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Abstract: Signaling between organelles has profound implications for our understanding of
organelle structural organization and regulatory processes. Close regional apposition of endoplasmic
reticulum (ER) and mitochondrial membranes has been known for 50 years, but only in the past 20
years have scientists begun to unravel the nature and purpose of these quasi-synaptic contact points.
At these sites of association, membranes have been shown to be of unique molecular composition,
defining raft domains that are densely populated with membrane proteins, sphingolipids, and
cholesterol. These associations are now referred to as mitochondrial associated membranes (MAMs).
MAM domains mediate a complex array of cellular processes including; exchange of
macromolecules, Ca®" transfer, physical tethering, regulation of mitochondrial division, and
signaling pathways that control autophagy and apoptosis. Dysfunction of MAM function is known to
have profound cellular influence, and including the activation of several neurodegenerative disorders.

Keywords: mitochondrial associated membranes; apoptosis signaling; lipid rafts; endoplasmic
reticulum; inositol 1,4,5-trisphosphate receptor; organelle tethers; neurodegeneration

1. Introduction

Organelle systems comprise a dynamic network of critical cellular functions and are managed
by signaling networks foundational to living systems. Studies of stress signaling from the
endoplasmic reticulum (ER) identified critical influences upon the nucleus, mitochondria, and the
cytoplasm. As ER signal mediators have been characterized, the continual exchange of regulatory
information between the ER and other organelles has become clear. Disruption of these signaling
processes creates complex phenotypes; including altered biochemical pathways, loss of Ca®’
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homeostasis in the cell, physical changes to the mitochondria and ER, and inappropriate activation of
cellular stress response programming. Studies of ER/mitochondrial communication have revealed
that dysfunction at this signaling hub generates profound consequences. Genetic analysis of heritable
neurodegenerative disease in humans has identified several MAM components to be responsible for
disease initiation.

The ER and mitochondria comprise a major proportion of cellular membranes. These
membranes display complex functional organization; mediating function of the endomembrane
system (vesicle mediated transport), lipid biosynthetic processes, and exchange of critical cellular
molecules. The ER membrane network is a dynamic labyrinth of tubes connected with larger sacs,
and this membrane is continuous with the outer nuclear membrane. The lumen of the ER and the
nuclear inter-membrane space are contiguous and surrounded by a shared sheet of membrane.
Domains within this single membrane are functionally distinct forming sites of lipid biogenesis
(smooth ER), ribosome-associated regions involved in protein production (rough ER), and the
regulation of nuclear import/export at the nucleus. This lumen space is central for accumulation of
cellular Ca®" at concentrations of up to 500 pM, being imported via the sarco-endoplasmic reticulum
Ca”" ATPase transporter (SERCA) [1]. Calcium release from the ER is primarily mediated by two
gene families, the inositol 1,4,5-trisphosphate receptor family (ITPR1-3), and the ryanodine receptor
family (RyR1-3) [2,3]. The ER also serves in lipid and phospholipid biosynthesis, and in the
processing of proteins destined for the endomembrane transport system. The overall composition of
ER enzymes and architecture varies according to differentiated cell type.

Mitochondria contain their own genome and are structurally organized in a similar manner to
Gram-negative bacterium, with outer and inner membranes that are functionally and biochemically
distinct. The outer mitochondrial membrane (OMM) is porous relative to the inner membrane and
contains pore-forming membrane proteins such as the voltage-dependent anion channel (VDAC),
which facilitates movement of diverse small molecules, including Ca*" and ATP. The inner
mitochondrial membrane (IMM) provides a significant barrier to biomolecule passage. It has
extensive involutions generating isolated structural pockets known as cristae, and contains a high-
density of membrane proteins including electron transport components and channels facilitating
import and export of ETS substrates and products. Mitochondria have their own ribosomes and
tRNAs, producing some key proteins for mitochondrial function from within the matrix, though most
mitochondrial proteins are produced from the nuclear genome and translocated to the organelle [4].
Similar to the ER, mitochondria are dynamic in structure, displaying the ability to divide via fission
to generate multiple small mitochondria, or to fuse to generate larger mitochondrial structures [5,6].
Changes in mitochondrial number and morphology are an indicator of cellular stress and an
established pathology of human disease [7]. Aging studies have shown that mitochondrial
organization and structure; in particular membrane cristae, are distinct in older mitochondria [4,8].

2. A Ca’ Connection Between ER and Mitochondria
The labyrinth of ER tubules and sacs is infiltrated with mitochondria, placing these organelles

in close proximity. As measured with live cell imaging techniques, physical interaction between the
organelles is extensive, and is critical in the regulation of mitochondrial behavior. The ER is the
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primary Ca>" storage site in metazoan cells, and Ca®" efflux plays a role in communication from the
ER to mitochondria and the cytosol. Mitochondrial Ca>" uptake regulates specific enzymes of the
TCA cycle in the matrix, elevates levels of reactive oxygen species (ROS) generated by the
mitochondria, induces mitochondrial division, and can generate apoptosis-inducing mitochondrial
dynamics. Close mitochondrial interaction with the ER was first imaged over 50 years ago using
electron microscopy [9]. Time-lapse 3D imaging of the interwoven ER/mitochondrial membrane
network began with the remarkable work of Rizzuto and colleagues [10]. In order to label the ER and
mitochondria, cultured cells were transfected with recombinant fluorescent proteins localized to each
structure. Membrane domains of close apposition (10-25 nm apart) were observed to form between
the ER and mitochondrial membranes, and to involve approximately 5-20% of the total
mitochondrial surface area [10]. These regions are now referred to as Mitochondria Associated
Membranes (MAM): raft domains that are enriched with transmembrane proteins. ITPR channel
proteins localize to MAM domains. These channels normally signal via either oscillating or wave
pulses of Ca®" current. Severe organelle stress generates waves of Ca®" current from the ITPR,
resulting in an overload of mitochondrial Ca®" in the intermembrane space (IMS) and matrix [11].
The Bcl-Xi. protein, a Bcl-2 family member, is partially localized to MAM domains, and has been
shown to bind to the ITPR to influence Ca*" release dynamics into the mitochondria [12]. The p53
tumor suppressor, a protein that regulates cellular responses to mutation and stress, has been shown
to bind SERCA on the ER membrane to induce an overloading of Ca”" in the ER lumen [13,14]. This
is sufficient to activate apoptosis via ITPR mediated Ca®" overloading of mitochondria, and it
notably lost in oncogenic mutation of p53 and SERCA genes [14]. In original studies of MAM
structures, elevation of Ca®" in mitochondrial IMS was adjacent to MAM structures. Since that initial
description, MAM domains have gained intense attention as a key site of communication between
the ER and mitochondria. Examples of ITPR-mediated activation of intrinsic apoptosis are
accumulating in disease studies; and include poliovirus infection [15], diabetes progression [16], and
Alzheimer’s Disease [17].

The ITPR is not only a site of Ca*" release from the ER, it also is one contact point for building
physical connections to the mitochondria. A yeast two-hybrid screen for proteins that bind to VDAC
revealed the cytosolic GRP75 chaperone as a binding partner [18]. In evaluating this interaction in
vivo, GRP75 was shown to simultaneously bind VDAC at the mitochondria and the ITPR at the ER;
physically linking these two channels and enabling Ca®" transfer into the mitochondria (Figure 1).
This mechanism benefitted the study of Ca®" entry into the matrix of the mitochondria from the IMS.
The central Ca®* entry point into the matrix, through a Ca’" impermeable membrane, is the
mitochondrial Ca*" uniporter channel (MCU). This channel exhibits very low affinity for Ca**, with
a Ky in the range of 2050 uM, making it an effective transporter only when [Ca®'] in the IMS is
severely elevated [3]. Localized influx of Ca®" from the ITPR through the VDAC sufficiently
elevates IMS Ca®" to provide influx via MCU into the matrix. Though GRP75 serves to crosslink
VDAC and ITPR, this interaction does not qualify as an organelle tether as deletion of all ITPR
genes in cultured B cells (DT40) does not perturb the generation and stabilization of MAM
associations [19]. Thus responsibility for stabilizing these close interactions is likely due to other
proteins.
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Figure 1. Apoptosis activation via close ER-mitochondrial membrane associations. The
ER lumen serves as a central store of cellular Ca®". Release of Ca>" to the mitochondria is
accomplished at ITPR-VDAC contact points in the MAM and via import into the
mitochondrial matrix via the mitochondrial Ca®>" uniporter (MCU). Elevation of matrix
Ca”" has broad influences upon metabolism, ATP production, and production of reactive
oxygen species (ROS). An overload of mitochondrial Ca®" has the capacity to activate
apoptotic signaling: including formation of the PTP and release of cytochrome c to

activate caspases.

The impacts of Ca** signals transmitted from the ER or the cytosol to the mitochondria are
remarkably diverse. Elevation of matrix Ca®" stores stimulates key enzymes of the TCA cycle such
as pyruvate dehydrogenase, and subsequently elevates production of ATP [20,21]. The Na'/Ca*"/Li"
exchange channel (NCLX) in the inner mitochondrial membrane regulates calcium levels in the
mitochondrial matrix [22]. Calcium overload in the mitochondria has been linked to hyper-
production of reactive oxygen species (ROS), a causative agent in activation mitochondria-initiated
intrinsic apoptosis [23,24]. The initiating factors in activating mitochondrial outer membrane
permeabilization (MOMP) are not well understood, though this permeabilization is a key factor in
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intrinsic apoptosis. Activated monomers of Bax/Bak assemble in the mitochondria membrane,
overwhelming the inhibitory capacity of anti-apoptotic Bcl-2 family members, and ultimately a large
“Bax pore” or permeability transition pore (PTP) is formed. This structure releases a number of pro-
apoptotic factors from the mitochondria, most famously cytochrome c. The inner mitochondrial
membrane is an extensively involuted structure, displaying cristae that are isolated pockets of IMS
components. Electrostatic interactions between soluble electron carrier cytochrome c¢ and reduced
lipids in the inner membrane result in approximately 85% localization of cytochrome c to cristae.
Following formation of the PTP, access of cytosolic components to the IMS facilitates reorganization
of the mitochondrial cristae, releasing cytochrome ¢ from cristae, and subsequently to the cytosol [25].
Cytosolic cytochrome c activates caspase-9 via formation of the apoptosome structure, and a
subsequent induction of executioner caspases.

3. Membrane Heterogeneity—Raft Domains

Lipid rafts are defined as regions of lateral heterogeneity within membranes, and are typically
enriched with sphingolipids, cholesterol, and proteins [26]. The first biochemical characterization of
lipid rafts was published in 1990, defining a method of isolating distinct membrane components from
rat liver mitochondria [27]. Sub-fractions were generated via centrifugation techniques, and a raft-
containing fraction with both mitochondrial and ER membranes was identified with unique
enzymatic and biochemical characteristics [27,28]. The physical processes of generation and
maintenance of these raft domains remains technically challenging to experimentally evaluate.
However, it is clear that these domains offer critical organization to biological membranes, allowing
regional concentration of functionally related membrane components.

Sphingolipids are enriched in lipid raft domains, and disruption of their accumulation has been
linked to abnormalities in MAM function. Sphingolipids are amino alcohols with a long hydrocarbon
chain that comprise a complex group of membrane lipid components. Gangliosides are one class of
sphingolipid, containing bulky head groups with sialic acids and sugars. Gangliosides are enriched in
plasma membranes, and comprise ~5% of the lipids in the membranes of cells in the vertebrate
nervous system. Characterization of GM1-ganglioside accumulation in neuronal lysosomal storage
disease models provides an additional insight into MAM domains and lipid dynamics. GM1-
gangliosidosis in cultured neurons was shown to induce ER stress and apoptosis via the
mitochondria [29]. Analysis of this phenomenon revealed GMI1-gangliosides to accumulate in
glycophospholipid-enriched microdomains (GEM) of MAM fractions. These accumulated GM1-
gangliosides bound the ITPR, elevating Ca®" flux from the ER to generate mitochondrial Ca*"
overload, and apoptosis [30,31]. GD3-gangliosides are enriched in autophagosome vesicle
membranes. As autophagy initiation is primarily regulated via the mitochondria, GD3-enriched
MAM domains are suspected to play a role in autophagy. Inhibition of GD3 biosynthesis via ablation
of biosynthetic genes was shown to perturb MAM function in signaling, and to disrupt autophagy
activation [32].
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4. Lipid Exchange at MAM Raft Domains

The movement and maintenance of organelle-specific lipid composition is a critical
consideration for understanding cell function. Shuttling of membrane components between leaflets of
a bilayer is mediated by “flippases” (inward), “floppases” (outward), and “scramblases”
(bidirectional) [33]. Vesicle movement from the ER and Golgi enables distribution of membrane
components about the cell. Close apposition of membranes at ER-mitochondrial MAM sites and ER-
endosomal sites, enables non-vesicle mediated lipid exchange [34,35]. Lipid-transfer proteins (LTP)
mediate non-vesicular lipid transport between juxtaposed membranes, though the mechanism of this
transfer is poorly understood [35,36]. Characterization of MAM interactions between ER and
mitochondria has provided opportunities to examine non-vesicle mediated lipid exchange (for
review, [37]). Cholesterol biosynthesis occurs primarily via enzymes in the ER membrane, and
provision of cholesterol to the mitochondria via MAM domains is required to feed steroid
biosynthetic pathways [38]. The Caveolin-1 membrane scaffolding protein is enriched in MAM
domains and plays a central role in the recruitment and regulation of cholesterol and steroid levels in
these membrane regions [39].

The ER also serves as a central biosynthetic site for membrane phospholipids.
Phosphatidylserine (PS) produced in the ER is translocated to the mitochondrial inner membrane,
and then converted to phosphatidylethanolamine (PE) via activity of phosphatidylserine
decarboxylase (Psdl). PE is distributed throughout the cell from the mitochondria, with some being
transported back to the ER membrane in order to be converted to phosphatidylcholine (PC). These
exchanges have been localized to transport processes in MAM domains [40]. During mitochondrial
stress, conversion of PS to PE is inhibited, and PS arriving from the ER accumulates in the
mitochondrial membranes. This accumulation contributes to a distribution and enrichment of PS in
cellular membranes during stress (organelle scrambling), a key characteristic of apoptotic activation.

5. Holding Things Together: Tethers and Contact Points

Tethering the close association between the ER and mitochondria is accomplished by protease
sensitive structures that are structurally diverse. In Saccharomyces cerevisiae, an elegant strategy
was developed to identify genes involved in tethering [41]. Mutagenized yeast cells were screened
for mutations that generate an inability of cells to grow/survive on non-fermentable carbon sources
that require mitochondrial function for sufficient metabolic support. An artificial ER-mitochondrial
tether was used to screen mutant cell lines, and to identifying those with defects in tethering (Figure 2A).
This artificial tether included ER and mitochondrial localization domains fused to opposite ends of
green fluorescent protein (GFP). Expression of the artificial tether in yeast cells results in GFP
fluorescence localization to MAM sites. The mutant cell lines rescued by this artificial tether
identified four genes: MDM10, MDM34, MMM 1, and MDM 2. Each of the four genes is required for
normal MAM structure and Ca®" signaling dynamics. Mdm10 and Mdm34 were shown to localize to
the outer mitochondrial membrane, Mmm1 to the ER membrane, and Mdm12 to the cytosol. All four
proteins assemble into a single MAM complex known as the ER-mitochondria encounter structure
(ERMES) [40,42]. No homologous set of genes has yet been identified in higher eukaryotes.
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Disruption of the ERMES complex also generated lipid-distribution defects to identical to genetic
ablation of PSD1, encoding the enzyme that mediates conversion of phosphatidylserine PS to PE in
the mitochondrial inner membrane [41]. ERMES-deficient cells did not display a complete loss of
lipid trafficking between the ER and mitochondria, indicating additional mechanisms must exist in
yeast. A second structure, known as the EMC complex (ER membrane protein complex), has
subsequently been identified, and appears to have redundant lipid transfer characteristics [43].

A. Identifying Tethers (Kornmann et al., 2009)
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B. Tethers and Contacts at MAM Domains
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Figure 2. ER-mitochondrial associations are maintained and regulated with protein
tethers and contact points. (A) To screen for tethers between the ER and mitochondria
was performed by Kornmann et al. [41]. Saccharomyces cerevisiae cultures were
mutagenized with ethylmethanesulfonate (EMS) and screened for defects in tethering
genes. Mutations in tethering genes generated yeast that were unable to grow on non-
fermentable carbon sources but could be rescued by expression of an artificial tether
protein. Four genes were identified, defining the ER-mitochondrial encounter structure
(ERMES). (B) A summary of known ER-mitochondrial tethers and contact points. See
text for details.

VAPB is a member of the VAMP-associated protein (VAP) family, which are ER resident
proteins involved in diverse functions that include lipid transport, the unfolded protein response,
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membrane trafficking (for review, [44]). Analysis of VAPB function revealed binding to a
mitochondrial outer membrane protein, protein tyrosine phosphatase interacting protein 51
(PTPIPS1) [45,46]. When expression of either PTPIP51 or VAPB was inhibited with siRNA, ER-
mitochondrial associations were lost, and cells displayed abnormal mitochondrial uptake of Ca®"
during ER stress conditions [46].

Mitofusin-1/2 (Mfn1/2) are GTPase enzymes that predominantly locate to the mitochondrial
outer membrane and were initially discovered as mediators of mitochondrial fusion events [47].
These proteins localize to MAM domains, with Mfn2 being shown to also localize to the ER side of
MAM domains and forming homo/heterodimers with Mfn1/2 [48]. There are conflicting publications
regarding the role of mitofusin proteins as tethers or as tethering antagonists that separate membranes
at appropriate distance [49]. However, a recent study carefully examined the impact of MFN2
ablation using electron microscopy and fluorescence energy transfer (FRET) imaging, revealing an
increase in MAM membrane distance and disruption of Ca®* signaling [47]. Mutations in MFN2 are
the most common cause of type 2 Charcot-Marie-Tooth (CMT) disease, a form of hereditary
peripheral neuropathy [51].

An unusual example of signaling from the mitochondrial to the ER is via the Bap31 polytopic
transmembrane protein. Bap31 function was initially established as a sorting factor, interacting with
nascent membrane proteins at the Sec61 complex in the ER membrane and sorting those proteins to
additional enzymes for appropriate processing [52]. Mitochondrial outer membrane protein Fisl
binds ER Bap31 in MAMs and facilitates cleavage of Bap31 by active caspase-8 following treatment
with cellular stressors known to activate intrinsic apoptosis (Actinomycin C, etoposide) [53].
Caspase-8 protease induction cleaves the cytosolic tail of Bap31 to generate a 20-kDa form of Bap31,
p20Bap31 [54,55]. This truncated p20Bap31 associates with the ITPR to stimulate Ca*" release at
MAM domains, generating mitochondrial Ca*" overload, and a subsequent activation of the PTP
complex [53,54]. Ectopic expression of an ER-restricted Bcl-2 was sufficient to block the ability of
p20Bap31 to induce Ca”" release sufficient to activate cell death [58]. Inhibiting this process by
expressing an engineered form of Bap31, missing the caspase-8 cleavage site, was protective against
activators of intrinsic apoptosis [59].

An additional ER/mitochondrial point of contact is revealed in the regulation of mitochondrial
division. Stressors of the ER and mitochondria can induce mitochondrial fission to precede
mitophagy, the selective destruction of mitochondria via autophagy. The mitochondrial outer
membrane protein, FUNDCI, is known as a mitophagy receptor, capable of stimulating fission.
FUNDCI is localized to the MAM via interaction of a cytosolic loop domain with calnexin (CANX),
an ER MAM component [60]. Induction of mitophagy with hypoxic conditions causes FUNDCI to
disassociate from CANX, and to subsequently bind/recruit dynamin-related protein (Drpl) dimers
from the cytosol. Drpl is a GTPase that plays a central role in mitochondrial division, using self-
assembly to form a polymeric ring structure about the mitochondria to induce fission [61,62]. Loss of
any of these three proteins generates defects in mitochondrial fission during hypoxia. These
examples of ER-mitochondrial contact points (Figure 2B) reveal diverse mechanisms of organelle
contact and regulation at the MAM domain.

AIMS Biophysics Volume 4, Issue 2, 222-239.
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6. ER Stress

Disruption of normal synthesis/processing of lipids or proteins synthesized by the ER generates
stress signaling that can lead to adaptation or apoptosis. With regard to abnormalities in protein
synthesis, stress signaling mediators include Ca”**-binding chaperones such as BiP/Grp78, a key
regulatory chaperone in the ER lumen [63]. Accumulation of misfolded proteins saturates the
chaperone activity of BiP/GRP78, activating stress signaling known as the unfolded protein response
(UPR). Signaling activators of the UPR are located in the ER membrane, and have inhibitory
regulatory interactions with BiP/GRP78 that are released during unfolded protein accumulation.
These activators include the PKR-like ER kinase (PERK), the inositol-requiring enzyme 1 (IREI),
and the activating transcription factor 6 (ATF6). The UPR activates a pause in general cellular
translation, adaptive changes in gene expression to restore ER function, autophagy to remove
damaged organelles, and eventually apoptosis [64]. Both PERK and IRE1 have been shown to
localize to MAM domains, and that localization plays a role in ER stress signaling. Several pathways
downstream of ER stress are proapoptotic, including Ca®" release via the ITPR, activation of JNK
and p38 stress activated kinases, and direct activation of caspases [64,65]. GRP78 dissociation from
IRE1 induces endoribonuclease activity and the splicing of Xbpl pre-mRNA to enable translation of
the encoded transcription factor, and activated expression of stress-response genes in the nucleus.
Active IRE1 can also stimulate JNK signaling in the cytosol [64]. Some components of ER stress
signaling are localized to MAMs, most notably PERK and IRE1, whose MAM localization enables
interactions with regulatory partners. Physically uncoupling the mitochondria and ER generates ER
stress signaling [66]. The Sigma-1 Receptor (SiglR) is a protective chaperone protein located in the
ER membrane at MAMs, and when activated, binds to IRE1 and the ITPR [67,68]. Similar to the
regulation of other ER stress signaling proteins in the ER membrane, the BiP/GRP78 chaperone
binds to SiglR to inhibit its activation (Figure 3). During ER stress, this interaction is lost as
unfolded proteins accumulate and saturate BiP/GRP78 activity. Release of SiglR enables its
diffusion within the membrane to ITPR, resulting in regulation of Ca®" flux to benefit cell
survival [68,69]. SiglR binding of IRE1 during ER stress results in a stabilization of an active IREI
protein complex, sustaining protective endoribonuclease activity [69]. The protective function of
SiglIR is noted in the nervous system, in models of hereditary blindness and neurodegeneration. The
simple activation of SiglR, using a chemical agonist, has been shown to preserve rod and cone
photoreceptor cells survival and function in a mouse model of heritable retinal degeneration [70].
The impacts of SiglR signaling related to Ca*" homeostasis and cellular responses to ROS are quite
diverse, but its role in several neurodegenerative diseases is clear and the potential for
pharmacological modulation of this mechanism is promising [71].

PERK (PKR-like ER kinase) is an ER transmembrane protein kinase regulated by BiP/GRP78
interaction and whose kinase active form phosphorylates elF2a to suppress translation initiation
during ER stress [64]. PERK localizes to the MAM, and is required for stabilization of MAM
associations and ER morphology. Apoptosis activation during elevation of ROS (photo-oxidative
treatment) was shown to be dependent upon the PERK protein [72]. Perhaps most surprising in this
study was that a kinase dead PERK mutant was sufficient to support MAM structure and apoptotic
signaling following ROS elevation. This suggests a tethering function for PERK that facilitates
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signal transfer from the ER to mitochondria, though no mitochondrial contact point has been
identified.

7. MAM Signaling and Disease

The list of neuronal disorders associated with MAM dysfunction has grown rapidly over the
past few years. It is clear that communication between the ER and mitochondria, especially
communication via Ca®" regulation is a particularly vulnerability of neuronal cells. Highlighted here
are two disorders whose heritable forms have identified MAM proteins as potential sites of disease
origin.
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Figure 3. Examples of regulation at the ITPR Ca®" channel within ER-mitochondrial
membrane associations. The ER membrane resident ITPR channel serves as a central
release point for Ca’” in MAM domains. (1) DNA damage, or an accumulation of
reactive oxygen species (ROS) activates p53 association with the SERCA pump. The
p53-SERCA association causes an overloading of Ca®" to the ER lumen and a subsequent
pro-apoptotic release of Ca”" to the mitochondria. (2) Cytosolic activation of Caspase-8
induces the cleavage of ER resident Bap31 to a 20-kDa form, which diffuses to the ITPR
to induce a pro-apoptotic Ca”" flux. Anti-apoptotic Bcl-2 is capable of inhibiting
interaction of p20Bap31 with the ITPR. (3) Lysosomal storage diseases result in
accumulation of GM1-gangliosides in membranes, including the ER membrane. These
gangliosides associate with ITPR and favor a pro-apoptotic Ca*" flux. (4) The SiglR
protein has multiple influences in cellular signaling, including regulation of the ITPR
within MAM domains. Loss of SigIR via mutation results in elevated Ca®" release from
the ER and favors activation of apoptosis. Activation of SiglR during ER stress or via
agonist activation is sufficient to suppress pro-apoptotic ITPR signaling.
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Alzheimer’s Disease (AD) is a complex neurodegenerative disorder whose primary
characteristics in the brain include neuronal loss associated with accumulation of intra/extra-cellular
proteinacious deposits (plaques and tangles). Familial forms of AD result from mutations in
presenilin genes (PSEN1, PSEN2), which encode subunits of the y-secretase intramembrane protease
complex, and amyloid precursor protein (APP), a substrate of this protease complex. The “amyloid
cascade hypothesis” defines dysfunction of APP processing and accumulation of toxic A proteins
as the primary origin of AD pathology via neuronal apoptosis [73,74]. However, an AD phenotype
includes abnormal ER stress signaling, loss of Ca®" homeostasis, abnormal phospholipid distribution,
and abnormal cholesterol production [75,76,77]. Studies of mitochondria in AD have revealed a
dramatic increase in MAM associations, and an increased ER-mitochondrial exchange of cholesterol
and phospholipids. It has been noted that AD sufferers also display abnormal serum cholesterol
levels [78].

Membrane-localized y-secretase activity is found in lipid rafts, most predominantly in MAM
domains [79]. Presenilin mutations results in abnormal y-secretase processing of the stromal
interaction module 1 (STIM1) transmembrane protein. This protein regulates Ca’” and K' ion
channels both at the ER and the plasma membrane [80]. Loss of STIM1 causes dysregulation of Ca**
levels in the ER and abnormal capacitative Ca®" entry (CCE) at the cell membrane [78,79].
Overexpression of STIMI in presenilin mutant hippocampal cell lines was sufficient to restore Ca*"
homeostasis and arrest loss of dendritic spines [81].

ER stress signaling is also induced in neurons during AD progression. PERK mediated
phosphorylation of elF2a inhibits the activation of translation of most transcripts, though some
translation is induced. PERK activity induces expression of secretase B components, whose
processing activity increases the production and accumulation of AP peptides [83]. The affiliation of
abnormalities in AD with ER stress and dysfunction of the MAM has brought attention to ER-
mitochondrial association as a potential origin of disease. Potentially unifying characteristics of AD-
based neuronal dysfunction are increased MAM associations, ER stress signaling, and abnormalities
in lipid transport.

Amyotrophic lateral sclerosis (ALS) is a progressive neurological deterioration of nerves that
control voluntary muscles. Though only 5-10% of ALS cases are hereditary in nature, analysis of the
genetic basis of disease in these cases has offered important insight into the cellular basis of ALS
progression. Approximately 20% of heritable forms of ALS are due to mutation of Cu-Zn superoxide
dismutase (SODI), a key enzyme in the destruction of ROS. Both autosomal recessive loss of
function and autosomal dominant gain of function mutations in SOD/ have been shown to cause
ROS elevation, neuronal apoptosis, and ALS progression [84]. A number of other genes have been
implicated in hereditary ALS, and two of these genes play a direct role in MAM functionality, the
previously described SigR1 and VAPB proteins. Analysis of Chinese and Italian families displaying
cases of distal hereditary motor neuropathy (dHMN) revealed novel mutations in SiglR gene [85,86].
Also, heritable juvenile ALS (ALS16) results from mutation of SiglR. In one remarkable study,
mutation in either SIGMARI or SODI1 (G85R) were shown to cause similar disruptions of MAM
associations in motor neurons and to decrease ITPR3 co-purification with MAM [87]. Regulation of
Ca”" flux from the ER was also abnormal in cells expressing this mutant SIGMARI. Mice carrying
either mutation displayed loss of motor neurons similar to progression of ALS. This study also
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identified direct interactions between SODI1 and SigR1, potentially revealing an additional
mechanism of regulation. SiglR activity can be induced using agonists, which have been shown to
be effective in protecting neuronal cells in neurodegenerative disease models [88,89]. Agonist
stimulation of SigR1 in cells expressing the dominant SOD/ (G85R) mutant generated a normal
SigR 1-ITPR3 interaction and restored Ca*" flux response [87].

An additional example of MAM involvement in ALS progression involves the regulation of
VAPB-PTPIP51 interaction by the transactive response DNA binding protein 43 (TDP-43) [45].
TDP-43 accumulation is a central feature of ALS and fronto-temporal dementia (FTD). Mutation of
the TDP43 gene is established as causative for some heritable forms of these diseases [90]. Ectopic
expression of either wild-type or ALS-associated mutant TDP-43 induced diminished VAPB-
PRPIP51 interaction, MAM deterioration, and a disruption of Ca*" homeostasis. TDP-43 had
previously been shown to cause activation of glycogen synthase kinase-33  GSK-3f [91]. In
cells expressing wild-type or mutant TDP-43, inhibition of GSK-3[3 was sufficient to block TDP-43-
induced dissociation of VAPB-PTPIP51 and loss of Ca®" homeostasis [45]. These recent analyses of
ALS highlight a clear role for MAM dysfunction in cell damage and the loss over time of motor
neurons.

8. Conclusions

Characterization of signaling between the ER and mitochondria has dramatically intensified
over the past 10 years, revealing membrane associations between these organelles to be complex
signaling hubs. These domains are organized as lipid rafts with a broad array of responsibilities for
biomolecule exchange, enzymatic activity, regulation of Ca*" homeostasis, and signaling with
profound cellular implications. There are many open questions regarding the mechanistic details of
MAM domain function, some of which are especially difficult to experimentally address. The
relevance of MAM domain function to disease is already quite clear, offering critical insight to
neurodegenerative disorders in particular. As regulators of MAM domains are identified, targets for
pharmacological intervention, such as SiglR, will increase in number. The study of organelle
communication, a field in infancy, holds tremendous promise for clarifying the fundamentals of
cellular behavior.
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