ARTICLE

Hsp90 induces increased genomic instability
toward DNA-damaging agents by tuning down
RADS53 transcription

Nidhi Khurana?, Shyamasree Laskar?, Mrinal K. Bhattacharyya®, and Sunanda Bhattacharyya®*
aDepartment of Biotechnology and Bioinformatics and PDepartment of Biochemistry, School of Life Sciences,
University of Hyderabad, Hyderabad 500046, India

Monitoring Editor
William P. Tansey
Vanderbilt University

ABSTRACT It is well documented that elevated body temperature causes tumors to regress
upon radiotherapy. However, how hyperthermia induces DNA damage sensitivity is not clear.
We show that a transient heat shock and particularly the concomitant induction of Hsp90 lead
to increased genomic instability under DNA-damaging conditions. Using Saccharomyces
cerevisiae as a model eukaryote, we demonstrate that elevated levels of Hsp90 attenuate
efficient DNA damage signaling and dictate preferential use of the potentially mutagenic
double-strand break repair pathway. We show that under normal physiological conditions,
Hsp90 negatively regulates RAD53 transcription to suppress DNA damage checkpoint activa-
tion. However, under DNA damaging conditions, RAD53 is derepressed, and the increased
level of Rad53p triggers an efficient DNA damage response. A higher abundance of Hsp90
causes increased transcriptional repression on RAD53 in a dose-dependent manner, which
could not be fully derepressed even in the presence of DNA damage. Accordingly, cells be-
have like a rad53 loss-of-function mutant and show reduced NHEJ efficiency, with a drastic
failure to up-regulate RAD51 expression and manifestly faster accumulation of CLN1 and
CLNZ2 in DNA-damaged G1, cells leading to premature release from checkpoint arrest. We
further demonstrate that Rad53 overexpression is able to rescue all of the aforementioned
deleterious effects caused by Hsp90 overproduction.
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INTRODUCTION

There is considerable evidence that hyperthermia causes tumor re-
gression by sensitizing cells to DNA-damaging agents. The quest
for the mechanism behind such a phenotype has led to various stud-
ies, which indicate that a short exposure to heat (41-45°C) causes
rewiring of the DNA damage checkpoint cascade, leading to cell
cycle arrest at G2/M and apoptosis. Delayed activation of ATM at
high temperatures is accompanied by relocalization of the Mre11/
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Rad50/Nbs1 (MRN) complex from the nucleus to the cytoplasm
(Seno and Dynlacht, 2004) and prevention of recruitment of 53BP1
to DNA (Hunt et al., 2007; Laszlo and Fleischer, 2009). It has also
been observed that upon heat induction, release of the protein nu-
cleolin occurs from the nucleolus, which then binds to replication
protein A (RPA), causing reprogramming of ataxia telangiectasia
mutated and Rad3-related (ATR) activation. Consequently, despite
the presence of other factors such as the Rad9-Rad1-Hus1 ring
(9-1-1) and TopBP1 (Daniely and Borowiec, 2000; VanderWaal et al.,
2001), ATR fails to modify RPA32 and therefore cannot elicit a po-
tent DNA-damage signaling cascade. This shift in ATM and ATR
functions from DNA damage signaling to “heat sensing” at elevated
temperature renders cancer cells sensitive to radiation. During the
onset of heat shock response by heat shock factors, the cells in most
tissues undergo a dramatic increase in the production of a particular
class of molecular chaperones termed heat-shock proteins (Hsps).
However, whether the overexpression of Hsps is responsible for
poor DNA damage sensitivity has not been explored.
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Among the heat-shock family of proteins, Hsp?0 is an evolution-
arily conserved molecular chaperone with two paralogues in eu-
karyotic cells: Hsp90a. and Hsp?0B. Hsp?0B (Hsc82 in yeast) is con-
stitutively expressed in normal cells and constitutes about 1-2% of
total cellular protein (Borkovich et al., 1989; Caplan et al., 2003).
Hsp90a. (Hsp82 in yeast) is constitutively expressed at a very lower
level under normal physiological condition and is strongly induced
by heat shock. It has been established that Hsp?0 directly interacts
with and chaperones several important proteins of DNA repair
pathway, such as the checkpoint kinase Chk1 (Arlander et al., 2003),
BRCA1 (Stecklein et al., 2012), and Rad51 (Suhane et al., 2015).
Apart from the traditional chaperone role of Hsp%0 in the cyto-
plasm, it displays a regulatory role in gene expression. It modulates
the activity of chromatin modifiers and thereby alters gene expres-
sion (Tariq et al., 2009; Laskar et al., 2011, 2015; Khurana and
Bhattacharyya, 2015). Studies indicate that Hsp?0 controls tran-
scription either by stalling RNA polymerase Il (Sawarkar et al., 2012)
or removing nucleosome from the transcription start site (TSS; Floer
et al., 2008). Hsp90 targets the promoter of about one-third of the
Drosophila genome, which includes several signal-responsive
genes. However, whether Hsp90 is involved in transcriptional con-
trol of the DNA damage response pathway remains elusive. Any
such regulation, if proved, would be beneficial for better under-
standing the DNA repair pathway, which is the central component
of tumor growth and maintenance.

Poor genomic integrity is attributed to an ineffective DNA repair
mechanism. The DNA damage response pathway comprises two
main stages: 1) a DNA damage signaling cascade and 2) DNA re-
pair. DNA damage is initially sensed via a set of sensor proteins,
which include the Mre11/Rad50/Xrs2 complex in Saccharomyces
cerevisiae (MRN complex in humans; (Abraham, 2001; Nakada
et al., 2003, 2004; Falck et al., 2005; Cuadrado et al., 2006; Jazayeri
et al., 2006). After DNA damage, Mec1 and Tel1 (ATM and ATR in
human) cause hyperphosphorylation of Rad? and the checkpoint
kinases, including Chk1, Chk2 (Rad53), and Dun1 (Sanchez et al.,
1999; Schwartz et al., 2002; Sweeney et al., 2005; Harrison and
Haber, 2006), which are essential for checkpoint control. Activation
of checkpoint kinases phosphorylates various effector proteins to
heal DNA lesions (Branzei and Foiani, 2006; Putnam et al., 2009).
Double-strand break (DSB) repair occurs via either of two pathways:
1) the homologous recombination (HR) pathway, in which Rad51
and Rad52 play key roles, and 2) the nonhomologous end-joining
(NHEJ) pathway, which has Ku70, Ku80, DNA PKc, ligase IV, and
Mre11 as the main molecular players (Finn et al., 2012). HR yields
different products, depending on whether cells use Rad51-depen-
dent, error-free gene conversion (GC) or Rad51-independent, muta-
genic, single-strand annealing (SSA; Ivanov et al., 1996; Agmon
et al., 2009). NHEJ represents the predominant DSB repair pathway
in mammalian cells, but in tumor cells, HR-mediated DNA repair
pathway is favored over NHEJ (Mao et al., 2009).

During DNA damage, hyperphosphorylated Rad9 is associated
with Rad53 through the interaction between the forkhead-associated
domain of Rad53 and the hyperphosphorylated residues in Rad?
(Durocher et al., 1999). Rad? catalyzes the transphosphorylation of
Rad53 in an ATP-dependent manner and thereby activates Rad53 ki-
nase activity. Finally, activated Rad53 is dissociated from Rad? (Gilbert
et al., 2001) and enhances the checkpoint signal in the cell. Rad53-
dependent phosphorylation of Swié causes inactivation of Swié/Swi4
complex, which eventually inhibits the transcription of CLNT and
CLN2 and thus arrests the cell cycle and causes delay in the G1- to
S-phase transition (Sidorova and Breeden, 1997). However, whether
Rad53 abundance influences its activity has not been explored.
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Hence, to understand explicitly any correlation between ineffi-
cient DNA damage responses and heat-stressed conditions, we cre-
ated an isogenic CEN-based HSP?0 overexpression strain that mim-
ics one of the immediate outcomes of temperature stress. Our study
demonstrates that elevated levels of Hsp90 confer hypersensitivity
toward methyl methanesulfonate (MMS) and ultraviolet (UV) radia-
tion to the same extent as that observed during short exposure (1 h)
to heat shock (40°C). We find that higher expression of Hsp?0 chan-
nels the repair of chromosomal DSB via the Rad51-independent
mutagenic SSA repair pathway instead of Rad51-dependent error-
free GC. We demonstrate that Hsp?0 abundance inhibits Rad51
recruitment to the broken junction of DNA and hence results in a
GC-deficient condition. Further study establishes that Hsp90 is in-
volved in the negative regulation of RAD53 transcription, and at a
higher concentration of Hsp90, cells fail to transmit a Rad53-depen-
dent checkpoint signal. As a result, upon DNA damage, up-regula-
tion of Rad51p is inhibited, and CLNT and CLN2 transcription is el-
evated significantly in G1-arrested cells. We demonstrate that
Hsp90 acts as a master regulator in the DNA damage response
pathway by controlling the transcription of the major checkpoint ki-
nase and thereby modulates the DNA repair pathway.

RESULTS

Heat shock or HSP90 overexpression causes hypersensitivity
toward MMS and UV radiation

To understand whether heat shock leads to increased sensitivity to-
ward DNA-damaging agents in our working model system, S. cere-
visiae, we exposed NKY13 cells simultaneously to 40°C and the
genotoxic agent MMS or UV radiation as in Materials and Methods.
Heat-stressed cells treated with 0.03% MMS for 2 h had >50% de-
creased survivability (Figure 1A). In a similar manner, heat-stressed
cells exposed to varying doses of UV radiation had a significant de-
crease in viability with increase in UV dose (Figure 1B).

When cells are exposed to heat shock, Hsp90 abundance is in-
creased severalfold as one of the immediate responses. To under-
stand whether HSP?0 overexpression itself is responsible for the
increased genome instability, we compared the survivability of iso-
genic wild-type (NKY13) and HSP90-overexpressed (NKY14) cells
toward MMS and UV radiation. To reduce experimental variability
for each assay, we used a freshly transformed centromeric yeast ex-
pression vector that constitutively overexpresses HSP?0 under the
control of a GPD promoter. Susceptibility to MMS was tested by
subjecting growing cells to 0.03% MMS for only 2 h and then return-
ing them to grow in the absence of MMS. We calculated the per-
centage survivability of HSP90-overexpressing cells. The data re-
vealed 60% reduction in the survivability of cells expressing HSP90
compared with wild-type cells (Figure 1C). However, the sensitivity
was not as drastic as in Arad51. To establish that the hypersensitivity
to MMS is specific to HSP90 overexpression, we used an isogenic
strain (NKY38) that harbors a centromeric yeast vector overexpress-
ing an N-terminal mutant of hsp90 (G170D) from the GPD pro-
moter. The crystal structure of the N-terminal domain of yeast
Hsp?0 shows that glycine at position 170 occupies a conformation-
ally restricted position (Prodromou et al., 1997), and mutation of
glycine to aspartic acid completely destabilizes the structure of
Hsp90 and results in complete loss of function at nonpermissive
temperature (Nathan and Lindquist, 1995). It was also reported that
G170Dhsp90 is nonfunctional when overexpressed even at permis-
sive temperature (Prodromou et al., 2000). We find that the strain
overexpressing mutant G170Dhsp90 is not sensitive toward MMS,
however, and shows comparable survivability to the strain harboring
empty plasmid (Figure 1C). In addition, we analyzed the sensitivity
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Heat shock or HSP90 overexpression causes hypersensitivity to MMS and UV radiation. (A) Percentage
survivability of cells upon treatment with 0.03% MMS for 2 h for wild-type strain (harboring pRS313 empty vector) at
normal temperature 30°C and upon heat shock at 40°C. One set of cells (both untreated and treated fractions) was then
shifted to 40°C for 1 h and shifted to 30°C for another 1 h of MMS treatment. Equal numbers of cells were then spread
on agar plates. Average of three independent experiments + SD. (B) Percentage survivability to UV radiation for
wild-type strain (pRS313 empty vector) at normal temperature 30°C and upon heat shock at 40°C for different UV doses
as indicated along the x-axis. The cells were grown to mid log phase at 30°C. One set was then shifted to 40°C for 1-h
heat shock. Equal numbers of cells were spread on agar plates and immediately exposed to various UV doses. Average
of three independent experiments + SD. (C) Percentage survivability of cells upon treatment with MMS was repeated
for HSP90-overexpressing strain pHSP90, a strain overexpressing G170Dhsp82 mutant, Arad51 strain, and the isogenic
wild-type strain (pEMPTY). Average of five independent experiments + SD. (D) Percentage survivability to UV radiation
for overexpressing HSP90 strain pHSP90 (CEN) plotted along with its isogenic wild-type strain (harboring pRS313
empty vector) against different UV doses as indicated along the x-axis. Average of four independent experiments + SD.
(E) Western blot comparing the increased levels of Hsp90 upon heat shock and through CEN plasmid against the
wild-type strain. Pgk1 acts as loading control. (F) Quantification of band intensities from three independent batches of
cells showing comparable up-regulation of Hsp90 upon heat shock and through overexpression from CEN plasmid.

**, p <0.01, **, p <0.001; N.S., not significant.

of HSP90-overexpressing cells (NKY14) to increasing doses of UV

radiation. Figure 1D shows that UV exposure resulted in a signifi-
cant drop in the viability of the HSP90-overexpressed cells com-
pared with wild type. Our experiment demonstrated that sensitivity
to DNA-damaging agents is comparable in heat-stressed cells and
cells harboring HSP?0-overexpression plasmid. Together the results
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suggest that cells become hypersensitive toward DNA-damaging
agents under conditions in which Hsp90 is either naturally or artifi-
cially overexpressed. Western blot analysis shows that the level of
Hsp90 under heat-stressed conditions (as noted in Materials and
Methods) is comparable to the amount present in the strain har-
boring the centromeric HSP90 overexpression vector (Figure 1E).
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Quantitative analysis from three independent batches of cells con-
firms that the endogenous level of Hsp90 is up-regulated in a com-
parable manner in both conditions (Figure 1F).

Higher levels of Hsp90 lead to preferential use of SSA over
GC and partial loss of NHEJ efficiency
Reduced cell viability of cells with high amounts of Hsp?0 points to
a probable aberration in either or both of the major DNA repair
pathways (namely, NHEJ and HR). To determine the efficiency of
HR, we performed a GC assay, which is a specific assay for functional
analysis of Rad51. The principle underlying this assay is represented
in the schematic diagram in Figure 2A. The wild-type strain NA14
harbors two consecutive URA3 genes, one of which is inactivated by
incorporation of HO endonuclease site within it. The induction of
HO by galactose creates a DSB at the mutated ura3 locus, which
uses donor URA3 situated 3 kb from the HO cut site to repair the
break. We sought to determine the repair efficiency and repair
choice in wild-type NA14, NA14/4rad51, and the strain carrying the
same centromeric HSP90 overexpression plasmid mentioned earlier
(NKY30). Our experimental data established that although there
was no significant difference in the repair efficiency among the
strains, there was a distinct difference between their repair choices
(Figure 2B). Whereas the wild type showed 35% GC efficiency, the
HSP20 overexpression strain used exclusively the Rad51-indepen-
dent mutagenic SSA pathway, like that of Arad57. The Western blot
in Figure 2B, bottom, shows the overexpression of Hsp90 in the
NKY30 strain. This observation raised the question of whether
Rad51 recruitment to the damaged sites was affected under such
conditions. We used a chromatin immunoprecipitation (ChlP) assay
with NA14 and NKY30 strains to observe Rad51 localization to the
damaged site. HO endonuclease was expressed in exponentially
growing culture, and the DNA sequence close to the donor URA3
locus was chromatin immunoprecipitated with Rad51 using anti-
Rad51 antibody. We observed that the pellet fraction of the wild-
type strain was enriched with Rad51 specifically upon HO induction,
whereas Rad51 recruitment to the damaged sites was hampered in
HSP90-overexpressing cells, as evident from the absence of the
PCR-amplified band (Figure 2C). To rule out the possibility that the
absence of Rad51 in HSP90-overexpressing cells was not due to in-
efficient DNA break upon HO induction, we designed an experi-
ment in which we amplified the HO site flanking ura3 after 1 h of HO
induction. We used a forward primer 20 base pairs upstream of
HOcs and a reverse primer (KanB1) complementary to the middle
part of the KANMX region. We observe the amplified band of the
target site under uninduced conditions, in contrast to the disappear-
ance of the amplicon upon HO induction in both wild-type and
HSP90-overexpressing cells (Figure 2D). To establish that HSP?0
overexpression does not interfere with HO cutting efficiency, we
used Arad51 cells, in which HO-induced DNA breaks cannot be re-
paired by Rad51. We transformed the centromeric HSP90 overex-
pression plasmid in Arad57 cells and compared the HO cleavage
efficiency between normal and HSP90-overexpressing strains in the
same manner as described earlier. We found that HO digestion ef-
ficiency is comparable between wild-type and HSP90-overexpress-
ing strains, as visualized by disappearance of the aforementioned
amplicon after 1 h of HO induction in both cell types (Figure 2E). In
conclusion, the results clearly suggest that HSP90 overexpression
hampers recruitment of Rad51 at the DSB and as a result uses error-
prone SSA instead of error-free GC.

To study the consequence of Hsp90 abundance on the NHEJ
mode of repair, we performed an NHEJ-specific assay. The assay
uses a strain that harbors two |-Secl sites on either side of the URA3
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gene on chromosome V, as illustrated in Figure 2F. The nuclease (I-
Secl)-encoding sequence is placed under a galactose-inducible
promoter at a different locus. The haploid nature of the cells does
not allow survival upon chromosome breakage by HR. Hence the
NHEJ pathway is used by the cells to mend the break. On induction
of DSB by galactose, we measured the number of viable cells and
total number of cells plated. We observed 50% reduction in NHEJ
efficiency when HSP90 is overexpressed in the cells compared with
the cell having an empty plasmid (Figure 2G). The Western blot in
Figure 2G, bottom, confirms the overexpression of Hsp90.

Hsp90 causes down-regulation of Rad53 in a
dose-dependent manner

The reduction in GC efficiency, as well as in NHEJ, led us to study
the steady-state levels of the key proteins involved in these path-
ways. We used the centromeric HSP?0 overexpression plasmid, and
we used Western blotting to compare the steady-state levels of
Rad51 and Rad52 in wild-type and HSP90-overexpressing cells. We
used a Rad52 Myc-tagged strain as wild type and transformed the
HSP90-overexpressing plasmid in that strain to perform Western
blot analysis. Figure 3A shows that the levels of these two proteins
did not change with HSP?0 overexpression, which was further con-
firmed by quantitative analysis using three independent batches of
cells, as shown in Figure 3B.

Next we asked whether higher abundance of HSP90 affects the
steady-state levels of the key players in the NHEJ pathway, Ku70
and Ku80. We used a Ku70 and Ku80 Myc-tagged strain. Quantifi-
cation of the bands using three independent batches of cells re-
vealed no significant change in the levels of Ku70 (Figure 3C); the
levels of Ku80, however, were be 1.8- fold up-regulated upon HSP90
overexpression (Figure 3, D and E). Overall, although we observed
a reduction in NHEJ efficiency, the steady-state levels of the pro-
teins required to carry out NHEJ were not reduced.

The lack of any significant changes in the levels of Rad51 and
Rad52 led us to examine whether the signaling cascade was af-
fected by HSP?0 overexpression, and so we studied the steady-
state levels of the upstream transducer kinases. We performed
Western blotting to find any changes in the steady-state levels of
the proteins Rad53, Chk1, and Mre11 under wild-type and HSP90-
overexpressing conditions. Figure 3F shows the Western blots, in
which significant reduction of Rad53 is evident in HSP90-overex-
pressing cells. However, no changes are observed in the levels of
Chk1 and Mre11 (Figure 3, G and H). The quantification of the band
intensities shows approximately twofold reduction in the levels of
Rad53 with no notable differences in the levels of Chk1 and Mre11
(Figure 3l). To investigate further whether the observed reduction in
Rad53 levels depends on HSP90 abundance, we studied the levels
of Rad53 against a variable HSP90 overexpression background. To
that end, we generated another strain, which harbors a 2y HSP90
overexpression plasmid under the control of the GPD promoter.
Western blot analysis with proteins isolated from these strains al-
lowed us to compare the levels of Hsp90 and Rad53 among all of
these strains (Figure 3J). The quantitative representation of the im-
age from three independent sets of cells confirmed that increase in
Hsp90 level leads to sequential decrease in Rad53 level. Whereas
the level of Hsp90 increased 6.9 times in a multicopy Hsp90-overex-
pressing strain compared with wild type, the decrease in Rad53
level was at least 85% compared with wild type and 66% compared
with the strain harboring a single-copy Hsp?0-overexpressing plas-
mid (Figure 3K). Thus HSP90 overexpression specifically reduces
the steady-state level of the major checkpoint kinase Rad53 in the
cell in a dose-dependent manner.

Molecular Biology of the Cell



Hsp90 negatively regulates RAD53 transcription to
suppress the DNA damage response

Next we sought to the find out whether HSP90 overexpression-me-
diated down-regulation of Rad53 occurs at the transcript level or at
the protein level. Semiquantitative reverse transcription (RT)-PCR
showed that the RADS53 transcript was significantly reduced with
HSP90 overexpression (Figure 4A). We observed a similar reduction
in RAD53 transcript in the heat-induced strain. This shows good cor-
relation between HSPY0-overexpression and heat-stressed condi-
tions. However, to show specificity toward HSP?0 overexpression,
we monitored the level of RAD53 transcript in NKY38, which overex-
presses the hsp%0 mutant. We observed that the RAD53 transcript
remains unaltered like that of the wild type (Figure 4A). Real-time
RT-PCR analysis showed >80% reduction in RAD53 in cells harbor-
ing a CEN-based HSP?0 overexpression plasmid compared with
wild type (Figure 4B). Overexpression of a protein is often inter-
preted as the ampilification of the normal function of the proteinin a
cell. We hypothesize that under normal physiological conditions,
HSP90 might act as a negative regulator of RAD53 transcription. In
that case, the HSP90-inactivated state would result in an increase in
RADS53 transcription. To test our hypothesis, we monitored the
steady-state level of RAD53 transcript as well as Rad53 protein un-
der the Hsp?0-inactivated condition using one of two approaches:
using a chemical inhibitor of Hsp90 or a temperature-sensitive
mutant of hsp90. The function of Hsp90 in the NKY37 strain was
inhibited by 40 uM 17-[allylamino]-17-demethoxygeldanamycin (17-
AAG). To ensure maximum entry of 17-AAG in the cell, we knocked
out the PDR5 gene, which encodes the export pump (Suhane et al.,
2015). Semiquantitative RT-PCR analysis showed that 17-AAG-me-
diated inhibition of HSP90 causes derepression of RAD53 at the
transcript level (Figure 4C). Real-time analysis revealed that 17-AAG
causes approximately eightfold up-regulation of RAD53 (Figure 4D).
We also isolated the total protein under the 17-AAG-treated condi-
tion. Western blot analysis revealed that Rad53 is moderately up-
regulated in the Hsp90-inhibitory condition (Figure 4, E and F). As a
control, we also analyzed the level of Rad51. Our earlier work
showed that 17-AAG treatment causes considerable reduction in
the level of Rad51 (Suhane et al., 2015). Similar reduction in Rad51
level (Figure 4E) confirms the 17-AAG-mediated inhibitory condi-
tion in the strain. We performed a similar experiment genetically
using a HSP?0 nonfunctional mutant. We used the temperature-
sensitive strain iG170Dhsp82, which behaves like the wild type
when grown at a permissive temperature of 25°C and the mutant
(yHSP90-inactivated state) when grown at a restrictive temperature
of 37°C. At 25°C, the strain expresses HSP90 at normal levels, but at
the restrictive temperature (37°C) it behaves like the HSP90-inacti-
vated strain. We compared the levels of RAD53 transcript in
iG170Dhsp82 at 25 and at 37°C. Supplemental Figure S1A clearly
shows that HSP?0-inactivated condition is associated with transcrip-
tional up-regulation of RAD53. Real time RT-PCR analysis shows ap-
proximately ninefold increase in RAD53 transcript under the HSP?0-
inactivated condition (Supplemental Figure S1B). Western blot also
confirmed that the steady-state levels of Rad53 are up-regulated
significantly in the HSP90-inactivated condition (Supplemental
Figure S1C). To understand the biological significance of such re-
pression, we studied whether a DNA-damaging condition (MMS)
would result in the reversal of the transcriptional repression of
RAD53. We isolated RNA from untreated and MMS-treated wild-
type and HSPY0-overexpressing strains. Real-time RT-PCR showed
that 0.03% MMS treatment for 2 h causes approximately twofold
increase in the RAD53 transcript in wild type (Figure 4G). Of interest,
HSP90-overexpressing cells did not show any significant increase in
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RADS53 transcription upon MMS treatment. Real-time RT-PCR data
showed that upon MMS treatment, no such up-regulation is visible
in HSPY0-overexpressing cells (isogenic to wild type; Figure 4G).
Together our data demonstrate that upon MMS treatment, the
steady-state level of RAD53 in HSP90-overexpressing cells remained
much lower than that in the wild type. We conclude that the tran-
scriptional repression of RAD53 under the HSP90-overexpressing
condition could not be increased by DNA-damaging agents.

Higher abundance of HSP90 mitigates DNA damage-
dependent cell cycle arrest

Given that higher expression of Hsp90 down-regulates the expres-
sion of Rad53, we wanted to study whether, under such circum-
stances, Rad53 is phosphorylated upon DNA damage and whether
its reduced amount is sufficient to carry out an efficient checkpoint
response. We exposed wild-type and HSP90-overexpressing strains
t0 0.05% MMS for 2 h. The protein was then isolated from untreated
and treated fractions in each of the cases and subjected to Western
blotting to determine Rad53 phosphorylation status. Figure 5A
shows that DNA damage-induced phosphorylation of Rad53 was
intact in wild-type and HSP90-overexpressing strains, suggesting
that upstream kinase function remains intact. Next we monitored
whether the lower endogenous level of Rad53 hampers proper func-
tioning of the DNA damage response (DDR) pathway. It was previ-
ously established that a Rad53-dependent signal transduction cas-
cade is responsible for transcriptional up-regulation of RAD51
(Cohen etal., 2002), which subsequently causes an increase in Rad51
level during DNA damage. However, under such conditions, up-reg-
ulation of RAD52 was not found to be drastically different at the
transcriptional or translational level (Cohen et al., 2002). We exam-
ined the status of Rad51 and Rad52 up-regulation upon DNA dam-
age in wild-type and HSPY0-overexpressing strains. We exposed
cells to two different doses of MMS to monitor the up-regulation of
Rad51 (0.05% MMS) and Rad52 (0.15% MMS). The Western blot
analysis in Figure 5B showed that in contrast to wild-type cells, in
HSP90-overexpressing cells, Rad51 was not up-regulated upon MMS
treatment. On the other hand, marginal up-regulation of Rad52 upon
MMS treatment was observed in both wild-type and HSP90-overex-
pressing cells. Quantitative analysis of blots from three independent
experiments showed that in the wild-type strain, there was a 2.5-fold
up-regulation of Rad51 upon MMS treatment; however, the DNA
damage—induced up-regulation of Rad51 was abrogated under the
HSP90-overexpressed condition (Figure 5C). A similar effect was also
seen when we exposed wild-type and HSP90-overexpressing cells to
higher doses of UV radiation (3 kdJ/m?). Western blot analysis showed
that the up-regulation of Rad51 in UV-treated HSP?0 overexpressed
cell was not at par with that observed for the wild-type strain (Figure
5D). Quantitative analysis with three independent experiments re-
vealed that whereas Rad51 up-regulation increased ~2.5-fold in UV-
treated wild-type cells, it did not increase significantly in HSP90-over-
expressing cells (Figure 5E). Changes in the level of Rad52, in accord
with the literature, are not so evident in Figure 5, B and D.

It was previously observed that in early-G1-arrested cells, MMS
can cause a delay in G1-S transition (Siede et al., 1993, 1994). The
MMS-induced delay is characterized by maintenance of low levels
of G1 cyclin proteins CIn1 and CIn2, which accumulate slowly, caus-
ing resumption of the cell cycle. However, the rad53 mutant exhibits
faster recovery of CLN1 and CLN2 compared with the wild type and
thus shortens the G1-S delay (Sidorova and Breeden, 1997). We
studied whether, upon MMS treatment, HSP90-overexpressing cells
could cause faster recovery of cyclin kinases in G1 arrest due to
lower endogenous levels of Rad53. We studied CLN1 and CLN2
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overexpression. (C) ChIP assay with wild-type (WT) and HSP90-overexpressing (WT + pHSP90) strains in the presence
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FIGURE 3: Overexpression of HSP90 causes down-regulation of Rad53 in a dose-dependent manner,

(A, C, D, F-H) Western blots showing the steady-state levels of Rad51, Rad52, Ku70, Ku80, Rad53, Chk1, and Mre11 in
WT and HSP90-overexpressed conditions (WT + pHSP90). Actin acts as a loading control. Quantification of the blots
showed that (B) Rad51p and Rad52p levels were unchanged with increased HSP90 level, (E) there was no change in
Ku70p, but the level of Ku80 increased with HSP90 overexpression, and (I) the level of Rad53p decreased, with no
significant changes in Chk1p and Mre11p levels, with HSP90 overexpression. The band intensities in each lane were
normalized against actin; mean densities + SD. (J) Western blot analysis showing Rad53p levels with increasing dose of
HSP90. CEN represents HSP90 overexpression by single-copy plasmid, and 2u represents overexpression by multicopy
plasmid. Actin acts as a loading control. (K) Quantification of band intensities showing the sequential reduction in
Rad53p level with subsequent increase in HSP90 level in the cell. Mean densities from two independent blots + SD.

mRNA levels in wild-type and HSP?0-overexpressing cells upon
DNA damage in G1-arrested cells. The cells were synchronized with
o-factor and exposed to 0.2% MMS for 30 min; MMS was subse-
quently washed, and cells were allowed to grow for another 120 min.
RNA was isolated from two fractions—one immediately after MMS
exposure and the other after 120 min of growth. Real-time analysis
of changes at the transcript level of CLNT and CLNZ2 (Figure 5F)
showed that CLNT mRNA reaccumulated faster in HSP90-over-
expressing cells, and the amount was fivefold higher than in the

wild-type strain. Similarly, CLN2 mRNA levels were 2.5-fold higher in
the HSP?0-overexpressing condition than in the wild type 120 min
after MMS treatment (Figure 5G), implying faster reaccumulation in
this case as well. These observations suggests that on MMS treat-
ment, Rad53-dependent inhibition of CLNs transcription is reversed
in HSP90-overexpressing cells, which accords well with the reduced
activity of Rad53.

It was previously observed that Arad53 cells exhibit a slow-
growth phenotype (Zhao et al., 1998). In a typical colony growth

efficiency, as shown by the disappearance of URA3 amplicons in Arad51 and Arad51 + pHSP90 strains upon galactose
induction. (F) Strategy behind the NHEJ assay. URA3 gene is flanked by two I-Scel sites, where the break is induced
upon galactose induction. The measure of the DNA break repair by NHEJ is then evaluated based on the number of
colonies grown on galactose-containing medium. (G) Percentage NHEJ efficiency for the strain overexpressing HSP90
(HSP90 + pRS313/HSP90) and wild-type strain harboring pRS313 empty vector (WT + pEMPTY). Average of three
independent experiments + SD. The p value was calculated as 0.0067 using the two-tailed Student'’s t test. Bottom,
Western blot confirming overexpression of HSP90 vs. wild type. **p < 0.01.
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wild type (Figure 5I). Taking the results to-
gether, we conclude that in the HSP90-over-
expressing condition, although damage-in-
duced Rad53 phosphorylation is intact, the
lower abundance of Rad53 is unable to me-
diate an effective checkpoint response, and,
as a result, cells behave like the rad53

mutant.

pPEmpty PHSPY0(CEN)

Overexpression of RAD53 reverses the
DNA damage hypersensitivity
conferred by higher levels of Hsp90

To prove that the observations made earlier
were indeed due to the reduced level of
Rad53, we overexpressed RAD53 against
the HSP90-overexpressed background and
examined whether the phenotype was re-
versed. A plasmid carrying RAD53 fused
with Flag epitope (pESC-HIS) was cotrans-
formed with HSP90-overexpression plasmid
(pTA) in wild-type cells. As a control, empty
pTA and empty pESC-HIS vectors were
transformed into the wild-type cells. We also
transformed empty pESC-HIS and pTA/
HSP?0 into the wild-type strain to mimic
HSP90 overexpression in an isogenic back-
ground. We performed a DNA damage sen-
sitivity assay using MMS and UV radiation as
described previously. The MMS  sensitivity
assay revealed that overexpression of RAD53

— T
Wild Type

FIGURE 4: Hsp90 negatively regulates RAD53 transcription to suppress the DNA damage
response. (A) Semiquantitative RT-PCR showing the level of RAD53 transcript in WT (HSP90),
G170Dhsp90-overexpressing (HSP90 + CEN-GD170HSP90), heat-induced (HSP90 + heat
treated), and HSP90-overexpressing (HSP90 +CEN pHSP90) strains. ACT1 acts as normalizing
control. (B) Real time RT-PCR analysis showing that the relative abundance of RAD53 mRNA was
reduced by 80% in the HSP90-overexpressed condition (pHSP90). The p value was calculated as
0.0042 using the two-tailed Student's t test. (C) Semiquantitative RT-PCR showing the level of
RAD53 transcript in absence and presence of 17-AAG (HSP90- inhibited condition). (D) Relative
abundance of RAD53 transcript level by real-time RT-PCR revealing significant derepression of
RADS53 in the HSP90-inhibitory condition (+17-AAG) vs. the WT condition (-17AAG). The p value
was calculated as 0.0271 using the two-tailed Student’s t test. (E) Western blot showing the
elevated levels of Rad53p when cells were treated overnight in the presence of 17-AAG. PGK1p
acts as loading control and Rad51p as a positive control, whose level is significantly decreased in
the presence of 17-AAG, as reported earlier. (F) Quantification of band intensities showing
approximately twofold up-regulation of Rad53p upon 17-AAG treatment. The p value was
calculated as 0.0149 using the two-tailed Student'’s t test. (G) Real-time RT-PCR analysis showing
the fold up-regulation of RAD53 upon 0.03% MMS treatment for 2 h. For WT cells, twofold
up-regulation was observed. The p value was calculated as 0.0026 using the two-tailed Student’s t
test. However, no significant up-regulation of RAD53 was observed in the 17-AAG-treated
sample. Relative mRNA abundance of RAD53 was obtained in the HSP90-overexpressed strain
upon treatment with 0.03% MMS for 2 h. The graph shows that RAD53 fails to up-regulate upon
DNA damage in the HSP90-overexpressing condition. *, p < 0.05, **, p < 0.01; N.S., not significant.

assay, Arad53 colonies are 66% smaller than those of the wild type
due to presence of excess histone protein in cells (Gunjan and
Verreault, 2003). We grew the cells to early log phase and observed
them under the microscope. In relation to our previous observations
on reduced Rad53 levels in HSP90-overexpressing cells, we found
that the cells were smaller than the wild-type strain harboring an
empty plasmid. The images of cells by confocal microscopy clearly
indicated differences in cell size between the strains (Figure 5H).
HSP90-overexpressing cells were significantly smaller (25%) than the
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Hsp90 Overexpressed

against the HSP90-overexpression back-
ground made the cell behave like wild type,
as it displayed 76% survival, whereas HSP90-
overexpressing cells showed only 37% sur-
vival (Figure 6A). Similar observations were
made upon UV damage (Figure 6B). As a
control, we generated only a RAD53-overex-
pressing strain by transforming pESC-HIS/
RAD53 in wild-type cells and performed a
DNA damage sensitivity assay. This strain
behaved similarly to the wild-type strain, not
giving any survival advantage upon RAD53
overexpression (Figure 6, A and B).

Next we examined whether DNA dam-
age-induced Rad51 up-regulation is re-
stored with RAD53 overexpression in the
HSP90 overexpressed background. We iso-
lated proteins from untreated and treated
fractions of wild-type, HSP?Y0-overexpress-
ing, and test strains and performed Western
blot analysis. RAD53 overexpression in the
HSP90-overexpressing strain restored the
Rad51 level comparable to that of wild type
upon DNA damage (Figure 6C). MMS treatment caused 2.4-fold
up-regulation of Rad51 in the test strain, which is similar to the 2.9-
fold up-regulation observed in the wild-type strain (Figure 6D).

Next we studied the levels of CLN mRNA in MMS-treated, G1-
arrested cells as described previously. We found that test strain pre-
vented premature accumulation of CLNT (Figure 6E) and CLNZ2
mRNA (Figure 6F), similar to the wild-type strain. The data imply that
overexpression of RAD53 in HSP90-overexpressing cells rescues the
checkpoint arrest in MMS-treated G1 cells.

Molecular Biology of the Cell
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FIGURE 5: Higher abundance of HSP90 mitigates DNA damage-dependent cell cycle arrest. (A) Western blots showing
the status of Rad53p phosphorylation in WT and HSP90-overexpressing (WT + pHSP90) strains upon treatment with
DNA-damaging agent. The blot represents the protein isolated from both strains before and after treatment with 0.05%
MMS for 2 h. The Rad53-phosphorylated form is marked as Rad53*. Actin acts a loading control. (B) Western blot
analysis showed up-regulation of Rad51p in WT, but no such up-regulation was observed in WT + pHSP90 strain upon
0.05% MMS treatment (M); also shown are levels of Rad52p in untreated (U) and 0.15% MMS-treated (M) samples in
these strains. PGK1 and actin acts as loading controls for monitoring Rad51p and Rad52p levels, respectively.

(C) Quantification of band intensities from three independent experiments displayed 2.5-fold up-regulation for Rad51p
in the wild-type condition upon MMS treatment, but no such up-regulation is evident in the HSP90-overexpressing
strain. The band intensities in each lane are normalized against PGK1, and mean densities + SD are plotted. (D) Western
blot analysis showing up-regulation of Rad51p and Rad52p in WT and WT + pHSP90 strains from untreated (-) and
treated (+) fractions with 3-kJ/m? dose of UV radiation followed by growth for 3 h. Actin acts as loading control.

(E) Quantification of band intensity from three independent experiments normalized against actin. Mean densities + SD
reveal minimal up-regulation of Rad51p in the HSP90-overexpressing strain. (F, G) Real-time RT-PCR shows relative
abundance of CLN1 and CLN2 transcripts, respectively, for WT (WT + pEMPTY) and HSP90-overexpressing strains. The
reaccumulation status of both the transcripts was studied by comparing the mRNA levels from one fraction exposed to
0.2% MMS for 30 min (30 min + MMS) with a fraction in which the cells were allowed to grow for 120 min after MMS
treatment in fresh medium. (H) Microscopic images showing the relative cell sizes for WT (WT + pEMPTY) and HSP90-
overexpressing cells. The experiment was performed twice with >100 cells. Representative images. (1) Different cell
sizes observed for the strains, showing that the average cell size for the HSP90-overexpressing strain was significantly
smaller than that of the wild-type strain. The p value was calculated as <0.0001 using the two-tailed Student’s t test.

* p<0.05,**, p<0.01, *** p <0.0001; N.S., not significant.
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FIGURE 6: Overexpression of RAD53 in HSP90-overexpressing cell restores DNA damage hypersensitivity.

(A) Percentage survivability of four different strains upon 0.03% MMS treatment plotted as indicated along the x-axis.
Average viability + SD for each strain from five independent experiments. (B) Percentage survivability to UV radiation for
the same sets of strains as in A against different UV doses as indicated along the x-axis. (C) Representative Western
blots, showing the restoration of Rad51p up-regulation upon treatment with MMS in the WT + pHSP90 + pRADS53 strain
compared with the HSP90-overexpressing strain. The increased level of Rad53p in the RAD53-overexpressing strain is
shown by probing with anti-Flag antibody. —, MMS-untreated fraction; +, fractions treated with 0.05% MMS for 2 h. Pgk1
acts as loading control. Rad53p level was monitored using anti-Flag antibody. (D) Quantification of band intensities from
two independent experiments showing that the extent of up-regulation of Rad51p in the wild-type strain (WT +
PEMPTY(2)) is similar to that for the WT + pHSP90 + pRADS53 strain. Each lane was normalized against actin. Average
band intensities + SD. (E, F) Real time RT-PCR showing relative abundance of CLNT and CLN2 transcripts, respectively,
for the strains noted along the x-axis. There was no significant change between the levels of G1-cyclins from the 30-min,
MMS-treated samples in G1-arrested cells and the 120-min post-MMS treatment samples. (G) Representative cell images
for WT, the strain overexpressing RAD53 against the HSP90-overexpression background (WT + pHSP90 + pRAD53), and
the RAD53-overexpressing (WT + pRADS53) strain. (H) Average cell size (y-axis) for each strain type (x-axis). Sample size
> 100. Cell sizes all lie in the same range. Error bar indicates £SD. *, p < 0.05, **, p < 0.01; N.S., not significant.

We also studied whether the smaller cell size attributed to HSP20 DISCUSSION

overexpression was due to the reduction of Rad53 levels. We com-  Hyperthermia is a promising treatment to arrest cancer growth and

pared the cell size in the three strains (Figure 6G) and found no sig-
nificant differences in diameter (Figure 6H).
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is used along with radiation therapy. Treatment with hyperthermia
is under clinical trial, but the mechanism behind it is poorly
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unable to manifest optimum DNA damage
response and hence leads to improper DNA
repair. First, DNA damage-induced up-reg-
ulation and recruitment of Rad51p at the
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loss of GC. Second, NHEJ is also partially
inhibited. Third, there is premature accumu-
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type, a phenotype associated with check-
point defects. Our conclusion that the ob-

CLN1, CLN2
Transcription

Damage induced
transcription (e.g.

No damage induced
¢ transcription (e.g.

served phenotypes stem from down-regula-
tion of RAD53 due to higher abundance of
Hsp90 is further supported by the fact that

~_~RAD53 mRNA Rad53 protein
chaperosome

Repressor/ epigenetic modification

G ————>5 Rad51) overexpression of RAD53 in the HSP90-
v overexpression background reverses DNA
damage hypersensitivity and restores an ef-
GC SSA SSA fective DNA damage response pathway.
Hsp90 Phosphorylated Taking the results together, we propose

the following model. The transcriptional re-
pression of RAD53 by Hsp90 seems to be
economical for the cell, as it aids in com-

Rad53 protein

FIGURE 7: Model of the regulatory role of Hsp90 in the DNA damage response. Hsp90 keeps
the transcription of RAD53 in a repressed state under normal condition. On DNA damage, this
repression is removed, and RAD53 transcription is up-regulated. Upstream kinases then
phosphorylate Rad53p. The activated/phosphorylated form of Rad53p thereby performs its
downstream functions, which aid in cell survival. However, overexpression of HSP90 increases
the extent of repression of RAD53 transcription in the normal state. Therefore the extent of
up-regulation of RAD53 upon DNA damage under such conditions is not on a par with the
normal wild-type condition. As a result, there is less of the activated form of Rad53p synthesized
in the cell, which is the cause of the abrogation of its downstream functions. Thus mutagenic

SSA repair is used.

understood. Hyperthermia induces the expression of heat-shock
proteins, but whether this has deleterious effects on DNA damage
response pathways has not been studied. Here, we established an
important link between Hsp90 abundance—a spontaneous out-
come of hyperthermia—and DNA damage sensitivity. We found
that the model eukaryotic organism S. cerevisiae displays marked
sensitivity toward MMS and UV radiation when exposed to high
temperature (40° C for 1 h). Hyperthermia is associated with changes
in global expression of proteins. To decipher whether the observed
phenotype is the immediate outcome of Hsp90 overexpression, we
designed our experimental system in isogenic yeast strains in which
similar levels of overproduction of Hsp90 were maintained across
different experiments by using a single-copy, CEN-based HSP90
expression vector. Our study reveals that increased expression of
Hsp90 is associated with fivefold reduction in RADS53 transcript,
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plete shutdown of the signaling cascade in
the absence of DNA damage, which allows
the cell to enter into the cell cycle. In re-
sponse to DNA damage, Rad53 is phos-
phorylated as well as up-regulated signifi-
cantly. If the level of Hsp90 is high in the cell,
Rad53 phosphorylation is not affected per
se, which indicates that Rad9 function re-
mains intact. However, due to the reduced
steady-state level of Rad53, the effective
concentration of phosphorylated Rad53 re-
mains below the threshold level and so it
cannot initiate downstream signaling events. As a result, the compo-
nents of GC machinery are not recruited at the DSB, and cells thus
use the mutagenic SSA pathway as the sole repair pathway (Figure 7).
It is important to note that under higher expression of Hsp90, cre-
ation of a single DSB in DNA does not reduce overall cell survivabil-
ity because under such conditions, Rad52 up-regulation upon DNA
damage is maintained in the cell and thus the Rad52-dependent
SSA repair pathway can take over.

So far we have discussed how hyperthermia-induced overex-
pression of Hsp?0 attenuates Rad53-mediated DDR and leads to
genomic instability. However, one cannot rule out the possibility
that hyperthermia may also result in the denaturation of certain
DNA repair proteins and thus lead to genomic instability. On the
other hand, itis also possible that hyperthermia-induced heat-shock
proteins might actually rescue the damaged/misfolded proteins.

Hsp90 down-regulates RAD53 transcription | 2473



Future research is required to completely understand these com-
plex phenomena.

In' S. cerevisiae, Rad53 is the major checkpoint kinase, and im-
proper activation of this upstream molecule leads to defects in the
downstream effecter pathways, which include both HR and NHEJ.
Thus it is not surprising that Hsp90 overexpression affected NHEJ
efficiency despite the fact that the steady-state level of yKu80,
one of the major proteins in this pathway, was increased. It is also
possible that other components of the NHEJ machinery could be
affected directly or indirectly, or there may be a defect in their re-
cruitment to the broken DNA junction. These possibilities are
worth pursuing but are outside the scope of this article. It is im-
portant to note that the human system is different from that of
yeast with respect to the use of repair pathways. As opposed to
yeast, which predominantly use HR, under normal conditions, hu-
man cells preferably use the NHEJ pathway. However, it has been
reported that tumor cells preferably use HR over NHEJ (Mao
et al., 2009). Thus it will be interesting to explore whether Hsp90
overexpression causes similar defects in the HR pathway in tumor
cells.

A higher abundance of Hsp90 is beneficial for cancer cell survival
and maintenance, as it chaperones many oncogenic proteins. Our
study provides compelling evidence in favor of a hypothesis that
poorer DNA damage repair efficiency in cancer cells is correlated
with higher abundance of Hsp?0, as our results show a direct link
between Hsp90 abundance and inefficient activation of the DNA
damage response pathway. This is of special interest because
tumors have varying expression levels of heat-shock proteins, and
heat-shock components are being explored as therapeutic targets
for cancer. It was reported that the mammalian orthologue of Rad53,
Chk2, is transcriptionally down-regulated in a p53-dependent man-
ner through the action of the transcription factor NF-Y (Matsui et al.,
2004). Given that p53 is a direct client of Hsp90 (Walerych et al.,
2004), it will be interesting to investigate how Hsp?0 homeostasis
modulates CHK2 transcription.

It is not clear how the presence of a genotoxic agent induces
RADS53 transcription, although the Hsp90 level is altered during
the DNA damage response. One speculation is that in the pres-
ence of genotoxic stressors, Hsp90 proteins are redistributed in
the cells, and many DNA repair proteins require Hsp90 activity.
Alternatively, it may be possible that in the presence of DNA-dam-
aging agents, the transcriptional repression mediated by Hsp90 is
lifted. In Drosophila, Hsp90 negatively regulates the transcription
of several environmentally regulated genes, as well as signal trans-
ducer genes, by stabilizing RNA polymerase Il pause by interact-
ing with the negative elongation factor (NELF; Sawarkar et al.,
2012). In S. cerevisiae, an orthologue of NELF is absent. Thus fu-
ture study is required to unravel the mechanism behind such tran-
scriptional regulation.

MATERIALS AND METHODS

Plasmids

Sequences of all of the primers used in this study are given in
Table 1. To mimic HSP90 overexpression in cells, the centromeric
plasmid pRS313/yHSP90 (Laskar et al., 2011) and the 2 p plasmid
PBEVYT/yHSP90 (Laskar et al., 2011) were used. To overexpress the
mutant form of yHsp90, single-copy centromeric plasmid piHGpd/
G170D was purchased from Addgene (Cambridge, MA). This plas-
mid harbors yHSP?0, with a glycine-to—aspartic acid mutation at
amino acid 170. The expression of the mutant gene is regulated by
the strong constitutive promoter GPD (Nathan and Lindquist, 1995).
The C-terminal MYC tagging of the strains at the chromosomal lo-
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cus and the targeted gene knockouts were performed using pFA6a-
13myc-KANMX/TRP/HIS and pFA6a-KANMX/TRP/HIS plasmids,
respectively (Longtine et al., 1998). Using W3030. genomic DNA as
a template, we amplified full-length RAD53 using the primer pairs
OSB 263 and OSB 264 and successfully cloned in in the 2p C-termi-
nal Flag-tagged vector pESC-HIS (Agilent Technologies, Santa
Clara, CA). The recombinant vector pESC-RAD53-flag thus gener-
ated overexpresses RAD53 under the GAL promoter.

Yeast strains

Strains used in this study are listed in Table 2. For DNA damage
sensitivity studies, W3030, MKB201, NA14, and LS402 strains were
individually transformed with centromeric pRS313/HSP90 to gener-
ate NKY14, NKY6, NKY30, and NKY36 strains, respectively. Simi-
larly, centromeric piHGpd/G170D plasmid was transformed into
W3030 to generate NKY38. Empty pRS313 vector was transformed
in W303a and LS402 to generate NKY13 and NKY35, respectively.
An array of 13myc-tagged strains was generated for tagging of
RADS53, CHK1, RAD52, MRE11, and KU80 from W303a. to generate
NKY15, NKY17, SLYA7, MVS20, and MVS23, respectively, using the
primer pairs OSB 81-82, OSB 97-98, OSB 68-69, OMKB 179-180,
and OMKB 181-182 respectively. The HSP?0 overexpression plas-
mid pRS313/HSP90 was transformed into NKY15, NKY17, SLY47,
MVS20, and MVS23 strains, and colonies were selected on synthetic
complete —His medium to generate isogenic strains NKY16, NKY18,
NKY20, NKY25, and NKY26, respectively.

The plasmid pESC-RAD53-MYC was transformed into W303a. to
generate NKY23. The experiments pertaining to rescue of the DNA
damage-sensitive phenotype were performed with strains NKY28,
which harbors empty pBEVYT and empty pESC vectors; NKY29,
with pBEVYT/HSP82 and empty pESC vector; and NKY24, harbor-
ing pBEVYT/HSP82 and pESC/RAD53 vectors.

MMS and UV sensitivity assays

Sensitivity to DNA-damaging agent was determined in the pres-
ence of MMS by growing fresh yeast cells in selective medium at
30°C to OD 0.5, which was then divided into two portions of
equal volume. One portion of the cells was exposed to 0.03%
(vol/vol) MMS (Sigma-Aldrich, St. Louis, MO) for 2 h, and the
other batch was exposed to 40°C coupled to 0.03% (vol/vol)
MMS for 1 h and then returned to 30°C with continued MMS ex-
posure for an additional 1 h such that MMS exposure was re-
stricted to 2 h. After that, MMS was washed out from heat-treated
and untreated cells, and 1000 cells were plated from each batch
and incubated at 30°C. The plates were incubated for 36 h, and
their growth was compared. The ratio of the number of cells
grown in the absence of MMS to the cells grown in the presence
of MMS was multiplied by 100, which gave the percentage sur-
vival. Each assay was repeated at least three or four times. In a
similar manner, cells having empty vector and Hsp90 expression
vector were treated with same concentration of MMS for 2 h, and
percentage survivability was calculated.

For the UV sensitivity assay, the cells were grown in selective
medium to log phase. One portion of the cells was exposed to 40°C
for 1 h, and the other batch was incubated at 30°C for 1 h. After that,
1000 cells were estimated and plated to determine the number of
viable colony-forming units for each indicated dose of UV radiation
in Joules/square meter. The required intensity of UV irradiation was
achieved out using a Stratagene Stratalinker 1800. The plates were
incubated for 4 d, the number of viable colonies for each indicated
dose of UV radiation was counted, and the percentage survivability
was calculated.
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Primer

Sequence

Purpose

OSB 263 5" ACT GAATTC ATG GAA AAT ATT ACA CAACCCAC 3

OSB 264 5" ACG ATC GAT CGA AAATTG CAA ATT CTC GGG 3’

OSB 81 5" GGA CCA AAC CTC AAA AGG CCC CGA GAATTT
GCA ATT TTC GCG GAT CCC CGG GTT AAT TAA 3’

OSB 82 5" TTA AAA AGG GGC AGC ATT TTC TAT GGG TAT TTG
TCC TTG GGA ATT CGA GCT CGT TTC AAC ¥

OSB 97 5" AAT TTC AAC TAT CTG TAG GGA TAT TAT CCT AAT
TCC CAA CCG GAT CCC CGG GTT AAT TAA 3

OSB 98 5 TGATCA GTG CAT CTT AACCCT TCT TTT GTC TCC
ATT TTT TGA ATT CGA GCT CGT TT AAAC 3’

OSB 68 5" AAG ACC AAA GAT CAATCC CCT GCATGC ACG
CAA GCC TAC TCG GAT CCC CGG GTT AAT TAA 3’

OSB 69 5" ATA ATG ATG CAAATT TTTTAT TTG TTT CGG CCA
GGA AGC GGA ATT CGA GCT CGT TTA AAC 3’

OMKB 5" GAC GGA TAT TCT TGG AAG TCT CCT TGC TAA GAA

179 AAG AAA AGG GAT CCC CGG GTT ATT AA 3

OMKB 5" TTA TAA ATA GGA TAT AAT ATA ATA TAG GGA TCA

180 AGT ACA AGA ATT CGA GCT CGT TTAAAC 3

OMKB 5" TGA ACA ACA CAG TAG GGG AAG TCC AAA CAA

181 TAG CAA TAA TGG GAT CCC CGG GTT AAT TAA 37

OMKB 5 GTG GTG ACG AAA ACA TAA CTC AAA GGA TGT TAG

182 ACC TTT TGA ATT CGA GCT CGT TTAAAC 3

OSB 16 5 TGACCAAACTACTTACAACTCC

OSB 14 5 TTA GAAACACTT GTG GTG AACG 3

OSB 244 5" ACC ATT CAT CGC CGATCACC 3

0SB 245 5" TCA CAG TTG AGA GCT ATT GTG 3’

OSB 246 5" GTG GTAGCACCGTTAGTG TG 3

OSB 247 5 CTATAT TACTTG GGT ATTGCCC ¥

OSB 230 5" CAG ATG ATG GCAGCT CAACG ¥

OSB 231 5 GGG TAT TTG TCC TTG GTT ACG 3’

0SB 278  5'CAT GCAAGG GCTCCCTAGC ¥

0SB 279 5"CAACCAATCGTAACCTTCATCTJZ

OSB 289 5 GTT AGT TGA AGC ATT AGG TCC 3

KanB1 5 TGT ACG GGC GAC AGT CAC AT 3

OMKB 90 5" GGA TCC TGT CTC AAG TTC AAG AAC 3’

OMKB88 5" CTG CAG CTACTCGTCTTCTTCTC 3

Forward primer used to amplify Rad53 for cloning in
PESC-MYC tagged vector

Reverse primer used to amplify Rad53 for cloning in
PESC-MYC tagged vector

Forward primer used to generate MYC tag at the
C-terminal end of RAD53 at the chromosomal locus

Reverse primer used to generate MYC tag at the
C-terminal end of RAD53 at the chromosomal locus

Forward primer used to generate MYC tag at the
C-terminal end of CHK1 at the chromosomal locus

Reverse primer used to generate MYC tag at the
C-terminal end of CHKT at the chromosomal locus

Forward primer used to generate MYC tag at the
C-terminal end of Rad52 at the chromosomal locus

Reverse primer used to generate MYC tag at the
C-terminal end of RAD52 at the chromosomal locus

Forward primer used to generate MYC tag at the
C-terminal end of SCMRE11 at the chromosomal locus

Reverse primer used to generate MYC tag at the
C-terminal end of SCMRE11 at the chromosomal locus

Forward primer used to generate MYC tag at the
C-terminal end of ScKu80 at the chromosomal locus

Reverse primer used to generate MYC tag at the C-termi-
nal end of ScKu80 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 CLN1 for real-time RT-PCR
Reverse primer used to amplify CLN1 for real-time RT-PCR
Forward primer used to amplify CLN2 for real-time RT-PCR
Reverse primer used to amplify CLNZ for real-time RT-PCR
Forward primer used to amplify RAD53 real-time RT-PCR
Reverse primer used to amplify RAD53 real-time RT-PCR
Forward primer used to amplify URA3 region for ChIP
Reverse primer used to amplify URA3 region for ChiIP
Forward primer used to confirm HO digestion

Reverse primer used to confirm HO digestion

Forward primer used to amplify full length RAD51

Reverse primer used to amplify full length RAD51

TABLE 1: Primers used in this studly.

NHEJ assay

MKB201 and NKY6 were freshly streaked on 2% glucose—containing
synthetic medium lacking uracil at 30°C for 24 h. At an appropriate
dilution, equal numbers of cells were divided into two groups. One
group was plated onto glucose-containing synthetic medium lack-
ing uracil, and the other group was plated onto 3% galactose—con-
taining medium containing uracil. All of the plates were incubated at
30°C for 4 d. The percentage NHEJ efficiency was evaluated by
multiplying the ratio of cells grown on galactose-containing plates
to that grown on glucose-containing plates by 100 (Marcand et al.,
2008).
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GC assay

This assay was performed using strain NA14, in which a cassette is
integrated into chromosome V, where two consecutive URA3
genes are separated by KANMXé (Agmon et al., 2009). The first
mutant version of the ura3 gene harbors an HO endonuclease
recognition site. HO endonuclease is expressed upon galactose
induction by growing the strain on galactose-containing medium.
The induction of HO creates a DSB at the mutated ura3 locus for
which the repair efficiency and repair choice are determined. To
carry out the assay, cells from each of the strains NA14,
NA14/Arad51, and NKY30 were allowed to grow on the medium
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Strain Genotype Source
W3030.  MATa 15ade2-1, ura3-1, 112 his 3-11, trp1, leu2-3 This study
MKB201 MATa 15ade2-1, ura3-1, 112 his 3-11, trp1, leu2-3 bar1-A lys2::pGAL-ISCEI IScel::URA3::IScel Marcand et al. (2008)
NA14 MATa -inc ura3-HOcs lys2::ura3-HOcs-i nc ade3:: GALHO ade2-1 leu2-3112 his3-11,15 trp1-1 Agmon et al. (2009)
can1-100
.S402 MATa leu2-3112 trp1-1, can1-100, ura3-1, his 3-11, ade2-1, RAD51::LEU2 This study
NKY14 MATa. 15ade2-1, ura3-1, 112 his 3-11, trp1, leu2-3, pRS313/HSP90 This study
NKYé6é (MATa 15ade2-1, ura3-1, 112 his 3-11, trp1, leu2-3 bar1-A lys2::pGAL-ISCEI IScel::URA3::IScel) This study
PRS313/HSP82
NKY30 MATa -inc ura3-HOcs lys2::ura3-HOcs-i nc ade3:: GALHO ade2-1 leu2-3112 his3-11,15 trp1-1 This study
can1-100, pRS313/HSP?0
NKY36 MATa leu2-3112 trp1-1, can1-100, ura3-1, his 3-11, ade2-1, RAD51::LEU2, pRS313/HSP90 This study
NKY38 MATa leu2-3112 trp1-1, can1-100, ura3-1, his 3-11, ade2-1, RAD51::LEUZ2, piHGpd/G170D This study
NKY37 MATao. 15ade2-1, ura3-1, 112 his 3-11, trp1, leu2-3, RAD53-13MYC::KANMX6, PDR5:: LEU2 This study
NKY13 MATo 15ade2-1, ura3-1, 112 his 3-11, trp1, leu2-3, pRS313 This study
NKY35 MATa leu2-3112 trp1-1, can1-100, ura3-1, his 3-11, ade2-1, RAD51::LEU2, pRS313 This study
NKY15 MATa. 15ade2-1, ura3-1, 112 his 3-11, trp1, leu2-3, RAD53-13MYC::KANMX6é This study
NKY17 MATa. 15ade2-1, ura3-1, 112 his 3-11, trp1, leu2-3, CHK1-13MYC::TRP This study
SLy47 MATo 15ade2-1, ura3-1, 112 his 3-11, trp1, leu2-3, RAD52-13MYC This study
MVS20 MATo 15ade2-1, ura3-1, 112 his 3-11, trp1, leu2-3, MRE11-13MYC::KANMX6 This study
MVS23 MATa. 15ade2-1, ura3-1, 112 his 3-11, trp1, leu2-3, Ku80-13MYC::KANMXé This study
NKY16 MATo 15ade2-1, ura3-1, 112 his 3-11, trp1, leu2-3, RAD53-13MYC::KANMXé, pRS313/HSP?0 This study
NKY18 MATo 15ade2-1, ura3-1, 112 his 3-11, trp1, leu2-3, CHK1-13MYC::TRP, pRS313/HSP?0 This study
NKY20 MATo 15ade2-1, ura3-1, 112 his 3-11, trp1, leu2-3, RAD52-13MYC::KANMX6, pRS313/HSP?0 This study
NKY25 MATo 15ade2-1, ura3-1, 112 his 3-11, trp1, leu2-3, MRE11-13MYC::KANMX6, pRS313/HSP90 This study
NKY26 MATao. 15ade2-1, ura3-1, 112 his 3-11, trp1, leu2-3, Ku80-13MYC::KANMXé, pRS313/HSP?0 This study
NKY23 MATo 15ade2-1, ura3-1, 112 his 3-11, trp1, leu2-3, pPESC/RAD53 This study
NKY28 MATo 15ade2-1, ura3-1, 112 his 3-11, trp1, leu2-3, pESC, pBEVYT This study
NKY29 MATo 15ade2-1, ura3-1, 112 his 3-11, trp1, leu2-3, pESC, pBEVYT/HSP90 This study
NKY24 MATao. 15ade2-1, ura3-1, 112 his 3-11, trp1, leu2-3, pESC/RADS53, pBEVYT/HSP90 This study

TABLE 2: Yeast strains used in this study.

plate containing glycerol as a carbon source. We calculated and
plated ~1000 cells on glucose- and galactose-containing plates
separately and counted colonies after 3-5 d of incubation at 30°C.
The ratio of the number of colonies grown on the medium contain-
ing galactose compared with that grown on medium containing
glucose (no HO induction) determines repair efficiency. However,
the repair of the induced DSB could be achieved by GC or SSA.
Hence, to determine the efficiency of repair choice, each colony
obtained on galactose-containing plates was patched onto plates
containing G418 sulfate. If the repair occurred via SSA, it would
lead to elimination of the KANMX6 cassette, making the cells sen-
sitive to G418 sulfate, whereas the GC mode of repair would retain
it. Therefore percentage repair choice was evaluated by comparing
the viable patches to the total number of patches on the plate. This
assay was performed three times, and the mean value was plotted
using GraphPad Prism software.

Real-time RT-PCR
To determine the levels of CLN1 and CLN2, the W303a, NKY14 and
NKY24 strains were grown to OD 0.5 and subsequently exposed to
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0.2% MMS for 2 h. Immediately after, we extracted the amount of
cells corresponding to OD 10. The rest were washed to remove
MMS and allowed to grow for another 2 h; after that, cells corre-
sponding to OD 10 were extracted. Total RNA was then isolated
from these two batches by the acid phenol method (Laskar et al.,
2011), and cDNA was synthesized using reverse transcriptase (Omni
Script; Qiagen, Hilden, Germany). In a similar manner, cDNA was
made from W303c, NKY38, NKY14, and heat-treated W3030. strains
to study the steady-state levels of RAD53 transcript. To prepare the
heat-shock samples, the cells were grown to mid log phase (OD 0.5)
and divided into two batches. One batch continued to grow at
30°C, whereas the second batch of cells was exposed to 40°C for 1
h for heat-shock treatment. After 1 h, the sample was shifted to
30°C to grow for another 1 h. Equal numbers of cells were then
harvested from both batches for RNA isolation. In a similar manner,
cDNA was made from W3030 and NKY14 to study the steady-state
levels of RAD53. The primers OSB16 and OSB14 were used to am-
plify 307 base pairs at the 3’ end of the ACT1 transcript. To amplify
a 356-base pair region at the 3" end of CLNT, OSB 244 and OSB
245 were used, and to amplify a 356-base pair region at the 3" end
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of CLN2, OSB 246 and OSB 247 were used. The 273 base pairs of
RADS53 at the 3" end were amplified using the primer pair OSB 230-
231. The RNA was isolated from iG170Dhsp82 (temperature-sensi-
tive strain) by growing it at 25°C (permissive temperature) and 37°C
(restrictive temperature) separately. However, in case of treatment
with DNA-damaging agent, iG170Dhsp82 was grown to early log
phase at 25°C and then divided into two batches. One batch con-
tinued to grow at 25°C, and the other batch was treated with 0.03%
MMS for 2 h. Finally, cDNA was prepared from these fractions.

For real-time RT-PCR, cDNA was diluted (1:50) and used for PCR
using a Roche RT PCR kit. Real-time analysis was done using an Ap-
plied Biosystems 7500 Fast Real Time PCR system. The threshold
cycle (Cy) value of the ACTT transcript of each sample was used to
normalize the corresponding Cr values of the desired transcripts.
The normalized Cy values from different samples were compared
with obtain ACt values. The relative levels of MRNA were deduced
from the following formula: change in mRNA level = 22¢7. The mean
values (#SD) from three independent experiments were plotted us-
ing GraphPad Prism 6 software.

Western blotting

Protein was extracted from W303c, NKY14, and heat-treated cells
to estimate the endogenous levels of Hsp90. Before protein extrac-
tion, heat-treated samples were prepared following the same proto-
col as used for RNA isolation. For protein extraction upon MMS ex-
posure, exponentially growing cells of strains NKY15, NKY16, SLY47,
NKY20, NKY24, NKY28, NKY29, and NKY38 were divided into two
batches. One batch was subjected to 0.05% MMS for 2 h, and the
other portion continued to grow in the absence of MMS. The pro-
tein was then isolated from these two batches of each strain as de-
scribed earlier (Laskar et al., 2011).

UV treatment of the strains NKY15, NKY16, SLY47, NKY20,
NKY24, NKY28, and NKY29 were carried out by growing them to
OD 0.5, followed by making two equal parts by volume for each
strain. One of the parts was subjected to a 3-kJ/m? dose of UV radia-
tion and allowed to grow for 3 h posttreatment. Equal amounts of
cells were finally harvested, and protein was isolated from them by
the trichloroacetic acid method, followed by Western blot analysis.
The antibodies used were mouse anti-Act1 antibody (Abcam,
Madison, WI), rabbit anti-Rad51 (Promega), and mouse anti-Hsp82
antibody (Calbiochem, Kenilworth, NJ) at 1:5000 dilution. Rabbit
anti-Myc antibody (Abcam) was used at 1:8000 dilutions. We also
used anti-DDDDKK tag antibody, which recognizes Flag fusions
(Abcam), and anti-Pgk1 antibody (Novus Biologicals) at 1:3000 dilu-
tion. For secondary antibodies, we used horseradish peroxidase—
conjugated anti-rabbit antibody (Promega) and anti-mouse anti-
body (Santa Cruz Biotechnology, Dallas, TX) at 1:10,000 dilution.
The Western blots were developed using a chemiluminescence
detection system (Pierce, Waltham, MA). The bands on the gel were
quantified using ImageJ software, and the relative densities thus
obtained were plotted using GraphPad Prism software. The mean
value from at least three or four independent experiments is plotted
with SD. All blots are normalized against actin.

ChIP assay

The strains NA14, NA14/Arad51, and NKY30 were grown to OD 0.3
in the presence of glycerol-containing medium. Each batch of cells
was then divided into two parts of equal volume. One batch was
allowed to continue to grow in the same way. The other batch of
cells was pelleted down and resuspended in 3% galactose—contain-
ing medium for 3 h. The cells corresponding to OD 60 were then
cross-linked with 1% formaldehyde at 30°C for 15 min, and the ex-
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periment was performed as mentioned earlier (Laskar et al., 2015).
Immunoprecipitation was performed with 1 pg of anti-Rad51 anti-
bodies to precipitate the Rad51-bound fragment. We quantified
Rad51 recruitment by PCR using donor-specific primers OSB 278
and OSB 279 in a reaction volume of 50 pl using 1/75 of immuno-
precipitates and 1/50 of input DNA. Samples were subjected to
electrophoresis on a 1.5% agarose. Rad51 binding was also mea-
sured at the ACTT locus using the primers OSB16 and OSB14. Con-
trol antibody for ChIP was rabbit immunoglobulin G. To verify that
HO digestion was made in the NA14 strain, we used OSB 289 as a
forward primer, which is complementary to the 20 base pairs up-
stream of HOcs, and a reverse primer (KanB1) that is complemen-
tary to the KANMX gene. Amplification would occur only if the ga-
lactose induction was inefficient to cause the break, whereas in the
case of successful induction, no amplification would be seen. We
amplified full-length RAD51 as a control for normalization. For that
purpose, we used OMKB90 and OMKB88 as forward and reverse
primers, respectively.
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