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Abstract

Mitochondria-associated membranes (MAMS) are central microdomains that fine-tune
bioenergetics by the local transfer of calcium from the endoplasmic reticulum to the mitochondrial
matrix. Here, we report an unexpected function of the endoplasmic reticulum stress transducer
IRE1a as a structural determinant of MAMs that controls mitochondrial calcium uptake. IREla
deficiency resulted in marked alterations in mitochondrial physiology and energy metabolism
under resting conditions. IRE1a determined the distribution of inositol-1,4,5-trisphosphate
receptors at MAMSs by operating as a scaffold. Using mutagenesis analysis, we separated the
housekeeping activity of IREla at MAMSs from its canonical role in the unfolded protein response.
These observations were validated in vivo in the liver of IRE1a conditional knockout mice,
revealing broad implications for cellular metabolism. Our results support an alternative function of
IREla in orchestrating the communication between the endoplasmic reticulum and mitochondria
to sustain bioenergetics.

Cellular organelles are no longer conceived as unconnected structures with isolated
functions, but as dynamic and integrated compartments. The best-characterized membrane
contact sites bridge the endoplasmic reticulum (ER) and mitochondrial. The ER—the largest
organelle in eukaryotic cells—controls protein folding, lipid synthesis and calcium storage.
The folding capacity of the ER is constantly challenged by physiological demands and
disease states. To sustain proteostasis, cells engage the unfolded protein response (UPR)?, a
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signalling pathway that enforces adaptive programs to adjust the secretory capacity, whereas
uncompensated ER stress results in apoptosis3. Abnormal levels of ER stress are emerging
as a driving factor for a wide variety of human diseases including diabetes,
neurodegeneration and cancer?.

The sites of physical communication between the ER and mitochondria are defined as
mitochondria-associated membranes (MAMSs), which form dynamic microdomains that are
maintained by specialized tether and spacer proteins®. MAM s facilitate the transfer of
calcium, phospholipids and metabolites between the two organellest. The repertoire of
signalling and metabolic proteins located at MAMs is determined by the local expression of
chaperone proteins, such as the sigma-1 receptor (Sig-1R), among other components8.7.
MAMs are central for the biogenesis of autophagosomes, as they determine the position of
mitochondrial fission as well as influence the abundance and dynamics of organelles®.
MAMs generate microdomains of localized calcium spikes released from the ER through
inositol-1,4,5-trisphosphate (InsP3) receptors (InsP3Rs), thus stimulating calcium uptake by
mitochondria®. Voltage-dependent anion channels (VDACS) are located at the outer
mitochondrial membrane and mediate the internalization of calcium to reach a concentration
that is suitable for transfer into the matrix®10. Importantly, calcium uptake adjusts cellular
metabolism as a cofactor of mitochondrial dehydrogenases during the production of NADH,
and by increasing energy production through the activation of the tricarboxylic acid cycle
(TCA)10. Conversely, abnormal fluctuations in mitochondrial calcium concentrations can
trigger cell death!?.

The maintenance of stable contact sites between ER and mitochondria provides a platform
for bidirectional crosstalk. Accumulating evidence suggests that disruption of MAMs
perturbs ER physiology, leading to ER stress2-15, Interestingly, the UPR transducer PERK
is enriched at MAMSs16 where it facilitates the tethering of the ER to mitochondria and
sensitizes cells to apoptosis!®-17. PERK signalling might also protect mitochondrial function
under ER stress, possibly as an early adaptive mechanism18. IRE1a initiates the most
conserved UPR signalling branch, controlling ER proteostasis and cell survival through
distinct mechanisms*. IRE1a is a serine/threonine protein kinase and endoribonuclease that
catalyses the unconventional processing of the mRNA that encodes X-Box binding protein-1
(XBP1), generating an active transcription factor termed XBP1s!°. IRE1la also mediates the
crosstalk with other alarm pathways by binding a series of adapter proteins3. A fraction of
IREla is also located at MAMSs, where stabilization by Sig-1R may enhance IREla
signalling20:21,

Here we investigated the contribution of IRE1a to the principal biological processes
governed by the juxtaposition of ER and mitochondria. We identified a fundamental role for
IREla in controlling the biology of MAMS, with broad implications for cellular
metabolism. At the molecular level, the presence of IRE1a at MAMSs determined the
availability of InsP3R, thus favouring calcium transfer to instigate mitochondrial respiration
and ATP production. We provide mechanistic evidence that dissociates the canonical
function of IREla as an UPR signal transducer from its structural role at MAMs as a
scaffold. Together, our results indicate that IRE1a expression at MAMSs adjusts cellular
bioenergetics by fine-tuning the communication between the ER and mitochondria.
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Results

Localization of IREla at MAMs and its impact on mitochondrial calcium transfer.

We performed density gradient centrifugations to collect cellular fractions enriched in
mitochondria, ER and MAMSs?22 to validate the presence of UPR signal transducers at
MAMs. We confirmed an accumulation of IRE1la and PERK in MAM fractions from mouse
embryonic fibroblasts (MEFs; Fig. 1a) and mouse livers (Fig. 1b).

To assess MAM function, we simultaneously monitored the release of ER calcium into the
cytosol using Fura-2AM (Fura2) and mitochondrial calcium transfer using Rhodamine2N-
AM (Rhod2) after the stimulation of cells with ATP to elicit InsP3Rmediated responses. We
used IRE1a knockout (KO) cells that were reconstituted with an haematoagglutinin (HA)-
tagged form of IREla (IREla-HA), a strategy that fully restored UPR signalling?3
(Supplementary Fig. 1a). We also generated two sets of IRE1a null cells using CRISPR-
Cas9 technology (Supplementary Fig. 1b,c). In all of these cellular systems, the ATP-
dependent increase in cytosolic and mitochondrial calcium was reduced by ablating IRE1la
expression (Fig. 1c—f, Supplementary Fig. 1d,e).

We then determined whether the alterations in calcium signalling observed in IREla-
deficient cells were due to changes in the expression of calcium-handling proteins present in
MAMs, including InsP3R1, InsP3R3, SERCA2b, MCU and VDACL1. We did not observe any
significant changes in the basal expression of these proteins in IRE1a null cells (Fig. 1g,
Supplementary Fig. 1f,g). Only a slight increase in MCU expression was detected in IREla
CRISPR KO cells (Supplementary Fig. 1g). To increase InsP3 inside the cell, we stimulated
phospholipase C (PLC) using the chemical activator M3M3FBS24, and observed decreased
calcium release and mitochondrial uptake in IRE1a-deficient cells (Supplementary Fig.
1h,i). Similar results were obtained using a mitochondrial-targeted calcium indicator
(CEPIA2mt2>; Fig. 1h). Correlation analysis between ER calcium release and mitochondrial
calcium uptake data suggested independent effects of IRE1a deficiency on both parameters
(Fig. 1i, Supplementary Fig. 1j).

The alterations in ER calcium release caused by IRE1a deficiency can be explained by
changes in the activity of InsP3R and/ or altered steady-state luminal calcium content (which
alters the calcium gradient)26:27. We investigated the effects of IRE1a expression on the
activity of InsP3R using a cell-free system. We stimulated permeabilized cells with InsP3
after loading them with the calcium probe Mag-Fluo4. We observed a significant reduction
in InsP3Rmediated responses in IRE1a KO cells (Fig. 1j). We then performed measurements
with radiolabelled calcium in permeabilized cells that were loaded with 45Ca?* to study
different aspects of calcium homeostasis. Analysis of ER 4°Ca?* loading indicated no
significant differences between IREla null and IREla reconstituted cells (Supplementary
Fig. 1K), suggesting unaltered steady-state luminal calcium levels. However, a slight
enhancement in the kinetics of ER #°Ca2* loading (due to SERCA activity) was observed in
IREladeficient cells (Supplementary Fig. 1l), whereas passive leakage of calcium was
unaltered (Supplementary Fig. 1m). Furthermore, cytosolic calcium levels were normal in
IRE1la KO cells at resting conditions (Supplementary Fig. 1n). Taken together, these results
uncovered a major role of IRE1a in the transfer of calcium into mitochondria.
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IREla regulates mitochondrial bioenergetics and physiology.

As IREla influences mitochondrial calcium uptake, we assessed different parameters
related to mitochondrial physiology and bioenergetics. Reduced mitochondrial membrane
potential measured using tetramethylrhodamine methyl ester perchlorate (TMRM) was
observed under normal cell culture conditions in IREla-deficient cells (Fig. 2a,b),
correlating with a drop in ATP production (Fig. 2¢,d, Supplementary Fig. 2a). To determine
the site responsible for the failure in ATP synthesis, we used an ATP fluorescence resonance
energy transfer (FRET)-based fusion protein that was tagged to the mitochondrial matrix or
the cytosol?8. A selective decrease in the mitochondrial pool of ATP was observed in
IRE1a-deficient cells (Fig. 2e,f, Supplementary Fig. 2b).

We then monitored oxygen consumption using a Seahorse Analyzer. We observed a
reduction in basal respiration, ATP coupling and maximal oxygen consumption rate in
IRE1a-deficient cells (Fig. 2g,h). AMPK is a low-energy sensor that, once activated,
phosphorylates several targets, which results in an increase in ATP generation and a
reduction in ATP consumption??. Increased AMPK phosphorylation was observed in
IRE1a-deficient cells under resting conditions (Fig. 2i, Supplementary Fig. 2¢). Reduced
calcium uptake into mitochondria is also associated with the activation of compensatory
catabolic processes, such as autophagy, downstream of AMPK?30, Targeting IRE1a
expression increased basal LC3-I1 levels (Fig. 2j) and autophagic flux, which was measured
by monitoring the distribution of LC3-11 under nutrient starvation (Supplementary Fig. 2d).
Consistent with this, inhibition of autophagy by blocking lysosomal function with
chloroquine resulted in a further reduction in ATP levels in IRE1la-deficient cells
(Supplementary Fig. 2e), indicating that these cells were suffering from metabolic stress.

ER-mitochondrial contact sites are known to determine the point of mitochondrial fission31,
and fused mitochondria are proposed to have a higher metabolic activity32. Transmission
electron microscopy (TEM) indicated that IRE1a null cells contained smaller and more
rounded mitochondria (Fig. 2k, Supplementary Fig. 2f). No changes in the content of ER
was observed in the same experiments using two IRE1a null cell systems, whereas small
alterations in ER complexity were detected in CRISPR KO cells (Supplementary Table 1).
We complemented these experiments with live imaging of the ER marker KDEL-red
fluorescent protein (RFP). This approach confirmed that the mean branch length of the ER
was normal in IRE1a null cells, whereas the ER branch complexity (reflected by triple ER
junctions) was slightly reduced (Supplementary Fig. 2g). Next, we assessed the shape of
mitochondrial cristae using TEM because this morphological parameter correlates with
mitochondrial respiration status33. We observed that IRE1a null cells exhibit an increased
width of cristae (Supplementary Fig. 2h,i).

We then investigated the impact of IRE1a deficiency on MAM content. Increased
colocalization between the ER marker ERp72 and the mitochondrial protein TOM20 was
detected in IRE1a-deficient cells (Fig. 2I). We confirmed these observations using TEM by
applying two strategies to quantify MAM morphometry (Fig. 2m, Supplementary Fig. 2j,k,
Supplementary Table 2). These results suggest the presence of compensatory changes that
balance the reduction in mitochondrial calcium uptake that is generated after the ablation of
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IRELla expression. Thus, IREla expression contributes to maintaining mitochondrial
function in resting conditions.

IREla expression is required to increase metabolism in response to ER stress.

As IREla is a central component of the UPR, we investigated its contribution to metabolic
control under ER stress. We confirmed the occurrence of a transient burst in ATP production
during early responses to ER stress34 (Supplementary Fig. 3a). However, this increase was
almost absent in IRE1a-deficient cells (Supplementary Fig. 3a). Furthermore, ER stress
stimulated an increase in the phosphorylation of AMPK over time (Supplementary Fig.
3b,c). By contrast, levels of phosphorylated AMPK (pAMPK) in IRE1a null cells were
relatively high at basal ER stress levels and were insensitive to increases in ER stress
(Supplementary Fig. 3b,c).

We then monitored whether the presence of IRE1a at MAMs was modulated by ER stress.
Subcellular fractionation experiments did not indicate clear changes in the amount of IREla
that was present at MAMSs (Supplementary Fig. 3d). Quantitative colocalization of IRE1la—
HA with either TOM20 or the MAM mask (corresponding to the overlap of ERp72 and
TOM20) confirmed the presence of IREla at ER-mitochondria juxtapositions
(Supplementary Fig. 3e). Treatment of cells with tunicamycin led to a slight enrichment of
IRE1la at MAMs only after prolonged treatments (16 h; Supplementary Fig. 3e). These
experiments suggest that the expression of IRE1a may also influence mitochondrial
bioenergetics in the context of ER stress.

IREla controls the presence of InsP3R at MAMSs.

We then studied the abundance of InsP3Rs in purified MAMs and observed a large reduction
in IREla-deficient MEFs (Fig. 3a). Importantly, the total amount of InsP3Rs present in the
input or the ER fraction remained unchanged when IRE1a expression was ablated (Fig. 1g,
Supplementary Figs. 1f and 3f). We then evaluated the levels of InsP3Rs at ER-mitochondria
juxtapositions using an in situ proximity ligation assay (PLA), a method that detects the
presence of proteins within a range of 40 nm. Analysis of the proximity between VDAC1
and InsP3R1 or InsP3R3 indicated a strong reduction in PLA signals in IRE1a-deficient
cells (Fig. 3b,c). Thus, our results suggest that IRE1a expression is necessary to locate
InsP3Rs at MAMs.

Previous reports suggested that the distance between the ER and mitochondrial membrane is
tightly controlled to allow the localization of InsP3R to MAMSs3®, whereas greater distances
impair calcium transfer into the mitochondrial matrix3¢. Analysis of the separation between
the ER and the outer mitochondrial membrane using TEM revealed a narrower cleft in
IRE1a-deficient cells (Fig. 3d,e). We validated these observations using a split green
fluorescent proteinbased contact site sensor (SPLICS| ) that was designed to detect wide
MAM contacts3’ (40-50 nm; Fig. 3f). We then expressed an artificial tether in IRE1a null
cells to increase the separation between these organelles using a linker with nine tandem
repeats (9xL), an approach that increased the cleft distance between the ER and the
mitochondrial membrane (Fig. 3g, Supplementary Fig. 3g). However, this strategy did not
recover the amount of InsP3R1 at MAMSs that was measured using PLA (Fig. 3h).
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IREla physically interacts with InsP3R and controls mitochondrial calcium uptake
independent of IREla enzymatic activity.

Next, we investigated whether the activities of IRE1a that are classically linked to the UPR
are involved in the regulation of mitochondrial calcium uptake. We stably expressed
different IRE1a mutants in IRE1a null cells including (1) an N-terminal deletion construct
spanning the ER luminal domain (IRE1a-AN); (2) a C-terminal deletion mutant of the entire
cytosolic region (IRE1a-AC); and (3) a non-dimerizing version (IRE1a-D123P) that is
inactive and monomeric (Supplementary Fig. 4a). Functional evaluation of these mutants in
calcium flux assays suggested that the C-terminal region of IRE1la enhances InsP3R activity,
most probably through its monomeric inactive state (Supplementary Fig. 4b). We tested an
additional mutation that affects the linker sequence (IRE1a-P830L), which lacks RNase and
kinase functions3® (Fig. 4a, Supplementary Fig. 4c). Notably, analysis of calcium transfer
from the ER to the mitochondria indicated that the expression of IRE1a-P830L restored
normal mitochondrial calcium uptake, similar to the wildtype construct (Fig. 4b) despite
impaired XBP1 mRNA splicing (Fig. 4a). These results suggest that the function of IREla
in mitochondrial calcium transfer can be separated from its canonical role as a UPR signal
transducer.

To explore the possible function of IREla as a scaffold that may dock the InsP3R at MAMs,
we tested the physical association between the two proteins. Immunoprecipitation
experiments in HEK293T cells indicated a positive interaction between the proteins (Fig.
4c¢,d), which was fully ablated by deleting the cytosolic domain of IREla (Fig. 4e,
Supplementary Fig. 4d). By contrast, the IRE1a-P830L and IRE1a-D123P mutants retained
their ability to associate with InsP3R1 (Supplementary Fig. 4e). The formation of a protein
complex between IRE1a—HA and endogenous InsP3R1 was also validated in MEFs (Fig.
4f). We also performed PLA experiments and confirmed the close proximity between
IRE1la—-HA and InsP3Rs in MEFs (Fig. 49, Supplementary Fig. 4f).

We then purified recombinant fragments of the InsP3R1 cytosolic domain as glutathione S
transferase (GST)-fusion proteins in bacteria to evaluate their binding to recombinant
IRE1a-AN. Pulldown experiments revealed a tight association between IRE1a and domain
1 of InsP3R1, as well as a weaker association with domain 3 (Fig. 4h). Domain 1 is
important for InsP3R function, regulating its gating in response to InsP3 (refs. 3940). Taken
together, these experiments suggest that IRE1a controls mitochondrial calcium uptake
independently of its enzymatic activities, and it is associated with the formation of a stable
complex with InsP3Rs at basal levels.

Enforced expression of InsP3Rs rescues mitochondrial calcium uptake and ATP levels in
IREla-deficient cells.

As the amount of InsP3Rs present in MAMSs was reduced in IRE1la-deficient MEFs, we
investigated whether the defects in mitochondrial function could be reverted by
overexpressing InsP3Rs. We stably transduced IRE1la KO cells with CRISPR activator
(CRa) lentiviral particles to enhance the transcription of the endogenous InsP3R1 gene
(CRa-InsP3R1; Fig. 5a,b). This approach augmented the presence of InsP3R1 at MAMSs in
IRE1a null cells, as monitored using PLA (Fig. 5b), increasing mitochondrial calcium
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uptake (Fig. 5¢). Similar results were obtained when we evaluated ER—-mitochondrial
coupling by determining the correlation between cytosolic and mitochondrial calcium
(Supplementary Fig. 5a). Consistent with these results, the mitochondrial membrane
potential was increased in IREladeficient cells on CRa-InsP3R1 expression (Fig. 5e),
whereas AMPK phosphorylation was attenuated (Fig. 5f). Furthermore, CRalnsP3R1
expression augmented steady-state ATP levels in IRE1a null cells (Fig. 5g). We
complemented these experiments by generating CRa cells for InsP3R3 (Fig. 5g) in which we
observed improved levels of InsP3R3 at MAMSs (Supplementary Fig. 5b), increased ER-
mitochondrial calcium transfer (Fig. 5h) and augmented basal ATP levels (Fig. 5i). Together,
these results support a major role for the dysregulation of InsP3R subtypes as a cause of
mitochondrial physiology alterations generated by IRE1a deficiency.

IREla expression determines the presence of InsP3R at MAMSs in vivo.

To define the importance of IRE1a expression on MAM biology in vivo, we determined the
consequences of genetically disrupting IREla in the mouse liver. We conditionally deleted
Ern1 (the gene that encodes IRE1a) using the Mx-Cre system, which is induced by an
intraperitoneal injection of polyinosinic:polycytidylic acid (poly:IC) to ablate the target gene
in the liver, and other tissues, of adult animals*1. We used two independent floxed mouse
strains that generate deletion mutants that flank the RNase domain (£722R)42 or the kinase
domain (Ern22K)43 of IRE1a.. A full impairment in the ability of IRE1a to induce XBP1
mRNA splicing was observed under experimental ER stress in both of these mouse models
(Fig. 6a, Supplementary Fig. 6a). To evaluate the integrity of MAMs in £rn2K livers, we
performed TEM studies to determine morphological parameters (Fig. 6b). An analysis of the
content of MAMSs and mitochondrial morphology indicated that mitochondria were smaller
and showed a reduction in the distance between the ER and mitochondrial membrane (Fig.
6¢,d). However, no differences in the length of MAMs or the circularity of mitochondria
were observed (Fig. 6e,f).

Next, we determined the influence of IRE1a expression on the overall composition of
MAMs by means of quantitative proteomics of purified subcellular fractions that we
obtained from £rniand Erni®X livers (Supplementary Fig. 6b). This unbiased approach
identified the presence of 1,466 proteins in MAMSs (Supplementary Table 3). This set of
proteins greatly overlapped with a recent proteomic analysis of MAMs that were purified
from mouse liver** and brain?® (Supplementary Fig. 6b). We analysed the intersection
between these three data sets (197 common proteins) with other hits obtained from the
literature as canonical MAM proteins (19 proteins; Supplementary Table 4), resulting in a
consensus of 216 MAM s proteins. A comparison of the MAM proteome between £rn12K
and control livers indicated a significant reduction in the levels of InsP3R1 in IRE1a mutant
tissue, whereas InsP3R3 was absent (Fig. 6g, Supplementary Table 3). Furthermore, we
identified selective alterations in consensus MAM proteins, including changes in Tmed10,
Aldhll1, Apocl and Mccc2, whereas other canonical MAM markers such as calnexin,
Sig-1R or VDAC1-3 remained unaltered (Fig. 6g,h; global data set and intersections in
Supplementary Tables 3 and 4). Western blot analysis confirmed a robust reduction in the
levels of InsP3R1 in isolated MAM fractions (Fig. 6j), whereas InsP3R1 expression in total
liver extracts and ER fractions was comparable between both genotypes (Supplementary
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Fig. 6¢,d). Interestingly, an analysis of protein levels in the fractions suggested that £rnzAK
livers have a reduced quantity of MAM proteins but not mitochondrial proteins (Fig. 6k).
Finally, an assessment of the possible interaction between IRE1a2K and InsP3R1 that used
liver extracts revealed reduced coimmunoprecipitation (Fig. 61). In contrast, analysis of liver
samples from £rmI12R mice showed no influence on the presence of InsP3R1 in MAM-
enriched fractions (Supplementary Fig. 6e). Taken together, these results suggest that IREla
controls the composition of MAMs in vivo independently from its function as an ER stress
transducer, because both KO models are deficient for UPR signalling but only IRE1a®K
affected InsP3R1 distribution.

IREla deficiency alters mitochondrial metabolism in vivo.

To determine the consequences of IRE1a deficiency for global metabolism, we performed
quantitative metabolomics of liver samples from both £rn72K and £rm12R mice. Among a
total of 262 defined metabolites, our analysis retrieved 46 and 42 altered metabolites in
ErmIfK and E£mI”R in mouse liver, respectively. We found only 15 metabolites that showed
differences in both animal models (Supplementary Fig. 7a—c, Supplementary Table 5). A
heat map and pathway analysis of the 31 metabolites that were specifically altered in £rm12K
livers revealed clear perturbations to the TCA, glyoxylate and dicarboxylate metabolic
pathways (Fig. 7a—c). An analysis of the TCA pathway in £rnI2K livers indicated an
accumulation of malate, fumarate, and citrate and isocitrate. Furthermore, we observed a
reduction in the succinyl-CoA/succinate ratio (Fig. 7d), which might reflect a lower activity
of isocitrate and a-ketoglutarate dehydrogenases, two enzymes that are regulated by
calcium®, We also observed an increase in lactic acid in £rn2K livers, suggesting that a
defect in the TCA cycle might be compensated by increasing glycolysis to maintain
energetic homeostasis (Supplementary Fig. 7d). An analysis of ATP and reactive oxygen
species (ROS; as a measure of electron chain transport activity) in liver homogenates and
isolated mitochondria indicated comparable levels in £rn72K and littermate controls
(Supplementary Fig. 7e,f), suggesting that the disruption of cellular organization was
sufficient to ablate the effects of IRE1a expression on mitochondrial physiology.

Finally, due to the fact that the integrity of MAMs has been linked to the adjustment of
glucose homeostasis, insulin signalling and obesity*#’48, we performed a glucose tolerance
test in £nI2K mice. Ern®K animals presented reduced glucose clearance, suggesting
deregulated energy control (Fig. 7f). Overall, our results indicate that IRE1a expression
impacts global metabolism, an activity that can be dissociated from its canonical role as a
UPR mediator.

Discussion

The control of cellular proteostasis and bioenergetics have historically been studied as
separate processes. As many metabolic pathways are regulated at the ER, coordinated action
with the mitochondria—the powerhouse of the cell—is tightly controlled to adjust energetic
requirements according to need. Although the UPR has classically been linked to ER stress,
increasing evidence suggests that the pathway has alternative functions in various cellular
processes beyond secretory pathway surveillance?®. The concept of the ‘UPRosome’ has
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emerged®?, in which UPR signal transducers are viewed as platforms where distinct
components assemble in a tissue-specific manner to integrate cellular physiology. This
model prompted us to explore the importance of the abundance of IREla that is present at
MAM s in calcium signalling and mitochondrial homeostasis.

Here we uncovered a contribution of IRE1la to the maintenance of MAM composition and
function—the fine-tuning of mitochondrial respiration—at resting conditions. As a
molecular intersection, IREla regulates the biology of InsP3Rs at different levels by
influencing their localization at MAMSs and their channel activity, which correlates with the
formation of a protein complex between IREla and InsP3Rs. Our genetic strategies
unequivocally separated the effects that IRE1a exerts on ER—mitochondrial interactions
from the known function of IRE1a in the UPR. We propose a model in which IREla
operates as a scaffold that stabilizes InsP3Rs at MAMs (Fig. 7g). We speculate that the
physical interaction of IREla with InsP3Rs may contribute to its docking at the MAM
compartment and might allosterically modulate its activity, because domain 1 of the InsPzRs
is sensitive to InsP3 and contains a calciumbinding site4®

Calcium uptake into the mitochondrial matrix boosts oxidative phosphorylation as a cofactor
of several metabolic enzymes of the TCA cycle?6. The reduction in the rate of mitochondrial
calcium uptake reported here in IRE1la KO MEFs might translate into a drop in ATP levels,
engaging adaptive mechanisms to sustain cell survival, including the energy sensor AMPK,
and the induction of catabolic processes such as autophagy. As IRE1a deficiency affected
the expression of proteins related to phospholipid biosynthesis and metabolic enzymes at
MAMs, the effects on energy metabolism and mitochondrial morphology described here
cannot be exclusively limited to the consequences of IRE1a expression on the subcellular
redistribution of InsP3R. Overall, this study suggests that IRE1a has a housekeeping role in
mediating ER-to-mitochondrion communication in the absence of ER stress.

The intersection of the UPR with inflammation, lipid metabolism, calcium homeostasis and
energy control pathways is emerging as a major factor underlying metabolic diseases such as
type 2 diabetes, insulin resistance and obesity®1. Thus, components of the UPR machinery
represent interesting targets to adjust energy metabolism and proteostasis control in a disease
context. Interestingly, recent reports suggested that XBP1s regulates InsP3R expression®2,
and also influences the influx of glutamine in T cells, having a negative effect on
mitochondrial respiration3, and suggesting that under ER stress multiple bioenergetics
pathways could be fine-tuned downstream of IRE1a.. Our results may have implications for
metabolic syndromes and other pathological states that are linked to dysfunctional MAMs,
including neurodegenerative diseases, immune disorders and cancer. It is conceivable that
therapeutic interventions that target classical UPR signal transducers could affect cellular
outputs well beyond proteostasis.

cell lines and DNA constructs.

All MEFs or HEK293 cells were maintained in DMEM medium that was supplemented with
5% fetal bovine serum (FBS) and non-essential amino acids, and grown at 37 °C with 5%
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CO,. IRE1a-deficient cells were described previously®*. The production of amphotropic
retroviruses using the HEK293 cell line was performed using standard methods®®. IREla-
deficient MEFs that were stably transduced with retroviral expression vectors for IREla—
HA, IRE1a-D123P-HA, IRE1la-P830L-HA, IRE1la-AC- HA, IRE1la-AN-HA or an empty
vector-expressing retrovirus were described previously38:56. In these constructs, IREla
contains two tandem HA sequences at the C-terminal domain and a precision enzyme site
before the HA tag. The control and 9xL linkers were provided by G. Hajnoczky.
Alternatively, we generated CRISPR cells using a double nickase that was targeted to IREla
or scrambled as a control (sc-429758-NIC and sc-437281; Santa Cruz). Two different sets of
clones were prepared and a minimum of four clones (control and IRE1a, for each set) were
screened for XBP1 mRNA splicing and the upregulation of BIP and CHOP (after
experimental ER stress). CRISPR activation lentiviral particles that targeted InsP3R1 and
InsP3R3 were generated in IRELla KO cell lines following the manufacturer’s instructions
(sc-421192-LAC, sc-421194-LAC and sc-437282; Santa Cruz). All cell lines generated in
this study, except for CRISPR KO cell lines, were pooled populations to avoid clonal effects.

Subcellular fractionation of MAMs and proteomic analysis.

Cellular or liver subcellular fractionation was performed by strictly following a previously
reported protocol?2 with a variation consisting of the addition of an extra 15% Percoll
gradient on top of the 30%. In brief, samples were washed and dounced in a stainless-steel
Dura-Grind dounce tissue grinder (Wheaton). Cellular integrity was evaluated every five
strokes after trypan blue staining. The homogenate was centrifuged two times at 640gto
remove unbroken cells and nuclei. The supernatant was centrifuged twice at 9,000g to pellet
liver crude mitochondria and twice at 7,000g and once at 10,000¢g for cells. The supernatant
was centrifuged at 20,000¢ for 30 min, after which the obtained supernatant was further
centrifuged at 100,000¢ to give a supernatant (cytosol) and a pellet (ER). Crude
mitochondria were centrifuged 95,000¢ for 30 min on the top of a Percoll gradient (15-30%)
to obtain MAMs (interphase) and the pure mitochondrial fraction (pellet). MAMs were
pelleted after centrifugation at 100,000¢ for 1 h.

MAM lysates were washed by chloroform/methanol precipitation. Airdried pellets were
resuspended in 1% RapiGest SF (Waters) and brought up in 100 mM HEPES (pH 8.0).
Proteins were reduced using 5 mM Tris(2-carboxyethyl) phosphine hydrochloride (Thermo
Fisher) for 30 min and alkylated with 10 mM iodoacetamide (Sigma-Aldrich) for 30 min at
room temperature and protected from light. Proteins were digested for 18 h at 37 °C using 3
ug trypsin (Promega). After digestion, a 20 ug aliquot of peptides from each sample was
reacted for 1 h with the appropriate TMT-NHS isobaric reagent (Thermo Fisher) in 40%
(v/v) anhydrous acetonitrile and quenched with 0.4% NH4HCO3 for 1 h. Samples with
different TMT labels were then pooled and acidified using 5% formic acid. Acetonitrile was
evaporated on a SpeedVac and debris was removed by centrifugation for 30 min at 18,000g.
Multi-Dimensional Protein Identification Technology (MuDPIT) microcolumns were
prepared as described®’. Liquid chromatography-mass spectrometry LC-MS analysis was
performed using a Q Exactive mass spectrometer equipped with an EASY nLC 1000
(Thermo Fisher). MuDPIT experiments were performed by 5 min sequential injections of 0,
20, 50, 80 and 100% of buffer C (500 mM ammonium acetate in buffer A (95% water, 5%
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acetonitrile, 0.1% formic acid)) and a final step of 90% buffer C and 10% buffer B (20%
water, 80% acetonitrile, 0.1% formic acid, v/v/v) and each step was followed by a gradient
from buffer A to buffer B. Electrospray was performed directly from the analytical column
by applying a voltage of 2.5 kV with an inlet capillary temperature of 275 °C. Data-
dependent acquisition of MS spectra was performed using the following settings: eluted
peptides were scanned from 400 to 1,800 /m/zwith a resolution of 30,000 and the mass
spectrometer was set in a data-dependent acquisition mode. The top ten peaks for each full
scan were fragmented by higher energy collisional dissociation (HCD) using a normalized
collision energy of 30%, a 100 ms activation time, a resolution of 7,500 and scanned from
100 to 1,800 /m/z. Dynamic exclusion parameters were 1 repeat count, 30 ms repeat duration,
500 exclusion list size, 120 s exclusion duration, and exclusion width between 0.51 and
1.51. Peptide identification and protein quantification was performed using the Integrated
Proteomics Pipeline Suite (IP2, Integrated Proteomics Applications Inc.) as previously
described®’.

RNA isolation and PCR.

Semi-quantitative PCR primers for the XfpZ mRNA splicing were as follows: 5~
AAGAACACGCTTGGGAATGG-3" and 5'-CTGCACCTGCTGCGGAC-3’. The full
description of this assay was described previously23.

Western blot analysis.

Cells were collected and homogenized in RIPA buffer (20 mM Tris pH 8.0, 150 mM NacCl,
0.1% sodium dodecyl sulphate (SDS), 0.5% Triton X-100) containing a protease inhibitor
cocktail (Roche) in the presence of 50 mM NaF and 1 mM NagVO,. Protein concentration
was determined by micro-BCA assay (Pierce), and 50-100 pg of total protein was loaded
onto SDS—polyacrylamide gel electrophoresis mini gels (Bio-Rad Laboratories) before
transfer onto polyvinylidene difluoride (PVDF) membranes. Membranes were blocked using
PBS, 0.02% Tween-20, 5% milk for 1 h at room temperature, then probed with primary
antibodies. The following antibodies were used: anti-HSP90 (sc-13119, Santa-Cruz), anti-
HA (715500, Invitrogen), anti-PERK (3192, CST), anti-VDAC1 (4866, CST), anti-InsP3R1
(home-made antibody; Rbt03%8); antilnsP3R3 (610313, BD-Biosciences), anti-MCU
(sc-246071, Santa-Cruz), antiSERCAZ2b (gift from P. Vangheluwe and F. Wuytack, K.U.
Leuven)®?, anti-calnexin (SPA-860, Stressgene), anti-ECT complex (MS601/F1208,
Mitosciences), anticytochrome ¢ (ab110325, Abcam), anti-LC3B (2775S, CST), anti-actin
(8691001, MP-Biomedicals), anti-pAMPK (2535, CST), anti-total AMPK (5832, CST),
anti-y-tubulin (sc-10732, Santa-Cruz), anti-GAPDH (sc-365062, Santa-Cruz) and anti-
IREla (sc-20790, Santa-Cruz; and/or 3294, CST). Bound antibodies were detected using
peroxidase-coupled secondary antibodies and the enhanced chemiluminescence (ECL)
system.

Immunofluorescence, Duolink, SPLICS and TEM.

For immunofluorescence and Duolink experiments, cells were seeded on 12 mm cover slips.
After the indicated transfections and treatments, cells were fixed for 20 min at room

temperature using 4% paraformaldehyde and then permeabilized using 0.5% NP-40 in PBS
containing 0.5% bovine serum albumin (BSA) for 10 min. After blocking for 1 h using 10%
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FBS in PBS containing 0.5% BSA, cells were incubated with the indicated antibodies (also
for PLA) anti-HA (901514, Biolegend or 9110, Abcam), anti-InsP3R1 (ab5804, Abcam),
anti-VDAC1 (ab14734, Abcam), anti-InsP3R3 (610313, BD-Biosciences), anti-TOM20
(ab56783, Abcam), anti-ERp72 (SPS-720, Stressgene) or anti-LC3B (2775S, CST)
overnight at 4 °C followed by either staining with Alexa-conjugated secondary antibodies
(Molecular Probes) or following Duolink manufacturer’s instructions as previously
described (Duolink, Sigma-Aldrich)23. SPLICS, was transfected as previously described3’.
In brief, a 1:1 ratio for the OMM-GFP and ER-Long plasmid was used to visualize long
MAM contacts (ranging from 40 to 50 nm). Images were acquired by confocal microscopy
(Nikon C2 plus) using a %60 oil objective lens. Images were stacked every 0.5 um to cover
all of the area of interest. Stacked images were deconvoluted using Huygens and ImageJ.
Stacked deconvolved images were reduced to one dimension using the sumslices function
(ImageJ). Colocalization was performed in thresholded images, and masked images were
used to calculate Mander’s/Pearson’s index using ImageJ/NIS-elements. For SPLICS,
convolved stacks were used to count objects from thresholded images in the three-
dimensionally rendered image.

For TEM analysis, MEFs (control linker and 9xL were sorted for RFP) or liver samples (pre-
perfused with PBS) were fixed 2 h using 2.5% glutaraldehyde, 0.01% picric acid and 0.1 M
cacodylate buffer, pH 7.4. Samples were incubated in the same buffer with 1% OsO,4 for 1 h
and then immersed in 2% uranyl acetate for 2 h, dehydrated in a gradient of ethanol and
propylene oxide, and infiltrated in Epon (Ted Pella). Ultrathin sections were contrasted with
1% uranyl acetate and lead citrate. Grids were examined using a Philips Tecnai 12 electron
microscope operated at 80 kV. TEM analysis was performed double blinded using ImageJ
software. The analysis of MAM width was performed at a 40,000x amplification. MAMs
with a maximal length (distance between membranes) of less than 30 nm were considered
for study using TEM36.

Calcium imaging, ER dynamics and mitochondrial membrane potential.

Cytosolic calcium signals were determined in MEFs loaded with 2.5 uM Fura2 (20 min at
room temperature). Cytosolic [Ca2*] increases are presented as the ratio of emitted
fluorescence (510 nm) after excitation at 340 nm and 405 nm relative to the ratio measured
before cell stimulation (Fura2 ratio 340/405). Simultaneous cytosolic and mitochondrial
measurements were accomplished by loading cells with 1 pM Rhod2 for 30 min at 37 °C in
5% CO,, before Fura2 incubation. Mitochondrial calcium increases are presented as the
emitted fluorescence at 620 nm after stimulation with 560 nm, data were normalized to
fluorescence levels before cell stimulation. Mitochondrial calcium entry was measured by
transiently transfecting the CEPIA2mt calcium probe2® and by exciting cells at 480 nm and
recording emission at 525 nm. Mitochondrial membrane potential was measured by loading
cells with 10 nM TMRM for 30 min at 37 °C 5% CO,. Excitation at 525 nm and emission at
630 nm retrieved fluorescence intensity, indicative of mitochondrial voltage. ER dynamics
were studied by transiently expressing KDEL- RFP in CRIPSR IREla-deficient cells. ER
junctions and branching were evaluated as previously described®,
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Live imaging was carried out at room temperature using an Olympus 1X81 inverted spinning
microscope. Cells were incubated/bathed in a solution containing 140 mM NaCl, 5 mM
KCI, 1.2 mM CaCl,, 0.5 mM MgCl,, 5 mM glucose, 10 mM HEPES (300 mosmol 171, pH
7.4 with Tris). Ca2*-free solutions were obtained by replacing CaCl, with an equal amount
of MgCl, plus 0.5 mM EGTA.

InsP3R activity was studied as previously described5?. Cells were loaded with 20 uM Mag-
Fluo4-AM in HEPES-buffered saline (135 mM NaCl, 5.9 mM KCl, 11.6 mM HEPES, 1.5
mM CaCls, 11.5 mM glucose, 1.2 mM MgCly, pH 7.4) with 1 mg mI~1 of BSA and 0.2 mg
ml~1 of Pluronic F127 (Invitrogen). After 60 min, cells were permeabilized for 15 min in
calcium-free cytosol-like medium (140 mM KCI, 20 mM NaCl, 1 mM EGTA, 2 mM MgCly,
20 mM Pipes, pH 7.0) containing 10 pg mi~1 of saponin. Subsequently, cells were
resuspended in a cytosol-like medium without Mg*2, supplemented with 10 uM FCCP and
220 nM free calcium. ER calcium loading was accomplished by adding 1.5 mM Mg-ATP.
On maximal loading, 3 uM InsP3 or 1 UM ionomycin (to induce the maximal response) were
added to the cells. Results were calculated as £, — Fygq of fluorescence emission at 525 nm
after excitation at 490 nm. Percentage of response was calculated for every experiment
compared to its ionomycin induced maximal release. Fluorescence was measured using a
96-well microplate reader with automated fluid additions at 37 °C (FlexStation 3, Molecular
Devices).

Unidirectional 4°Ca2* fluxes were performed in 12-well clusters on confluent monolayers of
MEFs 5 d after plating the cells at 10,000-15,000 cells per well. The chemical composition
of the permeabilization, loading and efflux media were described previously82. Cells were
permealized using 20 pg mI=1 saponin for 10 min. Non-mitochondrial Ca2* stores were
loaded with 150 nM free Ca%*, a mixture of 4°Ca2* and 45Ca?* (final specific activity of 0.3
MBq ml~1). To determine ER 45Ca2* uptake, loading was carried out at 30 °C for 5-10 min
and for 45 min (to obtain steady-state levels) in the presence of 10 mM NaN3 with or
without 500 nM thapsigargin. Afterwards, cells were washed twice with efflux medium
supplemented with thapsigargin. The 4°Ca2* amount in the stores was released by adding
2% SDS for 30 min. This amount of 4°Ca2*, expressed in counters per minute A (CPMA),
was then divided by the number of cells per well, as counted by the Invitrogen Countess Il
FL Automated Cell Counter. To assess the passive 4°Ca2* leak from the ER, 4°Ca2* loading
was carried out for 45 min, then halted by two washes with efflux medium supplemented
with thapsigargin. Next, efflux medium was provided and collected every 2 min (up to 18
min after initial collection) from each well. At the end of the experiment, 2% SDS was used
to determine the remnant 4°CaZ*. This value was used to calculate the ER 4°Ca2* content
over time by adding it in retrograde order to the radioactivity collected during the successive
time intervals.

Immunoprecipitation and pull-down assays.

Liver homogenates, transiently transfected HEK293 cells or indicated MEFs stably were
prepared in lysis buffer (0.5% NP-40, 250 mM NaCl, 30 mM Tris, 0.5% glycerol, pH 7.4, 50
mM NaF, 1 mM NagVOy,, 250 mM phenylmethylsulfonyl fluoride (PMSF) and protease
inhibitors). To immunoprecipitate HA-tagged IRE1la or endogenous IRE1a protein, extracts
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were incubated with rat anti-HA (Roche) or anti-IREla (sc-20790, Santa Cruz) antibodies
overnight at 4 °C under rotation, and then 30 ul of prewashed magnetic beads (1614013,
Biorad) was added for 3 h at 4 °C. Beads were subsequently washed twice for 5 min with 1
ml of lysis buffer at 4 °C and then once in lysis buffer with 500 mM NaCl. Protein
complexes were eluted by heating at 95 °C for 5 min in loading buffer with 100 mM
dithiothreitol (DTT).

For GST pull-down experiments, GST-fusion constructs of different domains of InsP3R1
were transformed into Escherichia coliBL21 (DE3) and induced with 0.1-1 mM isopropyl-
B-d-thigalactopyranoside for 3-6 h and subsequently purified using glutathione sepharose
beads (Thermo Scientific). For binding assays, 4 g of different GST-tagged InsP3R1
domains was incubated with approximately 4 ug of cytoplasmic domain of GST-tagged
IREla for 6 h at 4 °C on an end-to-end rotor in binding buffer containing 0.2% Triton
X-100, 50 mM Tris-Cl (pH 7.5), 100 mM NaCl, 15 mM EGTA, 1 mM DTT and 1 mM
PMSF. The mixture was then centrifuged at 500¢ for 4 min and the supernatant was
discarded. Beads were then washed four times with washing buffer (0.5% Triton X-100, 50
mM Tris-Cl (pH 7.5), 100 mM NaCl, 15 mM EGTA, 1 mM DTT and 1 mM PMSF), and
then the bound protein complexes were boiled in SDS sample buffer (containing guanidine
hydrochloride) at 95 °C for 5 min and subsequently analysed by western blot.

ATP determination and mitochondrial respiration.

Oxygen consumption rates were assessed using a Seahorse XF®96 extracellular flux analyzer
(Agilent Technologies) as previously described®3. MEFs were seeded on XFe96-well plates
24-48 h before the experiment. Cells were placed in assay medium for 1 h (unbuffered
DMEM supplemented with 1 mM glutamine, 10 mM glucose and 1 mM pyruvate, pH 7.4).
After recording baseline oxygen consumption rates, cells were challenged with 1 uyM
oligomycin, 500 nM FCCP and 1 uM rotenone/ antimycin A to reveal basal, maximal and
ATP-coupled respiration. Whole-cell ATP levels were calculated in cells seeded 24-48 h
before treatments. To measure ATP in tissues, isolated mitochondria or cells, we used a
luciferase detection kit (A22066, Invitrogen) following the manufacturer’s instructions and
normalized to protein levels. Cytosolic or mitochondrial ATP in single-cell live imaging was
calculated using the FRET ratio from the indicated cell lines that were transfected with
either cytosolic or mitochondria-tagged ATP probes?®. Cells were imaged using a Leica SP5
microscope with a 453 nm laser, with an emission of 460-490 nm for CFP and 520-540 nm
for YFP/FRET. Mitochondrial complex | and Il activity was estimated through the
evaluation of the ROS production in total or mitochondrial liver samples. ROS production
was measured using 25 UM CM-H,DCFDA (485 nm, 530 nm) with the Biotek Synergy HT
plate reader as previously described®4. Then, 25 ug of isolated mitochondria were added to
100 pl of KClI respiration buffer with 5 mM pyruvate and 2.5 mM malate as oxidative
substrates at 37 °C. ROS production was calculated as the maximum dichlorofluorescein
fluorescence following 30 min of incubation, expressed in arbitrary fluorescence units.

Animal studies.

This study was carried following the strict recommendations in the Guide for the Care and
Use of Laboratory Animals of the National Institutes of Health. Animal protocols were
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approved by the Committee on the Ethics of Animal Experiments of the University of Chile
(number: 0833 FMUCH). Mice were housed under a 12 h:12 h light:dark cycle with access
to food and water ad libitum. £/71 mutant mice, either RNase*? or kinase*3 were bred with
Mx-Cre mice*!. IRE1la deletion was achieved by injecting intraperitoneal 150 pg of poly:IC
(Invivogen) three times every two days. Sex- and age-matched male and female mice
ranging in age from two to six months were used for this study.

A glucose tolerance test was performed in eight-week-old male mice as reported*8, Mice
were starved overnight before being injected with 1.5 g kg™ of glucose. Glucose levels were
obtained from tail vein blood with one touch ultrastrips (Johnson & Johnson). Mx-Cre-
negative poly:I1C-injected age-matched littermates were used in all experiments. All samples
were included in analysis unless they fell more than two standard deviations from the mean.

Metabolomics studies.

Metabolic studies were carried out in liver tissue samples as previously described®®. About
30 mg of tissue for each condition was first weighted and solubilized into 1.5 ml
polypropylene microcentrifuge tubes with ceramic beads using 1 ml of cold lysate buffer
(methanol:water:chloroform, 9:1:1, —20 °C). They were then homogenized three times for
20 s at 5,500 r.p.m. using a Precellys 24 tissue homogenizer (Bertin Technologies), followed
by centrifugation (10 min at 15,000g, 4 °C). The upper phase of the supernatant was split
into two parts: the first 150 pl was used for the gas chromatography coupled with mass
spectrometry (GC-MS) using vial injection, the other 250 pl was used for the ultrahigh
pressure liquid chromatography coupled with mass spectrometry (UHPLC-MS). The GC-
MS aliquots (150 ul) were evaporated and dried, and 50 pL of methoxyamine (20 mg ml~1
in pyridine) was added, after which the aliquots were stored at room temperature in the dark
for 16 h. The subsequent day, 80 pl of MSTFA was added and final derivatization was
performed at 40 °C for 30 min. Samples were then directly injected into GC-MS. For the
LC-MS aliquots, the collected supernatant was evaporated in microcentrifuge tubes at 40 °C
in a pneumatically assisted concentrator (Techne DB3). The LC-MS dried extracts were
solubilized with 450 pl of MilliQ water and aliquoted in three microcentrifuge tubes (100 pl)
for each LC method and one microcentrifuge tube for backup. Aliquots for analysis were
transferred in LC vials and injected into UHPLC-MS or kept at —80 °C until injection.
Afterwards, manual verification and quality control protocols were performed. An extended
version of these methods is available on request, 243 metabolites were obtained in total.
Analysis of relevant pathways that were altered was obtained by analysing the significantly
altered metabolites (comparing experimental groups) using MetaboAnalystR%6.

Statistics and reproducibility.

Results were statistically compared using the Kruskal-Wallis ANOVA for unpaired groups
followed by multiple comparison posttests (Tukey multiple comparison test). Student’s #
tests were performed for unpaired or paired groups; one- or two-tailed experiments are
indicated in each figure legend. Analysis was performed using GraphPad software. All
experiments were performed at least three times independently and some blots were repeated
at least twice.
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Reporting Summary.

Further information on research design is available in the Nature Research Reporting
Summary linked to this article.

Data availability

Mass spectrometry data have been deposited in ProteomeXchange (PXD013313).
Metabolomics data have been deposited as a Mendeley dataset at https://data.mendeley.com/
(https://doi.org/10.17632/dtdf7wk3mb.1). Source data for Figs. 1-7 and for Supplementary
Figs. 1-4 and 7 have been provided in Supplementary Table 6. Source data for Fig. 6 and
Supplementary Fig. 6 have been provided in Supplementary Tables 3 and 4. Source data for
Fig. 7 and Supplementary Fig. 7 can be found in Supplementary Table 5. All data that
support the findings of this study are available from the corresponding author on reasonable
request.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1|. IREla is located at MAMSs and enhances mitochondrial calcium uptake.
a, IREla KO cells reconstituted with IRE1a—HA were processed to obtain purified MAM

fractions followed by western blot analysis of indicated proteins (7= 3 independent
experiments). H, homogenate; C, cytosol; Cr, crude mitochondria; M, MAMs; P, pure
mitochondria; Cyt ¢, cytochrome c; CNX, calnexin. b, Liver extracts were processed to
obtain subcellular fractions enriched for MAMs and analysed by western blot (n7=9
independent experiments). ¢,d, IRE1a KO cells reconstituted with IRELa—HA or mock
control were simultaneously imaged for calcium signals in the cytosol (Fura2; c) and
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mitochondria with Rhod2 (d). Left, the Fura2 ratio (c) and mean Rhod2 intensity (d) of
normalized data before and after ATP is added; arrow, 100 uM ATP. Right, the data for the
maximum peak are shown (total cells analysed: mock, 7= 116 cells; IREla-HA, n=138
cells). e,f, Similar experiments for Fura2 (e) and Rhod2 (f) were performed in CRISPR
control and IRE1a KO cells (total cells analysed: control, n=129 cells; IREla KO, n=117
cells). WT, wild type. g, Indicated cell lines were processed for western blot analyses to
monitor the levels of indicated proteins (7= 4 independent experiments). h, IRE1a null and
control cells were imaged for calcium levels in mitochondria by transiently expressing
CEPIA2mt mitochondrial calcium probe (left) after addition of 50 yM M3M3FBS (arrow),
(Mito red; Mitochondrila Ds-Cherry control). Scale bars, 10 um. Right, maximum
CEPIA2mt intensity for every cell analysed (mock, 7= 14 cells; IRELa—-HA, n= 14 cells). i,
Maximum peaks from Fura2/Rhod2 measurements from samples described in ¢ and d were
calculated using nonlinear regression analyses to determine the correlation constant (K) and
s.e.m. (mock, K=0.199 + 0.009; IREla-HA, K=0.231 £+ 0.01). j, Cells were imaged for
calcium levels in the ER after loading with Mag-Fluo4 in permeabilized cells followed by
stimulation with InsP3R (7="5 independent experiments; left). Middle, percentage activity
for InsP3R for each condition normalized to maximum release (ionomycin). Right, the first
derivative was calculated. Data in c—f,h—j are mean + s.e.m. Statistical differences were
detected using two-tailed unpaired Student’s #tests except for j; right, which was one-tailed.
Source data for statistical analyses are provided in Supplementary Table 6.
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Fig. 2 |. IREla expression bursts basal mitochondrial bioenergetics.
a, IREla KO cells that were reconstituted with either IRELa—HA or an empty vector

(mock) were imaged for TMRM signals before and after addition of 1 uM FCCP (carbonyl
cyanide-p-trifluoromethoxyphenylhydrazone) (left). Scale bar, 20 um. Right, mean TMRM
intensity normalized to IRE1a—HA cells (7= 6 independent experiments). b, CRISPR
control and IRE1a KO cells were analysed as described in a (7= 4 independent
experiments). ¢,d, Percentage of ATP of the indicated cells using a luminescence assay (/7=
18 biologically independent samples). e,f, ATP levels were measured in the indicated cell
lines using the ATO1 mitochondrial (yellow fluorescent protein (YFP)/cyan fluorescent
protein (CFP)) FRET probe FRET labeling stands for 440 nm excitation emmited in YFP
channel. White numbers indicate regions of interest (left). Right, quantification of YFP/CFP
ratio excited at 440 nm (mock, 7="52 cells; IRELa—HA, n= 158 cells; control, 7= 145 cells;
IREla KO, n=151 cells). Scale bars, 10 um and 2 um. g,h, The indicated cell lines were
analysed for oxygen consumption rate (OCR). O, 1 uM oligomycin, F, 0.5 yM FCCP; A/R =
1 uM antimycin/rotenone (7= 4 independent experiments). i, pPAMPK was analysed in the
indicated cells using western blots (left) and normalized to total AMPK levels (right; n=6
independent experiments). j, Determination of LC3-I1 levels in the indicated cell lines using
western blots (left), followed by quantification normalizing to actin (right; 7= 6 independent
experiments). k, TEM-derived morphological parameters of mitochondria were obtained
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from indicated cells. Scale bar, 4 um (left). Right, the data represent the area in um? and
circularity (mock, 7=52 cells; IRELa-HA, n=58 cells). |, Cells were stained for ERp72
and TOM20 by indirect immunofluorescence (left) followed by colocalization quantification
(right; Mander’s index: mock, /7= 33 cells; IRE1a—HA, =40 cells; Pearson’s index: mock,
n=68 cells; IRELa—HA, n=78 cells). Scale bar, 20 pm and 5 um. m, The indicated cells
were imaged using TEM to visualize MAMs (pointed with red arrows) (left) using two
quantification methods (right; mock, /7= 38 contacts; IRE1la—HA, 7= 30 contacts). Scale
bars, 500 nm. Data in a—m are mean + s.e.m. Statistical differences detected with one-tailed
(K) or two-tailed unpaired Student’s rtests. A Wilcoxon signed-rank test was applied in a—d
and paired Student’s #tests were applied in h,i,m (right panel). Source data for statistical
analyses are provided in Supplementary table 6.
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Fig. 3|. IREla controls the distribution of InsP3Rs at MAMs.
a, Indicated cells were processed to obtain subcellular fractions and analysed using western

blots. Right, quantification of the MAM fractions for the indicated proteins (InsP3R1, n=4;
InsP3R1, n= 8 independent experiments). b,c, Cells described in a were stained with a PLA
(red) and DAPI (Blue) using anti-InsP3R1 (b) or anti-InsP3R3 (c) antibodies paired with
anti-VDAC! antibodies. Scale bars, 20 um (left). Right, quantification of the number of
positive PLA dots per cell (7= 3 independent experiments). d, Cells were imaged using
TEM (left) to calculate ER to mitochondrial width (right; 7= 3 independent experiments;
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mock, n=46 contacts; IREla—-HA, n= 30 contacts). Scale bars, 200 nm. e, CRISPR control
and IRE1a KO cells were were imaged using TEM (left) to calculate ER to mitochondrial
width (right; n=3 independent experiments; CRISPR control, 7= 27 contacts; CRISPR
IREla KO, n=47 contacts). Scale bars, 200 nm. f, The same cells as described in a were
transiently transfected with SPLICS,_ to visualize MAMs with a width of 40-50 nm (left).
Nuclei were stained with DAPI. Scale bar, 25 um. Right, quantification of SPLICS, signal
as dots per cell (n7=5 independent experiments; total cells analysed: mock, n=41 cells;
IRE1la-HA, n=138 cells). g, Schematic representation and representative TEM images of
indicated cells transiently expressing either a AKAP1 (34-63)-linker 9x-mRFP (9xL)
construct or a control linker construct. Scale bar, 500 nm (top). MAM width was determined
by TEM (bottom; mock control linker, 7= 14 contacts; IRELa—HA control linker, n=12
contacts; mock 9xL, 7= 15 contacts). h, Cells described in g were stained with PLA (green)
and DAPI (blue) to measure the close proximity between InsP3R1 and VDACL1 proteins
(left) in mRFP positive cells. Right, the number of dot counts per cell was quantified (7=4
independent experiments) Scale bars, 20 um. Data in a—h are mean + s.e.m. Statistical
differences were detected using one-way ANOVA and Tukey post-tests for multiple
comparison (g,h), two-tailed Student’s #tests (b—f) or Wilcoxon signed-rank test (a). Source
data for statistical analyses are provided in Supplementary Table 6.
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Fig. 4 |. IREla physically interacts with InsP3Rs and controls mitochondrial calcium uptake
independent of its enzymatic activities.

a, Schematic of IRE1a structure and the mutants analysed (left) (TM; transmembrane
domain). Right, the indicated cell lines were treated with 0.1 pug ml~1 tunicamycin for 4 h
and then X6pZ mRNA splicing was evaluated using PCR analysis. The agarose gel image
was sliced to eliminate irrelevant lanes. Xbp1u, unspliced Xbp1s, spliced (7= 2 independent
experiments). b, Calcium levels in the cytosol after ATP stimulation were analysed in IREla
KO cells reconstituted with the indicated constructs. Arrow, 100 uM ATP (left; Fura2; n=4
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independent experiments; total cells analysed: mock, /7= 131 cells; IREla-HA, n=149
cells; IRE1a-P830L-HA, n=120 cells; IRE1a-AC-HA, n=97 cells). The maximum peak
for the normalized Fura2 ratio was measured (middle). The same cells were imaged
simultaneously with Rhod2 to measure mitochondrial calcium uptake. Arrow, 100 uM ATP
(right two panels). c—e, HEK293T cells were transiently transfected with the indicated
constructs and immunoprecipitation (IP) was performed using anti-HA antibodies. Western
blot (WB) analysis was performed for the indicated proteins in immunoprecipitations and
total input (c, 7= 3 independent experiments; d,e are representative of two independent
experiments). f, The indicated MEF cell lines were processed for immunoprecipitation using
anti-HA antibodies. Western blot analysis was performed for the indicated proteins in
immunoprecipitations and total input. g, Cells described in f were stained for PLA (red) and
DAPI (blue) using anti-InsP3R1 antibodies paired with anti-HA antibodies and analysed by
confocal microscopy. Scale bar, 20 pm (left). Right, the number of dots per cell were
quantified (7= 3 independent experiments). h, Schematic of InsP3R1 domains used to
generate recombinant proteins and perform in vitro pull-down assays (left; the asterisk
indicates that residues 167-169 and 267 are relevant for channel function). Right, in vitro
pull-down assay for purified GST-fused domains of InsP3R1 with recombinant IREla
cytosolic portion (IRE1a-AN) followed by western blot analysis (D1, domain 1; D2, domain
2; D3, domain 3; n= 3 independent experiments). Data in b and g are mean £ s.e.m.
Statistical differences were detected using two-tailed unpaired Student’s #test (g) or
ANOVA with Tukey multiple comparison test (b). Source data for statistical analyses are
provided in Supplementary Table 6.
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Fig. 5 |. Upregulation of endogenous InsP3Rs rescue mitochondrial calcium uptake in IREla-
deficient cells.

a, Strategy to generate CRa particles using the synergistic activator mediators and sgRNA
complex. b, IRE1a KO cells were generated that stably express either a CRa that targets the
InsP3R1 promoter or a control vector. Representative western blot analysis of the indicated
proteins was performed to confirm InsP3R1 upregulation (7= 10 independent experiments).
¢, The cells described in a were stained with a PLA (red) DAPI (blue) using anti- InsP3R1
and anti-VDACL antibodies, and were analysed by confocal microscopy. Scale bar, 20 pm
(left). Right, the number of dots per cell were quantified (s7= 6 independent experiments). d,
CRa-InsP3R1 or CRacontrol cells were imaged with Rhod2 to measure mitochondrial
calcium uptake. Arrow, stimulation using 50 UM M3M3FBS (left). Right, the maximum
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peak for normalized Rhod2 was calculated (total cells analysed: CRa-InsP3R1, 7=46 cells;
CRa-control, n=42 cells). e, CRa-InsP3R1 or CRa-control cells were imaged for
mitochondrial membrane potential after TMRM staining (left). Arrow, stimulation with 1
UM FCCP; AU, arbitrary units. Right, normalized TMRM intensity (/7= 4 independent
experiments). f, pPAMPK and total AMPK levels were determined in CRa-InsP3R1 or CRa-
control cells using western blot (left). Right, quantification of the pAMPK/AMPK ratio (n=
7 independent experiments). g, The indicated cells were lysed and ATP levels were
determined using a luminescence assay (/7= 13 biologically independent experiments). h,
IREla KO cells were generated that stably express either a CRa that targets the InsP3R3
promoter or a control vector. Representative western blot analysis of the indicated proteins
was performed to confirm InsP3R3 upregulation (7="5 independent experiments). i, The
indicated cells were imaged with Rhod2. Arrow, stimulation with 50 yM M3M3FBS (left).
Right, the maximum peak for the normalized Rhod2 was calculated (total cells analysed:
CRa-InsP3R1, n=132 cells; CRa-control, n=112 cells). j, ATP levels were determined in
the indicated cells using a luminescence assay (/7= 25 biologically independent
experiments). Data in b—j are mean £ s.e.m. Statistical differences were detected with
unpaired Student’s #tests (c,d,g,i,j) or Wilcoxon signed-rank test (b,e,f,h). Source data for
statistical analyses are provided in Supplementary Table 6.
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Fig. 6 |. IREla is required for the localization of InsP3R1 at MAMS in vivo.
a, Schematic of Erni structure (the gene encoding IRE1a) (TM; transmembrane domain)

and the strategy to delete the kinase domain (£rn12K; left). Middle, livers from Erni control
and £rnI®K mice were processed for western blot analysis to measure the levels of indicated
proteins (n7= 3 independent experiments). Right, mice were intraperitoneally injected with 1
mg kg1 of tunicamycin or vehicle for 6 h. XpZs mRNA splicing was evaluated by RT—-
PCR analysis of cDNA obtained from total liver extracts. b—f, £rni and Erni®K livers were
processed for TEM analysis (b) to determine morphological parameters including
mitochondrial area (arrows indicate MAMSs, scale bar, 500 nm) (c), MAM width (d),
mitochondrial circularity (e) and MAM length (f; 7= 4 animals per group). g, £rnIand
EmIfK MAM fractions were processed for quantitative mass spectrometry analysis (see
Methods). The volcano plot shows all of the detected proteins (grey) and those that are
known to be present at MAMSs (red dots; 7= 3 animals per group). h, A summary of
statistically significant hits observed in the proteomic screening of MAMs. i,j, £rnl and
Em1®K liver samples were processed to obtain subcellular fractions, and were analysed by
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western blot for the indicated proteins (i). Quantification of protein expression was
performed for the indicated proteins by normalizing to calnexin (CNX; j; Em1, n=9
animals; £rnI®K, n=7 animals). k, The protein content (in mg) from liver MAM fractions
(left) or pure mitochondria (right) was quantified and normalized by total liver extract (in g)
to obtain the percentage of MAM proteins in the liver (Erm1, n=6 animals; EmI®K, n=4
animals). I, Liver homogenates from £rn1 and ErnIAK were immunoprecipitated for IREla
and analysed for the indicated proteins by western blot. Ab, antibody (representative of three
independent experiments). Data in c—f,j and k are mean + s.e.m. Statistical differences were
detected using two-tailed unpaired Student’s #tests (c,d). For j,k one-tailed Student’s #tests
were applied. Source data for statistical analyses are provided in Supplementary Table 6.
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Fig. 7 |. IREla expression regulates liver metabolism.
a, Ernland ErnI®K liver samples were processed for metabolomics studies (/7= 4 animals

per group). The heat map for the metabolites indicates significantly different metabolite
levels in each experimental animal. b, Pathway analysis and statistical significance (two-
tailed Student’s #test) for the metabolites shown in a. ¢, The affected pathways and main
hits from a are indicated. Altered metabolites and their associated pathways are indicated
using the same colour code (coloured dots, size stands for A value as in b)) in a—c. d,
Whisker and dot plots of the indicated metabolites of the TCA, indicating median and
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quartiles derived from samples in a (7= 4 animals per group) levels represent the log2 of the
normalized area in a.u. e, Schematic of the TCA cycle. Metabolites with increased or
decreased levels in £rn1and ErmI® samples are indicated by arrows. f, Glucose tolerance
test in £rnl control and Ern®X mice (left). Right, data represent the area under the curve
(AUC) for the whole glucose tolerance test (7= 4 animals per group). g, Proposed model:
IREla expressed at MAMs docks the InsP3Rs at the mitochondrial-ER contact sites—
possibly through a physical interaction, which may enhance InsP3R channel activity. The
presence of IRE1la at MAMs favours calcium transfer into the mitochondria and bursts in
ATP production. IRE1a deficiency leads to a metabolic stress condition that is characterized
by the constitutive activation of AMPK, enhanced compensatory autophagy and altered
mitochondrial morphology. Data are mean + s.e.m. Statistical differences were detected with
one-tailed (d) or two-tailed Student’s #tests (f) or two-way ANOVA (f). Source data for
statistical analyses are provided in Supplementary Table 6.
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