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The Heat Shock Response (HSR) in the cytosol and the Unfolded Protein Response (UPR) in the endo-
plasmic reticulum are major pathways of the cellular proteostasis network. In Saccharomyces cerevisiae,
HSR is regulated by transcription factor Hsf1, and UPR Irel branch activates transcription factor Hacl.
Here we demonstrate systemic regulation of proteostasis through a direct link between UPR and HSR.
Hsf1 is activated by UPR and its HSR depends on intact UPR. This link is mediated by Sir2, which is not
only essential for Hsfl HSR but also required for Hsfl activation by UPR. Excess Sir2 augments Hsf1
activation by UPR and can compensate for its impairment in UPR-defective strains. Sir2 is upregulated by
UPR but, in turn, it also attenuates this pathway, ensuring that UPR functions only transiently.

© 2015 The Authors. Published by Elsevier Inc. This is an open access article under the CC BY-NC-ND

license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Proteostasis assists and maintains correct protein folding in cells
that face physical and chemical challenges and stresses and is,
therefore, crucial to cellular health and survival. It alleviates mis-
folded protein load by improving protein folding through induction
of molecular chaperones, by attenuating protein translation, and by
enhancing degradation of terminally misfolded proteins. Proteo-
stasis is controlled in a cell-autonomous manner, and is generally
accepted to be activated by compartment-specific stress response
pathways. Among these are the Heat Shock Response (HSR) in the
cytosol and nucleus, the Unfolded Protein Response (UPR) in the
endoplasmic reticulum (ER), and the UPR in the mitochondria, all
coordinated in a network [1-6].

The HSR [7—9] is regulated in Saccharomyces cerevisiae by a
single transcription factor, heat shock factor 1 (Hsf1), encoded by
the essential HSF1 gene. Hsf1 is conserved from yeast to man and it
functions by binding to heat shock elements (HSEs) in the promoter
region of its many target genes. In S. cerevisiae, HSE is composed of
at least three inverted repeats of the nGAAn/nTTCn module and it
binds Hsfl as a homo-trimer. As a major regulator of stress

Abbreviations: DTT, dithiothreitol; ER, endoplasmic reticulum; ERAD, endo-
plasmic reticulum-associated degradation; HSE, heat shock element; Hsfl, heat
shock factor 1; HSR, heat shock response; TM, tunicamycin; UPR, unfolded protein
response; UPRE, unfolded protein response element.

* Corresponding author.
E-mail address: shoshbn@tauex.tau.ac.il (S. Bar-Nun).

http://dx.doi.org/10.1016/j.bbrc.2015.01.021

responses, Hsf1 orchestrates many stimuli and, in addition to heat
shock, it responds to oxidative stress, glucose starvation, ethanol
exposure and osmotic stress. In metazoans, Hsfl resides in the
cytosol in association with Hsp90 and its activity is repressed. In
response to stress, Hsf1 dissociates from Hsp90, translocates to the
nucleus, trimerizes and binds to HSEs. In S. cerevisiae, however,
Hsf1 resides exclusively in the nucleus as a trimer that is consti-
tutively bound to HSEs. Hence, although biochemical and genetic
evidence suggest that the Hsp90 complex represses Hsfl activity
also in yeast, dissociation of Hsf1 from this chaperone is accom-
panied neither by translocation to the nucleus nor by homo-
trimerization. The Hsp70 Ssal is another chaperone implicated in
Hsf1 regulation; two conserved cysteines in Ssal, which represses
Hsf1 in the absence of stress, are modified by thiol-reactive com-
pounds but not by heat shock, demonstrating that Ssal can
discriminate between two distinct environmental stresses [10]. In
addition, cooperative Hsf1-HSE interactions are strengthened and
stabilized by Hsfl hyperphosphorylation, with distinct patterns
and kinetics in response to either heat shock or oxidative stress
[11].

The ER UPR is part of the quality control apparatus that inspects
nascent proteins in the secretory pathway and scrutinizes their
glycosylation, folding and maturation. UPR is activated when
unfolded proteins within the ER exceed the capacity of the ER
proteostasis machinery [1,4,12]. Of the three UPR branches in
metazoans, characterized by the ER membrane proteins Irel1, PERK/
PEK and ATF6, only the Ire1 branch is conserved in S. cerevisiae
[13,14]. Irel is a kinase/endoribonuclease whose endoribo-
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nucleolytic activity is unleashed upon Ire1 dimerization and trans-
autophosphorylation. This endoribonucleolytic activity is involved
in the nonconventional splicing of mRNAs in the cytoplasm, most
notably of XBP1 in metazoans and of HAC1 in S. cerevisiae. HAC1
mRNA is constitutively expressed, but cannot be translated because
of a 3/ hairpin that is removed by activated Irel. Following ligation
by the Trl1 RNA ligase, HAC1 mRNA translation can proceed,
expressing Hacl as a functional transcriptional activator. Hacl
translocates to the nucleus, binds to UPR elements (UPREs;
CAGNGIG) found in the promoter region of its many target genes,
activating the large UPR transcriptional program. Among the Hac1-
induced genes are ER chaperones and components of the ER-
associated degradation (ERAD) machinery, which dispose of the
accumulated misfolded proteins, thus alleviating ER stress.

Here we demonstrate that proteostasis is systemically regulated
by showing that UPR and HSR are intimately linked through Sir2. In
fact, intact UPR as well as Sir2 are required for Hsf1 HSR but not for
Hsf1 activation by oxidative stress. Sir2 expression is upregulated
by UPR and excess Sir2 augments Hsfl activation by UPR and
compensates for its impairment in UPR-defective strains. Yet, Sir2
ensures that UPR functions only transiently by attenuating this
pathway. Thus, by connecting UPR and HSR, Sir2 establishes an
inter-organellar stress response regulatory network.

2. Materials and methods
2.1. Strains and plasmids

The S. cerevisiae wild-type strains used in this study were
BY4741 (MATa his341 leu240 met1540 ura340) and W303—1b
(MATwa ura3-52 trp1D2 leu2—3112 his3—11 ade2—1 can1—-100). Mu-
tants deleted in individual non-essential genes generated from
BY4741 [15] included irelA, haclA and sir2A. A plasmid for
expressing excess SIR2 (pCLW21) [16] was a kind gift from Rolf
Sternglanz (Stony Brook University, USA), and a plasmid for
expressing excess HSF1 (pAKS80) was generously provided by
Dennis Winge (University of Utah, USA). Endogenously expressed
GFP-tagged proteins library [17] was used to measure GFP as
readout of proteins levels. HSR was monitored with the HSE2-lacZ
construct (GA1695) [18], containing synthetic HSE2 (cta-
GAAgcTTCtaGAAgcTTCtagaggatccccg), generously provided by Ian
Dawes (University of New South Wales, Australia). UPR was
monitored with the UPRE-lacZ construct (tcgaGGAACTGGA-
CAGCGTGTCGAAA) [13] generously provided by Randy Schekman
(Berkeley University, USA).

2.2. HSR and UPR conditions

Yeast was grown in synthetic complete media containing 2% (w/
v) glucose, and drop-out media were used for selecting trans-
formants. Cells were grown at 30 °C in 20 ml medium in 100 ml
loosely-capped bottles with constant shaking (200 rpm). Overnight
grown cells were used to inoculate fresh cultures to logarithmic
phase (0.2—0.8 Asoo; 1 Agoo = 1.5x107cells/ml). For HSR, cells were
incubated for 20 min at 42 °C; for UPR, cells were incubated for 1 h
with either 5 pg/ml TM or 6 mM DTT; for oxidative stress, cells were
incubated for 30 min with 3 mM H;0..

2.3. (B-galactosidase assay

In this assay [19], ortho-nitrophenol produced in cell lysate from
ortho-nitrophenyl-p-galactoside was measured as absorbance at
420 nm (eq20 = 4500 M~ em™; Genesys 10UV spectrophotom-
eter), protein concentration was determined with Bradford reagent,

and B-galactosidase specific activity was calculated as nmol ortho-
nitrophenol/min/mg protein.

2.4. Levels of GFP-tagged proteins

The levels of GFP-tagged proteins [17] were estimated by fluo-
rescence measurements. Cell pellets were resuspended in water,
their concentration was determined as Agpp, and 0.5 ml aliquots
were added to 48-wells plate. GFP fluorescence was measured in a
Biotek Synergy plate reader, with excitation at 485 nm and emis-
sion at 528 nm. Samples were shaken for 20 s prior to reading and
measurements were obtained at gain 100. Values were normalized
to the cells concentration, and fluorescence of parental cells not
expressing any GFP was subtracted.

3. Results
3.1. Hsf1 is activated by UPR and requires intact UPR for its HSR

Our interest in a possible link between HSR and UPR was initi-
ated by our findings that HSR [20] as well as UPR (data not shown)
deteriorated upon yeast aging. Proteostasis, and stress responses in
particular, decline with aging, and are thought to be a major cause
for the accumulation of damaged, misfolded and aggregated pro-
teins [5,21—23]. Hence, although sensing of misfolded proteins is
compartmentalized, we hypothesized that HSR and UPR may be
linked in a systemically coordinated stress response network. To
monitor either HSR or UPR, yeast was transformed with reporter
constructs specific for a single response, either HSE2-lacZ [18] or
UPRE-lacZ [13], respectively, and expression of the reporters was
measured by their B-galactosidase activity. We deliberately did not
follow the expression of endogenous targets because many such
genes appear to be regulated by both HSR and UPR [24], as initially
reported for the KAR2/BIP gene, an established UPR target that
contains both UPRE and HSE in its promoter [13]. To elicit HSR,
yeast grown at 30 °C was heat-shocked at 42 °C for 20 min. To elicit
UPR, cells were exposed to either tunicamycin (TM), which acti-
vates UPR by inhibiting N-linked glycosylation occurring only
within the ER lumen [13], or to dithiothreitol (DTT), which prevents
disulfide bonds formation prevalent within the ER lumen [25]. In
yeast harboring UPRE-lacZ, similar activities of B-galactosidase
were measured upon incubation with TM for either 30 min or 4 h,
and slightly lower activation was achieved by DTT, with no differ-
ence between 1 or 2 h incubation (data not shown). In subsequent
experiments, cells were incubated with TM or DTT for 1 h.

To address a possible link between HSR and UPR, we first
showed that UPRE-lacZ responded to HS, as expected from heat-
induced accumulation of misfolded proteins throughout the cell,
including within the ER. This response depended on intact UPR
because it was abolished in strains lacking IRE1 or HAC1 (Fig. 1A).
We next examined the less obvious possibility and showed that
HSE2-lacZ responded to UPR elicitors (Fig. 1C). Since neither TM nor
DTT are known to affect protein folding outside the secretory
pathway, we asked whether these compounds activated Hsf1 via
UPR or affected this transcription factor directly. Therefore, we
followed the activation of Hsf1 by TM or DTT in the UPR-defective
strains. Clearly, both ire1A and hac1A strains were defective in UPR,
as UPRE-lacZ did not respond to DTT (Fig. 1B). More importantly,
TM hardly activated Hsf1 in either UPR-defective mutant, although
it enhanced HSE2-LacZ response >2-fold in wild-type cells (Fig. 1D).
These results indicate that TM activates Hsf1 via UPR and does not
affect this transcription factor directly. Similar data were obtained
with DTT, although its effect on Hsfl activation was strongly
attenuated, but not totally abolished, in the UPR-defective strains
(Fig. 1D). It should be noted that unlike TM, which generates
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Fig. 1. Hsf1 activation by either HS or UPR is impaired in UPR-defective cells, mediated by Sir2 and restricted to HSR. Wild-type, ire1A, haclA or sir24 BY4741-derived cells,
harboring the UPRE-LacZ plasmid (A,B) or the HSE2-LacZ plasmid (C—G) were incubated for 1 h with (+) or without (—) TM (C,D,F) or DTT (B—D), or for 30 min with (+) or without
(=) H205 (G). Then, cells were further incubated for 20 min either at 30 °C (—) or heat shocked (HS) at 42 °C (+) (A,CE-G). UPR (A,B) and Hsf1 activation (C—G) were monitored as -

galactosidase specific activity. Results are mean + SEM of 3 independent experiments.

misfolded proteins only within the ER lumen and therefore, TM
signaling depends entirely on the Ire1/Hac1 axis, DTT likely causes
some protein misfolding also in the cytosol and nucleus, thus may
activate Hsf1 in a fashion requiring neither Ire1 nor Hac1. Moreover,
DTT may also activate Hsf1 directly by altering the redox state of
cysteines, either within Hsf1 itself, as shown for mammalian Hsf1
[26], or within its associated chaperone Ssal [10]. Even more sur-
prising was our observation that Hsf1 activation by heat shock was
nearly obliterated in the ire1A or hac1A mutants (Fig. 1E; ~5-fold
induction by heat shock in wild-type cells vs. ~1.4-fold change in
the UPR-defective strains). This result demonstrates that also the
HSR of Hsf1 requires intact UPR.

3.2. Sir2 links UPR and HSR

Inasmuch as TM does not activate Hsf1 directly but via UPR, and
HSR of Hsf1 also requires intact UPR, we hypothesize that compo-
nent(s) essential for HSR are regulated by UPR. Sir2 came to mind
because TM and excess Sir2 exerted similar effects on Hsf1. We have
recently shown that Sir2 is essential for HSR, and overexpression of

Sir2 mimics HSR, while Hsf1 is hardly activated further when excess
Sir2 and heat shock are combined (Fig. 1F and Fig. 2A,B; [20]).
Likewise, the UPR elicitors activated Hsf1 but attenuated the effect
of heat shock on Hsf1 activity (Fig. 1C, and wild-type cells in Fig. 1F).
This led us to examine the potential role of Sir2 in the UPR-
dependent activation of Hsfl. Indeed, Hsf1 activation by TM was
abolished in sir2A cells, whether or not heat shock was also applied
(Fig. 1F). To corroborate the involvement of Sir2 in Hsf1 activation
by UPR, we tested another Sir2-independent mode of Hsf1 activa-
tion. We previously showed that Hsf1 activation by oxidative stress
is maintained in sir2A strain (Fig. 1G; [20]). Here, Hsf1 activation by
H,0, in the UPR-defective ire1A or hac1A mutants was as effective
as in wild-type yeast or in the sir2A strain (Fig. 1G). Moreover, the
persistence of Hsf1 activation by oxidative stress and lack of HSR in
the UPR-defective mutants was phenocopied in the sir2A cells
(Fig. 1G), lending further support to the notion that Sir2 links the
UPR and HSR.

It is plausible that Sir2 expression is regulated by UPR and when
this pathway is defective, Sir2 declines to limiting levels that impair
HSR. To test this hypothesis, excess SIR2, driven by its authentic
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Fig. 2. SIR2 is upregulated by UPR, while excess SIR2 compensates for impaired HSR in UPR-defective strains and further enhances HSR upon UPR activation. Wild-type, ire1A or
hac1A BY4741-derived cells, harboring the HSE2-LacZ plasmid, were transformed with an empty vector (EV) or with a pSIR2 plasmid. Cells were incubated for 1 h with (+) or
without (—) TM (A) or DTT (B). Then, cells were further incubated for 20 min either at 30 °C (—) or heat shocked (HS) at 42 °C (+). Hsf1 activation was monitored as -galactosidase
specific activity. BY4741-derived cells expressing the indicated GFP-tagged proteins were either incubated for 1 h with (+) or without (—) TM or DTT (C) or transformed with an
empty vector (—) or with a pHSF1 plasmid (pAKS80 (+) (D)). Levels of GFP-tagged proteins were measured by GFP fluorescence, as described in Materials and methods. Results,
given as fold-induction over untreated cells (set as 1 (C)) or as GFP fluorescence (x10~3; (D)), are mean + SEM of 4 independent experiments.

promoter regions [16], was expressed from a plasmid in wild-type
and in the UPR-defective irelA or haclA strains. Excess SIR2
mimicked HSR, as shown in wild-type cells that responded to heat
shock, but strikingly it also compensated for the impaired HSR in
the UPR-defective mutants (Fig. 2A,B). The link between Sir2 and
UPR was further supported by the effect of TM or DTT on cells
overexpressing SIR2. Clearly, only in wild-type cells was the effect
of excess SIR2 on Hsf1 activation further augmented by TM or DTT,
indicating that this effect was absolutely dependent on UPR. In the
UPR-defective ire1A or hac1A strains, excess SIR2 could mimic HSR,
but Hsfl activation was not further augmented by TM or DTT
(Fig. 2A,B). Taken together, these results establish a direct link be-
tween UPR and HSR via Sir2.

3.3. Sir2 is upregulated by UPR and attenuates the UPR pathway

To examine directly whether Sir2 expression was regulated by
UPR, we exposed to TM or DTT cells from the library of endoge-
nously expressed GFP-tagged proteins [17]. These included the
tested Sir2, the Hsp70 Lhs1 and Hsp40 Scj1 as known ER UPR tar-
gets, Hsfl for comparison, and Ldh1 as a negative control. We
measured GFP fluorescence as readout for the expression of these
GFP-tagged proteins. Relative to unchallenged cells, TM or DTT
treatment increased Sir2-GFP levels 2—2.5-fold, to the same extent
as the known UPR targets Lhs1-GFP or Scj1-GFP (Fig. 2C). Neither
Hsf1-GFP nor Ldh1-GFP was affected by these elicitors (Fig. 2C).
While UPR upregulated Sir2 expression, which, in turn, activated
Hsf1, this regulation was unidirectional. Overexpressing HSF1 from
a plasmid, which based on GFP fluorescence upregulated the

expression of its established GFP-tagged targets Hsp26 and Btn2,
had no effect on the levels of Sir2-GFP or Ldh1-GFP (Fig. 2D).

Recently a connection between sirtuins and UPR has been re-
ported in mammalian models, where Sirt1, the closest homolog of
yeast Sir2, has been shown to deacatylate, hence deactivate Xbp1,
the mammalian homolog of yeast Hacl [27,28]. To examine
whether Sir2 attenuated UPR also in S. cerevisiae, we monitored
UPR in cells lacking SIR2 (Fig. 3A) or in cells overexpressing SIR2
from a plasmid (Fig. 3B). Clearly, in sir2A cells UPR was activated
>3-fold, even in the absence of UPR elicitors, and UPR overshot
13—14-fold by TM or DTT (Fig. 3A). Consistently, neither TM nor DTT
elicited UPR in cells overexpressing SIR2 (Fig. 3B). These results
indicate that Sir2, which is upregulated by UPR, attenuates this
pathway by acting as a negative regulator of UPR.

4. Discussion

Cells are constantly challenged by physico-chemical insults on
their proteome. Thus, stress response mechanisms that sense and
initiate programs to correct these insults are fundamental for cell
viability. Indeed, in eukaryotes, distinct stress response pathways
exist in the cytosol/nucleus (HSR), the ER/secretory pathway and
mitochondria (UPR). Although it is generally held that these stress
response pathways are activated in a compartment-specific
manner, robust proteostasis must connect them into a coordi-
nated inter-organellar network. Previously, a link between HSR and
UPR in S. cerevisiae was suggested in a report where ER-stressed
ire1A cells were rescued by the constitutively active R206S Hsf1
[24]. The HSR-induced proteins implicated in this relief were
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Sir2-mediated UPR-HSR link and UPR regulatory loop. Sir2 is upregulated by UPR, it is essential for Hsf1 activation by UPR and HSR, and it negatively regulates UPR.

vesicle-associated Erv29 and ER Kar2/BiP. That study also reported
that ER stress activated HSR, but restricted this phenomenon only
to UPR-defective cells [24], in contrast to our current findings. In a
more recent paper, constitutive HSR activation resulted in
increased ER resistance and decreased UPR activation [29]. This
phenomenon occurred in wild-type but also in UPR-defective cells,
it was only partially dependent on Kar2/BiP overexpression, it did
not involve increased proteasomal degradation, and was related to
the oxidative stress response. Transcription data suggested that
HSR enhanced ER stress resistance mainly through facilitating
protein folding and secretion [29].

Here, we demonstrate a regulatory link in the opposite direction
by showing that UPR in the ER regulates HSR in the cytosol/nucleus.
This inter-organellar cell-autonomous stress response network is
reminiscent of the looming cell-nonautonomous transcellular
signaling that coordinates stress responses between tissues [30,31].
This systemic cellular regulation of stress responses is supported by
a genome-wide comparison of 383 UPR- and 165 HSR-regulated
genes [25,32], where at least nine genes, common to both data
sets, appear to be regulated by both UPR and HSR [24]. Such dual
regulation was initially reported for the KAR2/BIP gene, an estab-
lished UPR target that contains UPRE as well as HSE in its promoter
region [13]. A recent paper adds to Kar2/BiP in S. cerevisiae a third
mode of stress sensing, since this molecular chaperone acts as a
sensor for ER redox imbalance [33].

In addition to showing activation of HSR by UPR, we demon-
strate that intact UPR is required for HSR and implicate Sir2 in this
link (Fig. 3C). Sir2 is essential for Hsf1 activation by HSR, but it is
also required for Hsf1 activation by UPR. The role of Sir2 in medi-
ating Hsf1l activation by UPR is restricted to HSR, whereas Hsf1
activation by oxidative stress requires neither Sir2 nor intact UPR.
We show that Sir2 is upregulated by UPR and that excess Sir2
augments Hsfl activation by UPR and can compensate for its

impairment in UPR-defective strains. Sir2 as the link between UPR
and HSR, and particularly Sir2's upregulation by UPR, were entirely
unexpected since Sir2 never came up as a target in UPR transcrip-
tional [25,34,35] or translational [36] screens, suggesting that Sir2
upregulation is post-transcriptional. Interestingly, a hint for Sir2
upregulation by UPR was recently documented in a paper
addressing S. cerevisiae lifespan extension [35]. In that study, UPR
activation by deletion of ALG12 or BST1 extended lifespan, a phe-
nomenon that depended on intact UPR. However, overexpression of
SIR2 from a plasmid restored lifespan extension in the UPR-
defective irelA or haclA strains [35]. These findings can be
explained if Sir2, a known lifespan effector, is upregulated by the
UPR pathway.

Sirtuins have been associated with UPR in mammalian models,
where Sirt1, the closest homolog of Sir2, deacatylates hence de-
activates Xbp1 [27,28]. Here we show that also in S. cerevisiae Sir2
curtails UPR. Being upregulated by UPR, Sir2, in turn, shuts off this
pathway (Fig. 3C), possibly by deacetylating Hac1, the yeast ho-
molog of mammalian Xbpl. This Sir2-centered regulatory loop
ensures that UPR functions only transiently, preventing deleterious
consequences of prolonged UPR. Thus, by linking UPR in the ER
with HSR in cytosol/nucleus, Sir2 coordinates a cellular network of
stress responses.
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