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Abstract

Endoplasmic reticulum (ER) stress is triggered by several cellular perturbations causing
protein misfolding, and activates the unfolded protein response (UPR), an initially
adaptive signaling network that aims to restore ER and cellular homeostasis. Growing
evidence indicates that UPR signaling extends beyond ER proteostasis, influencing
mitochondrial function and bioenergetics through ER-mitochondria contact sites
(ERMCs). The CHOP-ERO1A-IPzR axis has a primary role in recruiting mitochondria
to adaptive UPR. However, its sustained activation renders UPR signaling maladaptive,
leading to mitochondrial dysfunction through both outer mitochondrial membrane
permeabilization (OMMP) and mitochondrial permeability transition pore (mPTP)
opening, ultimately contributing to irreversible cell injury and disease pathogenesis.
Here, we examine the molecular mechanisms that govern adaptive and maladaptive
UPR signaling and discuss how these ER-centered responses impinge on mitochondrial
and cellular physiology. We analyze three major drivers of coupling mitochondrial
function to UPR signaling: (i) enhanced ERMCs, (ii) IPsR-mediated Ca?* transfer from
the ER to mitochondria, and (ii1) bidirectional ROS/H-0O: exchange between the two
organelles. We also discuss unresolved questions in the field and technological
advances, including approaches to investigate ERO1-dependent redox nanodomains,
EROL1 inhibitors and engineered ERMC linkers, that are advancing our understanding
of ER—mitochondria crosstalk and revealing potential therapeutic opportunities. These
insights may inform precision medicine strategies for diseases driven by chronic ER
stress and mitochondrial dysfunction.
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From ER Stress to Mitochondrial Fate: Redox—Ca?* Signaling at ER—Mitochondria
Contact Sites. The graphical abstract was prepared with assistance from ChatGPT
(OpenAl) for design and visual organization purposes only. The scientific concepts,
content, interpretation, and final validation of the figure were performed by the authors.
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Introduction

The ER is central to protein folding, lipid synthesis, and intracellular Ca?" storage.
Impairment of ER proteostasis leads to accumulation of unfolded proteins and triggers
ER stress, activating the UPR, an evolutionarily conserved signaling network . In its
adaptive phase, the UPR attenuates global protein synthesis, expands ER folding
capacity, and enhances degradation of misfolded proteins. However, when stress is
severe or unresolved, the UPR transitions into a maladaptive program that can lead to
oxidative stress, inflammation and cell death.

Different forms of cellular stress are funneled through four specialized kinases that
converge on the phosphorylation of elF2a, thereby altering the transcriptional program
(Fig. 1). Unfolded or misfolded proteins in the ER lumen are primarily sensed by the
ER stress sensors PERK, ATF6, and IRE1 through BiP, thereby activating the UPR
2



(Fig. 2). PERK phosphorylates elF2a, thereby attenuating global protein translation
while selectively enhancing ATF4 translation. Mitochondrial stress is sensed through
OMAZ1-mediated processing of DELE1L, which activates HRI in the cytoplasm and leads
to elF2a phosphorylation, contributing to the integrated stress response (ISR). The ISR,
by definition, is triggered by a broader range of insults, including disturbances in ER
proteostasis and mitochondrial energetics. During the ISR, PERK and HRI are joined
by GCNZ2, which responds to amino acid deprivation, and PKR, which responds to viral
infection, to phosphorylate elF2a (Fig. 1) 2.

Both adaptation and maladaptation are driven at least in part by the PERK—CHOP axis.
CHOP induction promotes expression of ERO1A (hereafter ERO1) and GADD34,
thereby enhancing oxidative protein folding within the ER while restoring protein
synthesis despite ongoing stress 3. However, excessive ERO1 activity can cause
oxidative changes contributing to maladaptation.

Although UPR activation in response to ER stress has been studied for decades, many
questions remain unanswered, including the role of mitochondria in shaping adaptive
versus maladaptive ER stress responses.

In addition to converging with other stress-responsive pathways on elF2a, the ER and
mitochondria appear to coordinate their stress responses through local signaling at ER—
mitochondria contact sites (ERMCs) (Figs. 1 and 3). These proteinaceous contact sites
coordinate localized exchange of Ca*" and redox signals, including hydrogen peroxide
(H20:), thereby coupling ER proteostasis to mitochondrial metabolism and cell fate
decisions #. Moderate strengthening of ERMCs during transient stress can enhance local
Ca?* transfer to the mitochondria and ensuing stimulation of mitochondrial ATP
production and support cell recovery ° ©. It is conceivable that sustained PERK—CHOP-
EROL1 signaling further enhances localized ERO1-dependent redox nanodomains at
ERMCs, in which H.O2. modulates the redox state of Ca?*-handling proteins. Such local
redox remodeling could sensitize ER Ca?* release channels, promote ERMC tightening,
and thereby drive excessive Ca?* transfer to mitochondria. The ER stress sensor IRE1
may also promote Ca2* transfer from ER Ca2* release channels to mitochondria ’. The
resulting mitochondrial Ca** overload and ROS amplification promote bioenergetic
failure and commitment to cell death.

In this review, we propose that ERMCs function as ROS—Ca?" amplification hubs
positioned downstream of ERO1 and other ER stress responders that influence whether
UPR signaling remains adaptive or becomes maladaptive. To develop this concept, we
first provide an overview of organellar stress responses, outline how the UPR integrates
transcriptional, translational and spatial signaling with mitochondria, and then examine
how ERMC remodeling, together with Ca?" handling and ROS signaling, drives
mitochondrial threshold crossing and commitment to cell death.

From ER stress to adaptive and maladaptive UPR

ER stress arises when the protein-folding capacity of the ER is exceeded, resulting in
the accumulation of misfolded or unfolded proteins within the ER lumen. This stress
can be triggered by increased secretory protein demand, ER Ca?" depletion, hypoxia,
nutrient limitations, high levels of saturated fatty acids, defective protein degradation,
or mutations that impair protein folding 8. ER stress is sensed by three transmembrane
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sensors on the ER membrane—IRE1, ATF6, and PERK—whose activation triggers the
so-called UPR, a homeostatic signaling network initially aimed at restoring ER
homeostasis (Fig. 2).

In its adaptive phase, the UPR coordinates corrective measures that expand protein
folding and degradative capacity and reduce ER protein load to re-establish
proteostasis. IRE1 catalyzes the unconventional splicing of XBP1 mRNA (involving
the removal of an intron), generating a transcription factor that induces chaperones, ER-
associated degradation (ERAD) components, and lipid biosynthetic enzymes (Fig. 2).
IREL is also involved, through the IRE1-dependent decay (RIDD) of RNAs, in the
degradation of several RNAs and thus directly contributes to decreasing the ER protein
load (Fig2). However, although XBP1 splicing is generally considered adaptive, RIDD
activity may become maladaptive under prolonged stress ®°. ATF6 translocates to the
Golgi, where regulated intramembrane proteolysis releases its cytosolic transcription
factor domain to promote ER expansion and proteostasis ' 1? (Fig. 2). The PERK
branch plays a central role in translational control 3, in regulation of ROS production
but is also implicated in the anti-oxidant response through activation of NRF2 4. Upon
activation, PERK phosphorylates elF2a. at serine 51, transiently attenuating global
protein synthesis and thereby reducing ER client load ®. This event also constitutes a
core component of the ISR, a broader signaling network in which multiple kinases
converge on elF2a phosphorylation 2%° (Fig. 1). Through this shared node, the ER stress
response is mechanistically integrated with nutrient stress, viral stress, and
mitochondrial dysfunction. Although elF2a phosphorylation suppresses bulk
translation, it selectively enhances translation of ATF4 (Fig. 2). ATF4 coordinates
transcriptional programs governing amino acid metabolism and mitochondrial
adaptation, including one-carbon metabolism, thereby further linking the ER stress
response to mitochondrial function ®’. Mitochondrial stress caused by unfolded
proteins and other cues, activates the mammalian UPRmt 8, which has been recently
linked to DELE1 and HRI-mediated elF2a phosphorylation and related ATF4 and
CHOP activation (Fig. 1). Thus, mitochondrial proteotoxic stress results in CHOP
upregulation, establishing CHOP as a key point of convergence between the UPRmt
and the UPR into ER.

Importantly, ER-mitochondria integration is not solely transcriptional but also
mediated by direct interorganellar communication. UPR signaling is locally organized
at the ERMCs, where PERK and IRE1 are enriched and directly coordinate bioenergetic
adaptation. At these junctions, PERK and IRE1 have been reported to interact with
ERMC components and to stimulate mitochondrial bioenergetics "1%%° thereby
coupling proteostasis to mitochondrial ATP production >8. Collectively, the adaptive
UPR preserves ER proteostasis while supporting mitochondrial bioenergetics,
metabolic adaptation and cell survival during ER stress.

Under severe or prolonged stress— the quantitative determinants of which remain
incompletely defined—the adaptive UPR can switch to a maladaptive program that
promotes cellular dysfunction and death. Central to this switch is the PERK-ATF4—
CHOP axis. Recently, CHOP was proposed as an adaptive mediator of ISR 2 but is
also a pro-apoptotic transcription factor whose targets include GADD34 and ERO1 3.

CHOP-induced GADD34 promotes dephosphorylation of elF2a, restarting protein
synthesis but increasing ER folding burden and, if stress remains unresolved,
contributing to maladaptive signaling (Fig. 2).



ER oxidoreductin 1 (ERO1) is a flavoprotein central to oxidative protein folding by
catalyzing disulfide bond formation in nascent ER proteins through protein disulfide
isomerase (PDI) 223, This reaction transfers electrons to O, generating stoichiometric
amounts of H.O>—estimated to contribute up to ~25% of total cellular H.O» 24—
thereby imposing a significant oxidative burden. ERO1-derived H:O: is mitigated by
ER antioxidant systems, including PRDX4, which not only utilizes H20: but also
further sustains oxidative protein folding 2°, thereby explaining the relative
dispensability of ERO1 in healthy mammalian cells 2. ERO1 activity is normally
tightly regulated by four cysteines (Cys104, Cys131, Cys208, Cys241), which couple
the formation of inhibitory intramolecular disulfide bonds to the ER oxidizing
environment, thereby preventing excessive ERO1 activity 2’. However, sustained
ERO1 activity, as observed with the hyperactive ERO1 (C104A/C131A) mutant,
increases ER oxidative poise without triggering a broad antioxidant response,
suggesting that when local antioxidant buffering becomes overwhelmed or impaired,
EROL1 can shift local ER redox toward a hyperoxidizing state .

EROL1 is strategically enriched at ERMCs ?° and regulates ERMC function under
conditions of ER stress © positioning this disulfide oxidase at the interface where UPR
signaling converges on mitochondrial function. As a catalyst of disulfide bond
formation in newly synthesized ER client proteins, ERO1 contributes to an adaptive
response. However, when the local antioxidant buffering capacity becomes limiting,
sustained EROL activity may drive local hyperoxidation and contribute to the transition
toward maladaptive UPR. As a consequence, increased ERO1-derived H2O: production
at ERMCs might lead to localized oxidation of strategic target proteins at the ER—
mitochondria interface. This might affect the oxidation-sensitive IPs receptors (IP3R) ©
and ryanodine receptor 2 (RyR2), enhancing Ca?* release from the ER *C. In this redox
context, Cys2496 and Cys2504 in the third luminal loop of IPsR1 mediate their
interaction with ERp44. Under ER stress conditions, the induced ERO1 may disrupt
this interaction by promoting the dissociation of ERp44 from IPsR1, thereby increasing
Ca?" release through the channel * 2°. Similarly, ERp44 binds to Cys4806 of RyR2, and
ERO1-mediated dissociation of ERp44 from this complex triggers RyR2
hyperactivation *°. Thus, by promoting activation of these Ca?* channels, ERO1 may
drive mitochondrial ROS/H2>0: accumulation, Ca2?* overload, respiratory dysfunction,
and cell death signaling. Consistent with this model, during ER stress, CHOP promotes
Ca2*-dependent apoptosis through the ERO1-IPsR pathway 2, whereas inhibition of
ERO1 prevents this apoptotic response in mammals. Moreover, ERO1 knockdown in
C. elegans also confers protection against ER stress—induced cell death by reducing
ROS levels 1623, Thus, ERO1 may function at ERMCs as a molecular rheostat that shifts
UPR signaling from adaptive to maladaptive; its upregulation or sustained activation
may become detrimental, whereas its limitation preserves cellular viability.

In the following sections, we focus on three principal drivers of maladaptive UPR that
impinge on mitochondrial function: ERMC tightening, IP3R-dependent mitochondrial
Ca*" overload, and H202/ROS signaling, which together compromise mitochondrial
fitness and promote cell death. Several studies have linked ER stress to maladaptation
and cell injury through mitochondrial permeability transition ** ° %6, However, there is
limited evidence specifically on ERO1 as the causative factor *’. Other UPR mediators
might also impinge on ERMC, Ca?* and ROS signaling.

ERMCs as Dynamic Signaling Platforms



ERMCs, are specialized ER subdomains that establish close, non-fusogenic contacts
with the outer mitochondrial membrane (OMM). Early biochemical fractionation
studies identified ER-derived membranes co-purified with mitochondria and enriched
in lipid biosynthetic enzymes, providing the first evidence of stable ER—mitochondria
coupling. This fraction was named mitochondria-associated membranes (MAMs) 3839,
Subsequent ultrastructural and proteolytic analyses demonstrated that ERMCs are
discrete, protein-organized platforms “°. Quantitative studies indicate that typically 10—
20% of the mitochondrial surface is associated with the ER, with an intermembrane
distance of <100 nm #4142, ERMCs are supported by tethering complexes of different
lengths (10-30 nm) and shapes . Tethering modules include complexes containing the
IPsR and the Voltage-Dependent Anion Channels (VDAC) connected by GRP75 4 or
other proteins (recently reviewed in #4), which functionally couple ER Ca?" release to
mitochondrial uptake. Additional tethering complexes that do not directly involve IPsRs
include Mfn2, PACS2, VAPB-PTPIP51, PDZD8-FKBPS8, and several other proteins
434550 Beyond tethers, ERMCs are enriched in Ca?* channels, lipid transfer proteins,
and redox enzymes, thereby enabling spatially restricted exchange of Ca?', lipids,
metabolites, and ROS between ER and mitochondria ®°°. Importantly, ERMCs are
increasingly recognized not only as platforms for Ca?* and metabolic exchange but also
as specialized signaling hubs that regulate lipid homeostasis and redox-dependent cell
fate decisions. In this regard, recent evidence suggests that ERMCs may represent
hotspots for lipid peroxidation, thereby contributing to the regulation of ferroptosis, a

form of iron-dependent cell death driven by peroxidation to polyunsaturated fatty acids
56

ERMC:s are highly dynamic structures that remodel in response to metabolic demand
and stress intensity 5"°8, During ER stress, ERMC architecture undergoes remodeling,
often accompanied by increased contacts “°. UPR promotes ER membrane expansion
to increase folding capacity °°. This expansion increases the probability of ER—
mitochondria encounters and reduces local interorganellar spacing, thereby tightening
ERMCs >4, In adaptive settings, such remodeling enhances interorganellar signaling
and metabolic coupling, thereby promoting ATP production required for proteostasis.
However, under sustained or unresolved ER stress, ER expansion combined with
persistent ERMC tightening might favor excessive Ca?*" and ROS flux toward
mitochondria. Importantly, expansion of ERMCs may create conditions that facilitate
positive feedback loops in which mitochondrial ROS production and Ca** dysregulation
further amplify local exposure to Ca?* and oxidative stress. Thus, structural plasticity
that initially supports adaptation may ultimately become a driver of mitochondrial Ca?*
overload and dysfunction 66, As already mentioned above, several components of the
UPR are selectively enriched at ERMCs, highlighting these domains as potential
signaling platforms for UPR &71920 (Fig. 3). Along this line, PERK-ERO1-dependent
tightening of ERMCs supports metabolic adaptation during transient stress but, when
sustained, facilitates mitochondria-dependent apoptosis %2, In addition to regulating
ERMC architecture, PERK activation has also been linked to mitochondrial
remodeling. Recent studies indicate that PERK-dependent signaling promotes
mitochondrial hyperfusion, a protective adaptation that preserves mitochondrial
function and bioenergetic capacity 2.

Among other ER stress sensors, IRE1 has been reported to control IP3R distribution at
ERMC and form a complex with SigmalR, thereby promoting cell survival during ER
stress "%, In summary, during adaptive UPR, structural and functional plasticity of
ERMCs sustains metabolic coupling and ATP production in mitochondria required for
proteostasis. However, under maladaptive UPR, persistent ERMC tightening and
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amplified inter-organellar signaling shift the balance from metabolic support to
mitochondrial stress. Excessive Ca?" transfer and localized redox amplification at these
junctions promote mitochondrial ROS accumulation, Ca?* overload that might lead to
cell death. Among the redox enzymes enriched at ERMC, ERO1 occupies a particularly
strategic position, linking oxidative protein folding in the ER directly to mitochondrial
Ca2* and ROS dynamics %%, Therefore, ERMC remodeling during ER stress creates a
node through which sustained UPR signaling is translated into altered mitochondrial
Ca?" handling and redox dynamics.

IP3R-mediated Ca?* transfer at ERMCs

The ER serves as the main intracellular Ca?* store, maintaining a luminal [Ca?*] of 100-
500 uM, which is three to four orders of magnitude higher than the resting cytoplasmic
[Ca?*]. Upon release into the cytoplasm, ER-derived Ca?* serves as dominant source of
intracellular calcium signals. Howerer, high levels of luminal [Ca®] in the ER are
required to maintain proper protein folding and sustained ER Ca®" depletion induces
the UPR. Although some molecular chaperons inside the ER, like calreticulin and
calnexin are EF-hand Ca?* binding proteins %, and BIP has been connected to ER Ca?*
storage and Ca?* depletion-induced stress °7%, a dedicated luminal Ca2*-binding protein
that links protein folding with sensing of UPR induction remains to be found.

ER Ca*" uptake, storage, and Ca*" release are tightly controlled by sarco/endoplasmic
reticulum Ca?*"-ATPases (SERCAs), which move Ca*" from the cytoplasm into the ER
lumen against a concentration gradient, and by Ca** channels (such as IP;Rs and RyRs)
that release ER Ca?" into the cytoplasm. However, ER Ca?" storage capacity is also
influenced by the size of the ER and the abundance of luminal Ca?*-binding proteins.
The ER is present in almost all cells, and it contains the housekeeping SERCA2B Ca**
pumps and IP3R. In muscle tissues, the ER is complemented by the sarcoplasmic
reticulum (SR) that is equipped with SERCA1 or SERCA2A Ca?* pumps and RyRs .
The SR’s Ca*" transport function is well established, but its role in protein folding
remains to be fully defined. Although the IP3Rs can be activated selectively by IPs, and
certain RyRs can be activated through direct interactions with membrane voltage-
sensing proteins; both IPsR and RyR are biphasically controlled by cytoplasmic [Ca?]
and are sensitive to post-translational modifications including phosphorylation and thiol
redox modification. IPsRs dynamically distribute throughout the ER membrane °,
though they often concentrate at ERMCs ", whereas RyRs are enriched at the Ca®*
release units of striated muscle are associated with plasma membrane proteins and can
be scarce at the adjacent SR-mitochondrial contacts ">, Because IP3Rs are better
characterized in the context of ER stress and ERMCs than RyRs, this chapter focuses
on IP3Rs, and only a few examples of RyR mechanisms are discussed.

Activation of mitochondrial Ca*" uptake through the mitochondrial calcium uniporter
complex (mtCU) during transient ER Ca** release depends on the mtCU being exposed
to high Ca?" concentrations that are attained only in the vicinity of an open IPsR or RyR
7476 Exposure of mitochondria to 10-30 uM Ca2* concentrations has been documented
during IPsR-mediated Ca** release, which is one to two orders of magnitude higher than
the global cytoplasmic [Ca?'] rise *+77. Therefore, positioning of IPsR/RyR at ERMCs
helps to couple mitochondrial Ca?* uptake and metabolism to ER Ca?* release ">'8.
Furthermore, 1PsR-mitochondrial Ca?* transfer is supralinearly dependent on the ER
Ca?* loading state "°. However, during ER stress, there is a sustained Ca?* leak from the
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ER and this, through saturation of the Ca?* binding sites of the mtCU gatekeepers
MICU1-2-3 lowers the [Ca?*] threshold for mitochondrial Ca?* uptake 88! |eading to
large mitochondrial Ca?* loads. Importantly, mitochondrial Ca®* uptake and extrusion
can also locally control the Ca?* dependent activation and inhibition of the IPsR/RyR
and in turn, modulate the calcium signal that is propagated to the mitochondria 44#2,

Three mammalian isoforms of the IPsR (IPsR1, IPsR2, and IP3R3) are encoded by
distinct genes and exhibit tissue-specific expression and regulatory properties;
however, all mediate Ca?* efflux from the ER lumen into the cytosol 8. IPsRs are large
tetrameric channels embedded in the ER membrane consisting of a large cytosolic
regulatory domain that binds IPs; and a C-terminal channel-forming region #. Their
activation requires Ca*" at 100 nanomolar concentrations, whereas higher Ca** levels
are inhibitory, resulting in a tight biphasic regulation by Ca?* &,

The IPsR1 isoform contains 60 cysteine residues, including several redox-sensitive
residues located in both cytosolic and luminal domains . Some cysteines serve
structural roles, whereas others exert regulatory functions 8%, PDI mediates tetramer
formation of IPsR1 through intermolecular disulfide bond formation between two
luminal cysteines. Two additional luminal cysteines Cys2496 and Cys2504 in the third
luminal loop of IPsR1 are reportedly oxidized by the PDI/ERO1/ERp46 relay to
promote receptor activation 8. However, comprehensive redox proteomic analyses of
IPsR1 cysteines revealed that, among the two regulatory intraluminal cysteines
previously proposed to form a stable disulfide bond, one was predominantly reduced
while the other was partially oxidized. Although the intrinsic difficulty in detecting
oxidized peptides cannot exclude the possibility that a cysteine residue was oxidized
but not detected, these findings could suggest a dynamic or asymmetric redox
regulatory mechanism between the two aforementioned cysteines 8.

On the contrary, ERdj5 reduces the regulatory disulfide bond between these two
cysteines, thereby attenuating IP3R activity under both basal and ER-stressed, low-
[Ca*']er conditions &. A similar pattern is mediated by the oxidoreductase ERp44,
which interacts with IPsR1 under reducing and low [Ca®']er conditions to inhibit ER
Ca?*release %, opposing the ERO1-dependent IPsR oxidation/activation and cell death
32 Although thiol oxidation has been studied primarily in IPsR1, IPsR2 and IPsR3 also
contain cysteine residues, many of which occupy positions analogous to those in [PsR1
and may also undergo redox regulation %,

ER H-O: is capable of targeting cysteines and modulating IPsR oxidation and activation
%1 Locally generated H.O, can also freely diffuse through the ER membrane, and
modify redox-sensitive thiols in both luminal and cytosolic domains of IP3Rs. Indeed,
the presence of multiple oxidation-sensitive cysteines on the cytosolic face of the
receptor may allow activation of IP3Rs via extraluminal thiol modification. Thus, H20:
produced outside the ER might also oxidize and activate IP3R. Indeed, H-0- derived
from the mitochondrial respiratory chain may directly oxidize cytosolic thiols of the
IPsR and modulate its IPs-sensitivity 892, Beyond direct redox regulation of IPsRs,
NOX4, a ROS producing ezyme on the cytoplasmic surface of the ER engages also
AKT to reduce IPsR activity via phosphorylation-dependent mechanisms, thereby
promoting cell survival 3. RyRs are also activated by ROS and by ERO1-dependent
redox signaling *>%+%". The sensitivity of IPsR/RyR to both ER luminal oxidative poise



and mitochondrial bioenergetics at the ERMCs allows them to integrate inputs provided
by both ER and mitochondria.

During adaptive UPR, ERMC tightening and controlled redox modulation of IP3Rs
enhance mitochondrial Ca*" uptake in a calibrated manner, supporting ATP production
required for proteostasis >® . In contrast, during maladaptive UPR, CHOP-induced
ERO1 upregulation may shift ER redox balance toward hyperoxidation, lowering the
activation threshold of IP3Rs and prolonging channel opening. Combined with
increased ER-mitochondria physical coupling, this redox sensitization of IP3R
promotes mitochondrial Ca>* overload and mPTP opening %1%, Thus, IPsR functions
as a redox-tunable inflection point at which adaptive ER—mitochondria communication
may transit into mitochondrial dysfunction and cell death (Fig. 3).

Bidirectional ROS Signaling and Feed-Forward Amplification

ROS are generated in both the ER and mitochondria and function as diffusible redox
signals coordinating inter-organellar communication and signaling 1% (Fig. 3). In the
ER, ROS are produced through EROL1 in the lumen as a byproduct of oxidative protein
folding or through NOX4 on the cytosolic side 6% and can also arise from lipid
peroxidation of the ER membrane . TMX2 and SEPN1 are oxidoreductases
predominantly localized to the ER-facing side of ER-mitochondria contact sites
(ERMCs), where they contribute to the redox regulation of interorganellar signaling
and protein thiol homeostasis. Although they do not directly generate H-O-, they
influence ER redox balance, at least in part through interactions with the ERO1-
dependent oxidative folding machinery 1% 1%, In mitochondria, H-O- primarily derives
from superoxide anion generated at respiratory chain complexes I within the matrix and
complex Il on both the matrix and intermembrane space (IMS) sides of the inner
mitochondrial membrane (IMM), and subsequently dismutated by superoxide
dismutases 7. Direct H»O. generation can be mediated by p66Shc in the IMS during
stress 1 and at the OMM by MAO-B 1%

Importantly, H.O. is membrane-permeable, either by passive diffusion or via
aquaporins, allowing it to diffuse across ER and mitochondrial membranes *°.
Evidence suggests that H.O. generated in mitochondria can undergo retrograde
diffusion toward the ER, influencing ER redox homeostasis and Ca?" handling by
affecting the activity of Ca?* channels %. This retrograde redox signaling provides a
mechanism by which even single mitochondria can modulate the activity of the
neighboring ER Ca?* release channels 2. Mitochondrial superoxide anion and H2O,
and ERMC confined redox nanodomains might result from processes inherent to
mitochondria but can also be stimulated by ER-originated [Ca?*] spikes exerting a
positive feedback on calcium oscillations 3.

H-0: production is tightly balanced by scavenging mechanisms to maintain subtoxic
levels. Robust H.O. scavenging including glutathione peroxidase is present in the
mitochondrial matrix, in the cytoplasm,in the intermembrane space of the ERMCs as
well as in the ER lumen 12 For example, the ER-resident enzymes GPx8 and
PRDX4 prevent the diffusion of ERO1-derived H.O. within and beyond the ER 3,

The most common targets of H.O- are the cysteine thiol groups. Because 1P3Rs and
RyRs contain redox-sensitive thiols on both luminal and cytosolic domains, H202 can
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modulate channel activity on either side of the ER membrane °3. The Ca>* transporters
SERCA pumps also have redox-sensitive cysteine thiols **. In addition, the redox
sensitivity of their cysteine residues varies, and mild versus severe oxidative stress may
produce different outcomes . Other functional and structural components of the
ERMC such as PERK, TOM70, SEPN1 and TMX2 are also redox regulated, and
interact with Ca?* transporters and channels; thus their redox modification might switch
adaptation to maladaptation 10116 117106 Therefore, the redox sensitivity of cysteines,
combined with the membrane permeability of H.O., enables effective—and often
complex—redox regulation of Ca?" channels and transporters across ERMCs.

In summary, ERMCs harbor a network of local ER- and mitochondria-derived H20-
sources, antioxidant scavenging systems, and redox-sensitive targets that collectively
regulate Ca?" dynamics. The conditions are also given to set up amplification loops. For
example, mitochondria-derived H-O- can enhance IPsR- or RyR-mediated Ca?* efflux
from the ER, increasing mitochondrial Ca* uptake %>, Elevated mitochondrial Ca?*
stimulates respiratory chain activity but, when mitochondrial buffering capacity is
exceeded, enhances electron leak, leading to further ROS generation. When this
amplification surpasses cellular antioxidant defenses, excessive mitochondrial Ca*
accumulation triggers mPTP opening, bioenergetic collapse, and apoptotic or necrotic
cell death %119 Thus, local H-0: signaling between the ER and mitochondria
constitutes a feed-forward amplification mechanism in which redox-dependent
sensitization of Ca*" release channels promotes mitochondrial Ca** accumulation.
Under adaptive UPR conditions, this loop transiently supports metabolic compensation
and proteostasis. In contrast, during maladaptive UPR, persistent H.O2/ROS trigger
mitochondrial Ca?" overload. In this context, the ER—mitochondria redox—Ca?* circuit
becomes a decisive checkpoint that shifts the cell from stress adaptation to irreversible
apoptotic commitment (Fig.3).

UPR-initiated Mitochondrial Cell Death Pathways

Sustained activation of the pro-apoptotic transcription factor CHOP and its downstream
effector ERO1 link maladaptive UPR signaling to mitochondrial-dependent cell death
through two mechanistically distinct yet converging pathways: selective OMMP and
opening of the mPTP 34120122 ynder conditions of ER stress, CHOP shifts the balance
of BCL-2 family proteins toward apoptosis by repressing the transcription of anti-
apoptotic members such as BCL-2, BCL-XL and MCL-1 while inducing pro-apoptotic
BIM transcriptionally. These changes come together to support BAK/BAX pore
formation, leading to cytochrome c release and subsequent activation of the caspase
cascade 123125,

In parallel, maladaptive UPR signaling promotes the opening of the mPTP, a high-
conductance Ca?*- and redox-sensitive channel located in the IMM 126, Transient mPTP
openings, often confined to single mitochondria, are manifested as transient
mitochondrial depolarizations (flickers) even in unchallenged cells 2718 and their
frequency and duration increases very early during various cellular stress conditions
92129 Systained pore opening causes dissipation of the mitochondrial membrane
potential, matrix swelling, and bioenergetic failure. Downstream of CHOP, induction
of ERO1 amplifies ER Ca?" release and H.O> at ER—mitochondria contact sites,
resulting in excessive mitochondrial Ca?" uptake and elevated ROS. Calcium overload
might be the pivotal trigger of mPTP opening but Ca?* often acts in synergism with
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coincident perturbations °1130, ROS may oxidize critical thiol residues on mPTP-
associated proteins, sensitizing the pore to Ca2*-dependent permeability transition .
Vast literature suggests that both anti-and pro-apoptotic BCL-2 family proteins also
control mPTP activation by multiple mechanism 31134, Persistent mPTP opening leads
to matrix expansion, rupture of the IMM and OMM, release of apoptotic factors,
collapse of membrane potential, and ATP depletion. Together, mitochondrial Ca?*
overload, oxidative stress and other factors synergistically lower the threshold for
mPTP activation, culminating in irreversible mitochondrial dysfunction and cell death
121 Thus, during maladaptive UPR signaling, CHOP—ERO1-mediated Ca?* and redox
dysregulation promotes mPTP opening and might cooperate with BCL-2 family—
dependent OMMP, integrating IMM and OMM damage to amplify mitochondrial
impairment and irreversibly commit the cell to death.

Limitations and conclusion

Although the precise mechanisms underlying the transition from adaptive to
maladaptive UPR remain to be elucidated, several factors are likely to contribute,
including the intensity of ER stress, mitochondrial Ca*" overload, and ROS
accumulation. Below we focus on ERO1’s role in this framework. We propose that
sustained EROL activity augments localized redox nanodomains at ERMCs, whose
abundance may determine whether UPR signaling remains adaptive or progresses
toward a maladaptive response (Fig. 3). This transition could be influenced by the
balance between the local ERO1-derived H.O: production and its scavenging by the
ER-resident antioxidant enzymes GPX8 and PRDX4 '3 When H.O: production
exceeds the antioxidant capacity of these enzymes, H.O. accumulation may promote
the transition from adaptive to maladaptive UPR signaling. Importantly, the threshold
at which ERO1 signaling becomes maladaptive is likely to be cell type-specific. ERMC
composition, IPsR isoform expression, mitochondrial oxidative capacity, metabolic
demands, and ER antioxidant buffering differ among tissues, potentially influencing the
susceptibility of individual cell types to ERO1-dependent H.O2 and Ca?* signaling.
Highly oxidative tissues such as skeletal muscle, cardiac muscle, and neurons may
therefore exhibit distinct thresholds for the transition from adaptive to maladaptive UPR
compared with predominantly glycolytic cell types, emphasizing the need to define
tissue-specific mechanisms of ERMC regulation.While modulation of IPs:R activity
represents a plausible pathway linking ERO1 to altered ER—mitochondria Ca?" transfer,
ERO1 likely influences cell fate through multiple mechanisms. It remains still unclear
whether the effects of ERO1 on IPsR activity arise primarily from its enzymatic
function as a disulfide oxidase, acting through PDI-mediated oxidation of regulatory
cysteines, or from its generation of H>O:. Importantly, not all cysteine residues are
equally susceptible to direct oxidation by H20.. Cysteine reactivity depends strongly
on the local amino acid environment, which influences thiol accessibility, pKa, and
stabilization of reactive thiolate species. Consequently, PDI-mediated disulfide relay
reactions and H.0.-mediated oxidation may target distinct subsets of cysteine residues
within IPsRs. Furthermore, H.O.-dependent oxidation may generate different oxidative
modifications, including sulfenic, sulfinic, or sulfonic derivatives, potentially leading
to outcomes that differ from those produced by disulfide bond formation 2. Thus,
ERO1-dependent regulation of IPsRs may involve mechanistically distinct redox
pathways that modify different cysteine populations and exert different effects on
channel activity. The experimental elucidation of these two options, as well as the
precise definition of the EROL1 threshold that renders the UPR maladaptive, remain
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limited by technical constraints. These include the lack of reliable in vivo sensors for
measuring ERO1-derived H.O>—and H:0: in general—within the ER, although some
attempts have been made to develop genetically encoded H2O: sensors targeted to this
compartment. However, their reliability and specificity towards H.O. remain limited in
the oxidizing ER environment hosting disulfide bond formation **°. In addition, the
inability to directly measure ERO1 activity in vivo further prevents accurate
characterization of the ERO1-dependent transition between adaptive and maladaptive
UPR. Future advances may include the development of genetically encoded H:O:
sensors specifically targeted to ERMCs, enabling real-time and spatially resolved
monitoring of local ERO1-derived H202 dynamics at these subcellular domains.

Dysregulated ER—mitochondria communication is implicated in multiple pathological
conditions (for a recent review see %), where UPR-driven remodeling of ERMCs may
either support cellular adaptation or promote mitochondrial failure and cell death.
Recent studies employing synthetic ERMC linkers demonstrate that ER—mitochondria
proximity is dynamically tunable, with major consequences for Ca*" transfer, redox
signaling, and mitochondrial bioenergetics (for recent reviews see #4113 137y These
findings suggest that ERMC functions depend on maintaining an optimal physical
distance between the two organelles, for example the support of mitochondrial
metabolism by local Ca?* transfer. However, other ERMC functions such as
phospholipid transfer or support of mitochondrial fission depend differently on ERMC
gap width. This reinforces the concept that ERMCs act as adjustable signaling hubs,
and that precision tuning of ER—mitochondria contacts could be harnessed as a disease-
modifying therapeutic strategy . In addition, excessive tightening of ERMCs may
exacerbate Ca?" overload and ROS transfer, promoting mitochondrial dysfunction and
apoptosis. Therapeutic strategies should therefore aim not simply to increase ER—
mitochondria coupling, but to fine-tune the architecture and nanoscale organization of
ERMCs according to the disease context. Restoring physiological ERMC spacing may
improve mitochondrial function in ER stress—associated myopathies, whereas
deliberately enhancing short-range contacts could be exploited to promote apoptosis in
cancer cells. Nonetheless, the ability to selectively manipulate and monitor ERMCs
remains technically limited. Recent advances in synthetic biology, high-resolution
imaging, genetically encoded linkers, and chemically inducible reversible tethering
systems are beginning to overcome these limitations and may provide new
opportunities for both mechanistic studies and therapeutic targeting of ERMC.
However, current approaches primarily manipulate the physical proximity between the
ER and mitochondria and may not fully recapitulate the molecular complexity of
endogenous ERMCs, where distinct tethering complexes, lipid composition, and local
signaling microdomains determine functional outcomes. In addition to providing
different interorganellar distances, therapeutic synthetic ERMC linkers should ideally
be inducible by clinically applicable compounds and fully reversible upon withdrawal
of the inducing agent 3. Furthermore, future studies should determine whether diseases
associated with UPR drive pathology by irreversibly locking ERMCs into maladaptive
configuration, or whether these alterations remain reversible and amenable to correction
through engineered ERMC linkers/spacers.

Interorganellar Ca?* transfer at ERMC could also be a potential therapeutic target.
Potent inhibitors are available to inhibit mitochondrial Ca?* uptake, but their specificity
and plasma membrane permeability remain debated 4° 1. The FDA-approved
compound benzethonium®#?, and MCU-i11 #:4 have been validated to inhibit
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mitochondrial Ca?* uptake in many intact cells. Although these compounds could be
potentially useful for studying the role of mitochondrial Ca?* uptake in ER stress
paradigms, their inhibition would not be specific to ERMC-mediated Ca?* transfer, and
mitochondrial Ca®* uptake regardless of its source would be affected.

Another important question is whether combining ERMC-targeting approaches with
interventions that restore proteostasis—such as the chemical chaperones TUDCA and
4-PBA or EROL1 inhibitors—may provide synergistic therapeutic benefits. In this
regard, ERO1 represents an attractive therapeutic target because of its dual role in
regulating ER redox homeostasis and ERMC organization. Notably, genetic deletion of
EROL1 in a preclinical mouse model of SEPN1-related myopathy restored sarcoplasmic
reticulum—mitochondria contacts in diaphragm muscle, demonstrating a direct role for
ERO1 in ERMC regulation '*4. Together with the potential benefits of chemical
chaperones such as TUDCA and 4-PBA, these findings raise the possibility that
combining proteostasis-restoring interventions with approaches that modulate ERMC
architecture may provide synergistic therapeutic benefits across a range of ER stress-
associated diseases, including cancer, neurodegenerative disorders, diabetes, and
muscle diseases. However, the mechanisms by which ~ER-mitochondria
communication contributes to disease are likely to be highly tissue-specific. In
neurodegenerative disorders, excessive ER-to-mitochondria Ca?* transfer and oxidative
stress may promote neuronal death; in diabetes, altered ERMC signaling contributes to
-cell dysfunction and insulin resistance; in skeletal muscle disorders, impaired ERMC
architecture compromises mitochondrial bioenergetics and contractile function;
whereas in cancer, enhanced ERMC coupling may either sustain mitochondrial
metabolism or sensitize cells to apoptosis, depending on the tumor context. A better
understanding of these context-dependent mechanisms will be important for the
development of tissue-specific biomarkers and therapeutic strategies that selectively
target ERMC 55144151,
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Figure 1 Interconnected cellular stress surveillance networks. ER stress, triggered
by the accumulation of unfolded proteins or alterations in ER Ca** homeostasis and
oxygen availability, activates the unfolded protein response (UPR) through the ATF®6,
IREla, and PERK pathways. Mitochondrial stress, resulting from impaired electron
transport chain (ETC) function, protein misfolding, loss of membrane potential (A¥m),
or ATP depletion, activates the OMA1-DELE1-HRI signaling pathway. Both PERK
and HRI converge on elF2a phosphorylation, leading to activation of ATF4 and
translational attenuation as part of the ISR. Additional ISR inputs include GCNZ2,
activated by amino acid deprivation, and PKR, activated during viral infection. The
green line indicates endoplasmic reticulum—mitochondria contact sites (ERMCs),
highlighting the physical interface that enables communication between the ER and
mitochondria, including Ca** exchange and stress signaling. Please, note that UPR
mechanisms downstream of the three major sensors, with impact on ERMC, are shown
in Figure 3.
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Figure 2 From ER stress to adaptive and maladaptive UPR. Accumulation of
unfolded proteins, reactive oxygen species (ROS), or disturbances in ER Ca?*
homeostasis activate the three canonical UPR sensors: ATF6, PERK, and IRE1.
Following activation, ATF6 translocates to the Golgi apparatus, where sequential
cleavage by S1P and S2P releases the active transcription factor that enters the nucleus
to induce genes encoding ER chaperones. PERK phosphorylates elF2a, resulting in
transient attenuation of global protein translation while promoting selective translation
of ATF4, which induces genes involved in amino acid metabolism, redox homeostasis,
and the pro-apoptotic transcription factor CHOP. GADD34 provides negative feedback
by promoting elF2a dephosphorylation. IRE1 oligomerization activates its
endoribonuclease activity, leading to regulated IRE1-dependent decay (RIDD) of
selected mMRNAs and unconventional splicing of XBP1 mRNA to generate the active
transcription factor XBP1s, which induces genes involved in ER protein folding, ER-
associated degradation (ERAD), and lipid biosynthesis. CHOP upregulates ERO1,
which promotes oxidative protein folding, increases ROS production, and alters ER
Ca*>* homeostasis, thereby amplifying ER stress and contributing to cellular
dysfunction. The red transmembrane channel depicted in the ER membrane represents
an ER Ca?' release channel.
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Figure 3 Involvement of ER-mitochondrial communication in adaptive and
maladaptive UPR. Under physiological conditions (top), ERMCs facilitate
controlled Ca* transfer through IP3Rs to mitochondria, supporting ATP
production and mitochondrial bioenergetics. During prolonged or maladaptive
UPR activation (bottom), CHOP-dependent upregulation of ERO1 promotes its
association with PERK, tightening ER-ERMCs. This enhanced coupling, together
with ERO1-derived H:O:, promotes oxidative activation of IP3Rs, increasing ER-
to-mitochondria Ca* transfer. Sustained mitochondrial Ca*" overload results in
excessive ROS production, mitochondrial dysfunction, and loss of mitochondrial
integrity. The diagram on the right illustrates the balance between mitochondrial
bioenergetics and mitochondrial damage, highlighting how persistent UPR
activation shifts ERMC signaling from adaptive bioenergetic support toward
mitochondrial dysfunction and cell injury.
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Highlights

e UPRsignaling involves remodelling of ERMCs, recruiting mitochondria to both
adaptive and maladaptive stress response.
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Sustained CHOP-ERO1-IPsR activation engages ER Ca?' release to cause
mitochondrial Ca?" overload and loss of fitness.

Bidirectional ROS/H-0: exchange between ER and mitochondria establishes a
feed-forward redox—Ca?* loop that amplifies mitochondrial damage.

Tightening of ERMCs, H>O2 nanodomains, mitochondrial Ca?* overload and
permeability transition may promote cell death and disease progression.





