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Abstract
Protein misfolding in the endoplasmic reticulum (ER) is accompanied by adaptive cellular responses to promote cell
survival. We now show that activation of mitochondrial respiration is a critical component of an adaptive ER stress response,
requiring the unfolded protein response (UPR) sensor Ire1, and also calcium signaling via calcineurin. In yeast and
mammalian cells lacking Ire1 or calcineurin, respiratory activation is impaired in response to ER stress; accumulation of
mitochondrial reactive oxygen species (ROS) triggers cell death as abrogation of ROS by antioxidants or loss of the electron
transport chain (in yeast) can rescue cells from death. Significantly, cells are rescued from ER stress-induced death by
mitochondrial uncoupling by CCCP to increase O2 consumption (and increase the efficiency of electron transfer).
Remarkably, genetic and pharmacologic strategies to promote mitochondrial biogenesis and increase O2 consumption also
alleviate ER stress-mediated ROS and death in yeast and mammalian cells. Moreover, in a yeast genetic screen, three
mitochondrial proteins Mrx9, Mrm1, and Aim19 that increase mitochondrial biogenesis were identified as high copy
suppressors of ER stress-mediated cell death. Our results show that enhanced mitochondrial biogenesis, linked to improved
efficiency of the electron transport chain, is a powerful strategy to block ROS accumulation and promote cell survival during
ER stress in eukaryotic cells.

Introduction

Endoplasmic reticulum (ER) stress has been defined as a
cellular condition that occurs when demand to properly fold
and modify newly synthesized proteins of the secretory
pathway exceeds the capacity of the ER to handle the load
[1]. In addition to translational control, the unfolded protein
response (UPR) is a major transcriptional mechanism to

alleviate ER stress by affecting numerous activities,
including increased chaperone production to improve pro-
tein folding, and enhanced ER-associated degradation to
destroy misfolded proteins. The most conserved branch of
the UPR is initiated upon activation of the ER sensor Ire1
that leads to activation of the Hac1 (yeast)/XBP1 (mam-
malian) transcription factor [2]. Two additional signaling
branches of the UPR present in mammalian cells are
mediated by transmembrane stress sensors: ATF6, a tran-
scription factor, and PERK, that inhibits general protein
translation by phosphorylating eukaryotic translation
initiation factor 2α (eIF2α).

The ER is a major Ca2+ reservoir that participates in
maintaining cellular Ca2+ homeostasis. During ER stress,
Ca2+ is released from the ER and enters mitochondria. Ca2
+ movement to mitochondria is suggested to regulate
oxidative phosphorylation and initially represents an
adaptive response to acute ER stress [3-5]. In mammalian
cells, PERK can become activated in response to dis-
turbed ER Ca2+ homeostasis [6, 7]. Evidence suggests
that PERK’s effects are enhanced by its interaction with
the conserved Ca2+ activated phosphatase, calcineurin [6,
7], which is inhibited by the immunosuppressive drug
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FK506. Effectors of calcineurin in mammalian cells lead
to a wide array of biological effects, including stress
signaling [8]. Calcineurin is also involved in stress sig-
naling in yeast; although yeast do not have a PERK-
mediated pathway, it is clear that calcineurin plays a cri-
tical role in cell survival in response to ER stress [9].
During the yeast ER stress response, calcium dynamics
and calcineurin activation are independent of the
calcineurin-dependent Crz1 transcription factor [9].

Chronic and unresolved ER stress, excessive movement
of Ca2+ into mitochondria, and accumulation of reactive
oxygen species (ROS) have all been linked to the initiation
of cell death. ER stress and cell death contribute to the
development and pathogenesis of many diseases, including
metabolic diseases in which cell response to nutrient fluc-
tuation is impaired [10]. Although mitochondria provide
necessary ATP for increased ER chaperone activity, and
assistance in maintaining ER and cytoplasmic Ca2+ home-
ostasis, mitochondria are also regulators of programmed cell
death upon unresolved stress. A potential role of mito-
chondria in facilitating an adaptive response to ER stress
has not been systematically explored.

In this paper, we examine how ER stress leads to cell
death via cellular accumulation of mitochondrial ROS.
Using genetic approaches, we have identified pathways
linked to increased mitochondrial biogenesis that abrogate
ROS production by increasing respiration, and remarkably,
rescue cells from ER stress-mediated death. By genetic
screening for high copy suppressors of ER stress-induced
yeast cell death, we uncovered novel genes encoding
mitochondrial proteins that increase respiratory activity. We
find that in both yeast and mammalian cells, Ire1 and cal-
cineurin each contribute to the mitochondrial response to
ER stress: the two signaling proteins are required for an
adaptive calcium response as well as regulating the activity
of the ETC component cytochrome c oxidase (COX) that
contributes to preventing ROS production and cell death.

Materials and methods

Yeast strains, media and cell culture

Standard yeast media was as described [11]. Cells were
grown in synthetic complete (SC) or YPD medium. Yeast
transformations were by the lithium acetate method [12].
Yeast cells were in the BY4742/BY4741 background.
Deletion strains were confirmed by PCR. Double mutants
were constructed by tetrad dissection.

PCCL3 cells were cultured in DMEM/F12 supplemented
with 5% FBS plus penicillin/streptomycin and a four-
hormone mixture containing 1 µg/mL insulin, 1 nM hydro-
cortisone, 5 µg/mL apo-transferrin, and 1 mU/mL TSH.

Plasmids

SAK1 on a 2 micron plasmid was from Martin Schmidt
(University of Pittsburgh). A LEU2-marked plasmid for
overexpressing HAP4 was cut with Pac1 for integration at
the ADH1 promoter, and was from Su-Ju Lin (University of
California, Davis) [13]. pMET17-CTA1 is a URA3-marked
centromeric plasmid from Paula Ludovico (University of
Minho, Portugal).

Cell viability assay, cytotoxicity assay, siRNA
knockdown

To measure cell viability after 5 h treatment with 0.5 µg/mL
tunicamycin, cells were diluted to 0.1 OD600/mL and then
plated on YPD plates for 2 days at 30 °C. Colonies were
counted and expressed as a percent of colony numbers from
untreated cells; controls for all strains ranged from 79 to 148
colonies, expressed as 100% viability. In mammalian cells,
cytotoxicity was measured as leakage of lactate dehy-
drogenase into the media (ThermoFisher Pierce). For Ire1,
PERK, and XBP1 knockdowns in PCCL3 cells, RNAiMAX
transfection reagent (ThermoFisher) was used. siRNA
sequences available upon request. Knockdowns were con-
firmed by Western blot with anti-Ire1, PERK, and XBP1
antibodies (Cell Signaling Technology).

Western blot, enzyme assay, and cell staining with
fluorescent dyes

Cell lysate was prepared by vortexing with glass beads,
including protease inhibitors, as described previously [14].
Protein content was determined by Bradford assay [15].
Monoclonal antibodies against yeast Cox2, ATP synthase α
subunit, and porin, and anti-rat XBP1 were from Abcam,
Inc. (UK). Anti-eIF2α, anti-phospho-eIF2α, and anti-PERK
antibodies were from Cell Signaling Technology.

For detecting ROS in yeast, mid-log cells were washed
with phosphate-buffered saline (PBS) and incubated with 5
µg/mL dihydroethidium (DHE) for 15 min; cells were
washed once and resuspended in PBS before visualizing
with an Olympus fluorescent microscope, and images were
collected with a Hamamatsu CCD camera. For quantitation
of DHE staining, 50 cells were counted per experimental
condition; n= 3. For measuring mitochondrial membrane
potential (MMP) in non-quenching mode, live cells were
stained with TMRM (5 nM) for 30 min, and then visualized
by fluorescence microscopy.

ROS in PCCL3 cells was measured by plate reader assay
with dihydrorhodamine 123. Cells were cultured in 96-well
plates for 2 days+/− various treatments. Cells were then
washed with Krebs-Ringer modified buffer (135 mM NaCl, 5
mM KCl, 1 mM MgSO4, 0.4mM K2HPO4, 5.5 mM glucose,
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20mM HEPES, 1mM CaCl2, pH 7.4), and 100 µL KRB with
5 µM DHR123 was added to each well. Plates were incubated
at 37 °C for 15min, washed twice with buffer, and fluores-
cence was analyzed on a Tecan M200 Infinite microplate
reader with excitation at 500 nm and emission at 536 nm.

Genetic screen

To isolate suppressors of cnb1Δ cells’ tunicamycin sensitive
growth, cells were transformed with a URA3-marked 2 µ
yeast library. ~20,000 transformants were plated on SC-
URA plates with 0.5 µg/mL tunicamycin. Candidate sup-
pressors that could grow on tunicamycin were picked and
screened for growth on 1.5 mM DTT. From these, plasmids
were rescued and tested for ability to confer resistance to
tunicamycin and DTT. Insert boundaries were sequenced
using T3 and T7 primers. Three suppressing plasmids were
isolated with inserts including genes encoding mitochon-
drial proteins. These plasmids were then modified by
restriction digest so that AIM19, MRX9, and MRM1 are the
sole intact genes in the 2 µ vector backbone.

Mitochondrial isolation, cytochrome c oxidase
activity and O2 consumption

Mitochondria were isolated as described [16] except the
homogenization step was omitted; instead, spheroplasts were
vortexed for 30 s in water, and then diluted with 1 volume of
homogenization buffer. For oxygen measurements, mito-
chondria were resuspended in an isolation buffer consisting of
200mM mannitol, 50 mM sucrose, 5 mM K2HPO4, 5 mM
MOPS, 1 mM EGTA, 0.1% w/w BSA, pH 7.15.

Cytochrome c oxidase activity was assayed by following
oxidation of cytochrome c spectrophotometrically using
isolated mitochondria permeablized with 1.5% dode-
cylmaltoside, as described [17]. COX activity is expressed
as a rate of cytochrome c oxidation/µg mitochondrial pro-
tein relative to that seen in wild-type cells.

Mitochondrial oxygen consumption was measured by
placing isolated mitochondria in a respiration buffer (107.5
mM KCl, 5 mM KH2PO4, 50mM MOPS, 1 mM EGTA,
0.1% w/w BSA essentially fatty acid free, pH 7.2 using KOH)
into a high resolution Orobos Oxygraph 2 K at 25 °C and

Fig. 1 Cells without Ire1 or
calcineurin have increased
sensitivity to ER stress. a ER
stress impairs cell growth:
cnb1Δ and ire1Δ cells have
impaired growth on
tunicamycin, DTT, or the
misfolded protein CPY*. Serial
dilutions of cells were spotted on
plates. b Cell death is induced
by ER stress. cnb1Δ and ire1Δ
cells have increased
susceptibility to ER stress-
induced death, as determined by
colony plating assay after
treating mid-log cultures with
0.5 µg/mL tunicamycin for 5 h.
Viable cells expressed as a
percentage of untreated cells
+/− standard error of the mean
(SEM); n= 3. c ER stress-
induced death is associated with
ROS accumulation. Wild-type,
cnb1Δ and ire1Δ cells treated
with tunicamycin (0.5 µg/mL)
for 5 h were stained with DHE.
Fluorescence was imaged at
identical exposure times for all
samples, and quantitated by
counting cell numbers
displaying DHE staining
throughout the entire cell out of
50 cells using ImageJ software;
n= 3.
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normalized based on total protein (100 μg). O2 flux is deter-
mined by measuring the fall in O2 concentration in the sealed
oxygraph. For whole-cell oxygen consumption, exponentially
growing cells were pelleted and resuspended in the specified
medium at 20 OD600/mL. Cells were then added into the
oxygraph chamber containing the same medium at a con-
centration of 2 OD600/mL and O2 flux was followed. When
indicated, TET (10mM) and CCCP (10 µM) were added.

Results

Ire1 and calcineurin protect against ER stress in
yeast

Ire1 (a sensor of ER stress and one of the initiators of the
UPR) and calcineurin (a Ca2+ dependent signaling phos-
phatase) are both required for resistance to ER stress [9, 18].

Yeast cells without Ire1 or without calcineurin activity (as
in cnb1Δ cells lacking the regulatory subunit of calcineurin)
have impaired growth in the presence of the misfolded ER-
retained luminal protein, CPY*, or in the presence of
tunicamycin, an inhibitor of N-linked glycosylation
(Fig. 1a). Indeed, both Ire1 and calcineurin participate in
protecting against ER stress as double ire1Δ cnb1Δ cells
exhibited synthetic growth sensitivity to tunicamycin
(Fig. 1a), and lost viability within 5 h of drug treatment (as
assessed by colony forming assay, Fig. 1b).

Inefficient mitochondrial electron transport is a major
source of cellular ROS, and mitochondrial ROS accumu-
lation has been implicated in cell death [19]. To determine
whether ER stress-induced loss of viability is associated
with ROS accumulation, cells were treated with tunicamy-
cin for 5 h, plated for viability count, and also stained with
dihydroethidium (DHE) to quantitate the fraction of cells
with increased ROS production (Fig. 1b,c). DHE

Fig. 2 ER stress-induced death is caused by mitochondrial ROS. a ER
stress-induced death is rescued in rho0 cells and by addition of the
proton ionophore CCCP. Exponentially growing cells were treated
with 0.5 µg/ml tunicamycin with or without CCCP (10 µM) for 5 h.
Cell viability was then determined as in Fig. 1b legend, expressed as a
percentage of untreated cells +/− SEM, n= 3. b ROS accumulation is
rescued in rho0 cells and by addition of the protonophore CCCP. ROS
was assayed by staining with DHE as in Fig. 1c legend; n= 3+/−
SEM. Fluorescence images from cells +/− tunicamycin were imaged
for the same exposure time and adjusted using identical Photoshop

settings. c Impaired growth of cnb1 on tunicamycin is rescued in cnb1
rho0 cells. Serially diluted cells were spotted onto plates with and
without tunicamycin (0.25 µg/mL). d ER stress-induced death (left
panel) and ROS (right panel) rescued by overexpression of mito-
chondrial catalase. Cells transformed with pMET-CTA1 were induced
to express catalase after washing with water and resuspending in
methionine-free SC medium. Tunicamycin (0.5 µg/mL) was then
added for 5 h before measuring cell viability and ROS as in Fig. 1b, c
legends +/− SEM, n= 3.
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fluorescence was intense, covering the whole cell in ire1Δ
and cnb1Δ cells sensitive to ER stress (Suppl. Figure 1). The
results suggest ROS and cell death are coordinately induced
by ER stress when ER stress response is impaired in ire1Δ
or cnb1Δ cells. Strikingly, ROS and death are induced by
ER stress in yeast exponentially growing in synthetic
complete medium with glucose, utilizing predominantly
fermentative metabolism, which represses respiratory
capacity [20]. To gain evidence that ROS accumulation
promotes death, cells were treated with ethidium bromide to
damage mitochondrial DNA, generating rho0 cells that lack

a functional electron transport chain (ETC) [21]. As shown
in Fig. 2, rho0 suppressed ER stress-induced ROS (Fig. 2b)
and death (Fig. 2a) in ire1Δ and cnb1Δ cells, consistent with
the idea that ROS produced by the ETC leads to death.
Moreover, ROS accumulation and death were abrogated by
CCCP, a protonophore that dissipates the electrochemical
proton gradient across the inner mitochondrial membrane
(Fig. 2a,b); despite inhibiting ATP production, CCCP
increases electron flow through the ETC and increases O2

consumption, thereby reducing ROS accumulation [22]
(discussed further below). Although cell growth is impaired

Fig. 3 ER stress induces mitochondrial response. a O2 consumption
increases in response to ER stress in wild-type but not cnb1Δ or ire1Δ
cells. Cells were treated with 0.5 µg/mL tunicamycin or 1 mM DTT for
2 h before measuring O2 consumption expressed as pmol/ml/s/OD600

+/− SEM, n= 3. b ETC protein levels are increased by over-
expression of HAP4 (top left panel) and SAK1 overexpression (bottom
left panel). Lysates from exponentially growing wild-type and cnb1Δ
cells +/− HAP4 overexpression were assayed by Western blot for
ETC components, Cox2 and ATP synthase, and mitochondrial outer
membrane protein VDAC1/porin. Right panel, schematic indicating
signaling pathways regulating mitochondrial biogenesis. c O2 con-
sumption is increased upon overexpression of HAP4 or SAK1. O2

consumption is increased in cells overexpressing HAP4 or SAK1. d
Overexpression of HAP4 or SAK1 suppresses death of cnb1Δ and
ire1Δ cells after 5 h tunicamycin treatment. Top panel, cell viability
was assayed as in Fig. 1b legend. Bottom panel, HAP4 overexpression
relieves impaired growth of cnb1Δ cells on tunicamycin. Serial dilu-
tions of cells were spotted on SC-uracil plates with 0.2 µg/mL tuni-
camycin. e ALA to promote heme synthesis increases O2 consumption
(left panel) and rescues viability (right panel) of ire1Δ and cnb1Δ cells
during ER stress. Cells were grown overnight in SC medium supple-
mented with ALA to mid-log phase. Viability was determined after 5 h
treatment with tunicamycin (0.5 µg/mL) as described in Fig. 1b legend.
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by loss of a functional ETC, in the presence of tunicamycin
cnb1 rho0 cells showed improved growth compared to
single cnb1Δ mutants (Fig. 2c). ER stress-induced death

was also suppressed by overexpression of mitochondrial
catalase activity, encoded by CTA1 (Fig. 2d, left panel) to
detoxify mitochondrial ROS (Fig. 2d, right panel).

Fig. 4 Extracellular Ca2+

exacerbates ER stress in cnb1Δ
cells but alleviates tunicamycin
sensitivity in ire1Δ cells. a Serial
dilutions of cells were spotted on
YPD plates with or without 0.2
µg/mL tunicamycin with or
without 200 mM CaCl2. b
Calcium influx promotes
survival in response to ER
stress. ER stress-induced ROS
accumulation (right panel) and
death (left panel) are increased
in wild-type cells in extracellular
EGTA and in cch1Δ cells. Cells
were grown overnight in SC
supplemented with 10 µM
EGTA, treated with 0.5 µg/mL
tunicamycin for 5 h, and stained
with DHE to visualize ROS;
quantitation was as described in
Fig. 1c legend. Viability was
assayed and quantitated as
described in Fig. 1b legend. c, d
Mitochondrial membrane
potential (MMP) responds to
Ca2+ flux. Exponentially
growing cells were stained with
TMRM (5 nM, nonquenching
mode) before and after 2 h
treatment with 0.5 µg/ml
tunicamycin. Wild-type cells in
SC medium plus EGTA (10 µM)
were grown overnight prior to
tunicamycin treatment. Wild-
type, cnb1Δ and ire1Δ cells
transformed with pMET17-
CTA1 were induced to express
mitochondrial catalase by
washing with water and
resuspending in methionine-free
medium. Cells were then further
incubated for 2 h with
tunicamycin (0.5 µg/mL).
Fluorescence images were taken
at identical exposure times and
brightness and contrast were
adjusted using identical
Photoshop settings.
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Increased oxygen consumption is an adaptive
response to ER stress

Mitochondrial respiratory response to various stresses have
been described previously [23, 24]. To test whether there is
also a mitochondrial respiratory response to ER stress,
cellular O2 consumption was assayed in yeast cells chal-
lenged with tunicamycin. A small but significant increase in
O2 consumption was observed in wild-type cells induced by
either tunicamycin or DTT addition (Fig. 3a, p < 0.05). By
contrast, ire1Δ and cnb1Δ cells were unable to increase O2

consumption in response to ER stress (Fig. 3a). Because
basal O2 consumption was already depressed in cnb1Δ cells
by comparison with that in wild-type cells (Fig. 3a), levels
of ETC components were analyzed by Western blot. Fig. 3b
shows that Cox2, a subunit of cytochrome c oxidase (COX,
responsible for the majority of cellular O2 consumption)
was not significantly decreased in cnb1Δ cells by compar-
ison with that in wild-type cells, suggesting that COX
protein level does not account for diminished O2

consumption.
ROS production increases as the rate and efficiency of

electron flow through the ETC decline [22]. To examine the
idea that mitochondrial biogenesis can increase efficiency of
electron flow by increasing ETC components and reducing
ROS production, we exploited two methods. First, mito-
chondrial biogenesis is controlled transcriptionally (in
response to carbon source) by the Hap complex [25]; Hap4
is the catalytic subunit of the complex, and when Hap4 is
overexpressed, respiration rate increases to 150% that of
wild-type cells, overcoming glucose repression of respira-
tion during exponential growth [26]. Hap4 overexpression
increased levels of ETC proteins in wild-type, cnb1Δ and
ire1Δ cells (Fig. 3b), and increased basal O2 consumption
(Fig. 3c). Indeed, HAP4 overexpression protected ire1Δ and
cnb1Δ cells from tunicamycin-induced death (Fig. 3d, top
panel) and improved cnb1Δ cell growth in the presence of
tunicamycin (Fig. 3d, bottom panel). These results are
consistent with the idea that increased electron flow through
the ETC helps to limit ROS production and rescues from
ER stress-induced death. Second, Snf1/AMP kinase
(AMPK) signaling pathways also control mitochondrial
biogenesis in response to carbon source [27]. By over-
expressing Sak1 kinase to manipulate glucose-dependent
Snf1/AMPK [28], it is possible to increase levels and
activity of ETC components. Figure 3b (right panel) dia-
grams a proposed signaling pathway regulating mitochon-
drial biogenesis. Sak1 overexpression increased ETC
protein levels (Fig. 3b); increased copies of COX2, encoded
by mitochondrial DNA, confirm increased mitochondrial
biogenesis upon Sak1 as well as Hap4 overexpression
(Suppl. Figure 2A). Sak1 overexpression substantially
increased basal O2 consumption in cnb1Δ and ire1Δ cells

(Fig. 3c). Increased O2 consumption by HAP4 or SAK1
overexpression was linked to decreased ROS production
during ER stress (Suppl. Figure 2B), and also suppressed
ER stress-induced death (Fig. 3d).

COX, the final enzyme and the proposed rate-limiting
step in the ETC, has copper and heme groups to help
transfer electrons to O2. COX expression and activity was
recently reported to be increased in mice fed aminolevulinic
acid (ALA), a precursor of heme [29], and increased heme
synthesis in yeast has been found to increase respiration
[30]. Indeed, O2 consumption was increased in yeast cells
fed overnight with ALA (Fig. 3e, left panel), and increased
respiration was linked to increased resistance to ER stress
(Fig. 3e, right panel).

Extracellular calcium exacerbates ER stress in cnb1Δ
cells but helps rescue ire1Δ cells

As noted above, both cnb1Δ and ire1Δ yeast are hyper-
sensitive to ER stress. During ER stress, cnb1Δ cells
accumulate Ca2+ [9, 31]. Indeed, we observed that extra-
cellular Ca2+ exacerbates impaired growth of cnb1Δ cells
challenged with ER stress (Fig. 4a), suggesting that exces-
sive accumulation of Ca2+ in cnb1Δ cells is deleterious,
which is consistent with a role for calcineurin in limiting
extracellular Ca2+ entry to prevent toxicity [31]. Remark-
ably, however, growth of ire1Δ cells in the presence of
tunicamycin was slightly improved by excess extracellular
Ca2+ (Fig. 4a). Excess extracellular Ca2+ also improved
growth in the presence of tunicamycin in cells without
Hac1, the transcription factor activating UPR (Fig. 4a);
these results suggest that Ca2+ acts downstream of the UPR
to enhance survival during ER stress. In support of this idea,
extracellular EGTA exacerbated sensitivity of wild-type
cells to tunicamycin-induced ROS accumulation and death
(compare Fig. 4b with Fig. 1c); similarly, cch1Δ cells,
impaired in Ca2+ influx [32] were also sensitive to ER
stress-induced ROS and death (Fig. 4b). Extracellular
EGTA did not significantly affect ER stress-induced ROS
accumulation and cell death in cnb1Δ cells, while, inter-
estingly, cell viability as well as ROS were reduced in ire1Δ
cells (compare Fig. 4b with Fig. 1c), reflecting perhaps the
complexity of Ca2+ dynamics under these conditions.
However, consistent with growth phenotypes in Fig. 4a,
cnb1Δ cells display extreme sensitivity to ER stress-induced
ROS accumulation and death after growth in medium with
100 mM excess Ca2+, while ER stress-mediated ROS and
cell death were alleviated by excess Ca2+ in ire1Δ cells
(Suppl. Figure 3).

Ca2+ enters mitochondria after its release from the ER in
mammalian cells [33], and this increases respiratory chain
activity and mitochondrial membrane potential (MMP)
leading to ATP generation [3]. To examine if Ca2+ flux
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affects MMP during ER stress in yeast, cells were stained
with the fluorescent dye TMRM in nonquenching mode
[34]. As shown in Fig. 4c, MMP in wild-type cells was
increased 2 h after tunicamycin addition; imaging of
TMRM staining in cells treated with and without tunica-
mycin is shown in Suppl. Figure 4. Mitochondrial hyper-
polarization in response to ER stress was diminished when
cells are grown in EGTA to prevent Ca2+ influx into the cell
(Fig. 4c).

Notably, mitochondrial hyperpolarization failed to occur
in response to ER stress in ire1Δ and cnb1Δ cells (Fig. 4c).
These results suggest that the MMP hyperpolarization is
dependent on Ca2+ dynamics and reflects an adaptive
response to ER stress. Because ROS accumulation is alle-
viated by overexpression of catalase in ire1Δ and cnb1Δ
cells (Fig. 2d), MMP was assayed by TMRM staining after
catalase overexpression. Figure 4d shows mitochondrial
hyperpolarization in response to ER stress was restored

upon detoxification of ROS in ire1Δ and cnb1Δ cells, sug-
gesting that ROS production is closely linked to MMP
regulation.

COX activity is impaired in ire1Δ and cnb1Δ cells

As shown in Fig. 3a, cellular O2 consumption in cnb1Δ cells
was significantly lower than that in wild-type yeast cells. To
examine whether impaired COX activity can account for
depressed O2 consumption in cnb1Δ cells, COX activity
was assayed by measuring oxidation of cytochrome c in
isolated mitochondria (see Methods). Indeed, COX activity
was reduced in cnb1Δ cells by comparison with that of wild-
type cells (Fig. 5a, right panel). Moreover, COX activity is
also decreased in cells grown overnight with the calcineurin
inhibitor FK506 (Fig. 5a, right panel), consistent with
decreased O2 consumption (Fig. 5a, left panel). These data
indicate that COX activity is downstream of calcineurin

Fig. 5 O2 consumption and
COX activity are impaired in
cnb1Δ and ire1Δ cells. a Left
panel, O2 consumption by cells
grown overnight to mid-log
phase in FK506 (2 µg/mL) were
compared with that of wild-type
and cnb1Δ cells. Right panel,
COX activity measured in
isolated mitochondria as
oxidation of cytochrome c. b O2

consumption in ire1Δ cells is not
entirely attributable to oxidative
phosphorylation. O2

consumption was measured in
wild-type, cnb1Δ, and ire1Δ
cells. Cells were treated with
TET (10 mM) to inhibit ATP
synthase; O2 consumption in
wild-type and cnb1Δ, but not
ire1Δ cells falls to 0. Addition of
CCCP (10 µM) induces O2

consumption to return to
maximal. c Reduced ETC
activity in ire1Δ cells. Left
panel, O2 consumption by
oxidative phosphorylation
(TET-inhibitable) in wild-type,
cnb1Δ and ire1Δ cells. Right
panel, COX activity was
measured in isolated
mitochondria. Wild-type cells
were grown to mid-log
phase overnight in SC with 3%
glycerol for comparison with
strains grown in SC with 2%
glucose.
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signaling. In wild-type and cnb1Δ cells, cellular O2 con-
sumption entirely reflects ETC-coupled ATP synthesis as
O2 consumption was completely blocked by inhibition of
ATP synthase (with triethyltin, TET) and returned to its
normal state upon CCCP addition (Fig. 5b). In ire1Δ cells,
O2 consumption was similar to that in wild-type cells;
however, ~50 % of O2 consumption in ire1Δ cells remained

after inhibition of ATP synthase (Fig. 5b), suggesting that
O2 is utilized in ire1Δ cells for (one or more) cellular
activities other than ETC-coupled oxidative phosphoryla-
tion. Replotted in Fig. 5c (left panel), O2 consumption
coupled to oxidative phosphorylation (TET-inhibitable) was
decreased in ire1Δ cells by comparison with that in wild-
type cells. Similarly, COX activity was decreased in ire1Δ

Fig. 6 High copy suppressors of
ER stress-induced death of
cnb1Δ cells. a, b Upon
overexpression on 2 µ plasmids,
three mitochondrial genes,
AIM19, MRM1, and MRX9
rescue cnb1Δ and ire1Δ cells
from ER stress-induced death
and ROS. Viability and ROS
after 5 h incubation with 0.5 µg/
mL tunicamycin was determined
as described in Fig. 1b, c
legends. The results are
expressed as a percent of
untreated cells. c
Overexpression of Aim19,
Mrm1, and Mrx9 increase O2

consumption in wild-type,
ire1Δ, and cnb1Δ cells. d High
copy suppressors of ER stress-
induced death increase ETC
component levels. Western blot
of wild-type, cnb1Δ, and ire1Δ
cells with and without high copy
suppressors.
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cells relative to that in wild-type cells (Fig. 5c, right panel).
For comparison with cells exponentially growing in glu-
cose, O2 consumption and COX activity are also shown for
cells growing in (non-fermentable) glycerol with a full
respiratory metabolism (Fig. 5c). These results suggest that
diminished COX activity that is unable to respond to ER
stress is linked to susceptibility to ROS production in both
ire1Δ and cnb1Δ cells.

High copy suppressors of ER stress-induced death in
yeast

A screen was performed to identify genes that, upon over-
expression, rescue cnb1Δ cells from ER stress-induced
death (see Methods). Of the suppressors that were isolated,

three genes encoded the mitochondrial proteins Mrm1,
Mrx9, and Aim19 (Fig. 6a). When overexpressed, these
mitochondrial proteins rescued cells from tunicamycin-
induced ROS accumulation (Fig. 6b). Moreover, these
proteins also increased basal O2 consumption even in wild-
type cells (Fig. 6c), and restored viability to both ire1Δ and
cnb1Δ cells challenged with ER stress (Fig. 6a). Mrm1 is a
conserved ribosome rRNA methyltransferase whose activity
is required for mitochondrial ribosome function in yeast and
mammalian cells [35, 36]. [The importance of Mrm1 in
respiratory activity is further indicated by the inability of
mrm1Δ cells to grow on the nonfermentable carbon source
glycerol (Suppl. Figure 5.)] Mrx9 is also associated with
mitochondrial ribosomes [37], whereas Aim19 is a potential
interaction partner with respiratory supercomplexes [38]
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and has been shown to interact with the Tim23 translocon of
the inner mitochondrial membrane [39]. Because factors
involved in mitochondrial transcription, translation, and
assembly of the respiratory chain are coordinated [40], it is
likely that each of these gene products facilitates aspects of
mitochondrial biogenesis including ETC assembly. Indeed,
ETC protein levels were increased upon overexpression of
Aim19, Mrm1 or Mrx9 in wild-type, cnb1Δ and ire1Δ cells
(Fig. 6d).

Common mechanisms in ER stress-induced death

To examine whether the critical role for mitochondrial ROS
in ER stress-mediated cell death in yeast is shared by
mammalian cells, we examined cultured PCCL3 (rat) cells,
a line of thyroid secretory cells, which exhibit significant
sensitivity to tunicamycin [41]. Figure 7a shows that
mitochondrial ROS was accumulated within 48 h after
tunicamycin challenge. Concomitantly, cytotoxicity was
induced, as measured by extracellular leakage of lactate
dehydrogenase (Fig. 7b). Together with tunicamycin,
addition of the calcineurin inhibitor FK506 elicited
increased cytotoxicity (Fig. 7b) and exacerbated ROS

accumulation (Fig. 7a). Ire1 knockdown using siRNA (to
~10% normal levels; Suppl. Figure 6) also promoted
increased cytotoxicity after tunicamycin treatment (Fig. 7b).
Similarly, cytotoxicity after tunicamyin challenge is aug-
mented by knockdown of XBP1, the transcription factor
activated via Ire1 signaling (Suppl. Figure 7), suggesting
that the effect of Ire1 knockdown is mediated primarily
through impaired XBP1-dependent transcriptional activity
(versus XBP1-independent activities [42, 43].) PERK, sig-
naling a distinct branch of the mammalian UPR [44], is also
necessary for protection from ER stress as both ROS and
cytotoxicity were aggravated by PERK knockdown (Suppl.
Figure 7).

Similar to that seen in yeast, mitochondrial hyperpolar-
ization, revealed by increased TMRM fluorescence, was
observed in PCCL3 cells within 1 h of tunicamycin addi-
tion; this ER stress response was prevented in the presence
of FK506 (Fig. 7c). Strategies that rescue yeast from ER
stress-mediated death, such as detoxifying ROS with the
anti-oxidant N-acetyl cysteine, substantially inhibited death
of the mammalian cells as well (Fig. 7d). The protonophore
CCCP, which increases electron transport and O2 con-
sumption, also significantly reduced ROS production in
mammalian cells (Fig. 7d, bottom panel), in agreement with
previous studies [45, 46], and decreased tunicamycin-
induced cytotoxicity (Fig. 7d, top panel). [Interestingly,
CCCP by itself resulted in some cytotoxicity, presumably
by inhibiting ATP synthesis.] Furthermore, as in yeast,
heme and the heme precursor ALA reduced cytotoxicity of
PCCL3 cells in response to tunicamycin (Fig. 7d, top
panel), perhaps by increasing ETC activity [29]. Finally,
AICAR, an activator of AMPK [47], increased O2 con-
sumption in PCCL3 cells (Fig. 7e), and was effective in
suppressing ER stress-mediated cell death (Fig. 7d).

Calcineurin has been suggested to interact with PERK
(an ER stress-responsive eIF2α kinase) and to increase its
activity during the UPR [7]. As expected, tunicamycin
treatment increased phosphorylation of the critical
translation-regulating eIF2α subunit in PCCL3 cells
(Fig. 7f, left panel). Remarkably, in cells treated with
FK506 and tunicamycin, eIF2α phosphorylation was
diminished by comparison with that seen with tunicamycin
alone (Fig. 7f, left panel). PERK kinase phosphorylation is
induced by tunicamycin (seen as a broad smear in an anti-
PERK Western blot in Fig. 7f, right panel, arrowhead);
however, FK506 inhibits tunicamycin-induced PERK acti-
vation, supporting the idea that calcineurin promotes PERK
activity during the UPR. Thus, calcineurin and
Ire1 signaling in response to ER stress both help to limit
ROS accumulation in eukaryotes from yeast to mammalian
cells, and calcineurin may additionally contribute to ER
stress-mediated activation of PERK kinase activity in
mammalian cells.

Fig. 7 ER stress induces ROS and death in PCCL3 cultured cells. a
Calcineurin protects against ROS production. Cells were co-treated
with FK506 (5 µM) and tunicamycin (100 ng/mL) for 2 days. Cells
were then co-stained with DHE and Mitotracker green to detect ROS
and mitochondria, respectively. b ER stress-induced cytotoxicity (top
panel) and ROS accumulation (bottom panel) are exacerbated by
calcineurin inhibition and Ire1 knockdown (kd). siRNAs were added
to cells for 2 days before incubation with tunicamycin (100 ng/mL) for
another 2 days before cytotoxicity was assayed. The cytotoxic effect of
FK506 was determined after 2 days incubation with tunicamycin (100
ng/mL) with or without FK506 (5 µM). Cytotoxicity was assayed as
leakage of LDH. n= 3 experiments; error bars are SEM. *p < 0.05.
ROS accumulation was assayed by DHR123 fluorescence staining, as
described in Methods. cMitochondrial hyperpolarization is induced by
tunicamycin (100 ng/mL). MMP, as measured by TMRM fluores-
cence, is increased by 1 h after tunicamycin treatment; this ER stress
response is abrogated by FK506-mediated inhibition of calcineurin. d
Tunicamycin-induced cytotoxicity (top panel) is dependent on mito-
chondrial ROS, and is suppressed by anti-oxidants (N-acetyl cysteine,
5 mM), heme (10 µM), increased heme synthesis (ALA, 300 µg/ml),
increased O2 flux (induced by CCCP, 10 nM), and increased mito-
chondrial respiration (induced by AICAR, 0.5 mM). n= 3 experiments
+/− SEM. *p < 0.05, **p < 0.01. Bottom panel, ROS accumulation
was assayed by DHR123 fluorescence, as described in Methods. e
AICAR increases O2 consumption. PCCL3 cells were treated with
AICAR (0.5 mM) for 1 day, and then trypsinized, washed, and placed
in a oxygraph for O2 consumption measurements, as described pre-
viously [62]. f Left panel, Calcineurin is necessary for tunicamycin-
induced phosphorylation of eIF2α. Cells were treated with tunicamy-
cin +/− FK506 (5 µM) for 2 days, as in a, and phosphorylated eIF2α
and total eIF2α protein were assayed by Western blot. Right panel,
Cell lysate from experiment shown in the left panel was blotted with
anti-PERK antibody. Arrowhead, in tunicamycin-treated samples,
phosphorylated PERK is seen as an extensive smear.
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Discussion

In eukaryotic cells exposed to ER stress, Ca2+ flux from ER
to mitochondria has been established [3]. From our studies,
we propose a model (diagrammed in Fig. 8) such that initial
Ca2+ flux in response to ER stress is an adaptive response to
increase respiration. Increased demand for ATP upon
increased chaperone activity may link to the Ca2+ flux that
serves as a stimulus for enhanced respiratory activity. The
respiratory burst in yeast is observed as an initial short-lived
increase of MMP and increased O2 consumption (Figs. 3
and 4), and has also been reported in HeLa cells [5]. We
propose that Ca2+ flux induced by ER stress serves as the
basis for increased MMP, as EGTA abrogates ER stress-
induced MMP response in wild-type cells, and increases
susceptibility to ROS accumulation and cell death (Fig. 4b).

A major finding in this paper is that an adaptive mito-
chondrial response to ER stress requires both Ire1 and
calcineurin. Our data suggest that defective Ca2+ home-
ostasis/signaling contributes to failure to increase respira-
tion in yeast ire1Δ cells, leading to ROS accumulation and
cell death (Fig. 8). Supporting this idea, extracellular Ca2+

alleviates tunicamycin-impaired growth and ER stress-
induced ROS accumulation and cell death in ire1Δ cells
(Fig. 4 & Suppl. Figure 3), perhaps by promoting increased
Ca2+ entry into mitochondria to improve electron flow in
the ETC and/or refilling of the ER pool. Similarly, in human
neurobastoma cells, Ire1 knockdown induces Ca2+ dysre-
gulation leading to ROS accumulation and cell death [48].
By contrast with possible insufficient Ca2+ flux in the
absence of Ire1, Ca2+ overload may occur during ER stress
in the absence of calcineurin [9] so that extracellular Ca2+

exacerbates ER stress-impaired growth, ROS accumulation

and death in cnb1Δ cells (Fig. 4 & Suppl. Figure 3), pre-
sumably mediated by dysregulated, exuberant Ca2+ entry
[31]. Constitutive Ca2+ overload in cnb1Δ cells likely
contributes to diminished COX activity, decreased O2

consumption, and increased ROS (Figs. 2, 3, and 5).
In addition to the direct effects of Ca2+ on the activities

of ETC components, another possible mechanism to
account for impaired mitochondrial response to ER stress in
cnb1Δ or ire1Δ cells is disturbed Snf1/AMPK activity. In
yeast, Snf1 activation is regulated in a Ca2+-dependent way
[49], and reports in some mammalian cells indicate that
AMPK phosphorylation and activity is regulated by Ca2+

and calmodulin-dependent protein kinase kinase ß [50]. ER
stress has indeed been shown to activate AMPK [51], and
we have shown previously that a hyperactive Snf1 allele can
increase respiration to abrogate mitochondrial ROS accu-
mulation [23].

The link between ER stress-induced ROS accumulation
and cell death has previously been noted [52], although the
mechanisms have been ill-defined. Our results show that ER
stress-induced ROS production by mitochondria is blocked
not only by ETC loss or increasing the rate of O2 con-
sumption with CCCP or anti-oxidants such as N-acetyl
cysteine or mitochondrial catalase (Fig. 2), but significantly
by increasing electron transport and respiration. Increased
respiratory response may help limit mitochondrial ROS
production in multiple forms of stress; in yeast, this includes
nitrogen deprivation [23], mating pheromone [24], and
exposure to acetic acid [53]. Using genetic approaches, we
show that ER stress-induced ROS and cell death are ame-
liorated by increased mitochondrial biogenesis upon over-
expression of HAP4, a transcriptional activator of
respiratory gene expression, or by overexpressing SAK1 to

Fig. 8 Schematic model of ER stress-induced stress. Details described
in text. Cell survival: protein misfolding in the ER is sensed by Ire1
that dimerizes to induce increased transcriptional activation in the
nucleus; Ire1 activity is necessary for survival of ER stress. In response
to ER stress, MMP and O2 consumption are increased [by Ca2+ influx
into mitochondria [3]]. Activation of calcineurin is a requisite event for

cell survival [this paper and [31]]. Cell death: protein misfolding in the
ER cannot induce a transcriptional response without Ire1. Ca2+ flux is
abnormal without calcineurin [9]. Genetic evidence suggests Ca2+

homeostasis is also dysregulated in ire1Δ cells. In both cnb1Δ and
ire1Δ cells, MMP and O2 consumption fail to respond to ER stress,
ROS is accumulated and death ensues (Figs. 1 and 3).
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activate Snf1/AMPK signaling (Fig. 3). The importance of
mitochondrial biogenesis is underscored as genetic screen-
ing shows that overexpression of MRM1, MRX9, and
AIM19 alleviates ER stress by increasing mitochondrial
protein synthesis (Fig. 6). In all cases, increased mito-
chondrial biogenesis is associated with significant increases
in O2 consumption. Using an analogous approach in
mammalian PCCL3 cells, AMPK signaling increased by
AICAR promotes O2 consumption to reduce ROS produc-
tion and cell death (Fig. 7).

In addition to increasing electron flow, mitochondrial
biogenesis is protective because mitochondrial antioxidants
such as superoxide dismutase and catalase are increased.
Because mitochondrial growth rescues reduced COX activity
observed under basal respiratory metabolism in cnb1Δ and
ire1Δ cells (Fig. 3c), it appears that incorporation of new
mitochondrial components helps to optimize electron transfer
reactions, i.e., new assembly produces a better ETC. Increased
COX2 DNA upon HAP4 or SAK1 overexpression (Suppl.
Figure 2A) suggests that mitochondrial numbers are increased
as well. Mechanisms known to promote a more efficient ETC
include posttranslational modification of COX subunits and
switching of different COX isoforms [54, 55].

Mitochondrial transcriptional UPR targets underscore the
important role played by mitochondria in response to ER
stress [56, 57]. Among these targets are biosynthetic
enzymes for cofactors of ETC components, an enzyme
catalyzing formation of ETC complex II, and Hap1, a heme
and O2-dependent transcription factor. Other UPR targets
have anti-oxidant effects, or participate in mitochondrial
protein quality control [58, 59]. Finally, Tos3 is a UPR
target related to and functionally redundant with Sak1 for
phosphorylation and activation of Snf1/AMPK [60], con-
sistent with our observation that SAK1 overexpression
alleviates ER stress-induced mitochondrial ROS production
(Fig. 2b). In mammalian cells, UPR transducers ATF6 and
ATF4 control expression of the Parkin ubiquitin ligase that
regulates mitochondrial function and maintains quality
control, along with PGC1α, master regulator of mitochon-
drial biogenesis [61]. We predict a better understanding of
how mitochondrial respiration is regulated will lead to novel
therapies to promote cell survival and alleviate diseases
triggered by ER stress.
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