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1. Abstract

Heat shock response is an adaptive response to proteotoxic stresses including heat shock, and is
regulated by heat shock factor 1 (HSF1) in mammals. Proteotoxic stresses challenge all subcellular
compartments including the mitochondria. Therefore, there must be close connections between
mitochondrial signals and the activity of HSF1. Here, we show that heat shock triggers nuclear
translocation of mitochondria SSBP1, which is involved in replication of mitochondrial DNA, in a
manner dependent on the mitochondrial permeability transition pore ANT-VDAC complex and
direct interaction with HSF1. HSF1 recruits SSBP1 to the promoters of genes encoding
cytoplasmic/nuclear and mitochondrial chaperones. HSF1-SSBP1 complex then enhances their
induction by facilitating the recruitment of a chromatin-remodeling factor BRG1, and supports cell
survival and the maintenance of mitochondrial membrane potential against proteotoxic stresses.
These results suggest that the nuclear translocation of mitochondrial SSBP1 is required for the

regulation of cytoplasmic/nuclear and mitochondrial proteostasis against proteotoxic stresses.



2. Introduction

Cells contain a large number of different proteins in distinct subcellular compartments. The proper
conformations and physiological concentrations of these proteins, known as protein homeostasis or
proteostasis, must be maintained in a variety of environmental and metabolic conditions'. To deal
with proteotoxic stresses, the cells have evolved sophisticated mechanisms accompanied by changes
in gene expression, which adjust proteostasis capacity or buffering capacity against protein
misfolding, at the level of protein synthesis, folding, and degradation. They include the heat shock
response (HSR) in the cytoplasm/nucleus and the unfolded-protein response (UPR) in the

endoplasmic reticulum and mitochondria (see the scheme below)z'4 .

Overview of three major unfolded protein responses.

The heat shock response is regulated by the master regulator HSF1. Following heat shock
which disrupts protein folding within the cytosol, chaperones interact with the accumulating
unfolded proteins, thereby releasing HSF1 and allow it to transcriptionally activate genes

to assist the protein refolding. UPR in the endoplamic reticulum is regulated by three ER-
localized transmembrane proteins. Mitochondrial stresses activate transcription factor
ATFS1 in Caenorhabditis elegans, which translocates to the nucleus and enhances the

transcription of stress response genes that reconstitute mitochondrial homeostasis.

The HSR is regulated by heat shock factor 1 (HSF1) in mammalian cells™®. HSF1 mostly stays as
an inert monomer in the cytoplasm and nucleus of unstressed cells through the interaction with
negative regulators, heat shock proteins (HSPs) or chaperones’®. Heat shock elevates the amount of
unfolded and misfolded proteins bound by cytoplasmic/nuclear chaperones including HSP90, HSP70,
and HSP40, which is followed by sequestration of these chaperones from HSF1°. As a result, HSF1

accumulates in the nucleus, forms a DNA-binding trimer, and binds to the regulatory elements at



high levels'®. HSF1 then recruits coactivators including chromatin remodeling complexes and
chromatin modifying enzymes, and activates target genes including genes encoding for the
chaperones ''.

Heat shock challenges all subcellular compartments including the mitochondria'*", which
generate energy through oxidative phosphorylation and regulate programmed cell death'*'.
Mitochondria need to communicate with the nucleus to cope with proteotoxic stresses including heat
shock'®!”. Mitochondrial chaperones and proteases, which are encoded in the genome, are induced

during the accumulation of misfolded proteins within the mitochondrial matrix'®"

. This pathway of
mitochondrial UPR is regulated by the transcription factor ATFS-1 in Caenorhabditis elegans, which
is imported into the mitochondrial matrix under normal conditions and targeted to the nucleus in
response to mitochondrial stresses™. However, it remains to be determined whether this mechanism

is conserved in mammalian cells.

Heat shock induces not only nuclear/cytoplasmic chaperones but also mitochondrial chaperones
such as HSP60 and HSP10*'*?. Therefore, the pathway of the HSR may be modulated by
mitochondrial signals. Here, we demonstrated that heat shock elicited the nuclear translocation of a
mitochondrial single-strand DNA-binding protein 1 (SSBPI1, also known as mtSSB), which is
known to be involved in replication and maintenance of mitochondrial DNA (see the scheme
below)”. SSBP1 was recruited to the promoters of chaperone genes in the nucleus through direct
interaction with HSF1, and promoted the expression of chaperones including the mitochondrial
chaperones. Furthermore, the HSF1-SSBP1 complex supported cell survival and mitochondrial

function in proteotoxic stress conditions.

SSBP1 is required for mitochondrial DNA replication and maintenance.
The SSBP1 protein forms tetramer, stabilizes the single stranded conformation and
stimulates the DNA synthesis by the Poly. SSBP1 strongly increases the overall activity

of Poly by enhancing primer recognition and processivity of Poly at the mitochondrial



replication fork and in that way stimulates synthesis of mtDNA.

3. Materials and Methods

3.1 Cell cultures and treatments
Mouse embryonic fibroblasts (MEF), HEK293 and HeLa cells were maintained at 37°C in 5% CO,
in Dulbecco’s modified Eagle’s medium (DMEM) containing 10% fetal bovine serum (FBS). Cells
were treated with heat shock at 42°C or reagents such as MG132 (10 uM), L-azetidine-2-carboxylic
acid (AzC, 5 mM), and sodium arsenite (As, 50 uM).
3.2 Assessment of mRNA
Immortalized MEF cells (stock #10) were infected with an adenovirus expressing each shRNA (1 x
10° pfu/ml) for 2 h, maintained with normal medium for 70 h, and treated with heat shock or
reagents as described above. To replace endogenous HSF1 with HSF1 mutants in MEF cells, cells
were infected with Ad-sh-mHSF1-KD2 (1 x 10® pfu/ml) for 2 h and maintained in normal medium
for 22 h. They were then infected with an adenovirus expressing an hHSF1 mutant (1 to 5 x 10’
pfu/ml) for 2 h and maintained with normal medium for a further 46 h. Total RNA was extracted and
mRNA levels were estimated by RT-qPCR using primers listed in Table 1. Relative quantities of
mRNAs were normalized against S18 ribosomal RNA levels. To knockdown VDAC1 or SSBP1 and
overexpress c-myc-tagged hSSBPIAMTS, cells were infected with Ad-sh-mVDACI1-KDI1 or
Ad-sh-mSSBP1-KD3 that targets the 5° untranslated region of mSSBP1 mRNA (1 x 10® pfu/ml) for
2 h and maintained in normal medium for 22 h. They were then infected with
pAd-c-myc-hSSBP1IAMTS (5 x 10’ pfu/ml) for 2 h and maintained with normal medium for a
further 46 h. Total RNA was extracted and mRNA levels were estimated as described above.
3.3 Co-immunoprecipitation
We generated a rabbit antiserum against mouse SSBP1 (aomSSBP1-1) by immunizing rabbits with
bacterially expressed recombinant mSSBP1-His. MEF cells treated with or without heat shock at
42°C for 60 min were lysed with NP-40 lysis buffer containing 1.0 % Nonidet P-40, 150 mM NaCl,
50 mM Tris-HCI (pH 8.0), 1 pg/ml leupeptin, 1 pg/ml pepstatin A, and 1 mM phenylmethylsulfonyl
fluoride (PMSF). After centrifugation, the supernatant containing 4 mg proteins was incubated with
3 ul of rabbit polyclonal antibody for HSF1 (omHSF1j, ABE1044, Millipore) or preimmune serum
at 4°C for 16 h, and mixed with 40 ul protein A-Sepharose beads (GE Healthcare) by rotating at 4°C
for 1 h. The complexes were washed 5 times with NP-40 lysis buffer, and were subjected to Western
blotting using rabbit polyclonal antibody for SSBP1 (oumSSBP1-1) or HSF1 (omHSFIj).
Alternatively, the immunoprecipitation was performed using the cytosolic fractions (see below)
containing 4 mg proteins.

cDNAs for Flag-tagged hHSF1 and hHSF1 point mutants were created by RT-PCR, and were
inserted into pShuttle-CMV vector (Agilent Technologies) at Kpn [/Xho 1 sites



(pShuttle-hHSF1-Flag, pShuttle-hHSF1-K188A, etc). Sequences were verified using the 3500
Genetic Analyzer (Applied Biosystems). Viral DNAs and viruses (Ad-hHSF1-Flag,
Ad-hHSF1-K188A, etc) were generated according to the manufacturer’s instructions for the AdEasy
adenoviral vector system (Agilent Technologies)**. HEK293 cells in a 10 cm dish were transfected
with a pShuttle-CMV expression vector for Flag-tagged hHSF1 or an hHSF1 point mutant, and were
lysed with NP-40 lysis buffer. After centrifugation, the supernatant (400 L) was incubated with 3 ul
of rabbit antiserum for SSBP1 (amSSBP1-1) at 4°C for 1 h, and mixed with 40 ul protein A- or
protein G-Sepharose beads (GE Healthcare) by rotating at 4°C for 1 h. The complexes were washed
with NP-40 lysis buffer, and were subjected to Western blotting using mouse monoclonal IgG for
Flag peptide (M2, Sigma-Aldrich).

3.4 Immunofluorescence

HeLa cells cultured on glass coverslips in 6 cm dishes at 37°C for 24 h were infected for 2 h with
adenovirus expressing scrambled RNA or shRNA for HSF1 or each VDAC protein (1 x 107 pfu/ml),
and then maintained with normal medium for 70 h. After being heat-shocked at 42°C for 60 min, the
cells were fixed with 4% paraformaldehyde in medium at RT for 10 min. They were washed with
PBS, permeabilized for 10 min with 0.2% Triton X-100/PBS, blocked in 2% non-fat dry milk/PBS
for 1 h at RT, incubated with 1:200-diluted rabbit serum for SSBP1 (aomSSBP1-1) and 1:100-diluted
mouse IgG for TOM20 (sc-17764, Santa Cruz) or rat IgG for HSF1 (ab61382, Abcam) in 2%
milk/PBS at 4°C overnight, and then incubated with FITC-conjugated goat anti-rabbit IgG (1:200
dilution) (Cappel) or Alexa Fluor 568-conjugated goat anti-mouse IgG or Alexa Fluor
546-conjugated goat anti-rat IgG (1:200 dilution) (Molecular Probes). The cover slips were washed
and mounted in a VECTASHIELD with DAPI mounting medium (Vector Laboratories).
Fluorescence images were taken using Axiovert 200 fluorescence microcope (Carl Zeiss) or
LSM510 META confocal microscope (Carl Zeiss). To analyze SSBP1 localization in the presence of
hHSF1 mutants, cells were infected with Ad-sh-hHSF1-KD1 (1 x 10’ pfu/ml) for 2 h and maintained
in normal medium for 22 h. They were then infected with each adenovirus expressing Flag-tagged
hHSF1 mutants (1 to 5 x 10° pfu/ml) for 2 h and maintained with normal medium for a further 46 h.
After being heat-shocked at 42°C for 1 h, they were fixed with 4% paraformaldehyde in medium and
treated as described above. To detect Flag-tagged hHSF1 mutants, the cells were incubated with
anti-FLAG mouse IgG (1:200 dilution) (M2, Sigma) in 2% milk/PBS at 4°C overnight, and then
with Alexa Fluor 568-conjugated goat anti-mouse IgG (Molecular Probes).

3.5 Subcellular fractionation

Subcellular fractionation was carried out essentially as described previously®. Briefly, HeLa cells
treated as described above were harvested, washed twice in ice-cold PBS, and resuspended in
homogenizing buffer (20 mM HEPES-KOH, pH 7.5, 10 mM KCI, 1.5 mM MgCl,, | mM sodium
EDTA, 1 mM sodium EGTA, and 1 mM DTT) containing 250 mM sucrose and protease inhibitors



(1 ug/ml leupeptin, 1 pg/ml pepstatin A, and 1 mM PMSF). After incubation for 30 min on ice, the
cells were homogenized using a tight fitting Dounce homogenizer (Weaton type A, 30 strokes), and
centrifuged at 500 g for 5 min at 4°C. The pellet was homogenized in buffer C and centrifuged at
20,000 g for 30 min to obtain the nuclear fraction. On the other hand, the supernatant was
centrifuged at 10,000 g for 20 min at 4°C. The resulting supernatant was centrifuged at 100,000 g for
1 h at 4°C to obtain the cytosolic fraction, and the pellet was washed three times with homogenizing
buffer, and solubilized in TNC buffer (10 mM Tris-acetate, pH 8.0, 0.5% NP40, and 5 mM CacCl,)
containing protease inhibitors to obtain the mitochondrial fraction. Equivalent volumes of the
fractions were subjected to Western blotting using rabbit antibody for SSBP1 (omSSBP1-1) and
HSP90 (ahHSP90c), or mouse IgG for Sp1 (sc-420, Santa Cruz) or Tom20 (sc-17764, Santa Cruz).
3.6 Chromatin immunoprecipitation assay

Chromatin immunoprecipitation (ChIP) assay was performed using a kit according to the
manufacturer’s instructions (EMD Milipore)24, using antibodies for HSF1 (omHSF1j, ABE1044,
Millipore), SSBP1 (omSSBP1-1), BRG1 (07-478, Millipore), and Pol II (CTD4HS8, Millipore). PCR
of enriched DNA was performed using primer sets at HSP70.3 promoter (a, -937 to -745; b, -760 to
-538; ¢, -558 to -344; d, -356 to -154; e, -169 to +75) (Table 2). Real-time qPCR of ChIP-enriched
DNAs was performed using primers for the dHSE, pHSE, pausing, coding, and intergenic regions
(Table 3)**. Percentage input was determined by comparing the cycle threshold value of each sample
to a standard curve generated from a 5-point serial dilution of genomic input, and compensated by
values obtained using normal IgG. IgG-negative control immunoprecipitations for all sites yielded
<0.05% input. All reactions were performed in triplicate with samples derived from three
experiments.

3.7 Measurement of membrane potential and PTP opening

MEEF cells, treated with heat shock at 42°C for 1 h or a proteasome inhibitor MG132 for 6 h, were
stained for 30 min at 37°C in the dark with a fluorescent dye, tetramethylrhodamine methyl ester
(TMRM) (red), which accumulates in the mitochondria in a membrane potential-dependent manner,
and DAPI (blue), as described previously70. A protonophore, FCCP (10 uM), was added for 10 min
as a negative control of TMRM fluorescence. Fluorescence images were taken using Axiovert 200
fluorescence microcope (Zeiss, Thornwood, NY), and the TMRM fluorescence intensity (arbitrary
units) from three independent experiments was quantified using ImagelJ. Mitochondrial permeability
transition pore (PTP) opening was examined using MitoProbe Transition Pore Assay Kit (Life
Technologies) according to the manufacturer’s instructions. HeLa cells, treated with or without heat
shock at 42°C for 60 mim, were incubated at 37°C for 30 min with a membrane-permeable dye,
calcein AM, in the presence or absence of CoCl,, which quenched the fluorescence from cytosolic
calcein but not from mitochondrial calcein. An ionophore, ionomycin, was co-incubated as a

negative control. The intensity of calcein fluorescence (arbitrary units) from three independent



experiments was quantified using Imagel.

3.8 Plasmids

Adenovirus expressing shRNAs against mouse and human SSBP1, TFAM, VDACI1, VDAC2,
VDAC3 were generated using oligonucleotides listed in Table 4, as described previously’'. To
generate an expression vector, pmSSBP1-GFP or pmSSBP1AMTS-GFP, an Xhol/BamHI cDNA
fragment of mSSBP1 or mSSBP1DMTS was amplified by PCR, and was inserted into pEGFP-N1
vector (Clontech). We generated an expression vector for c-myc-tagged proteins (pShuttle-myc-N)
by replacing the multiple cloning site of pShuttle-CMV vector (Stratagene) with a Kpnl/EcoRV
oligonucleotide fragment containing a KOZAK sequence, a c-myc-coding sequence, and a set of
cloning sites including Xhol and EcoRI. An Xhol/EcoRlI c¢cDNA fragment of c-myc-tagged
hSSBP1AMTS was created by RT-PCR using total RNA isolated from HeLa cells, and was inserted
into the pShuttle-myc-N vector. Adenovirus expression vector pAd-c-myc-hSSBPIAMTS was
generated in accordance with the manufacturer’s instructions. A c¢cDNA for a mutant
hSSBP1AMTS-W68T/F74A that cannot bind to ssDNA43, was created by PCR, and its adenovirus
expression vector was generated as described above. The sequences were verified using 3500
Genetic Analyzer (Applied Biosystems).

3.9 Electrophoretic mobility shift assay

Whole cell extracts were prepared in buffer C (20 mM HEPES, pH7.9, 25% glycerol, 0.42 M NacCl,
1.5 mM MgCl,, 0.2 mM EDTA, 0.5 mM PMSF, and 0.5 mM DTT) from HEK293 cells transfected
with expression vectors for hHSF1 or an hHSF1 mutant, or HSF1-knockdown MEF cells infected
with adenovirus expressing hHSF1 or an hHSF1 mutant. Aliquots of the extracts (10 ug) were
subjected to EMSA using an ideal HSE-oligonucleotide in the presence of preimmune serum or
HSF1 antibody (o-HSFlg) as described previously®™. HSFI and P-actin protein levels were
determined by Western blotting.

3.10 GST pull-down assay

Bacterial expression vectors for GST-hHSF1, GST-hHSF2, GST-hHSF4, and hHSF1 mutants fused
to GST were described previously’’. Recombinant GST fusion proteins were expressed in
Escherichia coli by incubating with 0.2 mM isopropyl p-D-1- thiogalactopyranoside (IPTG) at 25°C
for 6 h, and purified using Glutathione Sepharose 4B (GE Healthcare). We constructed bacterial
expression vector pET21a-mSSBP1-His by inserting a BamHI/Xhol fragment, which was created by
RT-PCR, into pET21a vector (Novagen). Recombinant His-tagged protein was similarly expressed
and purified by Ni Sepharose 6 Fast Flow (GE Healthcare). The purified GST and His-tagged fusion
proteins (1 mg each) were mixed in NT buffer (50 mM Tris-HCI pH7.5, 150 mM NaCl, 1| mM
EDTA, 0.5% NP40, 1 mM PMSF, 1 mg/ml leupeptin, 1 mg/ml pepstatin) containing 0.25% gelatin
and 0.02% NaNj at 4°C for 1 h, and were then incubated with 20 ml Glutathione Sepharose 4B at
4°C for 1 h. After the beads were washed with NT buffer five times, the bound proteins were
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analyzed by Western blotting using anti-SSBP1 (amSSBP1-1) and anti-GST (aGST-S) antibodies.
3.10 Microarray analysis

Immortalized MEF cells (stock #10) were infected with Ad-sh-mHSF1-KD2, Ad-sh-mSSBP1-KD1,
or Ad-sh-SCR (1 x 10® pfu/ml) for 2 h, maintained in normal medium for 70 h, and treated with heat
shock at 42°C for 1 h. Total RNA was prepared using RNeasy Mini Kit (Qiagen). Microarray
analysis was performed using GeneChip System (Affymetrix) and fold-changes for each gene were
evaluated by Gene Expression Analysis using the software Partek Genomics Suite 6.5 (Partek) as
described previously™.

3.11 Statistical analysis

Data were analyzed with Student’s t-test or ANOVA. Asterisks in figures indicate significant
differences (P < 0.05 or 0.01). Error bars represent the standard deviations (s.d.) for more than three

independent experiments.
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4. Results

4.1 SSBP1 promotes HSP70 expression during heat shock

We previously performed a comprehensive identification of proteins interacting with human HSF1,
which included mitochondrial SSBP1**. We examined the complex formation of HSF1 and SSBP1
in MEF cells, and found that SSBP1 was co-precipitated with HSF1 in total cell lysates, and the
co-precipitated SSBP1 level was higher in heat-shocked (at 42°C for 60 min) cells than that in
control cells (Fig. 1a). The co-precipitation of SSBP1 with HSF1 was detected in the nuclear fraction
from heat-shocked cells, and also in the cytosolic fraction from control cells, which were free of
nuclear contamination. GST pull-down assay showed that recombinant GST fused to human HSF1
(GST-hHSF1) and a polyhistidine-tagged mouse SSBP1 (mSSBP1-His) interacted directly with each
other, and the trimerization domain (HR-A/B) of hHSF1 was required for the interaction (Fig. 1b).
This domain is evolutionally conserved and can form a triple-stranded, a-helical coiled-coil, through
heptad repeats of hydrophobic amino acids™. Because SSBP1 also interacted with HSF2 and HSF4
(Fig. 2a), we conducted a substitution experiment for seven amino acids in the hHSF1
oligomerization domain that were identical to those in both human HSFs and HSF1 orthologs in
various species’ (Fig. 1c, Fig. 2b). These substitution mutant were overexpressed in HEK293 cells.
We found that substitution of lysine at amino acid 188 (K188) with alanine (A) uniquely abolished
the interaction with SSBP1 without affecting its DNA-binding activity (Fig. 2c,d). Substitution of
K188 with glycine (G), but not with a similar amino acid arginine (R), also showed the same effect
(Fig. 1d,e). These results indicate that SSBP1 interacts with the trimerization domain of hHSF1
through K188 as a contact site.

We next examined the impact of SSBP1 on HSP70 expression in MEF cells, and found that
knockdown of SSBP1 reduced mRNA levels of HSP70 during heat shock, whereas it did not alter
the mRNA level in unstressed conditions (Fig. 3a). SSBP1 knockdown also reduced HSP70 mRNA
levels induced by treatment with a proteasome inhibitor MG132, a proline analogue
L-azetidine-2-carboxylic acid (AzC), or sodium arsenite (As) (Fig. 3b). This effect was not due to
impaired replication of mitochondrial DNA (mtDNA), because HSP70 expression was not affected
by knockdown of the mitochondrial transcription factor A (TFAM), which is required for the
replication and maintenance of mtDNAZ*?7 (Fig. 3c). To further exclude the possibility that
mitochondrial impairment caused by SSBP1 deficiency indirectly reduced HSP70 expression, we

replaced endogenous HSF1 with interaction-deficient mutants. Substitution of endogenous HSF1
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with hHSF1-K188A or hHSF1-K188G, but not with hHSF1-K188R, reduced HSP70 expression
during heat shock (Fig. 3d). These results demonstrate that mitochondrial SSBP1 promotes the
induction of HSP70 expression through direct interaction with HSF1.

4.2 SSBP1 translocates to the nucleus during heat shock

HSF1 stays in both the cytoplasm and nucleus in unstressed HeLa cells and predominantly
accumulates in the nucleus during heat shock™. To interact with HSF1, SSBP1, which localizes in
the mitochondria of unstressed cultured cells®, may translocate to the cytoplasm or nucleus during
heat shock. We overexpressed GFP-fused full-length or mutated mSSBP1 in HeLa cells, and took
photomicrographs of signals of SSBP1 and TOM20, which localized in the outer mitochondrial
membrane, using scanning confocal microscopy. mSSBP1-GFP signal was mostly cytoplasmic with
some punctate staining and co-localized with TOM20 signal in unstressed cells, indicating that
SSBP1 localized in the mitochondria (Fig. 4a). In response to heat shock at 42°C for 60 min, the
signal of TOM20 was concentrated in the perinuclear region, which was consistent with a previous
report that mitochondria swelled and migrated toward the perinuclear region during heat shock”.
Simultaneously, the signal of mSSBP1-GFP appeared in the perinuclear region and slightly in the
nucleus. Furthermore, the signal of GFP-fused mSSBP1AMTS (148 amino acids), which lacked the
mitochondrial targeting sequence (MTS) consisting of 16 amino acids at the N-terminus®' >, was
localized in both the cytoplasm and nucleus of unstressed cells, and it translocated predominantly to
the nucleus during heat shock (Fig. 4a). Thus, mitochondrial SSBP1 can translocate to the nucleus
during heat shock.

We stained endogenous SSBP1 with SSBP1 antibody, and took photomicrographs of the signal
using scanning confocal microscopy. These images confirmed that SSBP1 co-localized in the
mitochondrial with TOM20 in control cells, and SSBP1 partially re-localized alone to the nucleus
during heat shock at 42°C for 60 min (Fig. 4b). Signal of SSBP1 was barely detected after heat shock
in SSBP1 knockdown cells, indicating that the signal was specific to SSBP1. To create 3D images,
we generated 41 separate images of each cell, scanned automatically in the Z axis at 0.4 um intervals.
Specific planes from the Z stacked images are shown (Fig. 4c, upper). Significant nuclear-localized
signal from SSBP1 was observed only in heat-shocked cells. We quantified the signals of SSBP1 and
TOM20 by measuring the fluorescence intensity on the images in the X-Y axis (Fig. 4c, lower).
SSBP1 signal was detected in the mitochondria, but not in the nucleus, along with TOM20 signal in
control cells. In heat-shocked cells, SSBP1 signal, but not that of TOM20, was clearly detected in
the nucleus. Furthermore, subcellular fractionation analysis showed that SSBP1 was detected
predominantly in the mitochondria and slightly in the cytoplasm of unstressed cells, but not in the
nucleus (Fig. 4d). The mitochondrial and cytoplasmic SSBP1 gradually decreased during heat shock
at 42°C until 60 min, while a substantial amount of the nuclear SSBP1 appeared upon heat shock.

These results indicate that SSBP1 translocates to the nucleus during heat shock, and suggest that the
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nuclear SSBP1 comes from the mitochondria as well as the cytoplasm.

We examined whether SSBP1 is translocated to the nucleus in response to various stresses. The
nuclear translocation of SSBP1 was also observed in response to other proteotoxic stresses such as
treatments with a proteasome inhibitor MG132 and the proline analogue AzC (Fig. 4e). In contrast, it
was not translocated to the nucleus in response to the stresses, which challenge mitochondrial
integrity, such as treatments with paraquat (PQ) and maneb (MB) (inhibitors of mitochondrial
respiratory chain complexes I and III, respectively), and FCCP (an uncoupler of oxidative
phosphorylation in mitochondria)’® (Fig. 5a). The expression of HSP70 was not induced by these
treatments (Fig. 5b). Furthermore, the nuclear translocation of SSBP1 and induction of HSP70
expression were not detected in cells treated with hypoxia, which activates hypoxia-inducible
factor-1 (HIF-1), and hydrogen peroxide, which activates p53°* (Fig. 5a,b). These results suggest
that SSBP1 translocates to the nucleus and affects gene expression specifically on the proteotoxic
stress conditions.

4.3 Nuclear translocation of SSBP1 is dependent on HSF1

We examined the time courses of nuclear translocation of SSBP1 and HSF1 in detail. SSBP1 signal
in the nucleus faintly appeared 5 min after heat shock and was clearly detected at 15 min (Fig. 6a). It
then gradually increased during heat shock until 60 min. HSF1 signal, which was obtained using a
polyclonal antibody for HSF1, was detected in both the nucleus and cytoplasm in control cells (Fig.
6b). HSF1 signal in the cytoplasm also reduced a little 5 min after heat shock and was clearly
decreased at 15 min. These results suggest that SSBP1 and HSF1 start to translocate to the nucleus at
a similar time point. These cells were further co-stained with the SSBP1 antibody and an HSF1
monoclonal antibody, which recognizes dominantly the nuclear HSF1 in control condition®~°. The
nuclear SSBP1 co-localized with HSF1 in the nucleus of heat-shocked cells, but, unlike HSF1, it did
not accumulate at any focus™ (Fig. 6c¢).

SSBP1 does not have any putative nuclear localization sequence, so we knocked down HSF1 to
reveal its effects on the nuclear translocation of SSBP1. Although the treatment of cells with
adenovirus made the TOM20 signal more diffuse in the cytoplasm, SSBP1 still translocated to the
nucleus during heat shock (Fig. 7a). Remarkably, the nuclear translocation of SSBP1 was not
detected in HSF1 knockdown cells, as shown by the immunofluorescence and subcellular
fractionation analyses (Fig. 7a,b). To examine whether the nuclear translocation of SSBP1 requires
its interaction with HSF1, we overexpressed wild-type hHSF1 and its mutants in HeLa cells at a
level similar to that of endogenous HSF1. SSBP1 was translocated to the nucleus during heat shock
in cells expressing wild-type hHSF1 or hHSF1K188R, but not in cells expressing hHSF1K188A or
hHSF1K188G (Fig. 7c). Subcellular fractionation analysis of cells expressing wild-type hHSF1 and
hHSF1K188A confirmed this result (Fig. 7d). Thus, mitochondrial SSBP1 translocates to the nucleus

in a manner that is dependent on its interaction with HSF1.
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4.4 ANT-VDACI is involved in the nuclear translocation of SSBP1

Mitochondrial membrane potential is an important indicator of functional mitochondria, and is
reduced in response to proteotoxic stresses such as heat shock and proteasome inhibition'>?’. The
reduction of this membrane potential may be the result of increased mitochondrial permeability
transition'”. To understand the regulation of nuclear translocation of mitochondrial SSBP1, we
examined roles of the mitochondrial permeability transition pore (PTP), which is one of complexes
connecting the mitochondrial matrix to the cytoplasm®. Mitochondrial PTP consists of the
voltage-dependent anion channel (VDAC) and adenine nucleotide translocase (ANT), which is
associated with cyclophilin D (CypD)". First, we treated cells with cyclosporin A, which blocks
mitochondrial PTP opening by inhibiting the activity of CypD'>. Heat shock induced mitochondrial
PTP opening, and this opening was inhibited by the pretreatment with cyclosporin A (Fig. 8a).
Cyclosporin A further inhibited the nuclear translocation of SSBP1 during heat shock (Fig. 8b,c).
VDAGCs are not essential for the PTP opening”®*’, but are required for dissipation of mitochondrial

L o 40-42
membrane potential in some conditions

. Therefore, we next knocked down VDACsSs, and found
that VDAC1 knockdown markedly suppressed mitochondrial PTP opening in response to heat shock,
whereas the knockdown of VDAC2 or VDACS3 suppressed it only slightly (Fig. 9a,b). In accordance
with this, the knockdown of VDACI, but not that of VDAC2 or VDAC3, inhibited the heat
shock-induced nuclear translocation of SSBP1 (Fig. 8d,e). Thus, the ANT-VDACI1 complex is
involved in the nuclear translocation of SSBP1 during heat shock.

The PTP opening may trigger cell death in addition to the promotion of the nuclear

translocation of SSBP1'>3*

. When HeLa cells were exposed to extreme heat shock at 45°C for 2 h,
they were induced to die (Fig. 10a). Simultaneously, apoptotic factors such as cytochrome C (Cyto
C) and apoptosis-inducing factor (AIF) that localize in the mitochondrial intermembrane space under
normal conditions were released, and caspase-3 was cleaved and activated (Fig. 10b). However, the
cells did not die when they were exposed to moderate heat shock at 42°C for 1 h as described above,
and the release of Cyto C and AIF and cleavage of caspase-3 were not detected (Fig. 10a,b).

We next examined whether the nuclear translocation of SSBP1 is associated with the induction
of HSP70 mRNA in MEF cells. It was revealed that the knockdown of VDACI, but not that of
VDAC?2, markedly reduced the expression of HSP70 mRNA during heat shock (Fig. 8f; Fig. 9a).
Furthermore, the overexpression of hSSBPIAMTS restored HSP70 expression in VDACI
knockdown cells as well as SSBP1 knockdown cells (Fig. 8g). These results indicate that the nuclear
translocation of SSBP1 is associated with the expression of HSP70 during heat shock.

4.5 SSBPI1 promotes the recruitment of BRG1

To reveal the mechanisms by which nuclear SSBP1 promoted HSP70 expression, we analyzed the
effects of SSBP1 on HSF1 binding to DNA in vitro and in vivo. EMSA assay showed that the
DNA-binding activity of HSF1 was induced during heat shock at 42°C at similar levels in scrambled
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RNA-treated and SSBP1 knockdown cells (Fig. 11a). Surprisingly, ChIP assay showed that not only
HSF1 but also SSBP1 occupied mouse HSP70.3 (HSPA1A) promoter during heat shock in vivo (Fig.
11b,c). The occupancy of SSBP1 was detected only on the region containing dHSE within the
promoter (-937 to +75). We performed ChIP-qPCR analysis using primer sets for dHSE or pHSE,
and found that binding of HSF1 to the HSP70.3 promoter increased during heat shock at similar
levels in both scrambled RNA-treated and SSBP1 knockdown cells (Fig. 11d). SSBP1 knockdown
does not affect the recruitment of HSF1 to the promoter. SSBP1 occupied the HSP70.3 promoter
(with a strong signal at dHSE) during heat shock, and the knockdown of HSF1 abolished the
occupancy of SSBP1. Furthermore, SSBP1 did not occupy the HSP70.3 promoter when endogenous
HSF1 was replaced with its interaction mutants hHSF1-K188A or hHSF1-K188G, but not with
hHSF1-K188R (Fig. 11e). The occupancy of SSBP1 on the HSP70.3 promoter did not require its
ability to bind to single-stranded DNA (ssDNA), because SSBPIAMTS-W68T/F74A, which could
not bind to ssDNA®, was recruited to the promoter (Fig. 12). These results demonstrate that HSF1
directly recruits SSBP1 to the HSP70.3 promoter during heat shock.

The HSF1-transcription complex includes coactivators such as BRG1-containing chromatin

10,11

remodeling complex, which promotes transcription of the HSP70 gene ~ . The recruitment of

BRG] is tightly correlated with the expression of HSPs***’

. Therefore, we examined the recruitment
of BRG1 to the HSP70.3 promoter. It was revealed that the knockdown of SSBP1 or replacement
with each interaction mutant of HSF1 reduced the recruitment of BRG1 during heat shock (Fig. 11f).
Consistently, the recruitment of RNA polymerase Il (Pol II) was also reduced in the presence of
these interaction mutants. Thus, SSBP1 promotes the recruitment of BRG1 to the HSP70.3 promoter
during heat shock.

4.6 SSBP1 enhances chaperone expression during heat shock

To identify genes regulated by the HSF1-SSBP1 complex, we performed microarray analysis using
MEEF cells treated with or without heat shock at 42°C for 1 h, and identified 154 heat-inducible genes
(fold change >1.5). Gene ontology enrichment analysis of this gene set revealed over-represented
terms related to chaperones (Fig. 13a, gray bars). Among the products of all chaperone genes, ten
were cytoplasmic/nuclear chaperones, such as HSP110, HSP90, HSP70, HSP40s, and small HSPs
and two were the mitochondrial chaperones, HSP60 and HSP10 (Fig. 13b). The fold inductions of
these genes seemed to decrease with SSBP1 knockdown. We confirmed that the mRNA levels of
mitochondrial HSP60 and HSP10 were induced modestly (approximately 5- to 6-folds) during heat
shock (Fig. 13c), whereas those of cytoplasmic/nuclear chaperones was robustly induced (more than
25-folds) (Fig. 14a). The fold inductions of all these chaperones decreased by half after heat shock at
42°C for 60 min with SSBP1 knockdown, whereas they were hardly induced with HSF1 knockdown
(Fig. 13c, Fig. 14a). The protein levels of HSP60, HSP10, HSP110, HSP70, and HSP25 were
correlated with each mRNA level (Fig. 13d). We performed ChIP assay and found that SSBP1 was
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recruited to the common HSE in the HSP60 and HSPI0 genes as well as to the promoters of
cytoplasmic/nuclear chaperones, but was not recruited in the presence of the interaction mutants
hHSF1K188A and hHSF1-K188G (Fig. 13e, Fig. 14b). HSF1 mutants that cannot bind to SSBP1
were able to occupy these promoters, suggesting that SSBP1 does not direct HSF1 to its targets.
Furthermore, the recruitment of BRG1 was reduced in the presence of these interaction mutants.
Among mitochondrial chaperone genes, mtHSP70 gene has been shown to be bound by HSF1 in

heat-shocked human and mouse cells*™*’

. We found that the induction of mtHSP70 expression
during heat shock was strictly dependent on SSBP1 as well as HSF1, and the recruitment of BRG1
was also reduced in the presence of the HSF1 mutants (Fig. 14c,d). Thus, SSBP1 enhances the
expression of mitochondrial and cytoplasmic/nuclear chaperones, in part by facilitating the

formation of the HSF1-transcription complex including BRG1.

4.7 HSF1-SSBP1 complex protects cells from proteotoxic stresses
The reduced expression of a set of chaperones may affect cell survival on proteotoxic stress
conditions. We examined the survival of MEF cells during extreme heat shock at 45°C. We showed
that cell survival during heat shock was markedly reduced when HSF1 was knocked down, and was
restored by the overexpression of wild-type hHSF1 or hHSF1-K188R (Fig. 15a). However, it was
not restored by overexpression of the interaction mutants, hHSF1-K188A or hHSF1-K188G.
Furthermore, the survival of cells during treatment with MGI132 was also reduced in
HSF1-knockdown cells, and was restored by the overexpression of hHSF1, but not that of the
interaction mutants (Fig. 15b). Thus, the interaction between HSF1 and SSBP1 affected the survival
of cells on proteotoxic stress conditions more strongly than we expected from the fact that the
transcriptional activity of the interaction mutant of HSF1 was reduced partially.

Mitochondrial chaperones such as HSP60 and HSP10 control apoptosis, mitochondrial

48-50 . . .
. Therefore, we examined mitochondrial membrane

membrane potential and PTP opening
potential, which regulates cell death and energy production, using a fluorescent probe
tetramethylrhodamine methyl ester (TMRM). The intensity of TMRM fluorescence was not affected
by scramble RNA-treated cells or HSF1 knockdown cells in unstressed conditions, but was
moderately reduced in SSBP1 knockdown cells (Fig. 15¢). The fluorescence intensity was
moderately reduced during heat shock at 42°C for 1 h or with MG132 for 6 h in scrambled
RNA-treated cells'>*. It was much more reduced under these stressed conditions in HSF1 or SSBP1
knockdown cells than in scrambled RNA-treated cells. We replaced endogenous HSF1 with its
mutants and examined the membrane potential. The intensity of TMRM fluorescence in
HSF1-knockdown cells was reduced by heat shock or MGI132 treatment, but the reduced
fluorescence intensities were restored by overexpression of wild-type hHSF1 or hHSF1-K188R, but
were not by that of hHSFI-KI188A or hHSF1-K188G (Fig. 15d). These results indicate that

HSF1-SSBP1 complex supports the maintenance of mitochondrial membrane potential in
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proteotoxic stress conditions.

5. Discussion

The HSR was originally discovered as the induction of a set of puffs in salivary gland chromosomes
of Drosophila after treatment with heat shock or dinitrophenol, an uncoupler of oxidative
phosphorylationSI. Thereafter, many agents that interfere with mitochondrial function, including
uncouplers of oxidative phosphorylation and inhibitors of electron transport, were shown to induce
the HSR in Drosophila®®. These observations suggested that mitochondria were the primary target of
many different stimuli that induce the HSR, and this response protected cells from respiratory stress.
However, these hypotheses were not well supported by the fact that the HSPs induced by heat shock
were not concentrated in the mitochondria, and respiration-deficient yeast mutants still produced
HSPs in response to heat shock™. We now understand that the HSR is triggered by the elevation of
misfolded proteins within cells and the dissociation of chaperones from HSF1°. Nevertheless, heat
shock induces mitochondrial chaperones such as HSP60 and HSP10*'%, and the HSR is modulated
by mitochondrial signals such as increased levels of reactive oxygen species, which are produced in
excess from impaired mitochondria®'. In fact, the activity of HSF1 is regulated by cellular redox
status through its cysteine residues®~°. However, the mitochondrial factor that directly links signals
in the mitochondria to the HSR remained unknown. Here, we demonstrate that mitochondrial SSBP1
promotes the induction of cytoplasmic/nuclear and mitochondrial chaperones (Figs. 3, 13), and
supports cell survival and the maintenance of mitochondrial membrane potential, an indicator of
functional mitochondria, in proteotoxic stresses conditions (Fig. 15).

SSBP1 is a homologue of Escherichia coli SSB and plays roles in mitochondrial DNA
metabolism including replication by binding to ssDNA®. Thus, its function is analogous to that of
replication protein A (RPA), which is also an interacting partner of HSF1, in the nucleus®®. The
localization of SSBP1 has been thought to be mitochondrial under physiological conditions, and
viral infection was suggested to induce the nuclear translocation of SSBPI. In Epstein-Bar
virus-infected cells, overexpression of the viral-encoded protein Zta, which is a basic leucine zipper
DNA-binding protein, induced SSBP1 to enter the nucleus™’. We show that SSBPI translocates to

the nucleus when cells are exposed to proteotoxic stresses including treatment with heat shock,

18



proteasome inhibitor, or proline analogue (Fig. 4). The nuclear translocation of SSBP1 is dependent
on its interaction with the oligomerization domain of HSF1 (Figs. 1, 7), suggesting that HSF1
transports SSBP1 to the nucleus. Furthermore, the HSF1-SSBP1 complex on the promoters
potentiates HSF1 transcriptional activity by facilitating the recruitment of BRG1, a component of
chromatin remodeling complexes (Figs. 11-13). Thus, we elucidate a new role of SSBP1 in the
regulation of gene expression in the nucleus (see the scheme below).

The PTP controls mitochondrial homeostasis via a sudden increase in membrane permeability
in response to stimuli, and is important for mitochondrial functions under various pathophysiological
conditions™®. Opening of the PTP is associated with the loss of inner membrane potential required for
energy production and the release of cell death-related factors from the intermembrane space such as

15,34

Cyto C, AIF, and endonuclease G . Previous studies suggested that proteotoxic stresses including

12,37

heat shock and proteasome inhibition might open the PTP . We show that pretreatment with

cyclosporine A inhibits its opening and the nuclear translocation of SSBP1 during heat shock (Fig.

8a-c). VDACs are not always essential for opening of the PTP***

. However, VDACI is required for
heat shock-mediated PTP opening and the nuclear translocation of SSBP1 (Fig. 8d,e, Fig. 9b). Thus,
the mitochondrial permeability transition pore ANT-VDACI1 complex is required for the nuclear
translocation of SSBP1. Remarkably, the PTP opening induces the pro-survival function of
SSBP1'**? without the release of pro-apoptotic factors such as Cyto C and AIF in response to
moderate heat shock (Fig. 10). Recently, it was reported that the pyruvate dehydrogenase complex in
mitochondria translocates to the nucleus and provides acetyl-CoA required for histone acetylation
and epigenetic regulation®. Although a mechanism that can explain the specific export of these

proteins across the mitochondrial membrane remains unknown, the mitochondrial expatriate may be

involved more generally in the regulation of genomes in response to stimuli.

Cytoplasm
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The propose model of mitochondrial SSBP1 potentiates stress-induced HSF1
trancriptional activity in mammalian cells .

Following proteotoxic stresses, mitochondrial SSBP1 is released from mitochondria through
ANT-VDACI complex, and forms complex with HSF1 in the cytoplasm. With the help of
HSF1, SSBP1 translocated to the nucleus, where is binds to the cytoplasm/nuclear and
mitochondrial chaperone promoters in a HSF1-dependent manner to induce these

chaperone expressions, thus keep the proteostasis not only in the cytoplasm/nuclear, but

also in the mitochondria.

Proteostasis in mitochondria is maintained by the mitochondrial UPR, which is characterized by
the induction of mitochondrial chaperones such as HSP60, HSP10, and mtHSP70 and proteases such
as Lon and ClpP’. Although this response is regulated by ATFS-1 in C. elegans'®'’, a mammalian
homologue of ATFS-1 has not yet been identified. We clearly show that HSF1 induces the
expression of HSP60, HSP10, and mtHSP70 during heat shock in mouse cells, and SSBP1, which
localizes mostly in the mitochondria, enhances their expression by potentiating the transcriptional
activity of HSF1 (Figs. 13, 14). Thus, the HSF1-SSBP1 complex is involved in the mitochondrial
UPR during proteotoxic stresses at least in mammalian cells. Unexpectedly, the effects of HSF1 on
cell survival against proteotoxic stresses are largely dependent on SSBPI1, partly through the
maintenance of mitochondrial function (Fig. 15). Even in physiological conditions, HSF1 is required
for mitochondrial homeostasis in some tissues, including the heart®, and for the expression of
HSP60 in the olfactory epithelium®. Because the induction of mitochondrial UPR is associated with
longevity in C. elegans and Drosophila®™®, the strong effects of HSF on ageing and the age-related

misfolding diseases® ® may be in part due to its role in mitochondrial proteostasis.
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6. Perspective

Mitochondria is working as a power house, and has its own circular double stranded genome
(mtDNA), which is about 16,600 bp in humans. mtDNA encodes only 13 mRNAs, 22 tRNAs and 2
rRNAs, which are essential for oxidative phosphorylation. The remaining ~80 components of the
respiratory chain are encoded by nuclear genes and imported into mitochondrial network. Therefore,
when mitochondria is endangered by environmental stress, mitochondria needs communicate with
nuclear to deal with the crisis potentially at the transcriptional level.

Today, the number of mitochondrial DNA mutations linked to the human diseases is
continuously increased. Mitochondrial diseases are inherited either in a maternal or a Mendelian way.
The inheritance complexity of mitochondrial disease arises from the fact that mitochondria are
semi-autonomous organelles. Most mitochondrial proteins are nuclear encoded. Thus, functional
mitochondria require polypeptides from both the nuclear and the mitochondrial genomes.
Furthermore, mitochondrial dysfunction may play a role in neurodegenerative diseases, such as
Parkinson’s and Alzheimer’s diseases and even in the normally occurring aging process. Therefore,
our better understanding of the molecular mechanism of communication between mitochondria and

nuclear may provide us new therapeutic target for neurodegenerative diseases and aging.
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7. Conclusions

1) SSBP1 binds to the trimerization domain of HSF1

2) SSBP1 promotes HSP70 expression during heat shock

3) SSBP1 translocates from the mitochondria to the nucleus during heat shock

4) Nuclear translocation of SSBP1 is dependent on mitochondrial PTP complex ANT-VDACI and
HSF1

5) SSBP1 complex promotes the recruitment of BRG1 and RNA polymerase 11

6) SSBP1 accelerates the expression of mitochondrial and cytoplasmic/nuclear chaperones

7) SSBP1 protects cells from proteotoxic stresses
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Figure1 SSBPI1 interacts with the trimerization domain of HSF1.

(a) Interaction between HSF1 and SSBP1. Total cell lysates and the nuclear and cytosolic fractions
were prepared from MEF cells at 37°C (HS-) and cells treated with heat shock at 42°C for 60 min
(HS+). Complexes co-immunoprecipitated using preimmune serum (P.I.) or antiserum for HSF1
were blotted with SSBP1 or HSF1 antibody. Total proteins in each lysate were blotted using the
same antibodies as a control (Input). They were also blotted using an antibody for a nuclear protein
SP1 or HSP90 localized dominantly in the cytoplasm, and are shown at the bottom. (b)

Trimerization domain of HSF1 is required for the interaction with SSBP1. GST pull-down assay
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from mixtures of each purified GST-fused hHSF1 protein with mSSBP1-His protein was performed,
and blotted with SSBP1 or GST antibody (lower). Degraded recombinant proteins were observed in
some lanes. Schematic representation of hHSF1 deletion mutants fused to GST is shown (upper).
The ability of each protein to interact with SSBP1 is indicated on the right. DBD, DNA-binding
domain; HR, hydrophobic heptad repeat; DHR, downstream of HR-C. A red bar indicates the
trimerization domain (HR-A/B, amino acids 130-203), which is required for interaction with SSBP1.
(c) Alignment of the amino acid sequences of the trimerization domain of human HSF members.
Residues identical among the three sequences are indicated in black, and those identical between two
are in gray. Open and solid squares show the heptad repeats of hydrophobic amino acids. Seven
residues indicated by dots were mutated (see Supplementary Fig. 1b). Among them, lysine at amino
acid 188 (K188) (red dot) was required for the interaction with SSBPI1. (d) Interaction of SSBP1
with HSF1 point mutants. Each Flag-tagged hHSF1 point mutant at K188 was expressed in HEK293
cells, and complexes co-immunoprecipitated using SSBP1 antibody were blotted with Flag or
SSBP1 antibody. (e) DNA-binding activity of HSF1 point mutants. Whole cell extracts were
prepared from cells treated as described in d, and were subjected to EMSA using **P-labeled
HSE-oligonucleotide in the presence of preimmune serum (P.I.) or HSF1 antibody (a-HSF1) (upper).

Western blotting was also performed (lower).
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Figure 2 Identification of HSF1 point mutation that can not interact with SSBP1.

(a) mSSBPI interacts with hHSF2 and hHSF4 as well as hHSF1. GST pull-down from mixtures of
purified GST, GST-hHSF1, GST-hHSF2, or GST-hHSF4 with purified mSSBP1-His was performed,
and blotted with SSBP1 or GST antibody. (b) Alignment of the amino acid sequences for the
trimerization (HR-A/B) domain of human, mouse, and chicken HSF1, and Drosophila melanogaster,
C. elegans, and Saccharomyces cerevisiae HSF. Residues identical among six sequences are
indicated in black, and those identical among four or five are in gray. Open and solid squares show
the heptad repeats of hydrophobic amino acids. Seven residues in hHSF1 that were identical to those
in hHSF2, hHSF4 (see Fig. 1c), and HSF1 (or HSF) in other species are indicated by dots. Lysine at
amino acid 188 (K188) (red dot) was required for the interaction with SSBPI1. (¢) Interaction of
SSBP1 with HSF1 point mutants. Each HSF1 point mutant tagged with Flag at the C-terminus was
overexpressed in HEK293 cells, and complexes co-immunoprecipitated using SSBP1 antibody were
blotted with Flag or SSBP1 antibody. (d) DNA-binding activity of HSF1 point mutants. Whole cell
extracts were prepared from cells treated as described in c, and were subjected to EMSA using
32p-labeled HSE-oligonucleotide (upper). Western blotting was also performed (lower). Endogenous

HSF1 was detected at a low level (lane 1).
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Figure 3 SSBP1 promotes HSP70 expression during heat shock.

(a) Expression of HSP70 mRNA during heat shock after SSBP1 knockdown. MEF cells were
infected with adenovirus expressing scrambled RNA (SCR) or shRNA against mSSBP1 for 72 h, and
heat shocked at 42°C for the indicated periods. HSP70 mRNA levels were quantified by RT-qPCR,
and the levels relative to those in untreated cells are shown (n=3). Mean =+ s.d. is shown. Asterisks
indicate p<0.05 by ANOVA. Western blotting was performed to show the levels of SSBP1 and
B-actin. (b) Expression of HSP70 mRNA in response to various stresses. MEF cells were infected
with adenovirus expressing shRNA against mSSBP1 or SCR for 72 h, and were then treated with
heat shock at 42°C for 30 min, MG132 (10 uM) for 3 h, AzC (SmM) for 6 h, or As (50 uM) for 3 h.
HSP70 mRNA was quantified by qRT-PCR (n=3). Mean * s.d. is shown. Asterisks indicate p<0.05
by Student’s t-test. (¢) Expression of HSP70 mRNA after TFAM knockdown. MEF cells were
infected with adenovirus expressing scrambled RNA (SCR) or shRNA against mTFAM for 72 h, and
heat shocked at 42°C for the indicated periods. HSP70 mRNA was quantified by RT-qPCR (n=3).
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Western blotting was performed to show the levels of TFAM and B-actin. (d) Expression of HSP70
mRNA during heat shock in the presence of HSF1 mutants. Endogenous HSF1 was replaced with
each HSF1 mutant at K188 or GFP in MEF cells. HSP70 mRNA levels during heat shock at 42°C
for 30 min were quantified by RT-qPCR (n=3) (left). Mean + s.d. is shown. Asterisks indicate p<0.05
by Student’s t-test. Cell extracts were also subjected to Western blotting (right).
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Figure 4 Mitochondrial SSBP1 translocates to the nucleus during heat shock.

(a) GFP-fused mSSBP1 can accumulate in the nucleus. HeLa cells were transfected with an
expression vector for mSSBP1-GFP or mSSBP1AMTS-GFP for 48 h, and were treated without
(Cont.) or with heat shock at 42°C for 60 min (HS). They were co-stained with antibody for the

mitochondrial marker TOM20, and the nuclear marker DAPI. Each fluorescence image of GFP
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(green), TOM20 (red), or DAPI (blue) was obtained in scanning confocal microscopy, and merged
images (Merge) were shown. Bars, 10 um. (b) Nuclear localization of SSBP1 in heat-shocked cells.
HeLa cells were treated without (Cont.) or with heat shock at 42°C for 60 min (HS), and co-stained
with antibodies for SSBP1 and TOM20, and DAPI. Each fluorescence image of SSBP1 (green),
TOM20 (red), or DAPI (blue) was obtained in scanning confocal microscopy, and merged images
(Merge) are shown. Bars, 10 um. Alternatively, HeLa cells were infected with Ad-sh-hSSBP1-KD1
for 72 h, treated with heat shock (SSBP1-KD HS), and co-stained as described above (bottom). (c¢)
HeLa cells were treated, co-stained as described in b. The fluorescence intensities (arbitrary unit) at
the lane (red line) in each cell are shown. (d) HeLa cells were treated with heat shock at 42°C for the
indicated periods. Cytoplasmic (Cyto.), nuclear (Nuc.), and mitochondrial (Mito.) fractions were
prepared as described in Methods. Equivalent volumes of the fractions (fractions isolated from 1 x
10° cells for SSBP1 blot) were subjected to Western blotting using antibody for SSBP1, TOM?20,
Spl, and HSP90 (left). The signals were estimated using Imagel], and relative protein levels
compared to a control level or that after heat shock were shown (right). (e) SSBP1 translocates to the
nucleus in response to proteotoxic stresses. HeLa cells were treated without (Cont.) or with heat
shock at 42°C for 60 min (HS), a proteasome inhibitor MG132 (10 uM) for 3 h, or a proline
analogue, L-azetidine-2-carboxylic acid (5 mM) for 6 h (AzC). The cells were co-stained as

described in b. Bars, 10 pm.

36



IB: anti-HSF1

HSP70 mRNA

Figure 5 Localization of SSBP1 in response to various stresses.

(a) HeLa cells were treated without (Cont.) or with heat shock at 42°C for 60 min (HS), paraquat
(PQ, 30 uM) and maneb (MB, 5 uM) for 6 h, FCCP (10 uM) for 6 h, hypoxia (1% O,) for 16 h,
H,0; (0.4 mM) for 6 h. They were co-stained with antibodies for SSBP1 and TOM20, and DAPIL
Each fluorescence image of SSBP1 (green), TOM20 (red), or DAPI (blue) in scanning confocal
microscopy, and merged images were shown (Merge). Bars, 10 um. (b) HeLa cells were treated as
described in a. HSP70 mRNA levels were quantified by RT-qPCR, and the levels relative to those in
untreated cells are shown (n=3) (left). Asterisks indicate p<0.05 by Student’s t-test. Western blotting
was performed using antibodies for HSF1, HIF-1a (610958, BD Transduction Laboratories), p53
(sc-99, Santa Cruz), and B-actin.

37



38



Figure 6 HSF1 and SSBP1 translocates to the nucleus during heat shock.

(a) HeLa cells were treated without (Cont.) or with heat shock at 42°C for 5, 15, 30, and 60 min (HS),
and co-stained with antibodies for SSBP1 and TOM20, and DAPI. Each fluorescence image of
SSBP1 (green), TOM20 (red), or DAPI (blue) in scanning confocal microscopy, and merged images
were shown (Merge). Bars, 10 um. (b) HeLa cells were treated as described in a, and co-stained with
a polyclonal antibody for HSF1 (acHSF17)** and DAPI. (c) HeLa cells were treated without (Cont.)
or with heat shock at 42°C for 60 min (HS), and co-stained with antibodies for SSBP1 (green) and
HSF1 (ab61382, Abcam) (red), and DAPI (blue). The HSF1 monoclonal antibody predominantly

recognized the nuclear HSF1 in control condition.
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Figure 7 Nuclear translocation of SSBP1 is dependent on HSF1.

(a) Nuclear translocation of SSBP1 is inhibited by HSF1 knockdown. HeLa cells were infected with
Ad-sh-SCR or Ad-sh-hHSF1-KD1 for 72 h, and then treated without (Cont.) or with heat shock at
42°C for 60 min (HS). The cells were co-stained with an antibody for SSBP1 (green), TOM20 (red),
and DAPI (blue), and fluorescence images were merged (Merge) (upper). Bars, 10 um. Cell extracts
in NP-40 lysis buffer were prepared and subjected to Western blotting using an antibody for HSF1 or
B-actin (lower). (b) Subcellular fractionation. HeLa cells were treated as described in a. Cytoplasmic
(C), nuclear (N), and mitochondrial (M) fractions were prepared as described in Methods. Equivalent
volumes of the fractions (fractions isolated from 1 x 10° cells for SSBP1 blot) were subjected to
Western blotting using antibody for SSBP1, HSP90, Sp1, and TOM?20. (¢) Subcellular localization of
SSBP1 in cells overexpressing HSF1 or its mutant. Cells were infected with adenovirus expressing
Ad-sh-hHSF1-KD1 or Ad-LacZ for 24 h, and were then infected for 48 h with adenovirus expressing
wild-type HSF1 (WT) or each point mutant. These cells were heat-shocked at 42°C for 60 min, and
co-stained with antibodies for SSBP1 (green) and Flag tag (red), and with DAPI (blue), and

fluorescence images were merged (Merge) (upper). Cell extracts were prepared and subjected to
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Western blotting using antibody for HSF1 or [B-actin (lower). Bars, 10 pum. (d) Subcellular
fractionation was performed using the cells treated as described in c, and fractions of the cytoplasm

(C), nucleus (N), and mitochondria (M) were subjected to Western blotting as described in b.
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Figure 8§ ANT-VDACI1 complex is involved in the nuclear translocation of SSBP1.

(a) Heat shock-mediated PTP opening is inhibited by cyclosporin A. HeLa cells, pretreated for 2 h
with 20 UM cyclosporin A/ 2% ethanol or 2% ethanol, were treated without (Cont.) or with heat
shock at 42°C for 60 min (HS), and were incubated with calcein AM in the presence or absence of
CoCl,. Ionomycin was co-incubated as a negative control. Bars, 10 wm. The intensity of calcein
fluorescence (arbitrary units) from three independent experiments was quantified using Imagel.
Mean + s.d. is shown. Asterisks indicate p<0.05 by Student’s t-test. (b) Cyclosporin A inhibits the
nuclear translocation of SSBP1. HeLa cells treated as described in a were co-stained with an

antibodies for SSBP1 (green) and TOM20 (red), and DAPI (blue), and fluorescence images were
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merged (Merge). Bars, 10 um. (¢) Cytoplasmic (C), nuclear (N), and mitochondrial (M) fractions
were prepared from cells treated as described in b. Equivalent volumes of the fractions were
subjected to Western blotting using an antibody for SSBP1, HSP90, Sp1, and TOM20. (d) VDACI1
knockdown inhibits the nuclear translocation of SSBP1. HeLa cells were infected with Ad-sh-SCR
or adenovirus expressing sShRNA for each VDAC for 72 h, and then treated without (Cont.) or with
heat shock at 42°C for 60 min (HS). These cells were co-stained as described in b. Bars, 10 um. (e)
Cells treated as described in d were subjected to subcellular fractionation as described in c. (f)
Expression of HSP70 in VDAC knockdown cells. MEF cells were infected with Ad-sh-SCR or
adenovirus expressing shRNA for mouse VDAC1, VDAC2, or SSBP1 for 72 h, and heat shocked at
42°C for the indicated periods. HSP70 mRNA was quantified by RT-qPCR (n=3). Mean + s.d. is
shown. Asterisks indicate p<0.05 by ANOVA. (g) Restoration of HSP70 expression by the
overexpression of human SSBPIAMTS in VDACI1 knockdown cells. VDACI or SSBP1 was
knocked down in cells, and then c-myc-tagged hSSBPIAMTS was overexpressed. HSP70 mRNA
levels during heat shock at 42°C for 30 min were quantified by RT-qPCR (n=3) (left). Mean + s.d. is
shown. Asterisks indicate p<0.05 by Student’s t-test. Cell extracts were subjected to Western blotting
(right).
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Figure 9 VDACI1 knockdown reduces mitochondrial PTP opening.

(a) Knockdown of VDAC members. HelLa (left) and MEF (right) cells were infected with
Ad-sh-SCR or adenoviruses expressing shRNAs for VDACI1, VDAC2, or VDAC3 for 72 h. Cell
extracts were prepared from these cells, and the expression of VDAC1, VDAC2, VDAC3, and
B-actin were examined by Western blotting using antibodies for VDAC1 (ab14734, Abcam),
VDAC2 (ab37985, Abcam), VDAC3 (sc-79341, Santa Cruz). An arrow indicates the position of
mouse VDACI. (b) Heat shock-mediated PTP opening is inhibited by VDAC1 knockdown. HelLa
cells were infected with Ad-sh-SCR or adenovirus expressing shRNA for hVDACI, hVDAC2, or
hVDACS3 for 72 h, and then treated without (Cont.) or with heat shock at 42°C for 60 min (HS).
These cells were incubated at 37°C for 30 min with calcein AM, in the presence or absence of CoCl,.
Ionomycin was co-incubated as a negative control. The intensity of calcein fluorescence (arbitrary

units) from three independent experiments was quantified using ImageJ.
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Figure 10 HeLa cells do not die during heat shock at 42°C for 1 h.

(a) Survival of HeLa cells during heat shock. Cells were treated without (37°C) or with moderate
heat shock at 42°C for 1 h or extreme heat shock at 45°C for 2 h. The viable cells excluding trypan
blue were counted and percentages of viable cells were shown (n=3). Asterisks indicate p<0.05 by
Student’s t-test. (b) Release of apoptotic factors and cleavage of caspase-3. HeLa cells were treated
as described in a. The mitochondrial (Mito.) and cytoplasmic (Cyto.) fractions were prepared and
subjected to Western blotting using antibodies for Cyto C (7H8.2C12, BD Pharmingen), AIF
(sc-13116, Santa Cruz), TOM20, and HSP90. Cells were treated with heat shock as described in a,
and with 2 uM doxorubicin for 24 h (Dox). Total cell extracts were prepared and subjected to
Western blotting using antibodies for cleaved caspase-3 (#9661, Cell Signaling) and B-actin.
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Figure 11 HSF1-SSBP1 complex promotes recruitment of BRG1.
(a) SSBP1 does not affect DNA-binding activity of HSF1. MEF cells were infected for 72 h with
Ad-sh-mSSBP1-KD1 or Ad-sh-SCR, and heat-shocked at 42°C until 40 min (HS). Whole cell

extracts were prepared and subjected to EMSA using a **P-labeled ideal HSE-oligonucleotide in the
presence of preimmune serum (P.I.) or HSF1 antibody (a-HSF1) (upper). Western blotting was
performed (lower). (b) Schematic representation of mouse HSP70.3 (HSPA1A) locus. Regions a to e
in the HSP70.3 promoter were amplified by PCR using primer sets. Amplified proximal and distal
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HSE regions (pHSE and dHSE), and coding (coding) and intergenic regions (inter.) by real-time
PCR are shown as gray boxes. (¢) SSBP1 is recruited to dHSE containing region. ChIP-enriched
DNA was prepared, using preimmune serum (P.I.) or antibody for HSF1 or SSBP1, from MEF cells
untreated (C) or treated with heat shock at 42°C for 30 min (HS). DNA fragments of the regions
were amplified by PCR. (d) HSF1-dependent recruitment of SSBP1. MEF cells, in which HSF1 or
SSBP1 was knocked down, were treated without (Cont.) or with heat shock at 42°C for 30 min (HS).
ChIP-gPCR analyses were performed in pHSE, dHSE, and intergenic (Inter.) regions using HSF1 or
SSBP1 antibody (n = 3). Asterisks indicate p<0.05 by Student’s t-test. HSF1 and SSBP1 protein
levels were examined by Western blotting. (e) SSBP1 occupancy in the presence of HSF1 mutants.
Cells, in which endogenous HSF1 was substituted with each interaction mutant, were untreated
(Cont.) or treated with heat shock at 42°C for 30 min (HS). ChIP-qPCR analyses were performed (n
= 3). Protein levels of HSF1 and its mutants were examined by Western blotting. (f) SSBP1
promotes the recruitment of BRG1 and Pol II. SSBP1 knockdown cells were heat-shocked as
described in d, and ChIP-qPCR analyses were performed using BRG1 antibody (n = 3). Endogenous
HSF1 was also substituted with each interaction mutant as described in e. ChIP-qPCR analyses in
the dHSE, pausing or coding region, and intergenic region were performed using BRG1 or Pol 11

antibody (n = 3).
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Figure 12 ssDNA-binding activity of SSBP1 is not required for its occupancy on HSP70.3
promoter.

Endogenous SSBP1 was substituted with c-myc-tagged hSSBPIAMTS (AMTS) or
hSSBP1AMTS-W68T/F74A (AMTS-WF) that could not bind to a single-stranded DNA. These cells
were untreated (Cont.) or treated with heat shock at 42°C for 30 min (HS). ChIP-qPCR analyses in
the dHSE and an intergenic region (Inter.) were performed using HSF1 or SSBP1 antibody (n = 3)
(left, middle). Protein levels of SSBP1 and its mutants were examined by Western blotting using

SSBP1 antibody or c-myc antibody (right).

48



GERe Fold-changes
symbol Gene title SCR HS HEFKD_HS va . | SSEP1KD HS vs
: S SCR Conl | _MSFI-KD_Cont | _SSBP1-kD_Cont
Enrichment-score
Hsph1 Heat shock 105kDa/110kDa protein 1 5.40 112 2.50
response fo stress ] Hspoaal | Heat shock protein 90, alpha (cytosolic) 1.84 1.05 127
inactivation of 5| Hspatla | Heat shock 70kDa protein 1A 19.78 1.47 10.61
MARI activity — E| Dnajat | Drad(Hsp4ao) homolag, subfamily A, member 1| 4.62 1.18 255
5 ¥ 3
protein folding 1 Z | Dnajad | DnadiHspd0) homolag, subfamiy A, member4 | 310 1.00 166
response to heat : g Dnajb1 | Dnad{Hspd0) homolog, subfamily B, member 1 772 1.08 333
—g Dnajb4 | DnaJ(Hsp40) homolog, subfamily B, member 4 278 1.08 1.30
endoerm formation : o )
<. | Hspbl Heat shock 27kDa protein 1 437 117 243

Cont. HS

d
MEF v/ SSBP1 CHIP
SCR mHSF1-KD2 ~ mSSBP1-KD1 1.0
Recovery(h) — 0 1 3 6 — 0 1 3 6 — 0 1 3 6 -,

5 0.8 =
L 8 £ 086
= ES
anti-HSP10 ——pedi |“° I

=
= £
IB: anti-HSP40 | —m—m—— s - |—37 3 BRG1 CHIP

IB: anti-HSP27 | e = —|-25 0.8

Figure 13 SSBP1 enhances the expression of mitochondrial and cytoplasmic/nuclear

chaperones.

(a) Chaperone-related terms are over-represented in gene ontology enrichment analysis of
heat-inducible genes. MEF cells, which were infected for 72 h with Ad-sh-mHSF1-KD2,
Ad-sh-mSSBP1-KD1, or Ad-sh-SCR, were untreated (C) or treated with heat shock at 42°C for 1 h
(HS). Microarray analysis was performed using total RNA isolated from these cells. We identified
154 heat-inducible genes (fold change > +1.5, p<0.05) (n=3) in scrambled RNA-treated cells, and
this gene set was subjected to gene ontology enrichment (Partek Genomics Suite 6.5). The enriched
biological process categories (p<0.0001, determined by Fisher’s exact test) are shown. (b) Summary
of heat-inducible chaperone genes. All cytoplasmic/nuclear chaperones and mitochondrial

chaperones among 154 heat-inducible genes from a are shown. Fold-changes (HS vs Cont.) were
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calculated by comparing mRNA levels in heat-shocked cells with those at control levels in HSF1 or
SSBP1 knockdown cells (n=3). (¢) Expression of mitochondrial chaperones during heat shock in
SSBP1 or HSF1 knockdown cells. MEF cells were infected with Ad-sh-SCR, Ad-sh-mSSBP1-KD1,
or Ad-sh-mHSF1-KD2, and heat shocked at 42°C for the indicated periods. HSP60 and HSP10
mRNAs were quantified by RT-qPCR (n=3). Mean + s.d. is shown. Asterisks indicate p<0.05 by
ANOVA. (d) Protein levels of mitochondrial as well as cytoplasmic/nuclear chaperones in SSBP1
knockdown cells. Cells infected with Ad-sh-SCR, Ad-sh-mSSBP1-KDI1, or Ad-sh-mHSF1-KD2,
were heat shocked at 42°C for 1 h and then allowed to recover for the indicated periods. Western
blotting was performed. (e) HSF1-SSBP1 complex promotes the recruitment of BRGI to the
HSP60/HSP10 promoter. Cells, in which endogenous HSF1 was replaced with each interaction
mutant, were untreated (Cont.) or treated with heat shock at 42°C for 30 min (HS). ChIP-qPCR
analyses in HSP60/HSP10 promoter were performed (n = 3). Mean + s.d. is shown. Asterisks
indicate p<0.05 by Student’s t-test. In schemes of promoter regions, each HSE consensus sequence,

nGAAn, is underlined.
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Figure 14 HSF1-SSBP1 complex enhances the expression of cytoplasmic/nuclear and

mitochondrial chaperones.
(a) Expression of cytoplasmic/nuclear chaperones during heat shock in SSBP1 or HSF1 knockdown

cells. Cells were infected with Ad-sh-SCR, Ad-sh-mSSBP1-KD1, or Ad-sh-mHSF1-KD2 for 72 h,
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and heat-shocked at 42°C for the indicated periods. mRNAs for HSP110, HSP70, HSP40, and
HSP25 were quantified by RT-qPCR, and levels relative to those in untreated cells are shown (n=3).
Asterisks indicate p<0.05 by ANOVA. (b) HSF1-SSBP1 complex promotes the recruitment of BRGI.
Cells, in which endogenous HSF1 was replaced with each interaction mutant, were untreated (Cont.)
or treated with heat shock at 42°C for 30 min (HS). ChIP-qPCR analyses of the each promoter were
performed using antibody for HSF1, SSBP1, or BRG1 (n = 3). Asterisks indicate p<0.05 by
Student’s t-test. (¢) Expression of a mitochondrial chaperone, mtHSP70, during heat shock in SSBP1
or HSF1 knockdown cells. Cells were treated as described in a. mRNA for mtHSP70 was quantified
by RT-qPCR, and relative levels are shown (n=3). (d) HSFI1-SSBP1 complex promotes the
recruitment of BRG1 to mtHSP70 promoter. Cells were treated as described in b and ChIP-qPCR

analyses of the mtHSP70 promoter were performed.
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Figure 15 HSF1-SSBP1 complex supports cell survival and mitochondrial function.

(a) HSF1-SSBP1 complex protects cells from heat shock. MEF cells (HSF1+/+, clone #10) were
infected with Ad-sh-mHSF1-KD2 or Ad-sh-SCR for 24 h, and then infected with adenovirus
expressing wild-type hHSF1, each hHSF1 mutant, or GFP for 48 h. After incubating the cells at 45°C

for 2 h, the number of viable cells excluding trypan blue was counted (left) and MTT assay was
performed (right) (n = 3). Mean =+ s.d. is shown. Asterisks indicate p<0.05 by Student’s t-test. (b)
HSF1-SSBP1 complex protects cells from a proteasome inhibitor. MEF cells were treated as
described in a, and were incubated with MG132 (10 uM) for 6 h. The number of viable cells was
counted (left) and MTT assay was performed (right) (n = 3). (¢) Heat shock and proteasome
inhibition reduce mitochondrial membrane potential. MEF cells were infected with Ad-sh-SCR,

Ad-sh-mHSF1-KD2, or Ad-sh-mSSBP1-KD1 for 72 h. After being incubated at 42°C for 1 h or with

53



MG132 for 6 h, the cells were stained for 30 min at 37°C with DAPI (blue) and a fluorescent dye
TMRM (red) that accumulates in the mitochondria in a manner dependent on membrane potential.
FCCP (10 uM) was added for 10 min as a negative control. Bars, 20 um. Representative
fluorescence images are shown, and TMRM fluorescence intensities (arbitrary units) are compared
with that in unstressed scrambled RNA-treated cells were quantified using ImageJ (n=3). Mean =+ s.d.
is shown. Asterisks indicate p<0.05 by Student’s t-test. (d) HSF1-SSBP1 complex supports
maintenance of mitochondrial membrane potential in proteotoxic conditions. Cells were infected
with Ad-sh-mHSF1-KD2 or Ad-sh-SCR for 24 h, and then infected with adenovirus expressing
wild-type hHSF1, each hHSF1 mutant, or LacZ for 48 h. After being incubated at 42°C for 1 h or
with MG132 for 6 h, the cells were stained with TMRM in the absence or presence of FCCP as
described in c. Bars, 20 um. TMRM fluorescence intensities (arbitrary units) compared with that in

scrambled RNA-treated cells (white bars) were quantified using ImageJ (n=3).
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Supplementary Table 1.

Primer sequences used for RT-qPCR

qPCR Forward primer Reverse primer

mHSP110 5-GGATGCTGCGCAGATTGTG-3' 5'-GCAACAGCCGTCATGTCATT-3'
mHSP70 5-GGCTGGTGAGCCACTTCGT-3' 5-GTTCTGGCTGATGTCCTTCTTGT-3'
mHSP60 5-GGCACTGGCTCCTCATCTCA-3' 5'-GCGTCCGCACCAAATTTT-3'
mHSP40 5'-CCTTCGGGAGGCTCTCTGT-3' 5'-GGTCCTGCCGTCCAGAGTAG-3'
mHSP25 5-TCTCTCGGTGCTTCACCC-3' 5'-ATGGCTTCTACTTGGCTCCA-3'
mHSP10 5-TGCTGCCGAAACTGTAACCA-3' 5'- TGCAACACTTTTCCTTGAGACTTT-3'

188 ribosomal RNA

5-GTTCCGACCATAAACGATGCC-3'

5-TGGTCGGTCCAGAAAAATCT-3'

Supplementary Table 2.

Primer sequences used for ChIP-PCR

ChIP-PCR

Region Forward primer

Reverse primer

mHSP70.3 promoter

5'-TTGATTGCCAACCACC

5'-AAAGCCTCTGTGTCC

-937 to -745 AACCCCAAAAT-3' CAGTTGGTCCTCGTT-3'
5-TGGGACACAGAGGCTT 5-ATTTACCAACTAGAGG
-760 to -538 b
CTGCCCCACT-3' CTCTGTCCCAGC-3'
5'-CAGAGCCTCTAGTTC 5-CAGTTTGTTGTGATTT
-558 to -344 c
CTAAATTAGTCCA-3' GTGGGGTTTCG-3'
5-TCACAACAAACTGTAC 5-CGGAGTTGTGGGTTCC
-356 to -154 d
ACAACACCGAG-3' GCCCTTGTCCA-3'
5'-GGAACCCACAACTC 5-CGCTCGCTCTGCT
-169 to +75 e

CGATTA-3'

TCTCTT-3'
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Supplementary Table 3.

Primer sequences used for ChIP-qPCR

ChIP-gPCR

Forward primer

Reverse primer

mHSP110 promoter

5'-GAGGCGCCGGTGAGTAAA-3'

5'-CCTTATGTAGCCTACTGAGGAGAACTT-3'

mHSP40 promoter

5-ATGTGCTGCGTCACGGAG-3'

5'-GCCAGCCCTCCAGAACCT-3'

mHSP60/HSP10

promoter

5'-GCCGAGGTGAAAGAACGA-3'

5-TCCCGTGGGTGAAAGGT-3'

mHSP25 promoter

5-TCGCTCCAGCTACCGGTATT-3'

5'-CCCCCATCTGGAAACTTCTCT-3'

mHSP70.3 dHSE

5-ACCCTCCCCCTCAGGAATC-3'

5-TGTCCAGAACTCTCCAGAGGTTT-3'

mHSP70.3 pHSE

5-GATTACTCAAGGGAGGCGGG-3'

5'-TCCGCTGGGCCAATCA-3'

mHSP70.3 pausing

5-TGACAGCTACTCAGAACCAAATCTG-3'

5-TGGTCCTGGCCGAGGAT-3'

mHSP70.3 coding

5-CAGCGAGGCTGACAAGAAGAA-3'

5-CAGCTCCTCCCGCTTGTG-3'

mHSP70.3 intergenic

5'-GTGGCGCATGCCTTTGAT-3'

5'-CTTTGTAGAACAGGCTGACCTTGA-3'
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Supplementary Table 4. Primer sequences used for gene knockdown

shRNA Sense strand Antisense strand
5'-GATCCATGTACTGCGCGTGGAGACTTCAAGA 5-AGCTTTTCCAAAAGAATGTACTGCGCGTGGA

sex GAGTCTCCACGCGCAGTACATTCTTTTGGAAA-3' GACTCTCTTGAAATCAGTCGTATTTCTCTTCG-3'

SSBP1 5'GATCCGACCTGTGTTACAGGTATTCTCAAGAGA 5-AGCTTTTCCAAAAAAGACCTGTGTTACAGGTATTT

-KD1* AATACCTGTAACACAGGTCTTTTTTGGAAA-3' CTCTTGAGAATACCTGTAACACAGGTCG-3'

SSBP1 5'-GATCCGCAACAACAATCATAGCTGTTCAAGA 5-'AGCTTTTCCAAAAAAGCAACAACAATCATAGCTG

-KD2* GACAGCTATGATTGTTGTTGCTTTTTTGGAAA-3' TCTCTTGAACAGCTATGATTGTTGTTGCG-3'

SSBP1 5'-GATCCGCCTAAAGATTAGGTTGTATTCAAGA 5'-AGCTTTTCCAAAAAAGCCTAAAGATTAGGTTGTA

-KD3* GATACAACCTAATCTTTAGGCTTTTGGAAA-3' TCTCTTGAATACAACCTAATCTTTAGGCG-3'

VDAC1 5'-GATCCGTACAGATGGACTGAGTATTTCAAGA 5'-AGCTTTTCCAAAAAAGTACAGATGGACTGAGTAT

-KD1* GAATACTCAGTCCATCTGTACTTTTTTGGAAA-3' TCTCTTGAAATACTCAGTCCATCTGTACG-3'

VDAC1 5'-GATCCGAATGACGGGACAGAGTTTTTCAAGA 5'-AGCTTTTCCAAAAAAGTGAATGACGGGACAGAG

-KD2* GAAAACTCTGTCCCGTCATTCACTTTTTTGGAAA-3' TTTTCTCTTGAAAAACTCTGTCCCGTCATTCACTTCG-3'

VDAC2 5'-GATCCGTACAAATGGTGTGAGTATTTCAAGA 5'-AGCTTTTCCAAAAAAGTACAAATGGTGTGAGTAT

-KD1* GAATACTCACACCATTTGTACTTTTTTGGAAA-3' TCTCTTGAAATACTCACACCATTTGTACG-3'

VDAC2 5'-GATCCGCTGACAAGGAGTAACTTTTTCAAGA 5'-AGCTTTTCCAAAAAAAGCTGACAAGGAGTAACTT

-KD2* GAAAAGTTACTCCTTGTCAGCTTTTTTGGAAA-3' TTCTCTTGAAAAAGTTACTCCTTGTCAGCG-3'

VDAC3 5'-GATCCATCCAAACTGTCTCAGAATTTCAAGA 5-AGCTTTTCCAAAAAAATCCAAACTGTCTCAGAAT

-KD1* GAATTCTGAGACAGTTTGGATTTTTTGGAAA-3' TCTCTTGAAATTCTGAGACAGTTTGGATG-3'

VDAC3 5'-GATCCGCAACCTAGAGACCAAATATTCAAGA 5-AGCTTTTCCAAAAAAAGGCAACCTAGAGACCAAA

-KD2* GATATTTGGTCTCTAGGTTGCCTTTTTTTGGAAA-3' TATCTCTTGAATATTTGGTCTCTAGGTTGCG-3'

mTFAM 5'-GATCCGATGAACCATTTGGTTAACTTCAAGA 5-AGCTTTTCCAAAAAAGATGAACCATTTGGTTAAC

-KD1 GAGTTAACCAAATGGTTCATCTTTTTTGGAAA-3' TCTCTTGAAGTTAACCAAATGGTTCATCG-3'

mTFAM 5'-GATCCGTGTAAAGAACATATTTCTTTCAAGA 5-AGCTTTTCCAAAAAAGTGTAAAGAACATATTTCT

-KD2 GAAGAAATATGTTCTTTACACTTTTTTGGAAA-3' TCTCTTGAAAGAAATATGTTCTTTACACG-3'

*Sequences for both mouse and human genes.
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