cells and is associated with poor prognosis in pancreatic
and prostate cancers [63, 64]. Studies have shown the activation of phosphatidylinositol-3-
kinase (PI3K)/AKT and the mammalian target of rapamycin (mTOR) pathway or the caveolin-
1/mitogen-activated protein kinase (MAPK) pathway by ACAT1-induced CE accumulation

[65-67]. The role of ACAT1 as a modulator of cancer aggressiveness and chemosensitivity was



confirmed by Ayyagari et al., who revealed that inhibition of ACAT1 enhanced apoptosis by
increasing caspase 3/7 activation. It was accompanied by decreased the mitochondrial
membrane potential, elevated ROS production and increased the expression of tumor
suppressor protein p53 (p53)[68].

Recently, caveolin-1, a regulator of cholesterol efflux, was found to be specifically
enriched in MAM. Caveolin-1 deficiency led to increased levels of free cholesterol and reduced
MAM extension and stability [69] along with impairment of mitochondrial function and
susceptibility to apoptosis [70]. However, the role of caveolin-1 is controversial. Recently,
Bravo et al. showed that caveolin-1 negatively regulates the remodeling capacity of MAM in
response to ER stress by downregulating the protein kinase A (PKA) signaling pathway and
impairing dynamin-related protein 1 (DRP1) phosphorylation, which ultimately enhances cell
death in response to ER stress [71].

Additionally, AAA domain-containing 3a (ATAD3a), a mitochondrial protein with
unknown function, may play a role in MAM formation by delivering cholesterol from the ER to
mitochondria for steroidogenesis [72]. In breast and colon tumor cells, the chaperone
glucose-regulated protein 78 (GRP78) cooperates with ATAD3a and stabilizes WASP family
member 3 (WASF3), a protein that facilitates actin polymerization, thereby promoting
invasion and metastasis [73].

Impaired MAM functionality has been shown to have direct consequences on the
deregulation of lipid metabolism, which has implications in different cancers. Since the lipid
composition is essential for the structure of ER-mitochondria contact sites, it can also impact
Ca?* homeostasis, which in turn may affect ER and mitochondrial function and may be

essential in the regulation of apoptotic signaling in tumors.

2.2. Role of Ca?* homeostasis in mitochondria-associated ER membranes and

cancer

Ca?* is a highly versatile intracellular messenger. Ca?* homeostasis is essential for
many vital physiological responses, including primarily cell proliferation and migration,
neuronal excitability, and muscle contraction, and regulates cellular functions, including
metabolism and cell fate decisions [74-77]. Moreover, several oncogenic pathways supporting
tumor cell growth and survival converge on cellular metabolism and Ca?* signaling [78].

Therefore, expanding the understanding of mitochondrial Ca%* regulation is a current



challenge in cancer biomedical research and would lay a good foundation for pinpointing

future drug targets.

2.2.1. Interactions between ER Ca2* channels and oncoproteins

Fine tuning of Ca2* oscillations in the ER is associated with the extent of Ca2*-mediated
physiological responses [79]. Studies on Ca2* movement across the ER membrane have shown
that Ca?*release channels, Ca%* pumps and Ca%*-binding proteins (CaBPs) mediate this
process [80, 81]. The inositol 1,4,5-triphosphate receptor (IP3R) and ryanodine receptor
(RYR) are the primary Ca2* release channels located on the ER membrane. The
sarco/endoplasmic reticulum Ca2* ATPase (SERCA) pump is localized in the ER membrane
and mediates Ca2* uptake into the ER from the cytoplasm at the expense of adenosine
triphosphate (ATP) hydrolysis. Many oncosuppressors, including p53, exploit the action of
both channels to perform their proapoptotic functions in a Ca?*-dependent manner (Figure 2).
Indeed, a fraction of cellular p53 at MAM interacts with SERCA, exerting transcription-
independent effects on Ca2* transfer from the cytosol into the ER lumen; this protein-protein
interaction permits an increase in the activity of the ER pump, thus enhancing the level of Ca2*
in the ER [82]. The biological significance of these effects is that when apoptosis is stimulated,
a larger amount of Ca2* is released via ER-mitochondria microdomains, and cells become
more sensitive to death via the intrinsic apoptosis pathway; the relevance of these findings
has been confirmed in vivo [83, 84]. The p53 gene is highly subject to mutations in its coding
sequence, and these mutations are the main cause of p53 inactivation in human cancers.
Consistent with these findings and considering the MAM-resident p53 fraction, the expression
of nonnuclear p53R175H and p53R273H mutants, which cannot bind the SERCA pump at the ER,
does not restore ER Ca2* homeostasis in p53 knockout (KO) cells; similarly, reintroduction of
wild-type p53 (p53wt) restored sensitivity to cell death. The same results were found in the
MDA-MB 468 cell line harboring the p53R273H mutant [85]. In addition to regulating the
expression of multiple downstream genes, p53 maintains the basal expression of a group of
other important tumor suppressor genes, such as phosphatase and tensin homolog deleted on
chromosome 10 (PTEN) [86], and this activity was recently reported to be responsible for the
marked beneficial anticancer effect of p53.

Similar to p53, breast cancer type 1 susceptibility protein (BRCA1)-associated protein
1 (BAP1) is also a potent tumor suppressor inhibiting carcinogenesis. Indeed, evidence
strongly suggests that reduced expression or inactivation of BAP1 promotes the onset of

many cancers, such as malignant mesothelioma. Although BAP1 exhibits tumor suppressor



activity mainly in the nucleus [87], a large amount of cytosolic BAP1 found at the ER (erBAP1)
(not shown to be present at MAM) [88] restored the wild-type phenotype upon
overexpression. This effect is mediated via the interaction of BAP1 with IP3R3, which is
stabilized by the intrinsic deubiquitylating activity of BAP1. This interaction results in the
appropriate release of Ca2* from the ER to mitochondria and thus sensitization to apoptosis
[88], further supporting the hypothesis that this mechanism is regulated at MAM. A key
protein that stabilizes p53 and enhances its function is promyelocytic leukemia protein (PML)
[89]. PML exhibits nuclear localization and activity, but it can also be found in the cytoplasm
[90].

Indeed, PML is enriched at MAM, where it modulates the apoptotic pathway by
interacting with and acting on the IP3R3 channel [91]; specifically, ER-targeted PML (erPML)
introduced into PML KO cells permitted optimal Ca2?* transfer between the ER and
mitochondria upon either agonist administration or apoptotic insult, restoring the Ca?*-
dependent apoptotic pathway [91]. Further analysis revealed the following: i) in PML KO cells,
the amounts of coprecipitated phosphorylated AKT and IP3R3 were higher than those in PML
wild-type cells; ii) dephosphorylation of AKT may occur in a protein phosphatase 2A (PP2A)-
dependent manner; and iii) PP2A interacts with PML in nuclear bodies. These findings
confirmed the hypothesis that PML forms a complex with IP3R, AKT and PP2A at MAM.
Considering this observation, cells lacking PML express phosphorylated AKT and IP3R3 and
thus show decreased Ca2* mobilization. Indeed, the presence of PML reduces AKT activity via
PP2A recruitment [91]. Additional functions regarding autophagy regulation have been
ascribed to PML at MAM,; at this location, PML controls autophagosome formation, providing a
limiting effect on autophagy induction in cancer cells. Indeed, in the absence of PML, tumor
cells can feed themselves by exploiting autophagy as a survival strategy [92].

As evidence that the role of Ca%?* at MAM is crucial in cancer, the list of oncoproteins
that regulate IP3R channel properties has lengthened; PTEN, BRCA1 and BCL-2 are examples.
PTEN counteracts the function of AKT, which acts mainly on the PI3K/AKT/mTOR pathway
[93, 94]. Endoplasmic reticulum PTEN (erPTEN), enriched at MAM, controls CaZ* flux from the
ER to mitochondria, ensuring appropriate execution of apoptosis when required by the
environment. This protein phosphatase is mutated or absent in many human cancers, leading
to disruption of Ca2* release from the ER and a consequent decrease in the mitochondrial Caz*
concentration favoring phosphatase-dependent antiapoptotic features [95]. Indeed, erPTEN
binds IP3R3 and promotes increased Ca?* transfer via dephosphorylation of IP3R3 and AKT

[95]. Lipid/protein phosphatase-independent mechanisms that counteract carcinogenesis



have been demonstrated both in vitro and in xenograft models; in particular, PTEN was
reported to compete with F-box and leucine-rich repeat protein 2 (FBXL2), one of the four
subunits of the SKP1-cullin-F-box (SCF) ubiquitin protein ligase complex, which functions
through phosphorylation-dependent ubiquitination, for binding to IP3R via the IP3 binding
domain. By interacting with IP3R3, PTEN promotes the degradation of IP3R3 via the
proteasome, thus conferring cellular resistance to apoptosis. Here, the role of erPTEN is to
compete with FBXL2 for binding to IP3R3 and preventing its degradation [96]. In support of
this finding, IP3R3 mutants resistant to proteasomal degradation improve the outcomes of
anticancer therapies in mice. Isoform 3 of IP3R is not the only isoform of IP3R targeted for
these purposes. BRCA1 actively participates in tumor suppressor activities through its
recruitment to the ER during apoptosis, but it is also constitutively localized at MAM, where it
interacts with IP3R1, promoting Ca?* release and sensitivity to apoptosis [97]. Another
example is the BCL-2 protein, which can participate in functional interactions with all three
IP3R isoforms and significantly inhibit Ca2+ transfer from the ER to mitochondria. Indeed,
overexpression of BCL-2 plays a substantial role in cancer cell survival. The molecular
pathway through which BCL-2 confers apoptosis resistance is regulated almost exclusively by
the intracellular localization of BCL-2 at the ER and MAM. In 2012, Monaco and colleagues
identified one amino acid residue in the BH4 domain of BCL-2 that is essential for the binding
of BCL-2 to IP3R. Indeed, mutation of Lys17 to Asp reduces the interaction between BCL-2
and IP3R, consequently restoring Ca?* signaling between the two organelles [98].
Additionally, Forster resonance energy transfer (FRET) measurements have documented the
interaction between BCL-2 and IP3R, particularly with subdomain 3al of IP3R, a sequence
with high homology among known isoforms [99]. Thus, by targeting this site with an
interfering peptide and preventing the BCL-2-IP3R interaction, both Ca2* release and
apoptosis were restored [99, 100]. At MAM, BCL-2 can interact with another type of channel,
voltage-dependent anion channel (VDAC) 1 [101, 102]. Physiologically, all three VDAC
isoforms are channels responsible for Ca2* entry into mitochondria via the OMM, but only
VDAC1 plays an important role in apoptosis, permitting a low level of Ca2* transfer [103]. In
addition, the N-terminal portion of VDAC1 is responsible for the release of cyt c from
mitochondria; in mitochondria, the BCL-2-VDAC1 interaction counteracts the action of cyt c,

protecting cells from apoptosis [101].

2.2.2. Other regulators of Ca2* homeostasis at MAM in cancer



Moreover, Ca2* signaling depends largely on the wide variety of CaBPs, which regulate
cytosolic Ca%*. Functionally, some of these CaBPs act as Ca?* storage devices, whereas other
families of CaBPs act as Ca2* receptors. In recent years, various CaBPs have emerged as
important regulators of cell proliferation and differentiation, as well as metastasis and tumor
progression in humans. Members of the S100P family of CaBPs have been found to be
overexpressed in pancreatic, lung and breast cancers, contributing to tumor progression
through Ca?* binding [104]. In particular, the S100A14 and S100A4 proteins, members of the
S100 family, are intimately involved in tumorigenesis by promoting cancer cell proliferation
[105, 106].

Ca?* storage in energized mitochondria was initially described in the 1960s [107].
Since that time, the essential contribution of mitochondrial Ca2?* to bioenergetics and the
modulation of cytosolic Ca?* oscillations has been firmly established. The molecular basis of
mitochondrial Ca2* uptake from the ER is based on the connection between VDAC and IP3R
through linkage with glucose-regulated protein 75 (GRP75). Then, Ca2* transport across the
IMM down its electrochemical gradient is regulated through the mitochondrial Ca2* uniporter
(MCU) [108, 109]. Several proteins mediate the regulation of MCU activity, such as
mitochondrial Ca%* uptake 1/2 (MIC1/2), MUC regulator 1 (MUCR1) and essential MCU
regulator (EMRE) [77, 110-112]. Interestingly, depletion of MCU impairs cell migration and
invasion in triple-negative breast cancer cell lines and hampers tumor progression in MDA-
MB-231 xenografts by regulating metastasis through hypoxia-inducible factor 1 (HIF1)-
controlled gene reprogramming [113].

Proteomic analysis of MAM identified several interactions of Ca2?* channels with
regulators involved in Ca%?* dynamics between the ER and mitochondria and confirmed that
MAM are central platforms that especially facilitate efficient Ca?* uptake by mitochondria [24,
114]. Several multiprotein tethering complexes maintain the close juxtaposition of the ER and
mitochondria. GRP75 is considered a key protein at the MAM interface that modulates ER-
mitochondria Ca?* signaling through the IP3R-GRP75-VDAC1 complex. GRP75 has been
widely studied because it is essential for linking organelles. Recent findings have shown that
GRP75 knockdown significantly decreases mitochondrial Ca2* levels and compromises
mitochondrial homeostasis [115, 116], whereas induction of GRP75 increases VDAC1-IP3R1
and GRP75-IP3R1 protein-protein interactions [17]. However, excessive mitochondrial Ca%*
uptake can activate cell death programs by promoting the release of proapoptotic factors such
as cyt ¢, AIF and SMAC/DIABLO from mitochondria [117-119]. Altered Ca2* signaling in MAM

is an important hallmark of tumor cells given that it can affect cellular metabolism and



resistance to cell death [120]. A reduction in mitochondrial Ca2* uptake may allow cancer cells
to escape apoptosis. Moreover, Ca2* flux towards mitochondria via MCU are decisive for
tumor growth and metastatic behavior [113, 121]. Similarly, GRP75 silencing protects against
cell death by preventing mitochondrial Ca2* overload under conditions of cellular stress [122].
IP3R1 and IP3R2 are located at the ER membranes, but the third isoform, IP3R3, is highly
enriched at MAM and is also considered a MAM marker [123]. Interestingly, IP3R3 is involved
in the regulation of cellular bioenergetics and metabolism in breast cancer. Inhibition of
IP3R3 induces autophagic death [124] and/or mitotic catastrophe only in tumorigenic cells
[125, 126]. AKT preferentially phosphorylates IP3R3 and can bind all three IP3R isoforms in
the cytosolic C-terminal consensus domain [127]. This causes a reduction in ER-mitochondrial
Ca?* transfer and inhibits apoptotic responses [128]. Moreover, hyperphosphorylation of
[P3Rs in tumor cells overexpressing AKT has been reported [129]. In turn, AKT is activated
through phosphorylation of both Thr308 by phosphoinositide-dependent kinase 1 (PDK1)
[130] and Ser473 by mechanistic TOR complex 2 (mTORC2), which is localized at MAM [131].

A new protein modulator of Ca2+ trafficking and apoptotic processes that interacts with
GRP75 was recently described. Transglutaminase type 2 (TG2Z) binds to GRP75 in MAM,
contributing to the regulation of ER-mitochondrial Ca2* flux. D’Eletto and colleagues
demonstrated that the absence of TGZ2 enhanced the interaction between IP3R and GRP75 and
decreased the number of MERCs [132]. TG2Z has been found to be overexpressed in breast
cancer and to contribute to cancer cell survival, invasion and motility through activation of
the PI3K/AKT survival pathway [133]. Thus, the regulation of GRP75 expression and its
connection with ER-mitochondrial Ca2* crosstalk at MAM is a novel protective approach in
paradigms of cell death and anticancer therapy.

Sigma 1 receptor (SIG1R) is another protein highly enriched in MAM and involved in
Ca?*signaling [134]. SIG1R interacts with GRP78, also called BIP. However, upon depletion of
ER Ca?+, SIG1R dissociates from BIP and binds to IP3R, thereby stabilizing IP3R and inducing
mitochondrial Ca2* uptake from the ER [134]. Lack of SIG1R mediates the disruption of
MERC s, impairing Ca?* signaling and mitochondrial function [135]. In addition, under chronic
ER stress conditions, SIG1R exhibits intrinsic attenuation of apoptosis via its translocation
from MAM to the ER to counteract the ER stress response [136, 137]. In breast cancers, the
expression of SIG1R is higher in cancer cells with metastatic potential [121, 138]. Moreover,
the protumorigenic functions of SIG1R at MAM are mediated by the formation of a functional

molecular platform comprising SIG1R, the small-conductance Ca2+-activated K* channel (SK3)



and Ca?* release-activated Ca2* modulator 1 (ORAI1), thus driving Ca2* influx and favoring the
migration of cancer cells [121].

One oncogene that comprehensively exploits these features is Ras, which belongs to
the family of small GTPases that control multiple pathways involved in cell cycle regulation
and cell survival. In 33% of cancers, the Ras oncogene is mutated and sustains tumor growth
[139]. Ca?* signaling is a main mechanism through which Ras exerts its antiapoptotic
functions; moreover, Ras localizes at PM-ER contact sites and MAM, precisely on the route of
intercellular Ca2* flux. During cellular transformation, H-Ras drastically alters Ca%* dynamics
by reducing the mitochondrial Ca%* concentration via a pathway mediated by caveolin-1
downregulation and redistribution [140]. On the other hand, K-Ras phosphorylation on
Ser181 by protein kinase C (PKC) has been reported to induce rapid dissociation of K-Ras
from the PM and its subsequent migration to MAM [141]. Here, the oncogenic K-RasG13D
mutation disrupts IP3-induced Ca2* transfer from the ER to mitochondria, mainly due to
aberrant expression of SERCA and IP3R subtype proteins compared to that in a cell line with
deletion of oncogenic K-Ras. K-RasG13D decreases SERCA and IP3R3 levels and thus
decreases ER Ca?* storage and release and increases the levels of type I receptors, which
ensure spikes in the Ca?* concentration to support cell proliferation [142]. In confirmation of
this finding, deletion of oncogenic K-Ras reverted the cell phenotype by conferring

sensitization to Ca2*-dependent apoptosis.

2.2.3. The permeability transition pore complex in cancer

The proteins described above can fine tune intracellular Ca?* flux in a well-defined
spatiotemporal manner to ensure the completion of a given biological process—in this case, a
prosurvival process. Sustained elevations in mitochondrial Ca2* levels occur under both
physiological and pathological conditions and are the main inducer of mitochondrial
permeability transition (MPT), an extreme permeabilization of the IMM. MPT is caused by the
opening of mitochondrial transmembrane protein complexes named permeability transition
pore complexes (PTPCs) and has detrimental effects not only on mitochondria but also on the
whole cell [143]. Indeed, loss of the IMM structure causes significant decreases in the
mitochondrial membrane potential and ATP production and impairs the osmotic process.
Thus, mitochondria swell, and cellular changes leading to the activation of different cell death
programs are initiated [144].

The molecular structure of the PTPC is incompletely defined. Currently, only

mitochondrial cyclophilin D is considered an important modulator of the PTPC, as both its



pharmacological (via treatment with cyclosporine A) and genetic (via generation of KO
animals) targeting inhibits pore opening and prevents cell death under mitochondrial Ca2*
accumulation [145, 146]. The c subunit of Fo-ATP synthase has recently been identified as an
essential component for PTPC activity, and many of its features likely explain the downstream
inhibition/activation of the PTPC. Indeed, increased expression of the ¢ subunit in cells [147]
and its high level in biological fluids [148] predicts excessive cell death. In contrast, the
pharmacological targeting [149] or absence of the C subunit [150] desensitizes cells to PTPC
opening and protects against cell death. Although it is an important (mega) channel for
mitochondrial health, the PTPC has been reported to be dispensable for CaZ* homeostasis
under physiological conditions [151].

Oncosuppressors such as those listed above ensure Ca2+* transfer between the ER and
mitochondria in cooperation with other proteins such as MCU and IP3R phosphorylation to
initiate MPT [152-154]. Cancer cells have developed mechanisms to overcome these effects:
by downregulating the expression of oncosuppressors (i.e., PML and PTEN) [91, 95]; by
expressing antiapoptotic proteins such as BCL-2, which reduces the ER Ca2* content and AKT,
which dysregulates Ca%* signaling at MAM; and by H-RAS-induced transformation associated
with progressive depletion of intracellular Ca2+—all of these pathways limit the appropriate
initiation of MPT [155, 156].

Oxidative stress also induces MPT, but analysis of this process in cancer cells reveals a
paradox. Cancer cells have higher ROS levels than nontransformed cells [157] but are also
more resistant to death. ROS are likely to be equally essential for other pathways, such as
proliferation and metastasis [158], and when disadvantageous, ROS can be easily controlled
by upregulation of antioxidant enzymes [159, 160].

MPT-dependent cell death is closely related to ischemia-reperfusion episodes (i.e.,
myocardial infarction). Indeed, oxygen deprivation in tissues permits a significant decrease in
the pH, associated with increased Na* and then Ca?2* flux into the cytoplasm and mitochondria
[143]. Mitochondrial uptake of Ca?* is amplified because progressive ATP depletion is
insufficient for appropriate activation of SERCA to allow Ca2* reuptake into the ER. During
ischemia, although PTPC inducers (i.e., inorganic phosphates and a high Ca2* concentration)
progressively accumulate, the PTPC remains closed due to the high concentration of H* that
competes with the Ca2*-binding site for PTPC opening [161]. By contrast, during reperfusion,
restoration of a physiological pH in combination with Ca2* overload and oxidative stress
triggers PTPC opening and cell death. The same hypoxic environment can be found in solid

tumors. Here, the high capacity for glucose uptake and conversion by cancer cells guarantee



ATP synthesis through glycolysis, which reduces the concentrations of inorganic phosphates
[162, 163]; in addition, the formation of lactate from pyruvate lowers the pH, inhibiting
appropriate initiation of MPT.

Several interactions between Ca?*channels and regulators that mediate Ca2*-
dependent cellular functions in various cancer types are found in MAM. Overall, these reports
confirm the importance of this organellar interface in both Ca?*signaling and cancer

development and progression.

2.3. Interplay between ROS and Ca?* at MAM in cancer development and

suppression

MAM are emerging as platforms for redox signaling given that many cellular redox
reactions occur in mitochondria and in the ER. Generally, ROS generation is required, because
ROS are signaling molecules that contribute to the maintenance of physiological functions
such as diverse metabolic processes and cell growth and differentiation. On the other hand,
excessive ROS production induces oxidative stress, which causes cellular damage. ROS have
been proposed to play an important role in cancer initiation and progression. Moreover, ROS
have been shown to promote anoikis resistance in cancer cells, enabling metastasis [164]. The
role of ROS in tumors is still incompletely defined and controversial; indeed, several studies
have described ROS as either tumor-promoting or tumor-suppressing agents, and substantial
evidence supports both arguments [165]. Interestingly, clinical trials have shown that
antioxidant therapy is paradoxically correlated with decreased survival [166]. Another open
and interesting question remains regarding the ROS-mediated effect of chemotherapeutics.
The review by Yang et al. offers more information about this topic, including the generation of
ROS by mitochondria during chemotherapy as well as the responses of cancer cells to
chemotherapy based on the induction of oxidative stress [167].

Redox-sensitive proteins are located in different subcellular compartments, including
MERCs [168, 169]. The dynamic properties of such contact sites allow the exchange of
metabolites and proteins involved in ROS homeostasis between the ER and mitochondria.
MAM contain a H202 nanodomain, which is regulated by the cytosolic Ca?* concentration and
exerts positive feedback on Ca?* oscillations [170]. Most of the literature indicates that MAM
play an essential role in ROS-mediated cellular signaling in a manner dependent on ROS
generation in the ER and mitochondria. Therefore, changes in oxidative stress-responsive

signaling thorough MAM can disrupt Ca2* homeostasis and affect cancer progression (Figure



3). Accumulating evidence indicates that high levels of ROS mediate the deregulation of ER
Ca?* release channels, which results in Ca?* efflux from the ER. RYR function is regulated by
the combined action of ER function and mitochondrial ROS production [171, 172]. A novel
correlation between RYR expression and the tumor grade has recently been described in
human breast cancer specimens [173]. Numerous publications have connected
mitochondrial-derived ROS with RYR oxidation [174-176]. Oxidative stress leads to RYR
channel remodeling due to PKA-mediated phosphorylation at Ser2808, which results in the
release of Ca%* and depletion of ER Ca2*. In addition, RYR channel function was shown to be
affected by nicotinamide adenine dinucleotide phosphate (NADPH)-oxidase (NOX). In
particular, NOX4 is one of the main NADPH oxidases that controls the redox state of RYR by
oxidizing the redox-sensing thiol groups of cysteine residues, inducing Ca?* release [177, 178].
Diverse studies have demonstrated that ROS-generating NOX4 acts as a tumor-promoting
agent. Increased expression of NOX4 contributes to the progression and metastasis of human
colorectal cancer cells via fine-tuned regulation of ROS and Ca?* levels [179, 180]. Another
study showed that inhibition of NOX4 attenuates the development of prostate cancer and the
progression of metastasis [181, 182]. Although RYR responsiveness at MAM has not been
demonstrated, previous findings generally support the hypothesis that RYR is regulated at
MAM under pathological conditions such as cancer initiation and tumor progression.

The IP3R channel is another potential target of ROS generated by both the ER and
mitochondria. Indeed, IP3R regulation by ROS affects MERCs. Numerous studies have
reported that IP3R exhibits sensitization to IP3 through the oxidation of thiol groups. This
effect can be mediated via different oxidants, such as t-butyl hydroperoxide, diamide and
xanthine oxidase [183-185]. In addition, ROS modulate [P3R-mediated Ca?* signaling by
facilitating Ca?* release [183]. Thus, oxidative stress plays a key role, as ROS regulate IP3R-
mediated Ca?* transfer from the ER into mitochondria. Enrichment of the MAM interface with
the endoplasmic reticulum disulfide oxidase la (EROla) protein and protein disulfide
isomerase (PDI) also exerts regulatory effects on the IP3R channel. Under chronic ER stress
conditions, ERO1a is upregulated, leading to excessive H202 production, which increases the
cellular ROS burden [186]. Similarly, the role of EROla as a protein disulfide oxidase that
regulates IP3R1 activity has been highlighted. ERO1a oxidizes the IP3R1 channel, which
induces Ca?* release from the ER [187]. ERO1a, which is enriched at ER-mitochondria contact
sites, is also studied in the context of tumors [187]. EROla has been found to be
overexpressed in various types of cancers [188]. Notably, expression of EROla in breast

cancer is associated with poor prognosis [189]. Seervi and colleagues found that ablation of



ERO1a in multiple cancer cells inhibits both Ca?* release from the ER and apoptosis. This
work also demonstrated that EROla-mediated functions are key events in the cell death
mechanism induced by procaspase-activating compound-1 (PAC-1), which can promote
apoptosis in various cancer cell types [190]. Furthermore, endoplasmic reticulum protein 44
(ERP44), which is located in the ER and MAM, is considered a redox sensor involved in the
regulation of IP3R activity through its linkage with this channel [191]. ERP44 inhibits Ca%*
release by binding to cysteine residues in the luminal region of IP3R [192]. Thus, when EROa
is upregulated, this oxidase induces the dissociation of ERP44 from IP3R1, resulting in Ca2*
transfer from the ER into mitochondria [193]. A recent work showed that ERP44 inhibits lung
cancer cell proliferation primarily via IP3R-dependent signaling [194]. Similarly, knockdown
of ERP44 has been found to be essential for the inhibition of breast cancer cell growth and
survival [195]. The potential regulatory role of ROS production by ERO1a and PDI proteins in
cancer-specific settings based on the above findings supports the importance of MAM in
cancer regulation. However, the molecular mechanisms by which EROla and ERP44
contribute to the regulation of tumorigenesis remain unclear. Although more basic research is
needed, these members of the PDI family are rapidly emerging as new potential targets for
cancer therapies.

The 66-kDa isoform of Src homology/collagen (SHC) adaptor protein (p66Shc)
localizes predominantly to both the cytosol and ER [196, 197], but a mitochondrial pool has
also been reported [198-200]. The precise mitochondrial import mechanism of p66Shc has
been disputed for many years, suggesting the presence of p66Shc in MAM [201]. Shc adaptor
proteins bind to activated receptor tyrosine kinases (RTKs) in response to various growth
factors [202] and participate in the regulation of cellular proliferation and differentiation
[203]. The Ser36 residue located in the unique p66Shc collagen homology domain (CH2) is
phosphorylated by either protein kinase C II (PKCBII) [204] or c-Jun N-terminal kinase (JNK)
[205] in response to various environmental and intracellular stress stimuli, such as H202 or
Taxol treatment [206], hypoxia/reoxygenation injury [207-210], UV radiation [211], and
high-glucose environments [212-214], as well as in response to metabolic stresses [215].
After isomerization by peptidyl-prolyl cis-trans isomerase 1 (PIN1) and dephosphorylation by
PP2A, p66Shc is translocated into mitochondria [204]; however, MAM-localized p66Shc may
also be able to affect mitochondria. p66Shc induces excessive ROS production and cyt c
release from the mitochondrial intermembrane space and initiates the caspase-3-dependent

mitochondrial apoptotic pathway [199, 216, 217]. Since cells lacking p66Shc are more



resistant to oxidative stress than those with intact p66Shc, p66Shc KO mice live
approximately 30% longer than their wild-type littermates [218].

Oncogenesis can be an effect of improper receptor signaling and oxidative damage to
cellular components; thus, both pathways involving p66Shc can play a crucial role in this
process (Figure 4). p66Shc not only increases ROS production but also indirectly controls the
expression of superoxide dismutase 2 (SOD2) and catalase by interacting with the forkhead
box 03 (FOX03a) and p53 proteins [219]. Interestingly, p53, a known oncogenic protein, also
regulates p66Shc-dependent apoptosis [220]. The intense inflammation in hepatocellular
carcinoma contributes to p66Shc upregulation, which correlates with poor clinical prognosis
for patients. In addition, knockdown of p66Shc inhibits cancer cell proliferation and tumor
growth. In a hepatocellular carcinoma model, the pro-oxidant function of p66Shc was
associated with activation of the signal transducer and activator of transcription 3 (STAT3)
protein [221]. Many studies have shown the importance of p66Shc in the development and
progression of prostate cancer, as it can be modulated by steroid hormones [222]. 5a-
Dihydrotestosterone induces p66Shc Ser36 phosphorylation and promotes its translocation
to mitochondria, with a subsequent increase in ROS production due to its interaction with cyt
c [222]. A more recent study showed that a further increase in the pro-oxidant activity of
p66Shc leads to the transformation of androgen-sensitive cells into prostate cancer cells and
to the progression of castration-resistant prostate cancer, which has no effective treatment
[223]. In the most advanced and invasive stage of the disease, a high level of p66Shc was
associated with migration of the transformed cells [224, 225]. In different experimental
models of breast cancer, the protein level of p66Shc was positively correlated with metastasis
[226, 227]. However, this correlation was mostly related to the adaptor function of p66Shc in
the cytosolic fraction and was dependent on activation of growth factor receptors [228].

In several cellular models of lung cancer, both the adaptor and pro-oxidant pathways
seemed to play a substantial role [96, 229, 230]. The most recent reports, as well as older
data, show that MAM-localized p66Shc is involved in many intracellular signaling pathways
associated with the oxidative stress response, proliferation and differentiation; thus, it seems
reasonable that p66Shc should also be considered an oncoprotein. Collectively, these reports
confirm that p66Shc is an important factor and should be considered in cancer diagnosis and

as a therapeutic target for cancer.

2.4. Other functions of MAM in cancer



The mitochondrial fusion-fission machinery provides an important link among ER-
mitochondria tethering, Ca?* homeostasis and tumors. Mitochondria move along the
cytoskeleton and frequently divide and fuse in response to different stimuli; this behavior has
been observed and associated with cancer development [231]. Interestingly, enhancement of
mitochondrial fusion by increasing MFN1/2 levels has been associated with prostate cancer
progression [232]. In particular, the role of OMM-embedded MFN2, which is also localized at
MAM, remains controversial. Scorrano and colleagues observed that a reduction in IP3R-
mediated mitochondrial Ca2* uptake by cells upon MFN2 silencing was caused by disruption
of MERCs [233, 234]; however, this evidence was not confirmed by Filadi et al., who ascribed
an increase in membrane juxtaposition between the two organelles and subsequent
upregulation of the Ca?* signaling cascade to MFN2 depletion [235] in support of cell death.
This process remains a popular topic due to the strategic MFN2 localization in MAM and its
role in proapoptotic and antiproliferative signaling in cancer diseases [236, 237]. A brief
overview of the MAM-related proteins discussed in this section is presented in Figure 5.

Another important protein involved in mitochondrial dynamics is DRP1, which is a key
mediator of mitochondrial fission and plays a role in mitochondrial apoptosis. During
mitochondrial apoptosis, Drp1l interacts directly with BCL-2-associated X protein (BAX),
inducing its translocation from the cytosol to mitochondria, thereby mediating mitochondrial
fragmentation and inhibition of osteosarcoma cell growth in response to cancer therapy
[238]. Additionally, Drp1 undergoes mitochondrial anchored RING-finger containing protein
(MAPL)/MUL1-dependent small ubiquitin-like modifier 1 (SUMO)ylation, which allows the
stabilization of ER/mitochondrial contact sites and subsequently results in mitochondrial
constriction, Ca?* flux and cyt c release into the cytosol [239]. In fact, along with proapoptotic
proteins, DRP1 is indicted to be a primary player in the BH3 mimetic-mediated cyt ¢ pathway
[240]. However, the role of DRP1 in cancer remains controversial. Recent studies have shown
that DRP1 ablation decreases the invasion and migration rates of lung cancer cells [241] and
suppresses pancreatic tumor growth [242], while DRP1 overexpression is linked with
proliferation and metastasis in lung adenocarcinoma [241]. Furthermore, DRP1 is reported to
interact with the antiapoptotic isoform of myeloid cell leukemia 1 (MCL-1L) at the OMM. The
MCL-1L protein belongs to the BCL-2 family and is enriched in the ER and MAM [243]. In the
absence of MCL-1L (e.g., when its expression is lowered by anticancer therapies), DRP1
cannot bind to MCL-1L and ensure physiological mitochondrial fragmentation, thus producing
a persistent mitochondrial hyperfusion state that propagates apoptotic waves [243]. MCL-1 is

overexpressed in lung cancer cell lines, such as H1299 and A549, in non-small cell lung cancer



cell lines, and in specimens from patients [244]. Reducing intracellular levels of MCL-1 may
improve the clinical management of patients [245]. Interestingly, Huang et al. proposed that
MCL-1 promotes lung cancer cell migration by interacting directly with VDAC1, probably by
increasing Ca2+ uptake via mitochondrial ROS generation [246].

Moreover, the ER-mitochondria tethering protein complex FIS-BAP31 in MAM serves
as a platform for the activation of apoptotic signaling at the ER by recruiting procaspase 8
[247]. This complex regulates Ca?*signaling and comprises fission protein 1 (FIS1) and B-cell
receptor-associated protein 31 (BAP31) [247]. BAP31 is involved in protein quality control
and Fas-mediated apoptosis by recruiting initiator caspases [248, 249]. Fas-mediated
apoptosis is initiated by FIS1, which, via its OMM localization, induces an apoptotic signal to
the ER. Then, FIS1 binds to the integral membrane chaperone protein BAP31, establishing the
FIS1-BAP31 complex and facilitating BAP31 cleavage into p20BAP31 by caspase 8 [250, 251].
Caspase-mediated cleavage promotes mitochondria-ER crosstalk through Ca%*dependent
signaling. This signaling pathway generates a feedback loop by transferring Ca?*from the ER
to mitochondria, which activates mitochondria-mediated apoptosis [247]. Under these
conditions, MAM accommodate marked mitochondrial Ca%*uptake from the ER to promote
cell death.

Additionally, BAP31 has been implicated in the interaction with phosphofurin acidic
cluster sorting 2 protein (PACS2), a multifunctional protein involved in the communication
between the ER and mitochondria by controlling their juxtaposition. Therefore, in the absence
of PACS2, mitochondrial fragmentation occurs in a BAP31-dependent manner [252]. In the
presence of apoptotic stimuli, PACS2 induces the translocation of BH3 interacting-domain
death agonist (BID) to mitochondria, thereby inducing the apoptotic cascade that culminates
in cell death [252].

Despite these findings, additional studies are needed to better understand and clarify

the mechanisms underlying the involvement of MAM in the abovementioned pathways.

3. Conclusions

Biochemical and fluorescence microscopy approaches have permitted the isolation and
investigation of MAM in many pathophysiological contexts. Here, accumulating findings
indicate that several tumor suppressors and oncogenes, as well as other proteins closely
related to the oncogenic process, are present in the contact sites between mitochondria and
the ER, where they can influence MAM homeostasis during cancer transformation. MAM

homeostasis involves the architectural remodeling of MAM in terms of both spatial



rearrangement and changes in the expression of channel proteins, such as those influencing
lipid trafficking and Ca?* flux between mitochondria and the ER, and/or the relocalization of
their direct regulators and interactors. Indeed, the percentage of mitochondrial membranes
closely juxtaposed to the ER increases and decreases depending on many determinants. This
dynamic creates a continuously evolving network that consequently impacts cell metabolism,
bioenergetics and almost all aspects of tumor development, such as the Warburg effect itself,
proliferation, migration, dedifferentiation and metastasis. Evidence reporting the significant
increase in MERCs in tumor cells with cancer stem cell properties compared to other cell
phenotypes, as well as the strong relationship of the profoundly altered expression (and
function) of IP3R3 and MCU with invasion, metastasis and decreased 5-year survival,
underscores the importance of considering MAM homeostasis in the design of clinical
strategies and treatment opportunities. Consistent with this observation, cells with invasive
potential (i.e., MDA-MB231 cells) are characterized by elevated Ca2* flux, which is essential for
the Warburg effect. In other cancer types, such as colon cancer, MAM-resident proteins (i.e.,
the chaperones GRP78 and ATAD3a) facilitate invasion and metastasis.

An important feature of MAM in cancer cells is their ability to modulate the lipid
composition of organelle membranes. Lipid synthesis and transfer occur in membranes, and
increased amounts of lipids are required for tumor growth. Indeed, alterations in
mitochondrial lipids (i.e., increased percentages of cholesterol, TGs and sphingolipids) are
seen in several kinds of tumors, and these alterations in turn modify Ca%* homeostasis and
sensitization to different types of cell death. This observation highlights the importance of
these findings as an additional novel perspective for therapeutic strategies to induce
alternative cell death programs to overcome apoptosis resistance.

Although the usefulness of managing all these pathways has been demonstrated, much
remains to be done to understand how and in what manner actual clinical therapies may
benefit from this manipulation. For example, can MAM signaling make a difference in the new
era of personalized therapy either linked to a specific type of cancer, related to the onset of a
mutation or specific for the sex of the individual affected? Sex differences in MAM have
partially been analyzed in cardiovascular diseases, where female hearts are subjected to
lower Ca?* flux towards mitochondria than male hearts, resulting in decreased injury upon
ischemia [253]. Moreover, the presence/absence of hormones such as estrogen may modify
channel proteins involved in Ca2* signaling, such as SERCA [254]. Whether sex may modify
MAM architecture (and protein expression) in cancer is still unknown. Overall, specific types

of cancer can be represented by selective settings of MAM-resident proteins that distinguish



that cancer from others. Can we identify different types of MAM organelles stratified by
different functions and protein expression patterns? Indeed, proteins may shuttle to and from
MAM in response to specific stimuli.

Can we study MAM homeostasis in vivo by establishing new mouse models? Indeed, the
actual efforts have aimed to study the proteome of transgenic mice to compare a given gene
involved in cancer to that gene in control mice via mass spectrometry-based quantitative
analysis. This approach could be useful to understand whether MAM can control the type of
cell death or if they can be considered an ideal target for pathogens to impair inflammasome
activation during infection.

Are there other structural regulators of ER-mitochondria tethering? This topic is
important to expand, because it intersects with additional pathways, such as mitochondrial
fission. Recent studies suggest that MERCs are established at constriction sites. Proteins
involved in mitochondrial division (i.e., DRP1) may be recruited to these sites and impact
mitochondrial morphology and Ca?* signaling in cancer. Understanding the fundamental roles
of MERCs as important domains for tumor suppressor and oncogene localization and
determining an exact answer to each of these questions will facilitate the search for new and

more precise anticancer therapies.
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FIGURE LEGENDS

Figure 1. Schematic representation of MAM with the key proteins involved in lipid
metabolism in cancer. In cancer, both lipogenic and phospholipid synthetic pathways are
enhanced, and enzymes involved in lipid synthesis are found in MAM. Cholesterol is delivered
from the ER to mitochondria through ATAD3a. By interacting with GRP78, this complex
stabilizes WASF3, which, facilitates invasion and metastasis by promoting actin
polymerization. In the absence of caveolin-1, cholesterol accumulates, leading to a decrease in

MAM stability, impairment of mitochondrial function and susceptibility to apoptosis.



However, the role of caveolin-1 remains debatable. Reduced MFN2 levels are associated with
disruption of PS transfer from the ER to mitochondria, which in turn is associated with liver
cancer. Excess fatty acids are converted to TGs and ceramide by ACS1/4, and cholesterol is
converted to CE by ACAT1. Then, TGs and CE accumulate in lipid droplets, where they are
positively correlated with the capacity of tumors to proliferate and metastasize. Moreover,
accumulated ceramide can permeabilize the OMM, promoting the release of proapoptotic
factors and thereby favoring apoptosis.
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The green “+” symbols indicate induced pathways, while the red “x” symbols indicate affected
pathways.

ACAT1 - acyl-coenzyme A:cholesterol acyltransferase-1; ACS1/4 - acyl-coenzyme
A:cholesterol acyltransferase-1/4; AIF - apoptosis inducing factor; ATAD3a - WASP family
member 3; BCL-2 - B-cell lymphoma 2; CE - cholesteryl esters; chol - cholesterol; cyt c -
cytochrome c; GRP78 - glucose-regulated protein 78; IMM - inner mitochondrial membrane;
IMS - mitochondrial intermembrane space; MAPK - mitogen-activated protein kinase; MAM -
mitochondria-associated endoplasmic reticulum membranes; MFN2 - mitofusin 2; OMM -
outer  mitochondrial =~ membrane; PI3K/AKT/mTOR -  phosphatidylinositol-3-
kinase/AKT/mammalian target of rapamycin; PS - phosphatidylserine; TG - triacylgycerols;

WASF3 - WASP family member 3.

Figure 2. Ca2* homeostasis alterations at MAM. The most important oncoproteins that can
modify Ca2* flux at MAM are shown in this figure. High levels of Ca2* transfer are ensured by
functional interactions of p53 with SERCA (from the cytosol to the ER), of both PTEN and PML
with IP3R (from the ER to mitochondria via the IP3R/VDAC/GRP75/MCU axis), of SIG1R with
IP3R upon dissolution of the SIG1R-GRP78 bond, and of MCL-1 with VDAC1 to support cell
migration. Low levels of Ca%* transfer are permitted by functional interactions of either BCL-2
or FBXL2 with IP3R and by silencing of the GRP75 protein.

The thick arrows and Ca?* in boldface type denote higher calcium flux; the thin arrows and
Ca2* in nonboldface type denote lower Ca2* flux. The green “+” symbols indicate induced
pathways, while the red “x” symbols indicate affected pathways.

BCL-2 - B-cell lymphoma 2; FBXL2 - F-box and leucine-rich repeat protein 2; GRP75 -
glucose-regulated protein 75; GRP78 - glucose-regulated protein 78; IP3R - inositol 1,4,5-

triphosphate receptor; IMM - inner mitochondrial membrane; IMS - mitochondrial

intermembrane space; MAM - mitochondria-associated endoplasmic reticulum membranes;



MCL-1 - myeloid cell leukemia 1; MCU - mitochondrial calcium uniporter; OMM - outer
mitochondrial membrane; P - phosphorylation; p53 - tumor suppressor protein p53; PML -
promyelocytic leukemia protein; PTEN - phosphatase and tensin homolog deleted on
chromosome 10; SERCA - sarco/endoplasmic reticulum Ca2* ATPase; SIGIR - sigma 1

receptor; VDAC - voltage-dependent anion channel.

Figure 3. Global view of reactive ROS signaling in MAM during cancer progression.
Cancer-dependent ROS are produced within mitochondria through the electron transport
chain and in the endoplasmic reticulum by NOX4 and during oxidation of PDI by ERO1a. ROS
generated by NOX4 induce oxidation of RYR channels, resulting in Ca2* release. EROla-
derived ROS can modulate IP3R-GRP75-VDAC-MCU complex activity, thus promoting Ca?*
release from the endoplasmic reticulum to mitochondria. Upregulation of EROla
compromises the inhibitory action of ERP44 on IP3R activity.

The green “+” symbols indicate induced pathways.

ERO1a - endoplasmic reticulum disulfide oxidase 1a; ERP44 - endoplasmic reticulum protein
44; GRP75 - glycose-regulated protein 75; IMM - inner mitochondrial membrane; IMS -
mitochondrial intermembrane space; IP3R - inositol 1,4,5-triphosphate receptor; MAM -
mitochondria-associated endoplasmic reticulum membranes; MCU - mitochondrial calcium
uniporter; NOX4 - nicotinamide adenine dinucleotide phosphate (NADPH)-oxidase 4; OMM -
outer mitochondrial membrane; P - phosphorylation; PDI - protein disulfide isomerase; ROS
- reactive oxygen species; RYR - ryanodine receptor; VDAC - voltage-dependent anion

channel.

Figure 4. Implication of the p66Shc-associated pathway in oncogenic processes. The
stress-activated pro-oxidant function of p66Shc depends on the proapoptotic activity of the
p53 protein and is amplified by inactivation of the FOX03a transcription factor, which results
in inhibited biosynthesis of antioxidant enzymes (such as SOD2). Stress-activated kinases
such as PKCBII and JNK phosphorylate p66Shc, which initiates modifications indispensable
for its translocation to mitochondria and/or MAM. In mitochondria, p66Shc triggers excessive
ROS production by interacting with cyt c, although the precise mechanism in MAM remains
unclear. Together with the downregulated antioxidant defense, mitochondrial ROS
accumulation leads to oxidative damage and cellular malfunction, which can contribute to the

initiation of oncogenic processes.
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The green “+” symbols indicate induced pathways, while the red “x” symbols indicate affected
pathways.

FOXO03a - forkhead box 03 transcription factor; IMM - inner mitochondrial membrane; IMS -
mitochondrial intermembrane space; JNK - c-Jun N-terminal kinase; MAM - mitochondria-
associated endoplasmic reticulum membranes; OMM - outer mitochondrial membrane; p53 -
tumor suppressor protein p53; p66Shc - p66 isoform of Src homology/collagen (SHC)
adaptor protein; PIN1 - peptidyl-prolyl cis-trans isomerase 1; PKCBII - phosphorylated by
protein kinase C3 II; PP2A - protein phosphatase 2A; ROS - reactive oxygen species.

Figure 5. Global view of other MAM-related proteins involved in cancer. Mitochondrial
fusion and fission events have been implicated in cancer. Augmented levels of MFN1/2
support an increase in fusion events during cancer progression. However, the role of MFN2 in
MERGCs is controversial, because MFN2 silencing has been linked to MERCS disruption and
decreased Ca?* levels or to MERCS juxtaposition and increased Ca?* levels by distinct authors.
Another protein implicated in cancer is DRP1. In the presence of MCL-1L, DRP1 can bind to
MCL-1L, which increases Ca2* uptake and mitochondrial ROS production by interacting with
VDAC1, thereby promoting cancer cell invasion. DRP1 can also interact with BAX, causing its
translocation to mitochondria, thereby mediating mitochondrial fragmentation and apoptosis.
DRP1 can undergo MAPL/MUL1-mediated SUMOylation, which allows mitochondrial
constriction, Ca2* flux and cyt c release into the cytosol. The role of DRP1 in apoptosis is
opposed by some data showing that DRP1 overexpression increases the rates of cancer
proliferation and metastasis. In addition, FIS1 plays a role in mediating apoptosis. Formation
of the FIS1-BAP31 complex enables BAP31 cleavage into p20BAP31, which activates ER-
mitochondrial Ca?* crosstalk. Increased flux of Ca?* into mitochondria activates cell death
programs. This apoptotic stimulus induces PACS2 to translocate BID to mitochondria, which
may enhance the activation of the apoptotic cascade.

The green “+” symbols indicate induced pathways, while the red “x” symbols indicate affected
pathways.

BAP31 - B-cell receptor-associated protein 31; BAX - BCL-2-associated X protein; BID - BH3
interacting-domain death agonist; Ca2* - calcium; CASP8 - caspase 8; cyt ¢ - cytochrome c;
DRP1 - dynamin-related protein 1; FIS1 - fission protein 1; IMM - inner mitochondrial
membrane; IMS - mitochondrial intermembrane space; IP3R - inositol 1,4,5-triphosphate
receptor; MAM - mitochondria-associated endoplasmic reticulum membranes; MAPL -

mitochondrial anchored RING-finger containing protein; MERCs - mitochondria-endoplasmic



reticulum contacts; MCL-1L - myeloid cell leukemia 1; MFN2 - mitofusin 2; mito -
mitochondria; OMM - outer mitochondrial membrane; PACS2 - phosphofurin acidic cluster

sorting 2 protein; ROS - reactive oxygen species; VDAC - voltage-dependent anion channel.



