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I

ncreasing amounts of evidence suggest that environmental factors lead to stable alteration in gene expression by modifying
chromatin structure. The genome of the lower eukaryote Saccharomyces cerevisiae uses histone acetylation-deacetylation as one of
the epigenetic mechanisms to control gene expression. Histone
deacetylases (HDAC) are the transcriptional repressors which
cause deacetylation of histones, thereby creating localized regions
of repressed chromatin. They are categorized into three groups
based on their homology to yeast proteins: RPD3 (class I), HDA1
(class II), and Sir2 (class III) (1, 2). Sir2 deacetylates histone H3 (at
K9, K14, and K56) and H4 (particularly K16) to regulate telomeric
heterochromatin structure in yeast (3, 4). Our previous studies
have demonstrated that heat stress and concomitant overexpression of Hsp90 result in euchromatinization of silent subtelomeric
chromatin by reducing the steady-state level of Sir2 (5).
Sir2 protein mediates silencing at the silent mating-type loci
HML and HMR, telomeres, and ribosomal DNA locus through a
series of protein-protein interactions. During telomere silencing,
Rap1 and a Ku70/80 heterodimer, which are telomere binding
proteins, recruit the Sir2/Sir4 complex (6). Sir2p deacetylates
neighboring nucleosomes and facilitates the binding of Sir4 and
Sir3 to hypoacetylated H3 and H4 (7, 8). Sir3 and Sir4 recruit
additional Sir2, and thus, the renewal of this cycle causes the
spread of the Sir complex along the chromosome (9). The propagation of silencing complex along the chromosome requires the
NAD⫹-dependent histone deacetylase activity of Sir2. Mutation at
the NAD⫹ binding pocket of Sir2 makes it severely defective in
telomere silencing (10). Nicotinamide (NAM), which is generated
as the by-product of the enzymatic reaction, acts as a noncompetitive inhibitor of Sir2 (11). It has been demonstrated that PNC1,
which codes for nicotinamidase, acts as a positive regulator of Sir2
activity by causing deamidation of NAM and thus increasing the
replicative life span of yeast (12). Surprisingly, how SIR2 gene is
regulated at the transcription level under normal conditions or in
response to different environmental cues is not understood at all.
Cup9 was originally identified as the gene that permits the cell
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to tolerate very high doses of copper, which are otherwise toxic.
However, the mechanism of such an effect was not known (13).
Published microarray experiments revealed that its transcription
increases severalfold when cells are exposed to hypoxia and osmotic stress and when grown in the presence of alternate carbon
sources (14, 15). Cup9 is a homeodomain transcriptional repressor having a high degree of identity with human PBX proteins
(pre-B cell leukemia transcription factor) that are crucial for embryonic development (16). It also shows identity with the S. cerevisiae MAT␣2 locus (17). About 36 targets of Cup9 have been documented so far, among which the best characterized is the master
peptide transporter (dipeptide and tripeptide) PTR2. It is known
that Cup9, along with the corepressors Tup1 and Ssn6 (18), reduces peptide import in cells by repressing PTR2 transcription
(19, 20).
Hsp90 is an evolutionarily conserved molecular chaperone
found in organisms ranging from Escherichia coli (HtpG) to yeast
(Hsc82 and Hsp82) to humans (Hsp90␣ and Hsp90␤). It regulates diverse cellular functions by providing maturation to a specific group of proteins known as clients. A high-throughput evaluation by LUMIER assay (21) revealed that 60% of the Hsp90
clientele belongs to the kinase family, 30% belongs to the ubiqui-
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The epigenetic writer Sir2 maintains the heterochromatin state of chromosome in three chromosomal regions, namely, the silent
mating type loci, telomeres, and the ribosomal DNA (rDNA). In this study, we demonstrated the mechanism by which Sir2 is
regulated under heat stress. Our study reveals that a transient heat shock causes a drastic reduction in the SIR2 transcript which
results in sustained failure to initiate silencing for as long as 90 generations. Hsp82 overexpression, which is the usual outcome
of heat shock treatment, leads to a similar downregulation of SIR2 transcription. Using a series of genetic experiments, we have
established that heat shock or Hsp82 overexpression causes upregulation of CUP9 that, in turn, represses SIR2 transcription by
binding to its upstream activator sequence. We have mapped the cis regulatory element of SIR2. Our study shows that the deletion of cup9 causes reversal of the Hsp82 overexpression phenotype and upregulation of SIR2 expression in heat-induced Hsp82overexpressing cells. On the other hand, we found that Cup9 overexpression represses SIR2 transcription and leads to a failure in
the establishment of heterochromatin. The results of our study highlight the mechanism by which environmental factors amend
the epigenetic configuration of chromatin.

Laskar et al.

MATERIALS AND METHODS
Plasmids. The sequences of all the primers used in this study are given in
Table 1. The reporter plasmid pCZ is a high-copy-number yeast expression vector having the LACZ reporter gene under the control of the CYC1
promoter. Using SLY20 genomic DNA as a template, we amplified 429 bp,
370 bp, 307 bp, and 200 bp of SIR2 upstream activator sequence (SIR2UAS)
and cloned them individually in a LACZ reporter plasmid, replacing its
original CYC1 promoter. The cloned vectors are referred to as 429UAS,
370UAS, 307UAS, and 200UAS, respectively, in this paper. We also made a
vector by removing a built-in CYC1 promoter to obtain a promoterless
control; it is referred to as pCZdelcyc1.
Using SLY20 genomic DNA as a template, we amplified CUP9 and
cloned it in a 2 C-terminally Myc-tagged vector, pESC-HIS (Agilent
Technologies). This generated pESC-CUP9-MYC, which overexpresses
CUP9 under the control of the GAL promoter.
Yeast strains. Strains used in this study are listed in Table 2. 429UAS,
370UAS, 307UAS, and 200UAS deletion constructs along with the reporter
plasmid without the CYC1 promoter were transformed into strain SLY20
to generate isogenic strains SLY57, SLY84, SLY83, SLY56, and SLY64,
respectively. The HSP82 overexpression plasmid pRS313/HSP82 (5) was
transformed into strains SLY20, SLY57, SLY84, SLY83, and SLY56, and
colonies were selected on SC-his medium to generate isogenic strains
SLY13, SLY61, SLY86, SLY85, and SLY60, respectively. The empty vector
pHCA was also transformed into SLY20, SLY57, SLY84, SLY83, and
SLY56, and colonies were selected on SC-his medium to generate isogenic
strains SLY13C, SLY61C, SLY86C, SLY85C, and SLY60C, respectively.
Using plasmid pFA6a-TRP1 as a template (29), we amplified the TRP1
cassette with CUP9 flanking regions. The product was then integrated into
SLY20 and selected on a medium lacking tryptophan to generate a ⌬cup9
strain, which is referred to as SLY71 in this paper. HSP82 overexpression
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plasmid pRS313/HSP82 and the empty vector were transformed into
SLY71 to generate SLY77 and SLY77C, respectively. Using the same strategy, we created ⌬sum1, ⌬rim101, and ⌬sok2 strains, which are referred to
as SLY75, SLY73, and SLY74, respectively, in this paper. We transformed
HSP82 overexpression plasmid and the empty vector into SLY75, SLY73,
and SLY74 to generate SLY81 and SLY81C, SLY79 and SLY79C, and
SLY80 and SLY80C, respectively.
The CUP9 overexpression plasmid pESC-CUP9-MYC and the empty
vector pESC-MYC were transformed into SLY20 to create SLY90 and
SLY91, respectively.
In order to Myc tag the C-terminal end of the Cup9 protein expressed
from the chromosomal locus, a 13MYC-KanMX6 cassette (29) was amplified with regions flanking this portion of CUP9. It was then integrated
into SLY20 to generate CUP9 MYC-tagged strain SLY87. HSP82 overexpression plasmid pHCA/HSP82 was transformed into SLY87 to generate
SLY88.
TPE color assay. The SLY20 strain used for the TPE color assay is
isogenic to W303a, having ADE2 marked at telomere VIIL. SLY13C,
SLY12, SLY13, SLY77, SLY77C, SLY81, SLY79, SLY80, SLY90, and SLY91
cells were grown on appropriate medium, and the telomere position effect
(TPE) assay was performed according to the protocol described previously (5).
Antibodies. The anti-Hsp90 antibody (Calbiochem) and antiactin antibody (Abcam) were used at a 1:5,000 dilution. The anti-Sir2 antibody
(Santa Cruz Biotechnology Inc., CA) and anti-Myc antibody (Abcam)
were used at 1:200 and 1:8,000 dilutions, respectively. Horseradish peroxidase (HRP)-conjugated rabbit IgG (Santa Cruz Biotechnology Inc.) was
used as a secondary antibody for Sir2 and Myc at a 1:10,000 dilution, and
HRP-conjugated mouse IgG (Promega) was used as a secondary antibody
for Hsp82 and actin at a 1:10,000 dilution. A chemiluminescence detection system (Pierce) was used to develop Western blots.
RNA isolation and real-time RT-PCR. Total RNA was isolated by the
acid-phenol method as described in our earlier paper (5). For real-time
PCR, cDNA was diluted (1:50) and used for PCR using a reverse transcription-PCR (RT-PCR) kit (Roche). The real-time analysis was done using
the Applied Biosystems 7500 fast real-time PCR system. Primers used for
the amplification of 200- to 300-bp stretches at the portions of ACT1,
SIR2, LACZ, CUP9, YFR067w, and HML␣ corresponding to the C terminus are listed in Table 1. The threshold cycle (CT) value of the ACT1
transcript of each sample was used to normalize the corresponding CT
values of SIR2, LACZ, CUP9, YFR057w, and HML␣ transcripts. The normalized CT values of SIR2, LACZ, CUP9, YFR057w, and HML␣ from
different samples were compared to obtain ⌬CT values. The relative levels
of mRNA were estimated as 2⫺⌬⌬CT. The mean values (⫾standard deviations [SD]) from three independent experiments were plotted using
GraphPad Prism 6 software.
ChIP assay. The chromatin immunoprecipitation (ChIP) assay was
performed as described previously (30), with some modifications. A
50-ml quantity of cells was grown to an optical density at 600 nm (OD600)
of 1.2 and cross-linked with 1% formaldehyde at 30°C for 15 min. Glycine
at 2.5 M was added, and the cells were shaken for 5 min before being spun
down and washed with PBS buffer (10 mM KH2PO4, 40 mM K2HPO4,
150 mM NaCl) containing dithiothreitol (DTT). The cells were then suspended in 2 ml of spheroplast buffer (18.2% sorbitol, 1% glucose, 0.2%
yeast nitrogen base, 0.2% Casamino Acids, 25 mM HEPES [pH 7.4], 50
mM Tris, 1 mM dithiothreitol) along with 0.8 mg of lyticase and incubated at 30°C for 30 min to generate spheroplasts. The spheroplasts were
first washed in 500 l of ice-cold PBS buffer containing phenylmethylsulfonyl fluoride (PMSF). Then they were resuspended in HEPES–Triton
X-100 buffer (0.25% Triton X-100, 10 mM EDTA, 0.5 mM EGTA, 10 mM
HEPES [pH 6.5]) containing 0.5 mM PMSF and protease inhibitor cocktail (Roche) and spun down at 7,000 rpm for 7 min. Ultimately, the
spheroplasts were resuspended in HEPES–NaCl buffer (200 mM NaCl, 1
mM EDTA, 0.5 mM EGTA, 10 mM HEPES [pH 6.5]) containing 0.5 mM
PMSF and protease inhibitor cocktail and again centrifuged at 7,000 rpm
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tin ligases, and about 7% are the transcription factors (22). Steroid
hormone receptors are the most extensively characterized transcription factors that are chaperoned by Hsp90 (23). Unlike the
other chaperones, such as Hsp70 and Hsp40, which act early in the
folding process, the Hsp90 family interacts with the substrates at
the later stages of protein folding (24, 25). It forms a multichaperone complex with Hop, Hip, Aha1, p23, CyP40, or FKBP and
binds to the target proteins (26). Heat shock (HS) and other proteotoxic stresses trigger overexpression of Hsp90 due to the activation of the transcription factor Hsf1,which homotrimerizes and
translocates to the nucleus from the cytoplasm and causes the
transcriptional activation of Hsp90 (27, 28).
Previous experiments in our laboratory showed that Hsp82
(the yeast ortholog of Hsp90) homeostasis controls the abundance
as well as activity of Sir2. The Hsp82 null condition not only leads
to the reduced abundance of Sir2 but also results in the inactivation of Sir2 proteins. On the other hand, Hsp82 overexpression
leads to the reduction of the steady-state level of Sir2 protein,
though it does not affect the mating type silencing activity of Sir2
(5). In this report, we provide mechanistic insights into Hsp82
overexpression phenotype which occurs while cells are exposed to
heat shock. Our work demonstrates that heat stress (or overexpression of Hsp82) leads to transcriptional downregulation of
SIR2, which is inherited through successive generations before it
returns to the normal level. Our work identified the transcriptional repressor Cup9, which negatively regulates SIR2 gene expression. We demonstrate that under heat shock as well as Hsp82
overexpression, Cup9 is upregulated and is recruited at the
SIR2UAS region. Thus, our work explains the mechanism behind
the alteration of the epigenetic state of chromatin in response to
environmental cues such as heat stress.

Heat Shock-Induced Sir2 Transcriptional Regulation

TABLE 1 Primers used in this study
Sequence

Purpose

OSB 125
OSB 193
OSB 194
OSB 126
OSB 87

5= ATC CTC GAG CTG CAA CTC CTC AAT GTG TC 3=
5= ATC CTC GAG GTA TAT GCT TAT ATG CAT GCG 3=
5=ATC CTC GAG CCA AGC TAC ATC TAG CAC TC 3=
5= ATC CTC GAG CTT TGG CCG CCA GTT GCG 3=
5= ATC GGA TCC GGT CAT CCA GCT TTA ATG TGC CG 3=

OSB 203

5= GAC GGA TCC ATG AAT TAT AAC TGC GAA ATA C 3=

OSB 204

5= CGA GTC GAC ATT CAT ATC AGG GTT GGA TAG 3=

OSB 164

5= CTT TTA TGC TAA CAA CCT TCG AGA ATA GTT ACA TTC GAA
GCG GAT CCC CGG GTT AAT TAA 3=
5= TAT AAT TAT ATG AAT ATT TAA GTA ATG CAT TGA TAA GTG
AGA ATT CGA GCT CGT TTA AAC 3=
5= AAG TTT CAT ACA TAA TTA ACA AAA TTC GTT TGT TGC GGG
GCG GAT CCC CGG GTT AAT TAA 3=
5= TTT TAT CTA TTC TCG AAA CTG CCC CAA CGT ACG GAC
CAG CGA ATT CGA GCT CGT TTA AAC 3=
5= ACT GAA AAC GGT AAA GTA GGT TTG TTT AAA TTG ACT TAA
GCG GAT CCC CGG GTT AAT TAA 3=
5= GCA AAG AAA CAA CTA AGA ATA AAA TAT CCG ACA ATC
CAT AGA ATT CGA GCT CGT TTA AAC 3=
5= CAA AAT CAT CCT TAT ATA ACC CTG GTA AGG TCC TTT TGT
CCG GAT CCC CGG GTT AAT TAA 3=
5= GAT TAA AGT AAC ATA ATT ATC CAA GGA ATT CAT AGT TGT
TGA ATT CGA GCT CGT TTA AAC 3=
5= GCT GGA AGA ATT GAA AAA GCT ATC CAA CCC TGA TAT
GAA TCG GAT CCC CGG GTT AAT TAA 3=
5= TAT AAT TAT ATG AAT ATT TAA GTA ATG CAT TGA TAA GTG
AGA ATT CGA GCT CGT TTA AAC 3=
5= TGA CCA AAC TAC TTA CAA CTC C 3=
5= TTA GAA ACA CTT GTG GTG AAC G 3=
5= CTG ATT AAT CGT GAT CCC GTC 3=
5= CTT AGA GGG TTT TGG GAT GTT C 3=
5= CAA CTG ATG GAA ACC AGC C 3=
5= TTA CGC GAA ATA CGG GCA G 3=
5= CTA ATG ACA ACG CGA ATA ATA C 3=
5= CAA TTC ATA TCA GGG TTG GAT AG 3=
5= ATC ACG AGT AAG GAT CAA AG 3=
5= TTA TGG CTT TGT TAC GCT TG 3=
5= AAT CGG CGG ATG GGT TGG 3=
5= TCA TTC TTT CTT CTT TGC CAG 3=

Forward primer used to amplify 429-bp SIR2UAS
Forward primer used to amplify 370-bp SIR2UAS
Forward primer used to amplify 307-bp SIR2UAS
Forward primer used to amplify 200-bp SIR2UAS
Common reverse primer used to amplify all above deletion
constructs of SIR2UAS
Forward primer used to amplify CUP9 for cloning in
pESC-MYC-tagged vector
Reverse primer used to amplify CUP9 for cloning in
pESC-MYC-tagged vector
Forward primer used for CUP9 knockout

OSB 165
OSB 170
OSB 171
OSB 173
OSB 174
OSB 161
OSB 162
OSB 196
OSB 197
OSB 16
OSB 14
OSB 131
OSB 132
OSB 121
OSB 122
OSB 189
OSB 190
OSB 19
OSB 20
OSB 62
OSB 63

for 7 min. Finally, the spheroplasts were resuspended in 100 l of SDS lysis
buffer (1% SDS, 10 mM EDTA, 50 mM Tris [pH 8.1]) containing 0.5 mM
PMSF and protease cocktail inhibitor and sonicated (Elma; model-S60H) to generate an average DNA fragment size of 0.5 to 1 kb. After
centrifugation, approximately 1.1 ml of supernatant was added to 1 ml of
IP dilution buffer (1.1% Triton X-100, 1.2 mM EDTA, 16.7 mM Tris [pH
8.1], 167 mM NaCl, 0.5 mM PMSF, and protease cocktail inhibitor) and
left on ice for 15 min to form the chromatin fraction. Immunoprecipitation was performed with 1 g of anti-Myc antibody to precipitate Cup9.
SIR2UAS was amplified using the primers OSB 125 and OSB 87 in a reaction volume of 50 l using 1/75 of immunoprecipitates and 1/50 of input
DNA. Samples were subjected to electrophoresis on 1.5% agarose. Cup9
binding was also measured at the ACT1 locus using the primers OSB 16
and OSB 14. The control antibody for ChIP was rabbit IgG.
Southern hybridization. Telomere Southern blotting was carried out
according to the protocol published earlier (31). Briefly, yeast cells were
grown in yeast extract-peptone-dextrose (YPD) medium to a density of
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Reverse primer used for CUP9 knockout
Forward primer used for SUM1 knockout
Reverse primer used for SUM1 knockout
Forward primer used for RIM101 knockout
Reverse primer used for RIM101 knockout
Forward primer used for SOK2 knockout
Reverse primer used for SOK2 knockout
Forward primer used to generate MYC tag at the portion of CUP9
corresponding to the C terminus at the chromosomal locus
Reverse primer used to generate MYC tag at the portion of CUP9
corresponding to the C terminus at the chromosomal locus
Forward primer used to amplify ACT1 for real-time RT-PCR
Reverse primer used to amplify ACT1 for real-time RT-PCR
Forward primer used to amplify SIR2 for real-time RT-PCR
Reverse primer used to amplify SIR2 for real-time RT-PCR
Forward primer used to amplify LACZ for real-time RT-PCR
Reverse primer used to amplify LACZ for real-time RT-PCR
Forward primer used to amplify CUP9 for real-time RT-PCR
Reverse primer used to amplify CUP9 for real-time RT-PCR
Forward primer used to amplify YFR057w for real-time RT-PCR
Reverse primer used to amplify YFR057w for real-time RT-PCR
Forward primer used to amplify HML␣ for real-time RT-PCR
Reverse primer used to amplify HML␣ for real-time RT-PCR

1.5 ⫻ 107 cells per milliliter. Heat shock was carried out by exposing the
cells to 39°C for 40 min and subsequently returning them to 30°C and
then growing them for 7 days. The genomic DNA was isolated from the
control as well as from the post-HS samples collected after 2 h and those
collected on the 4th and 6th days. Equal amounts of genomic DNA from
each sample were subjected to XhoI digestion. Subsequently, all the digested samples were electrophoresed on a 0.8% agarose gel and transferred to a nitrocellulose membrane. For probe preparation, a 625-bp
poly(G·T)/poly(C·A) fragment (kindly provided by Arthur Lustig) was
labeled with [␣-32P]dCTP using a Deca label DNA labeling kit (Fermentas). The Southern blot was finally exposed to X-ray film and developed.

RESULTS

HS or Hsp82 overexpression induces transcriptional downregulation of SIR2. In an earlier study (5), we had established that
when cells are exposed to heat shock (HS) (at 39°C for 40 min), the
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Primer
name

Laskar et al.

TABLE 2 Yeast strains used in this study
Genotype

Reference or
source

SLY20
SLY12
SLY13C
SLY13
SLY56
SLY57
SLY60C
SLY60
SLY61C
SLY61
SLY64
SLY71
SLY74
SLY73
SLY75
SLY77C
SLY77
SLY80C
SLY80
SLY79C
SLY79
SLY81C
SLY81
SLY83
SLY84
SLY85C
SLY85
SLY86C
SLY86
SLY87
SLY88
SLY90
SLY91

MATa leu2-3,112 trp1 ura3-1 ade2-1 his3-11,15 VIIL::ADE2
MATa leu2-3,112 trp1 ura3-1 ade2-1 his3-11,15 VIIL::ADE2 sir2::KANr
MATa leu2-3,112 trp1 ura3-1 ade2-1 his3-11,15 VIIL::ADE2 pHCA
MATa leu2-3,112 trp1 ura3-1 ade2-1 his3-11,15 VIIL::ADE2 pHCA/HSP82
MATa leu2-3,112 trp1 ura3-1 ade2-1 his3-11,15 VIIL::ADE2 pCZ/200UAS
MATa leu2-3,112 trp1 ura3-1 ade2-1 his3-11,15 VIIL::ADE2 pCZ/429UAS
MATa leu2-3,112 trp1 ura3-1 ade2-1 his3-11,15 VIIL::ADE2 pCZ/200UAS, pHCA
MATa leu2-3,112 trp1 ura3-1 ade2-1 his3-11,15 VIIL::ADE2 pCZ/200UAS, pHCA/HSP82
MATa leu2-3,112 trp1 ura3-1 ade2-1 his3-11,15 VIIL::ADE2 pCZ/429UAS, pHCA
MATa leu2-3,112 trp1 ura3-1 ade2-1 his3-11,15 VIIL::ADE2 pCZ/429UAS, pHCA/HSP82
MATa leu2-3,112 trp1 ura3-1 ade2-1 his3-11,15 VIIL::ADE2 pCZdelcyc1
MATa leu2-3,112 trp1 ura3-1 ade2-1 his3-11,15 VIIL::ADE2 cup9::TRP1
MATa leu2-3,112 trp1 ura3-1 ade2-1 his3-11,15 VIIL::ADE2 sok2::TRP1
MATa leu2-3,112 trp1 ura3-1 ade2-1 his3-11,15 VIIL::ADE2 rim101::TRP1
MATa leu2-3,112 trp1 ura3-1 ade2-1 his3-11,15 VIIL::ADE2 sum1::TRP1
MATa leu2-3,112 trp1 ura3-1 ade2-1 his3-11,15 VIIL::ADE2 cup9::TRP1 pHCA
MATa leu2-3,112 trp1 ura3-1 ade2-1 his3-11,15 VIIL::ADE2 cup9::TRP1 pHCA/HSP82
MATa leu2-3,112 trp1 ura3-1 ade2-1 his3-11,15 VIIL::ADE2 sok2::TRP1 pHCA
MATa leu2-3,112 trp1 ura3-1 ade2-1 his3-11,15 VIIL::ADE2 sok2::TRP1 pHCA/HSP82
MATa leu2-3,112 trp1 ura3-1 ade2-1 his3-11,15 VIIL::ADE2 rim101::TRP1 pRS313
MATa leu2-3,112 trp1 ura3-1 ade2-1 his3-11,15 VIIL::ADE2 rim101::TRP1 pRS313/HSP82
MATa leu2-3,112 trp1 ura3-1 ade2-1 his3-11,15 VIIL::ADE2 sum1::TRP1 pRS313
MATa leu2-3,112 trp1 ura3-1 ade2-1 his3-11,15 VIIL::ADE2 sum1::TRP1 pRS313/HSP82
MATa leu2-3,112 trp1 ura3-1 ade2-1 his3-11,15 VIIL::ADE2 pCZ/307UAS
MATa leu2-3,112 trp1 ura3-1 ade2-1 his3-11,15 VIIL::ADE2 pCZ/370UAS
MATa leu2-3,112 trp1 ura3-1 ade2-1 his3-11,15 VIIL::ADE2 pCZ/307UAS, pHCA
MATa leu2-3,112 trp1 ura3-1 ade2-1 his3-11,15 VIIL::ADE2 pCZ/307UAS, pHCA/HSP82
MATa leu2-3,112 trp1 ura3-1 ade2-1 his3-11,15 VIIL::ADE2 pCZ/370UAS, pHCA
MATa leu2-3,112 trp1 ura3-1 ade2-1 his3-11,15 VIIL::ADE2 pCZ/370UAS, pHCA/HSP82
MATa leu2-3,112 trp1 ura3-1 ade2-1 his3-11,15 VIIL::ADE2 CUP9-13MYC-KANMX6
MATa leu2-3,112 trp1 ura3-1 ade2-1 his3-11,15 VIIL::ADE2 CUP9-13MYC-KANMX6 pHCA/HSP82
MATa leu2-3,112 trp1 ura3-1 ade2-1 his3-11,15 VIIL::ADE2 pESC/CUP9MYC
MATa leu2-3,112 trp1 ura3-1 ade2-1 his3-11,15 VIIL::ADE2 pESC(MYC)

5
5
This study
5
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study

total cellular pool of Sir2 was reduced considerably. Similarly,
Hsp82 overexpression, a general phenomenon associated with
heat shock response, also caused drastic reduction in Sir2p in a
dose-dependent manner. To investigate whether the reduction of
Sir2p is merely at the protein level or extends to the transcript level
as well, we analyzed SIR2 mRNA under heat stress. To this end, we
exposed SLY20 cells to 39°C for 40 min, a condition that yields
overexpression of Hsp82, and compared the level of SIR2 mRNA
with that of the wild-type (WT) cells. We also transformed the
cells with an Hsp82 overexpression plasmid (centromeric expression vector) (SLY13) and compared the level of SIR2 mRNA with
that of the cells containing the empty expression vector (SLY13C).
Under both conditions, we measured the levels of Hsp82 protein,
which were higher than that of the control cells (Fig. 1A, bottom).
The semiquantitative RT-PCR showed that Hsp82 overexpression
(artificially or under heat stress) downregulated the level of SIR2
(Fig. 1A). Quantitative analysis by real-time RT-PCR revealed
about a 5-fold reduction in the SIR2 transcript under the heat
shock/Hsp82 overexpression condition compared to that in the
control cells (Fig. 1B).
Transient heat shock leads to transgenerational transmission of derepressed subtelomeric chromatin. We focused on the
effects of HS over multiple generations. To this end, we exposed
cells of the SLY20 strain to heat stress at 39°C for 40 min and
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FIG 1 Heat shock or Hsp82 overexpression induces transcriptional downregulation of SIR2. (A) (Top) Semiquantitative RT-PCR shows the SIR2 transcript in
cells exposed to heat shock (39°C for 40 min) and in cells harboring an Hsp82
overexpression vector compared to that present in wild-type cells. (Bottom) Western blotting (WB) was done with anti-Hsp82 and antiactin antibodies. (B) The
relative mRNA levels of SIR2 under the above-mentioned conditions (indicated
on the x axis) were plotted after normalization with ACT1 mRNA. In each case, the
mean value (⫾SD) from three independent experiments with three independent
harvests of cells was calculated and was plotted using GraphPad Prism6 software. P
values were calculated using the two-tailed Student t test.
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For that purpose, we monitored the length of the telomere for 7
days after a transient heat shock. We performed three independent experiments, and our results showed that transient heat
shock leads to shortening of telomere length (Fig. 3). Telomere
length remained short up to the 4th day and then returned to the
wild-type length.
Mapping the cis regulatory region of Sir2 affected by Hsp82
overexpression. To further characterize the transcriptional repression of SIR2, we cloned the upstream regulatory element of
SIR2 (⫺429 to ⫺1) into a reporter plasmid carrying LACZ and
named it 429UAS (Fig. 4A). Similarly, three more constructs
(370UAS, 307UAS, and 200UAS) which spanned across the SIR2UAS
(⫺370 to ⫺1, ⫺307 to ⫺1, and ⫺200 to ⫺1) were generated, and
they were individually cloned as the exclusive promoter region of
the LACZ expression cassette. To provide a negative control, we
generated a reporter plasmid without any promoter. Eventually all
the constructs were transformed into SLY20 to generate isogenic
strains SLY57 (429UAS), SLY84 (370UAS), SLY83 (307UAS), SLY56
(200UAS), and SLY64 (negative control), respectively. Expression
of the LACZ gene from these constructs directly correlated with
the transcriptional activity of different regions of the SIR2 upstream regulatory element.
To test whether SIR2UAS is affected by Hsp82 overexpression,
we compared LACZ transcription of 429UAS in the presence and
the absence of Hsp82 overexpression. Semiquantitative RT-PCR
revealed that overexpression of Hsp82 resulted in a significant
reduction of the LACZ transcript in the strain carrying both
429UAS and pHSP82 (SLY61) compared to that in the strain carrying 429UAS and pEmpty (SLY61C) (Fig. 4B). Western blotting
(Fig. 4B, bottom) confirmed overexpression of Hsp82 in SLY61
compared to SLY61C. Quantitative analysis by real-time RT-PCR
revealed that the LACZ transcript was reduced 2.4-fold under the
Hsp82 overexpression condition compared to the wild type (Fig.
4C). In order to find the repressor binding site in SIR2UAS, we
quantified the relative levels of LACZ mRNA in cells harboring
various deletion constructs. The transcription of LACZ in SLY64
was considered the baseline. We found about an 80-fold increase
in LACZ in the cells carrying full-length (429UAS) upstream activator sequence of SIR2 compared to that of the negative control
(no promoter). However, LACZ transcription further increased
(7-fold) in 370UAS and in 307UAS (Fig. 4D). This provides evidence
of a repressor binding site in the region spanning bp ⫺429 to
⫺369 of SIR2UAS. 200UAS, however, displayed about a 4-fold reduction in LACZ transcription compared to that of 429UAS. Next,
we aimed to narrow down the cis regulatory element of SIR2 that
is regulated via heat stress. For this, we mimicked the heat shock
condition by transforming an Hsp82 overexpression plasmid in
the cells carrying individual constructs. As a control, we transformed the empty plasmid in cells carrying different LACZ fusion
constructs. Real-time RT-PCR data showed about a 2-fold reduction in LACZ transcription in cells carrying 429UAS along with
Hsp82 overexpression (Fig. 4E). However, Hsp82 overexpression
in 370UAS, 307UAS, and 200UAS did not affect the relative mRNA
level of LACZ compared to that of cells having the empty plasmid.
Western blotting in each of the four fusion constructs showed
overexpression of Hsp82 (Fig. 4E, bottom). Together, these data
suggest that the region spanning bp ⫺429 to ⫺369 of SIR2 is
crucial for its regulation during Hsp82 overexpression.
Bioinformatics prediction of transcription factor binding to
SIR2UAS. We analyzed the 429 bp upstream of SIR2 regulatory
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subsequently returned them to 30°C. These heat-stressed cells
were maintained for several generations (up to 10 days), with regular medium changes every 24 h. In parallel, we maintained a
wild-type culture which was not subjected to heat shock. We collected the total RNA before HS (0 h), 2 h post-HS, and thereafter
at an interval of every 24 h. We repeated the semiquantitative
RT-PCR three times with independent harvests of cells; the results
of one of the representative experiments are presented in Fig. 2A.
Our results showed that HS-mediated reduction in the SIR2 transcript continued through successive generations. The SIR2 transcript was barely observed in the 4th- and 6th-day HS samples.
However, it started to return to a level comparable to that of the
unstressed cells on the 7th day post-HS. The real-time RT-PCR
result showed that the relative level of SIR2 mRNA had been reduced to nearly 25% and 15% in the 4th-day and 6th-day HS
cultures, respectively. However, in the 7th-day HS culture, the
SIR2 transcript level was comparable to that of the control (Fig.
2B). Our observation was supported by Western blotting with
anti-Hsp82 and anti-Sir2 antibodies. Our results indicated that
Hsp82 overexpression under heat stress led to a significant reduction in Sir2p in the 2 h and the 4th day post-HS. It is important to
note that in the 7th-day HS sample, the Sir2p level went back to
that of the unstressed cells, and there was a significant reduction of
Hsp82 (Fig. 2C). The quantification of the relative band intensities
from three independent experiments showed that the Hsp82p
level increased 2.2 times in the 2 h post-HS, remained 2.1 times
higher in the 4 days post-HS than the level of control, and returned to the level of the control after 7 days (Fig. 2D). Similarly,
the relative band intensity of Sir2 was reduced by half in the 2 h
post-HS and remained at that level up to 4 days and then returned
to the level of the control cells on the 7th day (Fig. 2E). Our previous work showed that Hsp82 overexpression leads to derepression of telomere silencing, without any change in mating type
silencing in yeast (5). We wanted to investigate whether a transient
heat shock leads to any transgenerational mating type silencing
defect in yeast. To that end, we monitored the HML␣ transcript at
various time intervals in the post-HS sample and compared it to
that of the control cells, which were never exposed to heat shock.
The real-time RT-PCR showed that the relative levels of HML␣ in
the 2-h post-HS sample were slightly higher than those in the
control cells; however, they increased significantly (5 times) on the
4th day post-HS and ultimately returned to the normal level on
the 7th day (Fig. 2F). To test the telomeric silencing activity of Sir2
in HS samples, we measured the transcription of subtelomeric
gene YFR057w by real-time RT-PCR analysis. Under normal conditions, Sir2 represses the transcription of YFR057w by spreading
through the subtelomeric ends of chromosome. Our results
showed that there was no significant change in the relative mRNA
level of YFR057w in the 2-h post-HS sample compared to that of
the control. However, in the 4th-, 6th-, and 7th-day post-HS samples, the YFR057w transcript had increased 4.5-fold, 3.6-fold, and
3-fold, respectively, and it was repressed again from the 8th day
onwards (Fig. 2G). We measured the growth of control and HS
culture for 7 days, and the kinetics showed that they were dividing
at the same rate (Fig. 2H).
It was previously reported that prolonged heat shock (at 37°C)
causes telomere shortening in yeast (32, 33). To understand
whether telomere shortening is responsible for the derepression of
subtelomeric chromatin, we wanted to find out whether transient
heat shock also leads to such changes in the telomere structure.
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FIG 2 Transient heat shock leads to transgenerational transmission of derepressed subtelomeric chromatin. (A) Wild-type cells were exposed to heat shock
(39°C) for a period of 40 min and then returned to 30°C. They were allowed to grow for 10 days as described in Results. The SIR2 transcript profile was monitored
after 2 h and on the 4th, 6th, and 7th days and compared with that of the control cells, which were not exposed to heat shock. The experiment was repeated three
times; the results from one representative semiquantitative RT-PCR are presented. (B) Relative mRNA levels of SIR2 in normal and heat-stressed cells at different
time points (as indicated on the x axis) were plotted. Error bars indicate SD (n ⫽ 3 experiments); asterisks indicate values significantly different from the control,
as follows: **, P ⬍ 0.01, and *, P ⬍ 0.05. N.S., not significant. ACT1 was used as the normalization control. (C) A Western blot was developed with control and
heat-stressed samples at different time intervals using anti-Sir2, anti-Hsp82, and antiactin antibodies. (D) Densitometric measurements of Hsp82 from three
independent Western blots were plotted for control and heat-treated samples at the indicated time points. Error bars indicate SD. (E) Densitometric measurements of Sir2 from three independent Western blots were plotted with control (before heat shock) and heat-treated samples at the indicated time points. Error
bars indicate SD. (F) Relative mRNA levels of HML␣ in MATa haploids before and after heat shock at the time points given in the x axis are plotted. Error bars
indicate SD (n ⫽ 3). *, P ⬍ 0.05. (G) Relative mRNA levels of YFR057w in wild-type cells and cells exposed to heat shock (39°C for 40 min) at different time points
are shown. Error bars indicate SD (n ⫽ 3). *, P ⬍ 0.05. (H) Growth kinetics of wild-type and heat-stressed cells were monitored for 7 days. The graph represents
a comparison between their growths on the 1st, 4th, 6th, and 7th days.
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region for transcription factor binding sites of Saccharomyces
cerevisiae. The analysis for finding transcription factors was performed by the statistical method (34) employed in the widely used
TRAP (transcription factor affinity prediction) web tool (35).
TRAP was developed to predict transcription factor binding affinities to DNA. Based on the analysis with TRAP, eight transcription
factors were found to have high binding affinity, namely, Cup9,
Rim101, Sok2, Tod6, Phd1, Tec1, Dot6, and Sum1, out of which
four are transcriptional repressors. The transcription factors from
both the databases TRANSFAC (36) and JASPAR (37), with their
ranks, are shown in Table 3. From the data, it is evident that Cup9
shows highest binding affinity (P value, 0.007). Its binding sequence belongs to the region from ⫺411 to ⫺402.
Reversal of the heat shock/Hsp82 overexpression phenotype
in cup9 deletion strain. Based on the bioinformatics analysis, we
characterized all four repressors, namely, Cup9, Sum1, Rim101,
and Sok2, to identify the putative repressor of SIR2 transcription.
We constructed four deletion strains, namely, ⌬cup9, ⌬rim101,
⌬sok2, and ⌬sum1 mutants, and screened each of them using various genetic experiments in an Hsp82 overexpression background. Semiquantitative RT-PCR showed no significant reduction in SIR2 transcript in the ⌬cup9 strain (SLY77C) carrying the
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FIG 3 Transient heat shock leads to telomere shortening in wild-type cells.
Strain SLY20 was subjected to heat shock at 39°C for 40 min and then was
grown at 30°C for 6 days. Genomic DNA was isolated at different time intervals
(as marked at the top) and subjected to XhoI digestion, and telomere length
was measured using Southern blot hybridization. The experiment was repeated with three independent colonies; two telomere blots are represented.
The difference between the lengths of telomeres grown at 30°C and the 2-h
post-HS sample is represented by solid lines.

empty vector or the Hsp82 overexpression plasmid (SLY77) (Fig.
5A). On the other hand, the ⌬sok2, ⌬sum1, and ⌬rim101 strains
displayed significant reductions in SIR2 transcription upon Hsp82
overexpression. Real-time RT-PCR also displayed no significant
reduction in relative mRNA levels of SIR2 in the ⌬cup9 strain with
and without the HSP82 overexpression plasmid (Fig. 5B). However, other deletion strains exhibited considerable reductions in
the SIR2 transcript with HSP82 overexpression similar to that in
the wild type. By Western blotting, we observed the presence of a
comparable amount of Sir2p in the cup9 deletion strain harboring
the Hsp82 overexpression plasmid and that having an empty vector (Fig. 5C). However, Sir2p was considerably reduced under
Hsp82 overexpression in ⌬sum1, ⌬rim101, and ⌬sok2 cells compared to those carrying the empty plasmid. Relative band intensity
(with respect to actin) revealed about a 50% reduction of Sir2p in
the ⌬sum1, ⌬rim101, and ⌬sok2 strains carrying the Hsp82 overexpression plasmid, but it remained unaltered in the ⌬cup9 strain
with Hsp82 overexpression (Fig. 5D). These data are indicative of
Cup9 being the mediator through which Hsp82 regulates SIR2
transcription. We wanted to monitor which of the deletion strains
abrogate Hsp82 overexpression-mediated derepression of subtelomeric genes. With this in mind, we performed two independent
functional assays of Sir2 using two different subtelomeric genes.
First, we monitored the Sir2 function by a color assay scoring
subtelomeric ADE2 expression. The ⌬cup9, ⌬sum1, ⌬rim101, and
⌬sok2 strains were generated in an isogenic background of SLY20
in which the telomere region of chromosome VIIL was marked
with ADE2. The wild-type and ⌬cup9 strains both showed a pink
color phenotype due to the silencing of the ADE2 gene, whereas
the ⌬sir2 strain exhibited a white color phenotype correlating with
derepression of ADE2. However, Hsp82 overexpression in the
⌬cup9 strain retained the pink color phenotype, as opposed to the
white color phenotype observed during Hsp82 overexpression in
the WT as well as in the ⌬sum1, ⌬rim101, and ⌬sok2 strains (Fig.
5E). In order to understand whether the maintenance of heterochromatinization is locus specific or not, we compared the levels
of the YFR057w transcript, which is located near the chromosome
VIR telomere. Our data showed that although Hsp82 overexpression caused derepression of YFR057w in wild-type cells, the ⌬cup9
strain did not display any silencing defect, as YFR057w remained
silent even in the presence of Hsp82 overexpression (Fig. 5F). To
score the silencing activity of Sir2p in a more quantitative manner,
we performed real-time RT-PCR analysis, which showed no significant alteration in the YFR057w transcript in ⌬cup9 cells with
and without Hsp82 overexpression (Fig. 5G). Our results imply
that out of the four transcriptional repressors, deletion of only
CUP9 restores wild-type-like Sir2 function under the Hsp82 overexpression condition. In other words, we observed increased expression of Sir2p specifically in the cup9 knockout strain during
Hsp82 overexpression, which correlated well with the maintenance of Sir2 silencing function.
Cup9 expression and its binding to SIR2UAS are enhanced by
heat shock and Hsp82 overexpression. From the previous experiment, it was apparent that Hsp82-mediated transcriptional
downregulation of Sir2 is dependent on Cup9. That led us to estimate the steady-state level of Cup9 under heat stress. We grew
the cells at three different temperatures, 30°C, 37°C, and 39°C, and
observed that the level of the CUP9 transcript was upregulated at
39°C (Fig. 6A). Real-time RT-PCR data showed that there was no
change in the CUP9 transcript with an increase in temperature
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bp, were cloned in the upstream region of LACZ to generate four reporter plasmids, namely, 429UAS, 370UAS, 307UAS, and 200UAS. (B) (Top) 429UAS reporter
plasmid was transformed into wild-type cells and cells harboring overexpressing Hsp82. Semiquantitative RT-PCR shows the relative levels of the LACZ
transcript between wild-type cells and cell harboring Hsp82 overexpression plasmid. (Bottom) Western blotting was done with anti-Hsp82 and antiactin
antibodies. (C) Real-time RT-PCR shows relative levels of LACZ mRNA between wild-type cells and cells bearing the Hsp82 overexpression plasmid. Error bars
indicate SD (n ⫽ 3 experiments); the asterisk indicates a value significantly different from the control (P ⬍ 0.05). (D) A LACZ reporter plasmid without any
promoter was transformed into wild-type cells and included in the experiment. Real-time RT-PCR was used to compare the relative mRNA levels of LACZ in cells
harboring four different reporter plasmids along with cells having no promoter. P values were calculated using the two-tailed Student t test. (E) (Top) In cells with
plasmids bearing each of the four reporter constructs, Hsp82 overexpression plasmid was transformed. Real-time RT-PCR shows how the relative abundance of
LACZ was affected in the presence of the HSP82 overexpression plasmid. The relative abundances of mRNA from these constructs were plotted after normalization against ACT1 mRNA. Each bar represents mean mRNA level (⫾SD) from three independent experiments. ***, P ⬍ 0.001. (Bottom) Western blotting was
done using anti-Hsp82 and antiactin antibodies.

from 30°C to 37°C. However, at 39°C, CUP9 was upregulated
2.5-fold (Fig. 6B). We also monitored the level of the CUP9 transcript under the Hsp82 overexpression condition and observed
that it had significantly increased compared to that of the wild type
(Fig. 6C). Real-time RT-PCR analysis showed more than 2-fold
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upregulation of the CUP9 transcript under the Hsp82 overexpression condition (Fig. 6D). Our observation was further corroborated by the endogenous level of Cup9 protein under the Hsp82
overexpression condition. We tagged CUP9 with MYC at the
chromosomal locus. Western blot analysis showed very low levels
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FIG 4 Mapping of the cis regulatory region of Sir2 that is affected by Hsp82 overexpression. (A) Upstream activator sequences of SIR2, 429, 370, 307, and 200
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TABLE 3 Transcription factors from both of the databases JASPAR and TRANSFAC
Rank

Matrix no.

Name of position-specific
matrix in databasesa

P valueb

Sequencec

1

1
2

M01549
MA0288.1

F$CUP9_01
CUP9

0.00742
0.00791

TCCTCAATGTGTCAATTAAC
AATGTGTCA

2
3

3
4
5

M01030
M01621
MA0385.1

F$RIM101_01
F$SOK2_01
SOK2

0.0176
0.0278
0.0329

CCAAGCTA
GCCTGCAACT
TATATGCATGCG

4
5
6
7

6
7
8
9
10

MA0350.1
M01523
M01534
M01537
MA0351.1

TOD6
F$PHD1_01
F$TEC1_01
F$DOT6_01
DOT6

0.0341
0.0343
0.0345
0.0355
0.0363

ATTTTTCCCTCATCGGCACAT
ATGCTTATATGCATGCGCATA
TTGCCAAAATTCTTGCTTTC
ATTTTTCCCTCATCGGCACAT
ATTTTTCCCTCATCGGCACAT

8

11

MA0398.1

SUM1

0.0424

TTAATTTAT

a

Names beginning with “F” are from the TRANSFAC database; all other names are from the JASPAR database.
b
Probability of observing a certain or higher affinity in a given sequence. An accurate P value computation for the TRAP tool scores allows determination of which factors are the
most likely to regulate a given target gene. It is set to normalize an observed affinity for a random-sequence model and to give a statistical meaning to the statement that one factor
binds stronger than another.
c
Sequence of the transcription factor binding site.

of Cup9-Myc in normal cells. However, an increased expression of
Cup9-Myc was associated with overexpression of Hsp82 (Fig. 6E)
as well as found under heat stress (Fig. 6F). Next, we used chromatin immunoprecipitation (ChIP) to analyze Cup9 recruitment
at the upstream regulatory region of SIR2 in the presence of Hsp82
overexpression. We used Hsp82-overexpressing cells in which
Cup9 (Cup9-Myc) was abundantly present and used anti-Myc
antibody to immunoprecipitate chromatin-bound Cup9. Under
the Hsp82 overexpression condition, we observed a bright signal
of Cup9 specifically at the upstream regulatory element of SIR2
but not on the control ACT1 locus (Fig. 6G).
Cup9 overproduction reduces the endogenous level as well as
the function of Sir2. In order to explore whether the endogenous
level and activity of Sir2 are directly regulated by Cup9, we analyzed them under the Cup9 overexpression condition. To that
end, Cup9 overexpression plasmid pESC-CUP9 and the empty
vector pESC were transformed into wild-type strain SLY20 to generate SLY90 and SLY91, respectively. This vector overexpresses
Myc-tagged Cup9 under the control of a galactose-inducible promoter. The SIR2 transcript was quantified in those backgrounds
by semiquantitative RT-PCR. The results showed that Cup9 overexpression entirely diminished the SIR2 transcript in SLY90 compared to that in the SLY91 strain (Fig. 7A). Real-time RT-PCR
analysis showed a nearly 10-fold reduction of the SIR2 transcript
in a Cup9 overexpression background (Fig. 7B). Our results were
further confirmed after estimating Sir2p in a Cup9 overexpression
background. Western blot analysis showed that Cup9 overexpression caused a modest reduction in the Sir2p level specifically,
without any alteration to the Hsp82 or Act1 protein level (Fig. 7C).
We subsequently investigated the silencing function of Sir2 under
the Cup9 overexpression condition using three independent assays. We observed that SLY90 cells having a reduced level of Sir2
developed into white colonies, indicating derepression of the subtelomeric ADE2 gene, whereas SLY91 containing the empty vector
developed as pink colonies due to the silencing of ADE2 (Fig. 7D).
Also, quantification of the YFR057w transcript by real-time RTPCR showed a nearly 8-fold increase in transcripts in cells harboring the Cup9 overexpression plasmid compared to those in the
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WT (Fig. 7E). We also compared the HML␣ transcript by realtime RT-PCR in a Cup9 overexpression background but observed
no significant change. These results indicate that Cup9 overexpression brings down the Sir2 level moderately, as a result of
which the silencing activity of Sir2 at a hidden mating locus is
maintained, though subtelomeric silencing activity is diminished.
DISCUSSION

In this article, we provide a mechanistic understanding of how
Hsp90 homeostasis regulates Sir2 function in the cell. We provide compelling evidence that Hsp90 regulates the transcription of SIR2 under heat stress and thereby controls the cellular
abundance of Sir2 protein. Previous work in our laboratory
had demonstrated that heat shock treatment as well as Hsp90
overexpression caused a drastic reduction in the endogenous
level of Sir2 (5). The reduced pool of Sir2 was functionally
active, but its limiting quantity was insufficient to establish
silencing across all 32 telomeres. However, it was adequate to
silence hidden mating type loci. Findings from this work help
in understanding how Hsp90 overexpression results in a reduced pool of Sir2 protein.
Molecular players involved in transcriptional regulation of
SIR2 gene have remained elusive. Here, we report for the first time
the identification of a transcriptional repressor that regulates SIR2
gene transcription. We provide several lines of evidence that unequivocally establish Cup9 as the transcriptional repressor of SIR2
gene expression.
First, in the ⌬cup9 background, neither heat shock nor overexpression of Hsp82 had any effect on SIR2 transcription. Second,
Cup9 overexpression caused a drastic reduction in SIR2 transcription, resulting in the derepression of subtelomeric genes. Such an
effect was independent of heat stress. Third, bioinformatics analysis predicted a Cup9 binding sequence within (⫺419 to ⫺399)
upstream regions of SIR2. Finally, a chromatin immunoprecipitation assay further demonstrated that endogenously expressed
Cup9 was recruited at the 5= end on the yeast SIR2 promoter under
the Hsp82 overexpression condition.
Our current data show that under heat stress, Cup9 expression
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FIG 5 Reversal of heat shock/Hsp82 overexpression phenotype in the cup9 deletion strain. (A) ⌬cup9, ⌬sum1, ⌬rim101, and ⌬sok2 strains were generated as
described in Materials and Methods. An Hsp82 overexpression plasmid was transformed into each of the four deletion strains, and semiquantitative RT-PCR
displays no alteration in the SIR2 transcript in the ⌬cup9 strain having an HSP82 overexpression background; ACT1 acted as the normalization control. (B)
Real-time RT-PCR data for the relative quantity of SIR2 mRNA between the above-mentioned strains (presented on the x axis). Each bar represents the mean
mRNA level (⫾SD) from three independent experiments. P values were calculated using the two-tailed Student t test. **, P ⬍ 0.01. (C) Western blot analysis was
done with the protein extracted from the above-mentioned strains using antiactin, anti-Hsp82, and anti-Sir2 antibodies. (D) Densitometric measurements of
Sir2 (after normalization with actin) from three independent experiments were plotted for the strains indicated on the x axis. Error bars indicate SD. **, P ⬍ 0.01;
*, P ⬍ 0.05. (E) ADE2 reporter gene located at chromosome VIIL was used for the telomere silencing assay. Wild-type cells, wild-type cells carrying an Hsp82
overexpression plasmid, ⌬sir2 cells, ⌬cup9 cells, and ⌬cup9, ⌬sum1, ⌬rim101, and ⌬sok2 cells each carrying the Hsp82 overexpression plasmid were grown and
plated as described in Materials and Methods. It should be noted that ⌬sum1, ⌬rim101, and ⌬sok2 strains carrying Hsp82 overexpression plasmid behave like
wild-type cells carrying the Hsp82 plasmid. They are different from ⌬cup9 cells carrying the Hsp82 overexpression plasmid, which show intense pink coloration.
(F) A telomere silencing assay was done with YFR057w localized adjacent to telomere VI-R. Semiquantitative RT-PCR was done to study the expression of
YFR057w in wild-type cells with and without the Hsp82 overexpression plasmid and in the ⌬cup9 strain in the presence and absence of the Hsp82 overexpression
plasmid. The ⌬sir2 strain was used as a control. The ACT1 transcript was measured as a loading control. (G) Real-time RT-PCR was done to quantify the relative
abundance of YFR057w in the ⌬cup9 strain with or without Hsp82 overexpression plasmid and compare it with the same in the ⌬sir2 strain. ****, P ⬍ 0.0001.
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one grown at 30°C, another exposed to 37°C for 2 h, and the last exposed to 39°C for 40 min. Semiquantitative RT-PCR results for all groups show the CUP9
transcript profile at the different temperatures. ACT1 acted as the normalization control. (B) Real-time RT-PCR shows the quantitative abundance of the CUP9
transcript at 39°C compared to that at 30°C. Each bar represents mean mRNA level (⫾SD) from three independent experiments. P values were calculated using
the two-tailed Student t test. (C) Wild-type cells and cells bearing the Hsp82 overexpression plasmid were used to assess the level of the CUP9 transcript by
employing semiquantitative RT-PCR. The experiment was repeated three times; data from one representative experiment are presented here. (D) Real-time
RT-PCR reveals the quantitative abundance of the CUP9 transcript in cells bearing HSP82 overexpression plasmid compared to that in the wild type. (E) In
wild-type cells, CUP9 was MYC tagged at the chromosomal locus as described in Materials and Methods. Proteins isolated from wild-type cells and cells having
the Hsp82 overexpression plasmid were subjected to Western blot analysis using anti-Myc (Cup9), anti-Hsp82, and antiactin antibodies. (F) The same cells were
subjected to 39°C for 40 min, and heat-treated and untreated cells both were subjected to immunoblotting using antiactin, anti-Hsp82, and anti-Myc antibodies.
(G) ChIP assays were performed using CUP9 MYC-tagged cells in the absence and presence of Hsp82 overexpression plasmid. Anti-Myc antibodies were used
with control IgG (immunoglobulin G). Input (I), immunoprecipitated DNA (P), and supernatant (S) were amplified by semiquantitative RT-PCR with primers
that covered SIR2UAS. The experiment was repeated twice; data from one representative experiment are presented. I, P, and S DNA were also amplified using
primers that cover ACT1, which acted as a negative control.

is induced. Under such conditions, Cup9 binds to the SIR2UAS,
leading to the transcriptional downregulation of SIR2 and thereby
causing derepression of subtelomeric genes. This was further supported by a reporter gene analysis using various deletion constructs of SIR2UAS. The effect of Hsp82 on transcriptional down-
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regulation of the reporter gene was abolished when the Cup9
binding region was deleted from SIR2UAS. Currently, it is not
known how Hsp82 regulates Cup9 expression. Previously, it was
observed that copper stress causes transcriptional upregulation of
CUP9 when cells are grown on lactose medium (13). Our study
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FIG 6 Heat shock and Hsp82 overexpression induce Cup9 expression and lead to its association with SIR2UAS. (A) Wild-type cells were divided into three groups:

Laskar et al.

demonstrates that expression of CUP9 is also upregulated during
heat shock treatment. It was previously reported that high temperature (37°C) strengthens mating and telomere silencing (38).
Our results corroborate this finding, since CUP9 transcription
remained unaltered between 30°C and 37°C. However, at 39°C,
there was a nearly 2.5-fold increase in the CUP9 transcript. It has
been observed that expression of HSP90 increases severalfold not
only during heat shock but also in response to several other environmental stresses (39–41). Thus, it will be interesting to investigate whether upregulation of Cup9 is a specific or general stress
response phenomenon.
Transcriptional regulation of Sir2 in yeast in response to environmental stimuli has never been identified before. However, in a
human cell line, it has been demonstrated that SIRT1p associates
with HIC1 (hypermethylated in cancer 1) and the complex binds
to the SIRT1 promoter to repress its own transcription (42). Epigenetic silencing of HIC1 through hypermethylation of the HIC1
promoter has been associated with aging. Reduction in HIC1 expression results in SIRT1 upregulation, which results in excessive
deacetylation and deactivation of p53 function and thus increases
the cancer risk in mammals. Any such feedback inhibition of SIR2
expression by Sir2 itself in yeast is not known. To the best of our
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knowledge, Cup9 is the only repressor identified so far that regulates SIR2 gene expression in yeast.
Dietary restriction is proven to be an environmental factor that
increases longevity from yeast to mammals (43, 44). NAD⫹-induced histone deacetylase activity of Sir2 is required for increased
longevity during starvation, and this effect was not observed in a
sir2 mutant strain (45). It had been demonstrated previously that
under normal conditions, Cup9 is a short-lived protein, having
approximately 5 min as its half-life (46). The presence of imported
di- or tripeptides causes the activation of E3 ubiquitin ligase Ubr1
and accelerates the Ubr1-dependent ubiquitylation of Cup9 (46).
Thus, under normal conditions, due to the unstable nature of
Cup9, Sir2 can be transcribed optimally during glucose starvation.
However, under heat shock conditions (39°C), an elevated level of
Cup9 leads to repression of SIR2 transcription, thereby mimicking sir2 knockdown in yeast, which is inherited for many generations. Thus, it is tempting to predict that Sir2 may not influence
longevity under heat stress conditions. This hypothesis is supported by the following lines of evidence. First of all, the ⌬sir2
mutant strain does not show life span extension in yeast, and upon
heat treatment, the steady-state level of Sir2 decreased drastically
and remained almost undetectable for up to 6 days in our Western
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FIG 7 Cup9 overproduction reduces the endogenous level as well as the function of Sir2. (A) Cup9 was induced by adding galactose to a final concentration of
2%. The overnight culture grown in galactose medium was used as a secondary inoculum in galactose-containing medium and was grown for an additional 5 h
(until the mid-log phase) before the isolation of RNA. The effect of Cup9 overexpression on SIR2 transcription was measured by semiquantitative RT-PCR. (B)
Real-time RT-PCR quantification of SIR2 mRNA levels in Cup9-overexpressing cells relative to those of the wild-type cells is shown as the average of three
experiments. Error bars indicate SD. P values were calculated using the two-tailed Student t test. ACT1 mRNA was used as the normalization control. (C) The
overnight culture grown in galactose medium was used for Western blot analysis. The immunoblot shows the reduction of endogenous Sir2 protein upon Cup9
overexpression. The Cup9 overexpression vector harbors C-terminally Myc-tagged Cup9. (D) The ADE2 reporter gene at telomere VIIL was used for the
telomere silencing assay. Wild-type, Cup9-overexpressing, and ⌬sir2 cells were grown and plated as described in Materials and Methods. Pink colonies indicate
a silenced ADE2 gene, and white colonies indicate transcriptionally active ADE2. (E) Cup9 overexpression induces the derepression of another subtelomeric gene,
YFR057w. However, silencing at the hidden mating type loci is maintained, as seen by the comparable level of the HML␣ transcript. ACT1 was used as the
normalization control. Error bars indicate SD (n ⫽ 3).
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blot analysis. Second, deletion of cup9, a condition that increases
Sir2 abundance, yielded an extended life span under cold conditions (47). Another study performed with Caenorhabditis elegans
(48) also documented that decreasing the temperature progressively lengthened the life span of worms. It will be interesting to
explore whether such Hsp90-induced regulation of mammalian
sirtuins also results in their suboptimal activity.
Our work reveals that transient heat shock results in heritability of derepressed subtelomeric chromatin. Previously, it had been
reported that telomere structure regulates the heritability of silenced subtelomeres (49). An elongated telomere track leads to the
increased inheritance of the silenced subtelomeric state and is independent of yeast chromatin assembly factor 1 (yCAF-1). In another study, it was reported that prolonged exposure to heat stress
(37°C) as well as Hsp82 overexpression led to telomere shortening
in wild-type cells (32, 33). Thus, it is important to understand
whether transient heat shock causes any change in telomere structure and can thereby influence telomere silencing. Our study
shows that transient heat shock leads to shortening of the telomere
length, which is gradually restored to the wild-type length (at the
end of the 6th day). The restoration of telomere length might be
one of the factors for the reappearance of the telomere position
effect, since TPE is not reestablished before the telomere length
returns to normal. On the other hand, the reappearance of Sir2p is
also likely to be the reason behind restoration of wild-type-like
silencing at the telomere, as the timing of Sir2 reappearance and
that of the reestablishment of TPE coincide very closely. Thus, it is
possible that transient heat shock-mediated derepression as well
as reestablishment of TPE is multifactorial and a period of 7 to 8
days is required for the full reestablishment of subtelomeric silencing.
Although the mechanism behind heritable repression of SIR2
is not clear at present, this work has unraveled a cryptic pathway of
SIR2 regulation that is induced under heat stress (39°C) or under
a condition in which Hsp90 is overexpressed in cells. Our work
showed that a short period of heat shock rendered the cells sir2
knockdown cells for more than 90 generations. Our finding on
derepression of the HML␣ transcript upon transient heat shock
implies a likely defect in yeast mating behavior which has tremendous implications for yeast physiology. This observation is also
important in a broader context, as Sir2 is one of the epigenetic
factors that establishes silencing at subtelomeric regions in many
eukaryotes. Sir2-mediated telomere silencing plays a major role in
mutually exclusive expression of virulent multigene family in protozoan parasites such as Plasmodium and trypanosomes (50, 51).
Such a mechanism controls antigenic variation and thereby causes
evasion of the host immune system (52). In light of our findings, it
will be interesting to explore whether exposure to febrile temperature (around 39°C) as a natural consequence of Plasmodium infection has any correlation with derepression of subtelomeric virulent genes as a consequence of poorer Sir2 activity.
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