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Retrograde signaling mediates an adaptive survival response
to endoplasmic reticulum stress in Saccharomyces cerevisiae
Imadeddin Hijazi, Jeffrey Knupp and Amy Chang*

ABSTRACT
Onemajor cause of endoplasmic reticulum (ER) stress is homeostatic
imbalance between biosynthetic protein folding and protein folding
capacity. Cells utilize mechanisms such as the unfolded protein
response (UPR) to cope with ER stress. Nevertheless, when ER
stress is prolonged or severe, cell death may occur, accompanied by
production of mitochondrial reactive oxygen species (ROS). Using a
yeast model (Saccharomyces cerevisiae), we describe an innate,
adaptive response to ER stress to increase select mitochondrial
proteins, O2 consumption and cell survival. The mitochondrial
response allows cells to resist additional ER stress. The ER stress-
induced mitochondrial response is mediated by activation of
retrograde (RTG) signaling to enhance anapleurotic reactions of the
tricarboxylic acid cycle. Mitochondrial response to ER stress is
accompanied by inactivation of the conserved TORC1 pathway, and
activation ofSnf1/AMPK, the conserved energysensorand regulator of
metabolism. Our results provide new insight into the role of respiration
in cell survival in the face of ER stress, and should help in developing
therapeutic strategies to limit cell death in disorders linked to ER stress.

This article has an associated First Person interview with the first
author of the paper.
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INTRODUCTION
Major activities in the endoplasmic reticulum (ER) include folding,
modification and assembly of newly synthesized proteins destined
either for residence within the endomembrane system or secretion
from the cell. When demand for protein folding at the ER is increased
(e.g. in pancreatic beta cells during hyperglycemic conditions) or
when protein misfolding occurs, cells can experience ER stress.
Under these conditions, cells activate a transcriptional program called
the unfolded protein response (UPR), which helps to maintain ER
homeostasis by enhancing capacity for protein folding and promoting
destruction of misfolded proteins (Walter and Ron, 2011). In yeast
(herein Saccharomyces cerevisiae), UPR signaling in response to
protein misfolding occurs via the Ire1 sensor, whereas in mammalian
cells, canonical UPR signaling includes not only the Ire1 branch but
also engages two additional distinct branches mediated by PERK and
ATF6. Failure to satisfactorily resolve chronic or severe ER stress can
lead to cell death; moreover, ER stress and cell death contribute to the

pathogenesis of many disorders, including metabolic and
neurodegenerative diseases (Oakes and Papa, 2015; Wang and
Kaufman, 2016).

There is accumulating evidence that beyond the UPR, cells
exhibit further responses to ER stress (Appenzeller-Herzog and
Hall, 2012; Darling and Cook, 2014; Knupp et al., 2018). The TOR
signaling network, a master cellular regulator of anabolic activities,
has been suggested to interconnect with ER stress response
signaling (Appenzeller-Herzog and Hall, 2012; Bachar-Wikstrom
et al., 2013). The multiprotein kinase complex TORC1 is a central
component of a signaling network sensing nutrient (amino acid)
availability for a myriad of anabolic activities, such as ribosomal
biogenesis and protein translation. A role for activation of AMP-
activated protein kinase (AMPK) has also been suggested in
alleviating ER stress (Jung and Choi, 2016). AMPK and its yeast
ortholog Snf1 act as energy sensors, regulators of metabolism, and
promote mitochondrial biogenesis and autophagy (Hardie et al.,
2012). The TORC1 and Snf1/AMPK signaling networks have
broadly opposing effects on metabolism. Although the points of
interplay between the two pathways are numerous, ER stress
signaling is most often associated with induction of catabolic
activities, such as attenuation of protein synthesis and autophagy,
which accompanies inactivation of the TORC1 signaling pathway
(Bravo et al., 2013; Kapahi et al., 2010).

Ongoing work has elucidated a complex and interdependent
relationship between mitochondria and the ER. Physical contact
sites connect mitochondria and ER for lipid and calcium exchange
(Phillips and Voeltz, 2016), proper targeting of mitochondrial
proteins is assisted by the ER (Hansen et al., 2018), and there is
accruing evidence to suggest that mitochondria participate in the ER
stress response (Knupp et al., 2018; Malhotra and Kaufman, 2011).
Mitochondria are involved in cell death decisions upon unresolved
ER stress, and the mitochondrial electron transport chain (ETC) is a
major source of reactive oxygen species (ROS) that are damaging to
cells (Malhotra and Kaufman, 2011). Mitochondria also have a
protective role against ER stress by providing ATP to fuel chaperone
activity and playing a critical role in cellular calcium homeostasis.
Because mitochondrial DNA encodes components of the oxidative
phosphorylation machinery, regulation of mitochondrial respiratory
activity involves coordination of nuclear and mitochondrial gene
expression (Nunnari and Suomalainen, 2012).

Recently, we reported on genetic strategies that limit ROS
accumulation by increasing the rate and efficiency of electron
transport; these approaches were effective in promoting cell survival
and resistance to ER stress (Knupp et al., 2018; Turrens, 2003). In
yeast growing in the presence of glucose, respiration is repressed in
favor of glycolysis (Broach, 2012); however, we now show that
despite abundant glucose, yeast responds to ER stress with increased
O2 consumption, increased mitochondrial membrane potential, and
up-regulation of levels of select mitochondrial proteins. Enhanced
respiration and adaptation to ER stress is mediated by retrogradeReceived 7 November 2019; Accepted 23 January 2020
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(RTG) signaling to promote anapleurotic reactions of the
tricarboxylic acid (TCA) cycle. Activation of RTG signaling in
response to ER stress is accompanied by inactivation of TORC1-
mediated signaling, and activation of Snf1/AMPK.

RESULTS
Adaptation to ER stress is accompanied by increased
electron transport chain activity
When exposed to prolonged ER stress, yeast cells exponentially
growing in abundant glucose (in which respiration is ordinarily
repressed) responded with an increase in specific mitochondrial
proteins such as Cox2 [a mitochondrially encoded component of
cytochrome c oxidase (COX)], the outer membrane protein Por1/
VDAC, and a slight increase in the Hsp70 protein and component
of the inner membrane import motor, Ssc1 (Craig, 2018)
(Fig. 1A). A time course shows that Cox2 protein levels were
progressively increased after addition of tunicamycin [which
promotes ER protein misfolding by inhibiting N-linked

glycosylation; Cox2 protein levels were constitutively increased
upon constitutive expression of misfolded CPY* (Ng et al., 2000)
(Fig. 1A)].

Significantly, Cox2 protein induction was not dependent on
canonical signaling of ER stress by Ire1 (Fig. 1A, bottom-left
panel). However, increased Cox2 protein induced by ER stress was
dependent on Rtg1, a transcriptional activator of the retrograde
(RTG) signaling pathway that conveys mitochondrial needs to
changes in nuclear gene expression, in particular, to replenish TCA
cycle intermediates (Liu and Butow, 2006) (Fig. 1A, bottom-right
panel). Cox2 protein induction was dependent on translation by
mitochondrial ribosomes, as it was inhibited by the specific
inhibitor pentamidine (Zhang et al., 2000); by contrast, Por1,
encoded by a nuclear gene, was induced by tunicamycin, unaffected
by pentamidine (Fig. S1A). Furthermore, Cox2 translation required
its translational activator Pet111, which is encoded by nuclear DNA
(Green-Willms et al., 2001); in response to ER stress, PET111
undergoes Rtg1-dependent transcriptional induction (Fig. S1B).

Fig. 1. Time course of mitochondrial respiratory
response to ER stress. Cells were exponentially
growing in SC medium. (A) Left panel: western blot
sequentially blotted for Cox2, Por1 and Ssc1, showing
that these proteins were progressively increased at
various times after tunicamycin (tun) addition (0.5 µg/
ml). Lysates were normalized to total protein. Pgk1, the
loading control and the alpha subunit of ATP synthase
remained much the same. Right panel: western blot
showing that Cox2, Por1 and Ssc1, but not ATP
synthase alpha subunit protein levels, were elevated in
wild-type (WT) cells constitutively expressing
misfolded CPY*. Cox2 induction by ER stress (0.5 µg/
ml tunicamycin for 5 h) was dependent on Rtg1 (right
panel) but independent of Ire1 (left panel). (B) Relative
mitochondrial numbers as measured by COX2
mitochondrial DNA content. Semi-quantitative PCR
was used to determine COX2 DNA level normalized to
ACT1. Cells growing exponentially in SC, treated with
0.5 µg/ml tunicamycin (Tun) for 5 h, were compared
with untreated cells (−), cells over-expressing (OE)
SAK1 or HAP4 grown in SC, and cells grown overnight
in SC with the nonfermentable carbon source glycerol
(Gly). Error bars indicate s.e.m.; n=3. (C) Cellular O2

consumption was progressively increased after various
times of tunicamycin (0.5 µg/ml) treatment, as
measured by high resolution respirometry. Oxygen
consumption decreased to 0 upon addition of antimycin
(2 µM). Oxygen consumption was increased to a
maximal rate upon addition of the protonophore CCCP
(4 µM). O2 consumption was also increased by CPY*
expression (compared with untreated control),
P=0.0028. (D) Adaptation to ER stress is dependent on
RTG signaling. Cell survival was assayed by colony
formation assay. Exposure of wild-type cells to low (‘lo’)
ER stress (0.5 µg/ml tunicamycin or 1 mM DTT for 4 h)
rendered the surviving cells more resistant to a
subsequent high dose (‘hi’) of an ER stressor not
previously experienced (10 mM DTT and 10 µg/ml
tunicamycin, respectively, for 4 h). Error bars indicate
s.e.m.; n=3; P<0.05. (E) ER stress-induced ROS
accumulation, assayed by DHE staining. Exponentially
growing cells were exposed to tunicamycin (5 µg/ml),
antimycin (AmA; 4 µM), or both for 5 h. Cells were then
resuspended in PBS with 5 µg/ml DHE for 15 min
before imaging cells by fluorescence microscopy.
Fraction of fluorescent cells of total was determined by
counting >100 cells. Error bars indicate s.e.m.; n=3.

2

RESEARCH ARTICLE Journal of Cell Science (2020) 133, jcs241539. doi:10.1242/jcs.241539

Jo
u
rn
al

o
f
Ce

ll
Sc
ie
n
ce

http://jcs.biologists.org/lookup/doi/10.1242/jcs.241539.supplemental
http://jcs.biologists.org/lookup/doi/10.1242/jcs.241539.supplemental


Because nuclear-encoded proteins are dependent on mitochondrial
membrane potential for import (Green-Willms et al., 2001), ER
stress-mediated induction of both Cox2 and Por1 was abrogated in
rho0 cells, deficient in mtDNA and mitochondrial membrane
potential (Fig. S1A).
To determine whether increased mitochondrial protein levels

reflect increased numbers of mitochondria in response to ER stress,
COX2 DNA levels (encoded by the mitochondrial genome) were
measured by PCR and normalized to actin (nuclear) DNA levels
(Fig. 1B). When cells growing exponentially in glucose were
incubated for 5 h with tunicamycin, COX2 DNA levels were not
increased beyond that in unstressed control cells, indicating that
mitochondrial numbers remain constant while select proteins per
mitochondrion increased (Fig. 1B). By contrast, COX2 DNA levels
were increased in cells growing in the non-fermentable carbon
source glycerol (Fig. 1B), indicating de novo mitochondrial
biogenesis (in excess of turnover) under conditions in which
respiration is de-repressed. Similarly, mitochondrial numbers were
also increased (Fig. 1B) upon de-repression of respiration by over-
expression of SAK1, encoding a regulatory component of the
glucose repression machinery (Knupp et al., 2018), or HAP4,
encoding a transcriptional activator of respiratory gene expression
(Lascaris et al., 2002; Lin et al., 2004).
Consistent with the idea that mitochondrial response to ER stress

does not involve a change in mitochondrial numbers, Cox2 protein
was still induced by tunicamycin in dnm1Δ cells in which
mitochondrial fission is prevented (Bleazard et al., 1999) (Fig.
S2A,B). By contrast, in fzo1Δ cells defective in mitochondrial
fusion in which mitochondria are fragmented and mtDNA is lost
(Sesaki et al., 2003), ER stress-induced Cox2 protein was not
observed (Fig. S2A,B). In dnm1Δ fzo1Δ double mutants,
mitochondrial morphology and mtDNA stability are recovered,
but fusion remains impaired (Sesaki et al., 2003); nevertheless,
induction of Cox2 and Por1 proteins by ER stress was detectable
(Fig. S2A). Without an increase in mitochondrial numbers, the
observed increase in Cox2 protein in response to ER stress was
matched by elevated cellular respiration (O2 consumption rate
measured by high resolution respirometry; Fig. 1C). Increased O2

consumption was induced by tunicamycin as well as CPY*
expression (Fig. 1C), strongly suggesting that ER stress triggers
increased respiratory response.
To determine whether mitochondrial response to ER stress is an

adaptive response, cell viability was measured by colony formation
assay. Wild-type cells were fairly resistant to death from low-dose
tunicamycin or DTT (Fig. 1D). A larger fraction of cells die with a
20-fold higher tunicamycin or 10-fold higher DTT dose (Fig. 1D).
However, when cells had prior exposure to a low dose ER stressor,
they acquired resistance to cell death when subsequently challenged
with a higher dose of a different ER stress agent (Fig. 1D). In rtg1Δ
cells deficient in RTG signaling, mitochondrial Cox2 protein no
longer responded to ER stress (Fig. 1A, right panel), and the cells
could not adapt with increased survivability (Fig. 1D). By contrast,
UPR response to tunicamycin was similar in both wild-type and
rtg1Δ cells (Fig. S3A). These results suggest that mitochondrial
response is a critical contributor to ER stress survival that requires
RTG signaling.
The involvement of the ETC in ROS accumulation during ER stress

was examined by staining cells with dihydroethidium (DHE). Upon
oxidation by superoxide, DHE becomes fluorescent (Dikalov and
Harrison, 2014). In Fig. 1E, wild-type cells were treated with
tunicamycin for 5 h in the presence or absence of antimycin A, an
inhibitor of Complex III of the ETC, and then stainedwithDHE.A low

level of ROS was detected by counting fluorescent cells treated with
tunicamycin or antimycin A alone for 5 h. When combined, the ER
stressor and oxidative phosphorylation inhibitor induced a synergistic
effect on ROS accumulation (Fig. 1E). These results support an
ameliorative effect of respiration on ER stress, and are in agreement
with our previous results showing that ER stress-induced cell death is
linked to mitochondrial ROS production (Knupp et al., 2018).

Activation of retrograde signaling during mitochondrial
response to ER stress
Because Rtg1 is required for adaptation to ER stress, we assayed for
activation of RTG signaling by tunicamycin treatment. CIT2,
encoding a citrate synthase isozyme, is a prototypical target of RTG
regulation; induction of CIT2 leads to enhanced anapleurotic
reactions of the TCA cycle for biosynthetic and oxidative
phosphorylation processes (Chen et al., 2017; Liao et al., 1991).
A CIT2-lacZ reporter was assayed after cells were treated with ER
stressors for 5 h, including tunicamycin, DTT and CPY*. As a
positive control, the activity of CIT2-lacZ was assayed after
rapamycin addition, as it has been well established that RTG
signaling is induced when TORC1 is inhibited (Butow and
Avadhani, 2004). Indeed, Fig. 2A shows that CIT2-lacZ activity
was increased in response to rapamycin, and this induction was
blocked in rtg1Δ cells. RTG signaling was increased during growth
in the absence of glutamate (Fig. 2A, yeast nitrogen base minimal
medium), reflecting the role of glutamate depletion in promoting
amino acid biosynthesis from TCA cycle intermediates, as
previously reported (Liu and Butow, 2006). Although CIT2-lacZ
activity was already high in the absence of glutamate, tunicamycin
addition further increased RTG signaling (Fig. 2A). Even in the
presence of glutamate in synthetic complete (SC) medium with
abundant amino acids, CIT2-lacZ activity was increased upon
tunicamycin addition, and induction was dependent on Rtg1
(Fig. 2A). Moreover, tunicamycin induced RTG signaling in
ire1Δ cells, and was thus independent of the UPR. These findings
support a role for RTG signaling in communicating protein
misfolding in the ER to promote mitochondrial response.

In Fig. 2B, western blots show that Cox2 and Por1 proteins levels
are significantly increased when RTG signaling is activated by
shifting cells into glutamate-free medium for 5 h (Fig. 2B, arrow).
Strikingly, addition of tunicamycin to cells growing without
glutamate further increased Cox2 protein levels, in agreement
with further RTG activation shown in Fig. 2A.

To examine further how loss of Rtg1 affects ER stress-induced
mitochondrial response, O2 consumption was measured in wild-
type and rtg1Δ cells. In wild-type cells, basal O2 consumption was
completely inhibited by addition of antimycin A, an inhibitor of
respiratory chain Complex III (Liu and Barrientos, 2013) (Fig. 2C),
indicating that O2 consumption is entirely attributable to
mitochondria. Upon addition of the protonophore CCCP, O2

consumption increased to a maximal level (Fig. 2C), as expected
upon collapse of the membrane potential and uncoupling of ATP
production. After 5 h of ER stress, O2 consumption rate in wild-type
cells was increased to approximately half of maximal capacity
(Figs 2C and 1C). Surprisingly, basal O2 consumption rate in rtg1Δ
cells exceeded maximal capacity of wild-type cells by ∼5-fold, and
was near or at its maximal capacity, i.e. CCCP addition did not
produce a significant further increase in O2 consumption (Fig. 2C).

To better understand high O2 consumption in rtg1Δ cells,
mitochondrial membrane potential was assessed by staining cells
with the fluorescent dye TMRM, whose accumulation in
mitochondria is dependent on membrane potential (Perry et al.,
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2011). As shown in Fig. 2D, fluorescent TMRM staining was
increased in wild-type cells after 5 h incubation with tunicamycin,
indicating increased mitochondrial membrane potential, as
previously reported (Bravo et al., 2011; Knupp et al., 2018). By
contrast, TMRM staining of rtg1Δ cells was barely detectable, and
after ER stress, TMRM was not significantly increased, in
agreement with loss of Cox2 induction by tunicamycin (Fig. 1A).
These findings suggest that TCA cycle function is impaired in rtg1Δ
cells (Butow and Avadhani, 2004; Liu and Butow, 1999) during
growth in glucose, resulting in a defective electron transport chain
and loss of a mitochondrial membrane potential.

ER stress induces inactivation of TORC1 signaling without
eliciting a nutrient deprivation response
The RTG signaling pathway is under negative regulation by TORC1
(Liu and Butow, 2006; see also Fig. 3A, right panel). We therefore
asked whether mitochondrial response to ER stress requires

inactivation of TORC1. Tor1 is a component of the TORC1
kinase complex, and Tor1 loss results in inactivation of TORC1
signaling (Loewith and Hall, 2011). As shown in Fig. 3A (left
panel), Cox2 was constitutively increased in tor1Δ cells, and
became more abundant after tunicamycin addition. Consistent with
a role for retrograde signaling downstream of TORC1 (Liu and
Butow, 2006; see also Fig. 3A, right panel), Cox2 induction was
abrogated in a tor1Δ rtg1Δ double mutant (Fig. 3A, left panel).

We addressed the possibility that mitochondrial response to ER
stress is an indirect consequence of nutrient depletion because
amino acid deprivation and glutamate depletion are known to trigger
TORC inactivation (González and Hall, 2017) and RTG signaling
(Liu and Butow, 1999), respectively. When cells experience amino
acid deprivation, the transcription factor Gcn4 is transcriptionally
activated to promote an adaptation response by increasing amino
acid biosynthesis (Hinnebusch, 2005). When cells were treated
under control conditions such as rapamycin treatment or nitrogen

Fig. 2. Activation of retrograde signaling promotes mitochondrial response to ER stress. Cells exponentially growing in SC were analyzed +/− ER stress.
(A) Effect of ER stress on CIT2 expression, as assayed with a CIT2-lacZ reporter. Wild-type (WT) cells were exponentially growing in SC-uracil, supplemented
YNB, or supplemented YNBmediumwith 0.02% glutamate. Cells constitutively expressing CPY* were analyzed, or cells were treated with or without tunicamycin
(tun; 0.5 μg/ml) or 1 mMDTT for 5 h. As a positive control, wild-type cells were treatedwith 200 nM rapamycin (rap) for 5 h. β-Galactosidase activity wasmeasured
in cell lysates, and is expressed as μmol/min/mg protein. Error bars indicate s.e.m.; n≥3. In CPY*-expressing cells, enzyme activity is significantly higher (P<0.05)
in tunicamycin-treated versus untreated cells. (B) Mitochondrial protein levels in cells upon activation of RTG signaling. Cells exponentially growing in SCmedium
were treated with tunicamycin (T; 0.5 μg/ml) or washed with water and then shifted to minimal medium without glutamate (−E) for 5 h (arrow). Cells growing
overnight to mid-log phase in YNB medium (without glutamate) were treated with tunicamycin (0.5 μg/ml) for 5 h. Lysates were normalized to protein and
examined by western blot sequentially blotted for Cox2, Por1, Ssc1 and ATP1; Pgk1 was blotted as a loading control. (C) Cellular O2 consumption rate is
increased in rtg1Δ cells. In wild-type cells, O2 consumption rate was decreased to 0 upon addition of antimycin A (AMA, 2 μM), and O2 consumption rate was
increased to a maximal rate upon addition of the protonophore CCCP (4 μM). The constitutive O2 consumption rate in rtg1Δ cells was increased significantly in
comparison with wild-type cells, but remained unaffected after tunicamycin treatment. (D) Mitochondrial membrane potential is increased by ER stress, and
impaired in rtg1Δ cells. Cells were untreated or treated with 0.5 μg/ml tunicamycin for 5 h, and then stained with 5 nM TMRM (nonquenching mode) for 30 min
before visualizing by fluorescence microscopy.
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deprivation, aGCN4-lacZ reporter was induced (Fig. 3B). However,
transcriptional activation of GCN4 was not induced by tunicamycin
treatment (Fig. 3B). Moreover, increased Cox2 protein level in
response to tunicamycin was not affected in gcn4Δ cells or
prototrophic cells (Fig. S3B,C), suggesting that the ER stress-
mediated response is not due to amino acid deprivation.

To show that TORC1 signaling is inactivated by ER stress,
phosphorylation of ribosomal S6 (Rps6) was assayed as it reflects one
branch of the TORC1 signaling network (Urban et al., 2007). As
expected, Rps6 was dephosphorylated in wild-type cells by rapamycin
addition, but also upon tunicamycin treatment (Fig. 3C, bottom panel).
A time course of tunicamycin treatment shows significant Rps6

Fig. 3. Inactivation of TORC1 signaling by ER stress. Cells
were exponentially growing in SC medium. (A) Western blot
showing that Cox2 and Por1 proteins were constitutively
increased by TORC1 inactivation in tor1Δ cells; these protein
levels were further increased by ER stress. In npr2Δ cells, Cox2
increase in response to tunicamyin (tun; 0.5 μg/ml) was
impaired; in snf1Δ cells, tunicamycin-induced Cox2 increase
was slightly impaired. Blotting with anti-Pgk1 is shown as a
loading control. (B) Tunicamycin does not induce an amino acid
starvation response. Cells bearing pGCN4-lacZ exponentially
growing in SC-uracil were treated with tunicamycin (0.5 μg/ml)
or rapamycin (rap; 200 nM) for 4 h. Control cells were washed
with water and resuspended in nitrogen-free medium for 4 h.
Cells were harvested by freezing with liquid nitrogen.
β-Galactosidase activity was assayed in cell lysates and
expressed as μmol/mg/min. (C) TORC1 activity as revealed by
Rps6 phosphorylation. Top panel: time course of TORC1
inactivation after tunicamycin (0.5 μg/ml) addition, as
measured by Rps6 phosphorylation (S6-P). Bottom panel:
phosphorylation of Rps6 was analyzed after tunicamycin
(0.5 μg/ml) or rapamycin (200 nM) were added for 5 h to wild-
type (WT) and npr2Δ cells. eIF2α protein is shown as a loading
control. The vertical line indicates removal of unrelated lanes.
(D) RTG signaling was activated after 5 h incubation with
tunicamycin (0.5 μg/ml) or rapamycin (200 nM). Tunicamycin-
induced CIT2-lacZ expression was further augmented in tor1Δ
cells, but was prevented in npr2Δ cells. β-Galactosidase activity
was assayed in cell lysates, and expressed as μmol/min/mg
protein. Error bars indicate s.e.m.; n=3. (E) Mitochondrial
activity as reflected by O2 consumption rate. Cellular O2

consumption rate after 5 h with tunicamycin (0.5 μg/ml) was
significantly decreased in npr2Δ cells by contrast with that in
wild-type cells (P=0.0345). In tor1Δ cells, cellular O2

consumption was constitutively increased and then further
elevated by tunicamycin. Error bars indicate s.e.m.; n=3.
(F) Sensitivity and adaptation to ER stress, assayed as
described in the legend to Fig. 1D. Adaptation to ER stress after
prior exposure to low-dose stressor was abrogated in npr2Δ
cells, but tor1Δ cells displayed high viability after exposure to
high-dose ER stressor.
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dephosphorylation by 90 min (Fig. 3C, top panel). Inactivation of
TORC1 activity appears to underlie increased mitochondrial
membrane potential in response to tunicamycin as increased TMRM
staining was observed after rapamycin treatment (Fig. S4).
Cells impaired in inactivation of TORC1 activity were then

examined to determine whether TORC1 inactivation is a requisite
component of ER stress-mediated mitochondrial respiratory
response. TORC1 signaling is regulated by a conserved upstream
Rag GTPase complex that is modulated by guanine nucleotide
exchange factors (GEFs) and GTP activating protein complexes
(GAPs) (Hatakeyama and De Virgilio, 2016). Npr2 is a component
of the yeast SEACIT/GATOR1 complex whose GAP activity
regulates the Gtr1/2 GTPase upstream of TORC1 (Hatakeyama and
De Virgilio, 2016; Neklesa and Davis, 2009). It has been reported
that TORC1 activity is increased in npr2Δ cells (Panchaud
et al., 2013). Fig. 3C (bottom panel) shows that, in npr2Δ cells,
tunicamycin was far less effective in its ability to induce Rps6
dephosphorylation, while rapamycin (acting downstream of Npr2)
remained effective in decreasing Rps6 phosphorylation (Fig. 3C,
bottom panel). Significantly, in npr2Δ cells, mitochondrial response
during ER stress was impaired as Cox2 and Por1 proteins were not
increased in response to tunicamycin (Fig. 3A). Together, the data in
Fig. 3A and C underscore inactivation of TORC1 activity in
response to ER stress, and this inactivation is necessary for an
optimum mitochondrial response.
To confirm the impact of TORC1 inactivation on ER stress-

mediated RTG signaling, CIT2-lacZ activity was assayed in tor1Δ
cells and npr2Δ cells. As shown in Fig. 3D, CIT2-lacZ was
increased by tunicamycin to a greater extent in tor1Δ cells than in
wild-type cells, whereas induction of CIT2-lacZ activity by ER
stress was impaired in npr2Δ cells. Consistent with these effects,
elevation of O2 consumption by ER stress was considerably higher
in tor1Δ cells than in wild-type cells, whereas npr2Δ cells displayed
no detectable change in O2 consumption in response to tunicamycin
(Fig. 3E). Together, these results suggest that ER stress-induced
TORC1 inactivation potentiates RTG signaling.
The effect of TORC1 inactivation on adaptation to ER stress was

tested in tor1Δ and npr2Δ cells. As shown in Fig. 3F, tor1Δ cells
were resistant to high dose ER stress whereas npr2Δ cells with
activated TORC1 were unable to acquire resistance after exposure to
a low dose ER stressor followed by subsequent challenge with a
high dose ER stress agent. Although npr2Δ cells were unable to
adapt to ER stress, their ability to mount a UPR response was not
impaired (Fig. S3A), consistent with the idea that a mitochondrial
response participates in stress adaptation.

A role for Snf1/AMPK signaling in mitochondrial response
to ER stress
Snf1/AMPK signaling is a key regulator of respiratory metabolism
(Broach, 2012), and inactivation of TORC1 has been reported to
activate Snf1 (Orlova et al., 2006). Therefore, we tested whether
Snf1/AMPK plays a role in ER stress-induced mitochondrial
response. As shown in Fig. 3A, Cox2 increase in response to
tunicamycin was slightly diminished in snf1Δ cells by comparison
with wild-type cells. To examine further the role of Snf1/AMPK in
the ER stress response, Snf1/AMPK activation was assayed with an
antibody to phospho-AMPK Thr172 of the catalytic (alpha) subunit
(Orlova et al., 2006). As a positive control, exponentially growing
cells were shifted from SC medium with 2% glucose into low
glucose (0.05%) medium for 1 h, resulting in Snf1 activation
(Fig. 4A, arrow; see also Hedbacker and Carlson, 2009). Strikingly,
Snf1 activation was also detectable within ∼1.5 h after tunicamycin

addition (Fig. 4A), supporting Snf1 involvement in the ER stress
response.

CIT2-lacZ activity was assayed to measure RTG signaling in
snf1Δ cells. Consistent with a role for Snf1/AMPK in inducing
mitochondrial response, RTG signaling was diminished in snf1Δ
cells under both basal and ER stress conditions (Fig. 2A). Moreover,
in snf1Δ cells, respiration was constitutively decreased, while in
response to ER stress, O2 consumption rose only to the level of that
in untreated wild-type cells (Fig. 4B). By contrast, in wild-type cells
expressing constitutively active Snf1-G53R, O2 consumption was
constitutively higher than that seen in wild-type cells, with further
elevation upon ER stress (Fig. 4B). Finally, adaptive response to ER
stress was impaired in snf1Δ cells while constitutively active Snf1-
G53R conferred immediate resistance to high-dose ER stress, even
in cells that were not previously adapted to low-dose ER stress
(Fig. 4C). These results support the idea that Snf1 activation
contributes to an optimal response to ER stress to promote cell
survival.

Fig. 4. Snf1 activation during ER stress. (A) Time course of Snf1 activation,
as assayed by western blot with anti-phospho-Snf1. As a positive control, cells
were shifted to low glucose (0.05%) SC medium for 1 h, leading to Snf1
activation. Snf1 was phosphorylated by addition of tunicamycin (0.5 μg/ml).
Snf1-HA levels were measured by blotting with anti-HA. (B) O2 consumption
rate in snf1Δ cells and in cells expressing constitutively active Snf1-G53R, as
measured by high resolution respirometry. Exponentially growing cells were
assayed before and after treating with tunicamycin (tun) for 5 h. (C) Adaptation
to ER stress, assayed as described in the legend to Fig. 1D.
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The relationship between TORC1 inactivation and Snf1/AMPK
activation during ER stress was examined. Upon rapamycin-
induced TORC1 inactivation, Snf1/AMPK was activated
(Fig. 5A, lane 3). Consistently, Snf1 was constitutively activated
in tor1Δ cells (Fig. 5B, lane 4). In npr2Δ cells with constitutively
activated TORC1 (Panchaud et al., 2013), Snf1 was still
phosphorylated after tunicamycin addition, although the extent of
phosphorylation was somewhat diminished by comparison with that
of wild-type control cells (Fig. 5C, top panel). Interestingly, Snf1
activation in response to low glucose was not different in npr2Δ and
wild-type cells (Fig. 5C, arrows in top panel). These results suggest
that optimum Snf1 activation in response to ER stress requires
TORC1 inactivation.
ER stress-induced dephosphorylation of Rps6 appeared

unaffected by absence of Snf1 (Fig. 5C, bottom panel),
suggesting that response of TORC1 to ER stress is essentially
independent of Snf1. Rps6 dephosphorylation in the presence of
tunicamycin was also unaffected by constitutively active Snf1-
G53R (Fig. S5A). Furthermore, Cox2 protein induction by
rapamycin was not affected in snf1Δ cells (Fig. S5B). These data
suggest that TORC1 inactivation and Snf1 activation during ER
stress are required for optimal mitochondrial response. A model
summarizing these results is shown in Fig. 5D, and further detailed
in the Discussion.

DISCUSSION
ER stress promotes accumulation of mitochondrial ROS and
susceptibility to cell death (Knupp et al., 2018; Yoboue et al.,
2018); previously, we found that ROS accumulation and cell death
are mitigated by genetic strategies that bypass glucose-mediated
repression of respiration (Knupp et al., 2018). We now report that
prolonged ER stress elicits an innate cellular survival response,
comprising increased respiration accompanied by changes in select
mitochondrial proteins without an increase in mitochondrial numbers
(Fig. 1B). We show that respiratory activity is required during ER
stress even in the presence of abundant glucose when the cells have a
glycolytic/fermentative metabolism. ROS accumulation during ER
stress is exacerbated when ETC function is inhibited by antimycin A
(Fig. 1E). These results support amodel in which respiratory response
restricts ROS production during ER stress. Although it is also

possible that enhanced oxidative phosphorylation fuels an increased
demand for ATP for protein folding, we currently favor a role for
mitochondrial response in ROS repression as ER stress-induced death
is rescued by the protonophore CCCP (which dissipates the
mitochondrial membrane potential necessary for ATP synthase
function) (Knupp et al., 2018).

Multiple pathways have been described that elicit changes in
nuclear gene expression in response to mitochondrial needs, such as
response to mitochondrial protein misfolding (UPRmt) (Melber
and Haynes, 2018), response to impaired mitochondrial import
(Haynes, 2015), and mitoCPR (Weidberg and Amon, 2018). Of
these pathways, retrograde signaling via the RTG pathway was the
first discovered response to loss of a functional ETC (Parikh et al.,
1987). The RTG pathway serves to replenish metabolic
intermediates of the TCA cycle upon impairment of the ETC or
glutamate deprivation (Epstein et al., 2001). We report that
disruption of retrograde signaling in rtg1Δ cells results in loss of
mitochondrial membrane potential (Fig. 2D), consistent with
defects in the TCA cycle in rtg1Δ cells in the presence of glucose
(Velot et al., 1996).

A novel finding of this study is that the RTG pathway is activated
in response to ER stress. Consistent with negative regulation of the
RTG pathway by TORC1, ER stress-induced mitochondrial
response is linked to inactivation of TORC1 signaling (Fig. 3).
Inactivation of TORC1 signaling by rapamycin or in tor1Δ cells
results in increased RTG signaling, levels of select mitochondrial
proteins, O2 consumption, and mitochondrial membrane potential;
in tor1Δ cells or cells deprived of glutamate to activate RTG
signaling, mitochondrial response is further enhanced by
tunicamycin, suggesting that TORC1 inactivation and RTG
activation potentiate response to ER stress (Fig. 3A,D,E; see also
Bonawitz et al., 2007); these effects are linked to resistance to ER
stress (Fig. 3F). By contrast, in npr2Δ cells, constitutive activation
of TORC1 activity impairs mitochondrial response to ER stress,
although induction of the UPR is unimpeded (Fig. 3; Fig. S3). These
results suggest that TORC1 inactivation is necessary for
mitochondrial response to ER stress. Importantly, Pan and Shadel
reported previously that increased O2 consumption in tor1Δ cells is
not due to increased mitochondrial biogenesis (numbers), but by
increased mitochondrial translation of mtDNA-encoded oxidative

Fig. 5. Relationship between Snf1 activation and TORC1
inactivation during ER stress. (A) Activation of Snf1 by
inactivation of TORC1. Lysate was prepared from cells
incubated without or with rapamycin (rap; 200 nM),
tunicamycin (tun; 0.5 μg/ml), or 1 mM DTT for 5 h. As a
positive control, cells were shifted to SC medium with low
(0.05%) glucose (glu) for 1 h (arrow). Lysates were
normalized to protein content and analyzed by western blot
with anti-phospho-Snf1 antibody and anti-phospho-Rps6
antibodies. (B) Western blot showing phosphorylation of
Snf1 in tor1Δ cells (lane 4). (C) Top panels: western blot
showing Snf1 phosphorylation in response to tunicamycin
(0.5 μg/ml) in wild-type (WT) and npr2Δ cells. As a positive
control, cells were shifted to low 0.05% glucose for 1 h
(arrow). Pgk1 is shown as a loading control. Bottom panel:
western blot showing Rps6 phosphorylation after treatment
with tunicamycin for 1 and 2 h in wild-type and snf1Δ cells.
Pgk1 is shown as a loading control. (D) Proposed model for
ER stress-induced mitochondrial biogenesis (detailed in
Discussion). ER stress leads to inactivation of TORC1
signaling; subsequently, activation of retrograde signaling
leads to mitochondrial response. Snf1 activation is induced
by TORC1 inactivation, and contributes to ER stress
response by mitochondria.
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phosphorylation subunits (Pan and Shadel, 2009). Underscoring the
importance of mitochondrial translation in response to ER stress, a
regulator of mitochondrial translation, MRM1, was previously
identified in an over-expression genetic screen for rescue from ER
stress-mediated toxicity (Knupp et al., 2018). Moreover, the
cofactor heme is a regulator of mitochondrial translation
(Dennerlein et al., 2017), and increased heme synthesis has been
shown to mitigate ER stress-induced cytotoxicity in yeast and
mammalian cells (Knupp et al., 2018).
The working model in Fig. 5D proposes that retrograde signaling

for mitochondrial response occurs downstream of TORC1, as
supported by loss of ER stress-induced Cox2 induction in rtg1Δ
tor1Δ cells (Fig. 3A), and in agreement with previous reports that
the Rtg1–Rtg3 transcription factor complex acts downstream of
TORC1 (Dilova et al., 2002).
In addition to TORC1 inactivation and RTG signaling, there is a

lesser role for Snf1/AMPK activation in mitochondrial response to
ER stress. Our evidence suggests that Snf1 is activated upon TORC1
inhibition (Fig. 5A), consistent with crosstalk between Snf1 and
TORC1 pathways that has been described previously (Shashkova
et al., 2015). Although AMPK has been shown to inhibit TORC1 in
yeast and mammalian cells (Hughes Hallett et al., 2015; Inoki et al.,
2003), ER stress-induced TORC1 inactivation in yeast is not
impacted by loss of Snf1 or constitutively active Snf1 (Fig. S5).
Because loss of Snf1 has only a small negative impact (Figs 3A and
2A), the model in Fig. 5D places Snf1 signaling as a secondary
pathway in mitochondrial reaction to ER stress.
At present, it is unclear how ER stress is signaled to

mitochondria, or how ER stress leads to TORC1 inactivation,
activation of RTG signaling, and Snf1/AMPK activation. It is
plausible that activation of retrograde signaling and/or inactivation
of TORC1 signaling are triggered by an ER stress-elicited
mitochondrial change. At present there is no clear consensus on a
mitochondrial signal that elicits the RTG response, although
numerous diverse signals have been proposed, including ROS and
calcium dynamics (da Cunha et al., 2015).
It has been well established that respiration is repressed in favor of

glycolysis in yeast exponentially growing in glucose (Broach,
2012). We show here, however, that respiratory activity is inducible
despite glucose-repressing conditions. During ER stress, glucose-
mediated repression of respiration is over-ridden to activate RTG
signaling and drive the TCA cycle to contribute electrons to the
ETC. Similarly, the UPR itself may promote respiration because it
transcriptionally activates heme biosynthetic genes (Travers et al.,
2000), and heme enhances metabolic flux in the TCA cycle and the
ETC (Knupp et al., 2018; Zhang et al., 2017).
How our findings translate to mammalian systems awaits further

study; however, increased O2 consumption is also associated with
resistance to ER stress inmammalian cells (Knupp et al., 2018), and a
recent study reports up-regulation of mitochondrial components
during ER stress response in human cervical cancer cells (Rendleman
et al., 2018). Our findings may help to devise therapeutic strategies to
limit cell death in disorders linked to ER stress.

MATERIALS AND METHODS
Strains and media
Strains used in this study were in the BY4742/BY4741 background, and
except as noted, strains were analyzed during exponential growth at 30°C in
standard synthetic complete (SC) medium with 2% glucose, or yeast
nitrogen base (YNB) supplemented with auxotrophic requirements and 2%
glucose, as described in Sherman et al. (1986). Yeast transformations were
by the lithium acetate method. Deletion strains were confirmed by PCR. A

tor1Δ::clonNAT (ACY112) strain was constructed by transformation of
BY4742 with primers (sequences available upon request) amplified using
pAG25 as the template (Goldstein and McCusker, 1999). The diploid
ACX433 was constructed by cross of rtg1Δ::G418r with ACY112;
dissection of a tetratype tetrad yielded wild-type, single and double rtg1Δ
tor1Δ mutants. A dnm1Δ fzo1Δ double mutant was obtained by tetrad
dissection. The prototroph is a parent of the BY4742/BY4741 strains, a gift
from Fred Winston (Harvard University, Boston, MA).

Molecular biology
URA3-marked centromeric plasmids expressing HA-Snf1 and HA-Snf1-
G53R (pIT517) were a gift from S. Kutchin (University of Wisconsin,
Milwaukee, WI). pDN436 is a LEU2-marked centromeric plasmid
expressing CPY* driven by the native promoter (Ng et al., 2000), kindly
provided by Davis Ng (National University of Singapore). A LEU2-marked
plasmid for over-expressing HAP4 was cut with Pac1 for integration at the
ADH1 promoter, and was a gift from Su-Ju Lin (University of California,
Davis, CA) (Lin et al., 2004). SAK1 on a URA3-marked 2 μm plasmid was
from Martin Schmidt (University of Pittsburgh, PA). pCIT2-lacZ, a URA3-
marked centromeric plasmid, was a gift from Zhengchang Liu (University of
New Orleans, LA) (Liu and Butow, 1999). pJC104, a 2 µm URA3-marked
plasmid bearing UPRE-lacZ (Cox et al., 1997) was a gift from Peter Walter
(University of California, San Francisco, CA). pGCN4-lacZ (Hinnebusch,
1985), a URA3-marked centromeric plasmid was a gift from Alan
Hinnebusch (NIH, Bethesda, MD).

To assay mitochondrial DNA content after ER stress, COX2 content was
determined by PCR and normalized to ACT1 content using genomic DNA.
Primers were designed to amplify a small region of each gene; sequences are
available upon request.

Western blots and enzyme assays
Cells were harvested by freezing in liquid nitrogen. Cell lysates were made
by vortexing cells with glass beads in sorbitol buffer (0.3 M sorbitol, 0.1 M
NaCl, 5 mMMgCl2, 10 mM Tris; pH 7.4) with a protease inhibitor cocktail,
including PMSF, as described previously (Chang and Slayman, 1991). Cell
lysate prepared in this way was used for assaying β-galactosidase activity, as
described previously (Rose et al., 1990). Protein content was determined by
Bradford assay (Bradford, 1976). Western blots were visualized by
incubating with primary antibody, followed by peroxidase-conjugated
secondary antibody and detection by chemiluminescence.

To assay Rps6 phosphorylation, exponentially growing cells were
harvested and frozen in liquid nitrogen and trichloroacetic acid, as
described previously (Liu et al., 2012). Lysate was produced by vortexing
with glass beads, and protein content was determined by BCA (Pierce) assay.

Snf1 activation was assayed by western blot to detect Snf1
phosphorylation at the activation loop Thr210. For these experiments,
snf1Δ cells were transformed with centromeric plasmids bearing HA-SNF1
in order to assess total Snf1 levels. Cell cultures were boiled prior to protein
extraction to prevent spurious Snf1 activation, as described by Orlova and
colleagues (Orlova et al., 2008).

Anti-Cox2 (ab110271) and anti-Por1 (ab110326) monoclonal antibodies
were from Abcam, Inc. (Cambridge, UK). Anti-ATP synthase subunit alpha
(ATP1) monoclonal antibody (459240) was from MitoSciences, Inc.
(Eugene, OR). Anti-Pgk1 antibody (#459250) was from Thermo Fisher
Scientific. Anti-HA monoclonal antibody (MMS101P) was from CovanceI
(Princeton, NJ). Anti-phospho-AMPKα (Thr172) rabbit antibody and anti-
phospho-S6 ribosomal protein (Ser235/236) antibody (#2211) were from
Cell Signaling Technology (Danvers, MA). Antibody to yeast eIF2α was a
gift from Tom Dever (NIH). Rabbit anti-Ssc1 was a kind gift from Kai Hell
(Ludwig-Maximilians-Universität München, Munich, Germany).

Cell viability, ER stress adaptation, membrane potential assay
and ROS staining
For viability assay, cells exponentially growing in SCmedium (2% glucose)
were diluted to ∼0.15 OD600/ml for treatment with 0.5 µg/ml tunicamycin
or 1 mMDTT. After 4 h incubation, cells were normalized to 0.1 OD600/ml,
and then further serially diluted onto YPD plates. For adaptation assay, cells
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were treated with low dose tunicamycin or DTT for 4 h, followed by
addition of high dose DTT (10 mM) or tunicamycin (10 µg/ml),
respectively, for 4 h. Cells were then normalized and serially diluted for
viability assay. After 2 days incubation at 30°C, colonies were counted and
expressed as a percentage of colony numbers of untreated cells. Controls
from all strains ranged from 167 to 411 colonies.

For TMRM staining in nonquenching mode, live cells were stained with
TMRM (5 nM) for 30 min, and visualized with an Olympus fluorescent
microscope, and images were collected with a Hamamatsu CCD camera.

For detection of ROS, mid-log cells were treated (or not) with
tunicamycin (0.5 µg/ml), antimycin (4 µM) and both for 5 h. Cells were
then resuspended in PBS at 2 OD600/ml with 5 mg/ml DHE for 15 min at
30°C; cells were washed once before fluorescence microscopy.

High-resolution respirometry
For whole-cell oxygen consumption, exponentially growing cells were
pelleted and resuspended in SC medium at 20 OD600/ml. Cells were then
added to a high-resolution Orobos Oxygraph 2K at 25°C at a concentration
of 2 OD600/ml. O2 flux was determined by measuring the fall in O2

concentration in the sealed oxygraph.

Real-time quantitative polymerase chain reaction
Real-time PCR was performed as described (Yang et al., 2014). In brief,
RNA samples were extracted with TRIzol/choloroform reagent (Invitrogen)
and purified using a PureLink RNAmini kit (Invitrogen). After treatment of
total RNA with PureLink Dnase (Invitrogen), approximately 6 μg of
purified RNAwas used for first-strand complementary DNA synthesis using
PrimeScript Reverse Transcriptase (TaKaRa) with oligo dT primers. RT-
PCR was performed using specific PET111 primers (sequences on request)
and Power SYBR Green PCRMaster Mix in a StepOnePlus Real-time PCR
System (Thermo Fisher). Relative transcript levels were determined by the
comparative threshold method, and normalized to that of ACT1. qPCR for
each gene was done with at least five biological replicates.
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