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SUMMARY

Despite its eponymous association with the heat shock response, yeast heat shock factor 1 (Hsf1) 

is essential even at low temperatures. Here we show that engineered nuclear export of Hsf1 results 

in cytotoxicity associated with massive protein aggregation. Genome-wide analysis revealed that 

Hsf1 nuclear export immediately decreased basal transcription and mRNA expression of 18 genes, 

which predominately encode chaperones. Strikingly, rescuing basal expression of Hsp70 and 

Hsp90 chaperones enabled robust cell growth in the complete absence of Hsf1. With the exception 

of chaperone gene induction, the vast majority of the heat shock response was Hsf1-independent. 

By comparative analysis of mammalian cell lines, we found that only heat shock-induced but not 

basal expression of chaperones is dependent on the mammalian Hsf1 homolog (HSF1). Our work 

*Corresponding authors: vdenic@mcb.harvard.edu, pincus@wi.mit.edu.
8Present address: Yumanity Therapeutics, Cambridge, Massachusetts 02139, USA

SUPPLEMENTAL INFORMATION
Supplemental information incudes Supplemental Discussion, Supplemental Experimental Procedures, five figures and six tables.

AUTHOR CONTRIBUTIONS
V.D., D.P. and E.S. conceived of the project and designed the experiments. E.S. performed the cloning and yeast strain construction; 
E.S. developed the quantitative microscopy, flow cytometry and genetics assays and performed these experiments with the Hsf1-AA 
strain, with help from D.P. for live-cell confocal microscopy; V.D. performed the NET-seq experiments; X.Z. performed the ChIP-seq 
experiments; E.S and D.P. prepared yeast samples, which D.P. purified RNA from, for RNA-seq; J.P., D.J. and P.G. developed the 
CRISPR/Cas9 genome editing protocol; J.P. and D.J. generated the hsf1 knockout cell lines; J.P. prepared mammalian cell samples for 
RNA-seq. E.S., D.P. and V.D. analyzed the data with help from E.A.; E.S., D.P. and V.D. made the figures and wrote the paper. All 
authors edited the manuscript.

Publisher's Disclaimer: This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to our 
customers we are providing this early version of the manuscript. The manuscript will undergo copyediting, typesetting, and review of 
the resulting proof before it is published in its final citable form. Please note that during the production process errors may be 
discovered which could affect the content, and all legal disclaimers that apply to the journal pertain.

HHS Public Access
Author manuscript
Mol Cell. Author manuscript; available in PMC 2017 July 07.

Published in final edited form as:
Mol Cell. 2016 July 7; 63(1): 60–71. doi:10.1016/j.molcel.2016.05.014.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

brought to you by COREView metadata, citation and similar papers at core.ac.uk

provided by DSpace@MIT

https://core.ac.uk/display/159108415?utm_source=pdf&utm_medium=banner&utm_campaign=pdf-decoration-v1


reveals that yeast chaperone gene expression is an essential housekeeping mechanism and provides 

a roadmap for defining the function of HSF1 as a driver of oncogenesis.

Graphical Abstarct

 INTRODUCTION

Cells maintain protein homeostasis (proteostasis) in the face of proteotoxic stress, such as 

heat shock, by inducing expression of genes encoding factors for protein folding and 

degradation (Hartl et al., 2011; Richter et al., 2010). Failure to maintain proteostasis by 

regulating gene expression has been linked to aging and neurodegeneration (Balch et al., 

2008), while many cancers are associated with elevated expression of proteostasis factors 

(Tang et al., 2015). Yeast heat shock factor 1 (Hsf1) was the first eukaryotic proteostasis 

transcription factor to be discovered (Sorger and Pelham, 1987), which enabled 

identification of homologous transcription factors across the eukaryotic lineage (Clos et al., 

1990; Jakobsen and Pelham, 1991; Rabindran et al., 1991; Scharf et al., 1990). Hsf1 is 

constitutively nuclear and essential for yeast growth under all conditions (Jakobsen and 

Pelham, 1988; Sorger and Pelham, 1988). By contrast, mammalian HSF1 is normally 

dispensable for cell growth absent stress and resides in a repressed state under physiological 

conditions (Sarge et al., 1993). Following heat shock, however, HSF1 enables 

thermotolerance by inducing gene expression of proteostasis factors (McMillan et al., 1998; 

Zhang et al., 2002). Despite these species differences, the core function of mammalian HSF1 

is conserved such that a constitutively active version can complement the yeast deletion (Liu 

et al., 1997). Moreover, as in yeast, HSF1 is constitutively active and essential for 

proliferation of many cancer cell types (Dai et al., 2007).

Efforts to systematically define genes whose stress-induced expression is dependent on 

either yeast Hsf1 or mammalian HSF1 have been challenging (Akerfelt et al., 2010). Part of 
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the difficulty comes from gene co-regulation by other transcription factors (Zhang et al., 

2002). For example, many heat-activated yeast genes, including several that encode heat 

shock proteins (HSPs), can be induced by the general stress response factors Msn2 and 

Msn4 (Boy-Marcotte et al., 1999; Gasch et al., 2000; Treger et al., 1998). There is also the 

additional challenge in yeast of defining Hsf1’s basal transcriptional program, which is 

presumed to be essential for cell viability because mutations that disrupt either Hsf1 DNA 

binding or transcriptional activation are lethal (Jakobsen and Pelham, 1991; Torres and 

Bonner, 1995). Viable partial loss-of-function mutants of Hsf1 that disrupt heat shock-

induced gene expression (Eastmond and Nelson, 2006; Morano et al., 1999; Zarzov et al., 

1997) cannot resolve whether the basal and heat-induced transcriptional programs are 

qualitatively distinct or if heat primarily tunes the magnitude of Hsf1’s basal transcriptional 

program. Chromatin immunoprecipitation combined with microarray (ChIP-chip) studies 

have favored the former possibility by showing that Hsf1 associates with additional 

promoters under heat stress (Hahn et al., 2004; Lee et al., 2002). By intersecting these data 

with heat-induced changes in mRNA abundance detected using DNA microarrays, a list of 

>160 Hsf1-dependent genes has emerged that is partly devoted to proteostasis and partly to 

disparate cellular functions such as energy generation, carbon metabolism and vesicle 

transport (Eastmond and Nelson, 2006; Hahn et al., 2004).

Hsf1’s essential function in the absence of stress is presumably to drive basal gene 

expression of essential proteostasis factors. However, closer inspection of the Hsf1 target 

genes challenges this simple conclusion in several ways. First, among Hsf1 gene targets not 

involved in protein folding, some are individually essential, while pairwise deletions of 

many non-essential ones result in synthetic lethality (Hahn et al., 2004). Second, it is not 

known to what extent other basal transcription factors would maintain expression of Hsf1 

gene targets involved in protein folding were Hsf1 to be acutely inhibited. Finally, deletion 

of many non-essential Hsf1 targets results in elevated basal Hsf1 activity (Brandman et al., 

2012), suggesting that overexpression of some targets can compensate for the loss of others. 

One unbiased strategy for defining essential Hsf1 targets would be to systematically place all 

targets under the control of Hsf1-independent promoters and find which among them are 

minimally required for life without Hsf1. This synthetic biology approach is conceptually 

simple but the lengthiness of the target list renders the prospect of its execution fanciful.

Our starting point was to develop a chemical genetics tool for inducing rapid Hsf1 nuclear 

export. This enabled us to measure immediate changes in genome-wide basal transcription. 

From this analysis emerged a list of 18 genes—all but one of which encodes a chaperone—

that are strongly dependent on Hsf1 for their basal expression. In addition, we find that 

Hsf1’s repertoire of gene targets is not significantly expanded by heat shock; instead, Hsf1 

drives heat-induced chaperone overexpression. With a greatly reduced list of Hsf1-

dependent genes, we systematically placed all targets under the control of Hsf1-independent 

promoters to find which among them are minimally required for life without Hsf1. This 

analysis defined Hsp70 and Hsp90 as the two critical chaperones. Cells engineered to live 

without Hsf1 were thermosensitive, arguing that survival under severe proteotoxic stress 

necessitates chaperone overexpression by Hsf1. Lastly, we used CRISPR/Cas9 to create two 

distinct hsf1−/− mouse cell lines, which enabled us to define HSF1’s core transcriptional 

program: a set of 9 genes—8 of which encode chaperones—that are functionally akin to 
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Hsf1-dependent genes in yeast. However, in mammalian cells basal chaperone expression is 

independent of HSF1; rather, HSF1 induced chaperone overexpression following heat shock.

 RESULTS

 A chemical genetics approach enables acute Hsf1 nuclear depletion at the physiological 
temperature

To develop a tool that acutely inactivates Hsf1 in the absence of stress we used the “Anchor 

Away” (AA) approach (Haruki et al., 2008). Briefly, we created a yeast strain (Hsf1-AA) 

that is resistant to Tor1 inhibition by rapamycin and co-expresses an Hsf1-FRB (FKBP 

rapamycin-binding domain) fusion and a ribosomal protein L13a-FKBP12 fusion (Rpl13A-

FKBP12). In this strain, rapamycin should induce FRB-FKBP12 heterodimerization, thus 

tethering Hsf1 to nascent ribosome subunits prior to their nuclear export (Figure 1A). Real-

time imaging of cells by fluorescence microscopy revealed that rapamycin treatment induced 

a rapid change in in Hsf1-FRB-GFP localization within ~10 minutes (Figure S1A). Co-

expression of a nuclear marker (NLS-mKate2) with Hsf1-FRB-GFP showed that Hsf1-FRB-

GFP co-localized with NLS-mKate2 in the nucleus of untreated cells, but after rapamycin 

treatment Hsf1-FRB-GFP became cytosolic while NLS-mKate2 remained nuclear (Figure 

S1B, C). Chromatin immunoprecipitation analysis of Hsf1-AA cells demonstrated that 

rapamycin treatment induced rapid loss of Hsf1 promoter binding for two major chaperone 

genes (HSP82 and SSA1) (Figure S1D). To functionally test if Hsf1 was removed from 

chromatin, we employed a transcription factor competition assay (Jakobsen and Pelham, 

1988) in which GFP is driven by a synthetic promoter with overlapping binding sites for 

both Hsf1 and a chimeric, β-estradiol-responsive transcription factor (Figure S1E, F) 

(McIsaac et al., 2011). Rapamycin treatment facilitated GFP reporter induction as a function 

of β-estradiol concentration, suggesting that chromatin-associated Hsf1 was removed as an 

obstacle to promoter access (Figure S1G). Consistent with this interpretation, rapamycin 

pretreatment was sufficient to render a distinct GFP reporter of Hsf1-dependent transcription 

(Brandman et al., 2012) unresponsive to heat shock (Figure S1H). Together, these results 

demonstrate that Hsf1-AA is a useful tool for acute chromatin and nuclear depletion of Hsf1.

 Hsf1 prevents protein aggregation at the physiological temperature

To measure the phenotypic consequences of Hsf1 nuclear export, we incubated Hsf1-AA 

cells on plates containing rapamycin and observed no colony formation (Figure 1B). This 

phenotype recapitulates the lethal phenotype of hsf1Δ cells and was dependent on Hsf1-

Rpl13a heterodimerization (Figure S1I), while a second copy of Hsf1 not fused to FRB was 

able to rescue growth (Figures 1B and S1I). Even though rapamycin treatment of Hsf1-AA 

cells induced Hsf1 export in a matter of minutes, it took ~2.5 hours before cells became 

arrested at various stages of the cell cycle (measured by budding index). After extended 

treatment (>13 hours) some cells lysed asynchronously (Figure S1J), and removal of 

rapamycin failed to restore cell growth, arguing for irreversible cytotoxicity. Since basal 

expression of several chaperone genes is dependent on Hsf1 binding sites in their promoters 

(Erkine et al., 1996; Gross et al., 1993; Nicholls et al., 2009; Sakurai and Ota, 2011), we 

reasoned that rapid Hsf1 nuclear export is followed by a slower decrease in chaperone 

concentration leading to protein aggregation and cytotoxicity. To test this, we measured 
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Hsp70 (Ssa1) and Hsp90 (Hsc82) protein levels following rapamycin treatment by 

quantitative Western blotting. Indeed, two hours after Hsf1 inactivation at physiological 

temperature Ssa1 and Hsc82 proteins dropped below 30% and 50% of their initial levels, 

respectively (Figure S1K). Next, we monitored protein aggregation using mCherry fused to a 

metastable, temperature-sensitive (ts) allele of Ubc9, an established reporter of protein 

misfolding in yeast that forms cytosolic aggregates visible as fluorescent puncta by 

microscopy (Kaganovich et al., 2008). In a control experiment, we confirmed that heat shock 

at 37°C induced mCherry-ubc9ts—but not stable mCherry-Ubc9wt—to form puncta that co-

localized with Hsp104-GFP, a protein disaggregase that localizes to protein aggregates 

(Glover and Lindquist, 1998) (Figure 1C). Consistent with the timing of the reduction in 

Hsp70 and Hsp90 levels, we observed mCherry-ubc9ts aggregation at the physiological 

temperature in the majority of cells within 2.5 hours of rapamycin addition (Figure 1D). 

Importantly, mCherry-Ubc9wt remained apparently soluble even after extended rapamycin 

treatment (Figure 1C, D) despite the appearance of Hsp104-GFP puncta in the same cells, 

which likely mark aggregates of endogenous metastable proteins with similar folding 

requirements to ubc9ts (Figure 1C). Thus, depletion of Hsf1 leads first to decreased 

expression of chaperones followed by proteostasis collapse and cell death.

 Yeast Hsf1 drives basal expression of 18 genes

To define the immediate transcriptional effects of Hsf1 nuclear export, we used native 

elongating transcript sequencing (NET-seq) (Churchman and Weissman, 2011) to globally 

track transcription of individual genes in Hsf1-AA cells during a rapamycin treatment time 

course (15, 30, and 60 minutes) (Table S1). Statistical analysis (see Experimental 

Procedures) defined 25 genes that were transcriptionally repressed and 5 that were induced 

by 15 minutes of drug treatment (p-value < 10−4) (Figure S2A, left panel), and these changes 

persisted in the later time points (Figure S2A, middle and right panels). To substantiate that 

the transcriptional changes identified by the NET-seq analysis resulted in bona fide changes 

in mRNA abundance, we analyzed Hsf1-AA cells treated for 60 minutes with rapamycin by 

RNA-seq (Table S2). We observed statistically significant changes in mRNA abundance for 

18/25 transcriptionally repressed genes and none of the induced genes (Figures 2A and S2B, 

C; see Experimental Procedures). Importantly, the genes defined by our combined NET-seq/

RNA-seq analysis had a strong correlation between the fold-decrease in their transcription 

and their mRNA abundance (Figure S2D).

Given that we defined ~10-fold fewer Hsf1 targets by NET-seq analysis than anticipated 

(Eastmond and Nelson, 2006; Hahn et al., 2004; Lee et al., 2002), we considered the 

possibility that technical or biological variability limited our statistical power to detect 

additional biologically significant transcriptional changes. However, there was no significant 

difference in the width of confidence intervals—which inversely relate to statistical power—

between genes defined by our analysis and other genes (Figure S2E). Another possible 

source of error was to miss slower transcriptional effects of Hsf1 nuclear export. However, 

we defined only 3 significant changes in transcription after 30 or 60 minutes of rapamycin 

treatment (Table S1), and none of these were corroborated by mRNA analysis (Table S2). 

Rather, transcription of most genes was consistent and largely unperturbed by Hsf1 

inactivation, both globally—R2 = 0.98 for all adjacent time points (Figure S2A)—and at the 
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level of individual loci (Figure S2F) across a wide range of expression levels (Figure S2G). 

Thus, detection of additional Hsf1 targets was not limited by the sensitivity or 

reproducibility of our analysis.

To independently validate these targets, we monitored Hsf1 DNA binding by chromatin 

immunoprecipitation followed by deep sequencing (ChIP-seq). We isolated chromatin using 

tandem affinity purification of dual epitope-tagged Hsf1-FLAG-V5 expressed as the only 

copy of Hsf1 in an otherwise wild type genetic background. Analysis using a stringent peak-

calling algorithm (see Experimental Procedures) and bioinformatics identified 40 gene 

targets (Table S3) with a strong promoter enrichment for Hsf1-binding sites (p-value < 

10−9). The ChIP-seq analysis identified none of the 12 NET-seq-only gene targets while it 

identified all 18 gene targets corroborated by NET-seq and RNA-seq (p-value < 10−42) 

(Figure 2B and S2H). Importantly, the genes defined by combined NET-seq/ChIP-seq 

analysis showed a strong correlation between fold decrease in transcription and ChIP 

enrichment (Figure 2C and S2I), arguing that Hsf1 binding to their promoters drives their 

basal expression.

In summary, we combined three genome-wide approaches (NET-seq, RNA-seq, and ChIP-

seq) to define 18 Hsf1-dependent genes (HDGs) (Figure 2B), which collectively encode two 

Hsp70 paralogs (SSA1 and SSA2), both Hsp90 paralogs (HSC82 and HSP82), nucleotide 

exchange factors and co-chaperones for Hsp70 and Hsp90 (YDJ1, SIS1, FES1, AHA1, 

HCH1, STI1, CPR6), nuclear and cytoplasmic aggregases (BTN2, CUR1, and HSP42), 

mitochondrial protein folding factors (HSP78, MDJ1), a disaggregase (HSP104), and a cell 

cycle transcriptional regulator (MBF1). Bioinformatic analysis of HDG promoters revealed a 

strong enrichment for consensus Hsf1 binding sites (Sorger and Pelham, 1987) (p-value < 

10−10), and gene ontology analysis revealed a strong enrichment for protein folding function 

(p-value < 10−21) (Figure 2D and S2J). We note that our analysis excludes genes that are 

regulated by Hsf1 under non-basal conditions, genes that Hsf1 controls redundantly with 

other transcription factors and genes that utilize Hsf1 as a pioneer factor (Fujimoto et al., 

2012). We conclude that Hsf1 drives a compact transcriptional program in basal conditions.

 The majority of the yeast heat shock response is Hsf1-independent

We considered the possibility that Hsf1-AA cells attempt to counteract proteotoxicity 

induced by prolonged rapamycin treatment by secondary changes in gene expression. 

Indeed, RNA-seq revealed that prolonged rapamycin treatment, which we defined as a 

comparison between 4 hours and 1 hour of treatment, caused a >4-fold induction of ~200 

genes (Figure S3A), including 4 HDGs (HSP42, HSP72, HSP104 and HSP82). 

Bioinformatic analysis suggested these changes were associated with alternative metabolism 

and various stress responses, including heat shock (Figure S3B). To identify the regulators of 

this response, we analyzed the promoters of induced genes to identify enriched sequence 

motifs (Carlson et al., 2007), which were cross-referenced with the known sequence 

specificities of yeast transcription factors (de Boer and Hughes, 2011). This analysis defined 

a highly enriched (p-value < 10−34), ubiquitous motif that was found in 78% of induced 

genes, including the 4 strongly up-regulated HDGs (Figure S3C). This motif corresponded 

to the consensus binding site for Msn2 and Msn4 (jointly Msn2/4), two redundant 
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transcription factors activated by a variety of environmental stresses, including heat shock 

(Causton et al., 2001; Schmitt and McEntee, 1996). Msn2/4 activity is regulated by Protein 

Kinase A (PKA), which phosphorylates Msn2/4 under non-stress conditions preventing their 

nuclear entry (Görner et al., 1998). To test if Msn2/4 activation mimics gene activation 

induced by prolonged rapamycin treatment, we treated cells expressing analog-sensitive 

PKA (PKAas) with the ATP-analog 1-NM-PP1, an established chemical genetics approach 

for inducing Msn2/4 nuclear localization (Hao and O’Shea, 2012). RNA-seq analysis 

revealed that 1-NM-PP1 treatment of PKAas cells was well correlated with prolonged 

rapamycin treatment (R2 = 0.70, Figure S3D). Comparative analysis of PKAas msn2Δ 

msn4Δ cells established that Msn2/4 targets (p-value < 10−103) were significantly attenuated 

(Figure S3E and F). These data show that PKA inhibition mimics gene expression changes 

induced by prolonged rapamycin treatment.

Despite its eponymous association with the heat shock response, we observed a remarkable 

resemblance between the heat shock response and the response to prolonged Hsf1 

inactivation (Figure 3A). The similarity between these two responses suggested that gene 

induction by heat was largely Hsf1-independent and Msn2/4-dependent. To test this, we 

used NET-seq and RNA-seq to measure the effect of a short rapamycin pre-treatment on the 

heat shock response of Hsf1-AA cells. Consistent with our previous observations, HDGs 

with multiple Msn2/4 binding sites were still induced by heat shock while the remaining 

HDGs were repressed (Figure 3B). Genome wide, the heat shock response remained 

generally intact in the absence of nuclear Hsf1 (R2 = 0.81), including activation of Msn2/4 

targets (Figure 3C). This was supported by Hsf1 ChIP-seq analysis during heat shock, which 

revealed a list of target genes that significantly overlapped the list of basal targets (p-value < 

10−59) (Figure S3G). Unfortunately, our efforts to exploit Hsf1-AA to rigorously define the 

proximal transcriptional effects of Hsf1 inactivation on the heat shock response were 

hampered by their convolution with other indirect, secondary changes. When we 

bioinformatically analyzed gene expression that was significantly reduced by rapamycin 

pretreatment (Figure S3H), we could not find compelling evidence that Hsf1 directly 

regulated all but 8 of these these genes (Figure S3I,J and Supplemental Experimental 

Procedures). Rather, we found that well-established Hsf1-independent components of the 

heat shock response were exaggerated in its absence (Figure S3H–J), which we speculate is 

due to enhanced heat-induced proteotoxicity absent Hsf1-dependent chaperones (see 

Supplementary Experimental Procedures).

As an alternative to heat stress, we took advantage of the known observation that heat shock 

and PKA inhibition have similar effects on cell growth, protein synthesis and the activity of 

multiple transcription factors, including Msn2/4 (Causton et al., 2001; Smith et al., 1998; 

Thevelein and de Winde, 1999). Indeed, 1-NM-PP1 treatment of PKAas Hsf1-AA cells 

induced a change in the transcriptome that resembled the heat-shock response (R2 = 0.76) 

(Figure 3D), as well as prolonged rapamycin treatment (Figure S3D). Yet, unlike these 

responses, PKA inhibition did not trigger mCherry-ubc9ts aggregation (Figure S3K), 

affording us the opportunity to probe Hsf1’s role in co-activating the bulk of the heat shock 

response. Strikingly, rapamycin pre-treatment of PKAas Hsf1-AA cells had a minor effect 

on genome-wide expression changes induced by 1-NM-PP1 treatment (R2 = 0.95) (Figure 

3E), including the induction of Msn2/4 targets (Figure S3L). Rapamycin only led to the 
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reduced expression of HDGs without multiple Msn2/4 binding sites in their promoters 

(Figure 3F). These data support the notion that Msn2/4 drive expression of the majority of 

heat shock-induced genes independent of Hsf1.

 Mammalian HSF1 drives a core transcriptional program of 9 genes during heat shock

Mammalian cells have multiple heat shock factors (e.g., HSF1, 2, 4, 5, X and Y in the 

human genome) homologous to yeast Hsf1 (Akerfelt et al., 2010). None are normally 

essential for viability in the absence of stress, but loss of HSF1 uniquely renders cells heat 

sensitive and unable to acquire thermotolerance (McMillan et al., 1998; Zhang et al., 2002). 

Comparison of heat-induced changes in mRNA abundance measured by DNA microarray 

analysis in wild-type mouse embryonic fibroblasts (MEFs) versus those derived from a 

hsf1−/− mouse has led to a long list of HSF1-dependent genes (Trinklein et al., 2004). To 

define what fraction of these changes represent the core HSF1 transcriptional program that is 

shared across many cell types and differentiation states, we used CRISPR/Cas9-mediated 

genome editing to generate hsf1−/− mouse embryonic stem cells (mESCs) and hsf1−/− MEFs 

(Figure S4A, B). Next, we measured mRNA abundance by RNA-seq in hsf1−/− mESCs and 

MEFs in reference to their wild type counterparts both in unstressed cells and following heat 

shock (Table S4). In unstressed cells, the transcriptomes of the wild type and hsf1−/− cells 

were remarkably similar (Figure S4C). Only 2 genes were significantly upregulated and 2 

genes were significantly downregulated in both cell types (both p-values = 0.33) (see 

Experimental Procedures), approximately the number of significant observations you would 

expect by random chance. There was no functional enrichment among these genes, and none 

encode chaperones. We conclude that HSF1 has little or no effect on basal transcription that 

is common to both mESCs and MEFs.

To define HSF1’s core transcriptional program during heat shock, we first asked which 

genes are heat-induced in both wild type mESCs and MEFs and found 20 genes (p-value < 

10−18), many of which encode chaperones (Figure 4A). Next we asked which genes showed 

reduced expression in hsf1−/− cells compared to wild type cells following heat shock in both 

mESCs and MEFs and found 15 genes (p-value < 10−11), again including many chaperone 

genes (Figure 4B). By intersecting these two gene lists, we found only 9 genes that were 

induced by heat shock in both wild type mESCs and MEFs and repressed in both heat 

shocked hsf1−/− cell types (Figure 4C). We define these 9 genes as the core mammalian 

HSF1-dependent genes (HDGs) and note that 8/9 form a densely linked interaction network 

with the cytosolic Hsp40, Hsp70 and Hsp90 chaperones at its center (Figure 4D). The 

structure of this network is remarkably similar to the one formed by yeast HDGs (Figure 

4E).

Hsf1 is the sole factor in yeast that controls both basal and heat-induced expression of 

HDGs. By contrast, mammalian HSF1 is dispensable for high basal expression of HDGs. 

We wondered if HSF2, the only other HSF paralog with detectable expression in both the 

mESCs and the MEFs was responsible. Thus, we generated hsf2−/− MEFs and hsf1−/− 

hsf2−/− double mutant MEFs and measured mRNA abundance by RNA-seq in unstressed 

cells in comparison wild type and hsf1−/− MEFs. In the absence of HSF2, mRNA levels for 

3 HDGs—two Hsp70 homologs (HSPA1A and HSPA1B) and one Hsp90 homolog 
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(HSP90AB1)—were significantly up-regulated (p-value < 10−4) (Figure S4D), but we found 

that the basal expression of all HDGs in hsf1−/− hsf2−/− MEFs was similar to wild-type 

(Figure 4F and S4E). Taken together, these data strongly argue that the HSF family does not 

control basal expression of chaperones in MEFs.

 A synthetic transcriptional program bypasses Hsf1’s essential function

In mammalian cells, high HSF1-independent basal expression of chaperone genes may 

explain why HSF1 is not essential in the absence of stress. This prompted us to ask if the 

essential function of yeast Hsf1 can be obviated by constitutive expression of HDGs from 

Hsf1-independent promoters. To this end we constructed four plasmids carrying in total 15 

HDG ORFs—we excluded SSA1, HSP82, and HCH1 because they are redundant with their 

paralogs (SSA2, HSC82 and AHA1, respectively)—under the control of promoters from 

highly expressed housekeeping genes (Figures 5A and S5A). We termed these “synthetic 

HDGs” (synHDGs). Consistent with the idea that HDG expression provides negative Hsf1 

feedback to maintain proteostasis, we found that Hsf1-AA cells expressing synHDGs had 

reduced Hsf1 basal activity (Figure S5B). Strikingly, even in the presence of rapamycin 

these cells continued to robustly proliferate (Figure 5B) and no longer formed visible 

mCherry-ubc9ts aggregates (Figures 5C and S5C). To test if constitutive expression of 

chaperones can enable cells to live in the complete absence of Hsf1, we introduced synHDG 

expression plasmids into hsf1Δ cells carrying an Hsf1 expression plasmid. Following 

plasmid shuffling, we found that hsf1Δ cells expressing synHDGs grew comparably to cells 

with a second Hsf1 expression plasmid (Figure S5D). Further, RNA-seq analysis did not 

reveal any coherent secondary changes to gene expression between these strains (Figure 

S5E).

 The essential function of Hsf1 is to drive high basal co-expression of Hsp70 and Hsp90

To determine if all 15 synHDGs were necessary to bypass the essential function of Hsf1, we 

transformed Hsf1-AA cells with subsets of the four expression plasmids and found that only 

two were necessary (Figure S5F): the plasmid containing SSA2 (Hsp70) along with three 

other synHDGs, and the plasmid containing HSC82 (Hsp90) and two other synHDGs. By 

deleting individual synHDGs on these two plasmids, we found that that only SSA2 and 

HSC82 were indispensable for Hsf1 bypass (Figure S5G). Impressively, co-expression of 

just SSA2 and HSC82—but neither gene expressed alone—enabled Hsf1-AA cells to 

robustly grow without apparent mCherry-ubc9ts aggregation in the presence of rapamycin 

(Figures 5D and S5H). These data demonstrate that the minimal essential function of Hsf1 is 

to drive high basal gene expression of Hsp70 and Hsp90. While it may not be surprising that 

cells require high levels of Hsp70 and Hsp90 to live, it is remarkable that Hsf1’s required 

contribution to cell viability can be pared down to the expression of only two chaperone 

genes.

Hsf1 activity is adjusted to the state of protein folding in the cell (Anckar and Sistonen, 

2011; Wu, 1995). By contrast, Hsf1-AA cells expressing synHDGs lack this transcriptional 

feedback and should be susceptible to proteotoxic stress in the presence of rapamycin. 

Consistent with this notion, we found that Hsf1-AA cells expressing the synHDGs showed 

marked growth impairment on rapamycin plates at the elevated temperature of 37°C (Figure 

Solís et al. Page 9

Mol Cell. Author manuscript; available in PMC 2017 July 07.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



S5I). As an attempt to improve growth at 37°C, we introduced additional copies of synSSA2 
and synHSC82 but observed only a modest improvement (Figure S5I). These data argue that 

coordinated homeostatic control of HDG expression by Hsf1 is required for fitness at 

elevated temperature.

 DISCUSSION

Heat shock factors make up one of the most conserved families of sequence-specific 

transcription factors (Wu, 1995). In all eukaryotes that have been examined they have been 

implicated in the induction of heat shock protein (HSP) genes as a response to proteotoxic 

stress. However, mechanistic dissection of this deeply conserved core function has been 

challenging because members of this family have been deployed differentially through 

evolution to perform specific functions. In particular, yeast Hsf1 performs an essential 

function in all conditions, while mammalian HSF1 is dispensable for normal cell growth but 

becomes essential during oncogenic transformation (Dai et al., 2007). Here we used 

comparative genomics to understand how yeast Hsf1 and mammalian HSF1 have diverged 

from each other.

Lack of a suitable tool for acutely inactivating yeast Hsf1 has been a major obstacle to 

defining its function. Here we used “Anchor Away” (AA) to induce rapid Hsf1 nuclear 

export following rapamycin addition (Hsf1 AA, for short) and studied the immediate and 

long-term transcriptional consequences at the physiological temperature. By combining 

information from three independent genome-wide approaches (NET-seq, RNA-seq, ChIP-

seq), we were able to define an unexpectedly small number of HDGs. We found that 

corroboration of putative target genes by independent genomic approaches yielded a great 

increase in specificity and reproducibility, without any apparent decrease in sensitivity, even 

when the number of targets defined by each approach differed significantly (Figure S2J). 

Our study should serve as a roadmap for revisiting other transcription factor target lists, as 

well as defining the gene targets of poorly characterized transcription factors.

We also found that prolonged Hsf1 AA triggered a global change in gene expression 

resembling the heat shock response. Controlled heat shock experiments and a chemical 

genetics approach that mimics heat as a stimulus revealed the heat shock response remains 

largely intact upon Hsf1 AA. Thus, the majority of the yeast heat shock response is the job 

of distinct general stress responsive transcription factors. Retrospectively, our study 

illustrates how earlier genomic approaches to dissect out Hsf1 gene targets from the 

complexities of the heat shock response have obscured the simplicity of Hsf1’s role in 

maintaining proteostasis: Hsf1 tunes expression of a compact regulon according to the 

protein folding needs of the cell. Our work also provides a complementary perspective to an 

earlier yeast proteomic analysis of proteins induced by cytosolic expression of a misfolded 

mutant protein, which post-hoc analysis revealed are strongly enriched for HDGs (12/27 are 

HDGs; p-value < 10−21) (Geiler-Samerotte et al., 2011). Although Hsf1’s contribution to 

proteotoxic stress is limited, it is critical, as cells we engineered to bypass Hsf1’s essential 

function with constitutive basal expression of synHDGs have diminished fitness at elevated 

temperature. This now provides a starting platform for introducing negative transcriptional 
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feedback control of synHDGs to enable full functional replacement of Hsf1 with a synthetic 

proteostasis circuit.

Yeast Hsf1 is part of an essential transcriptional feedback loop that operates even at the 

physiological temperature. By contrast, we found that the mammalian HSF family is 

dispensable for cell growth in the absence of stress in two independent mouse cell types. The 

HSF1 core transcriptional program comprised 9 genes and was only revealed following heat 

shock. A complementary recent study has ascribed a similarly restricted role for HSF1 in the 

mammalian heat shock response (Mahat et al., 2016). Remarkably, 8/9 genes encoded 

chaperones that are organized into a strikingly similar functional network as the yeast HDGs 

(Figure 4 D, E). This provides a satisfying denouement for the previous seminal discovery 

that a constitutively active mutant of human HSF1 enables yeast cells to live without Hsf1 

(Liu et al., 1997). We speculate that HSF1 is dispensable in unstressed mammalian cells 

because a distinct transcription factor or factors maintain high basal expression of HSPs. 

While we do not have any experimental evidence for the identity of this factor or factors, 

preliminary analysis of the promoters of the mammalian HDGs revealed enrichment for the 

E-box motif that is bound by the Myc/Max heterodimer (Desbarats et al., 1996). Myc is a 

potent, pro-growth transcriptional activator of ribosome biogenesis and many cancers 

depend on Myc oncogenic activity. Perhaps Myc enables coordination between chaperone 

protein gene expression and transcriptional control of ribosome biogenesis to provide 

sufficient chaperones for newly synthesized proteins. This raises the interesting possibility 

that multi-cellular organisms evolved a larger chaperone buffer under basal conditions by 

uncoupling expression of HSPs from HSF1 while still maintaining HSP expression control 

by HSF1 under extreme conditions. Malignant growth is a case in point because in this 

context HSF1 inhibition results in cell proliferation arrest (Dai et al., 2007) and the 

accumulation of toxic protein aggregates (Tang et al., 2015). Surprisingly, HSF1 appears to 

drive a transcriptional program distinct from heat shock in cancer cells (Mendillo et al., 

2012). Establishing the oncogenic contribution of HSF1 core gene targets defined by our 

work versus the cancer-specific gene targets is an important future goal. By demonstrating 

the superior contribution of Hsp70 and Hsp90 to Hsf1-mediated proteostasis in yeast, our 

work also provides the impetus for testing whether Hsp70 and Hsp90 inhibitors have 

synergistic anti-neoplastic effects on HSF1-dependent cancers.

 EXPERIMENTAL PROCEDURES

 Yeast strains and plasmids

Yeast strains used in this work are detailed in Table S5, and plasmids used as well as growth 

conditions are described in detail (see Supplemental Experimental Procedures).

 Anchor Away Experiments

Unless otherwise indicated, 1 μM rapamycin was used to anchor away Hsf1-FRB in a 

rapamycin-resistant background (TOR1-1 fpr1Δ) (see Supplemental Experimental 

Procedures for detailed experimental conditions for microscopy, flow cytometry and Western 

blotting).
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 NET-seq, RNA-seq and ChIP-seq Experiments

Genome-wide next-generation sequencing experiments and analysis are described in detail 

along with statistical and bioinformatics methods (see Supplemental Experimental 

Procedures).

 Mammalian cell lines and genetic manipulation

Wild-type murine embryonic fibroblasts (MEFs) and embryonic stem cells (mESCs) were 

obtained from Jackson Laboratories (Immortalized MEFs: CBA316; mESCs: 129X1/SvJ 

strain). CRISPR/Cas9 procedures and validation are described in detail along with 

immunofluorescence and Western blotting procedures (see Supplemental Experimental 

Procedures).

 Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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HIGHLIGHTS

Yeast Hsf1 prevents toxic protein aggregation even in the absence of heat stress.

Basal and heat-induced expression of a small chaperone network is Hsf1-

dependent.

Mammalian Hsf1 drives chaperone gene expression during heat stress only.

Rescuing Hsp70 and Hsp90 expression prevents cell toxicity due to Hsf1 

ablation.
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Figure 1. Acute inactivation of Hsf1 induces proteotoxicity even in the absence of stress
(A) Schematic of Hsf1 Anchor Away (Hsf1-AA). (B) Hsf1-AA cells with indicated plasmids 

were spotted at two cell densities onto rapamycin or mock plates. Shown are images of 

plates incubated for 3 days at 30°C. (C) Representative confocal micrographs of Hsf1-AA 

cells expressing endogenous Hsp104-GFP and plasmid-borne mCherry-Ubc9wt or -ubc9ts 

taken after logarithmic growth at 30°C, after treatment with heat shock (20′ at 37°C), and 

after treatment with rapamycin (360′ at 30°C). (D) Hsf1-AA cells described in part (C) were 

treated with rapamycin for indicated times at 30°C and imaged by epifluorescence 

microscopy. Blinded images containing at least 100 cells were scored for cells containing 

mCherry foci and the fraction of scored cells plotted. See also Figure S1.
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Figure 2. Hsf1 drives basal expression of a diverse set of protein folding factors
(A) Hsf1-AA cells were grown logarithmically at 30°C and harvested for analysis by NET-

seq or RNA-seq immediately prior to and after 15′, 30′ and 60′ of rapamycin treatment. 

Shown is a gene scatter plot of transcription versus mRNA changes induced by treatment 

with rapamycin for 15′ and 60′, respectively. (B) Venn diagram comparing Hsf1 target genes 

defined by ChIP-, NET- and RNA-seq, with the names of the 18 Hsf1-dependent genes 

(HDGs) detected by all 3 techniques indicated. (C) Gene scatter plot of change in HDG 

transcription resulting from 15′ of rapamycin treatment versus Hsf1 occupancy at HDG 

promoters. (D) Bioinformatic analysis of the 18 HDGs defined by ChIP-, NET- and RNA-

seq. Solid bars show the number of HDGs with the given annotation (GO term or promoter 

motif) and dashed bars show the remaining number of HDGs. The fill color indicates the 

significance level for the enrichment of the annotated HDGs versus other genes. See 

Supplementary Figure 2J for a similar bioinformatic analysis of Hsf1 targets defined by each 

individual genome-wide approach or by combining any two approaches. See also Figure S2 

and Tables S1–3.
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Figure 3. Induction of most genes by heat shock is Hsf1-independent and Msn2/4-dependent
(A) Hsf1-AA cells were grown at 30°C, heat shocked (39°C for 30′) or treated with 

rapamycin for either 60′ or 240′ at 30°C prior to harvesting for analysis by RNA-seq. Shown 

is a gene scatter plot of mRNA changes induced by prolonged rapamycin treatment (240′ vs. 

60′) (y-axis) versus changes induced by heat shock (x-axis). Msn2/4 targets were defined as 

genes with at least one Msn2/4 promoter binding site (AGGGG) that were in the top 10% of 

genes induced by PKA inhibition (see Figure 3D). (B) Left: Locations of predicted bindings 

sites for Hsf1 (TTCnnGAA and TTC-n7-TTC-n7-TTC) and Msn2/4 (AGGGG) in HDG 

promoters. Right: Hsf1-AA cells were grown logarithmically at 30°C (control) or treated 
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with rapamycin (30°C for 30′) followed by heat shock (39°C for 30′) prior to harvesting for 

RNA-seq analysis. Shown are HDG mRNA changes induced by sequential treatment relative 

to control. (C) Hsf1-AA cells were grown at 30°C (control) or treated with either rapamycin 

(30′ at 30°C) and then heat shock (39°C for 30′) or carrier-only and then heat shock prior to 

harvesting for RNA-seq analysis. Shown is a gene scatter plot of mRNA changes induced by 

the two treatments relative to the control. (D) Hsf1-AA PKAas cells were grown at 30°C 

(control) or treated with heat shock (39°C for 30′) or the PKA inhibitor 1-NM-PP1 (30°C for 

30′) prior to harvesting for RNA-seq analysis. Shown is a gene scatter plot comparing 

mRNA changes induced by these two treatments relative to control. (E) Hsf1-AA PKAas 

cells were grown at 30°C or after treatment with either rapamycin (30′ at 30°C) and then 1-

NM-PP1 (30′ at 30°C) or carrier-only and then 1-NM-PP1 prior to harvesting for RNA-seq 

analysis. Shown is a gene scatter plot comparing mRNA changes induced by these two 

treatments relative to control. (F) Left: HDG promoter locations of Hsf1 and Msn2/4 

binding sites as in part (B). Right: Hsf1-AA PKAas cells were grown at 30°C (control) or 

after treatment with rapamycin (30′ at 30°C) and then 1-NM-PP1 (30′ at 30°C) prior to 

harvesting for RNA-seq analysis. Shown are HDG mRNA changes induced by sequential 

treatment relative to control. See also Figure S3.
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Figure 4. Mammalian HSF1 enables heat induction of a chaperone network similar to the yeast 
HDG network
(A) Wild-type mESCs and MEFs were cultured at 37°C or treated with heat shock (42°C for 

60′) prior to harvesting for RNA-seq analysis. Shown is a gene scatter plot of mRNA 

abundances in treated versus control samples for each cell type. Dark lines indicate 

statistical thresholds used to define genes with significant changes in expression (see 

Experimental Procedures) and genes with significant changes in both cell types are colored. 

Also indicated are gene names of HSF1-dependent genes (HDGs) defined by additional 

experiments and analyses (see Figures 4B and 4C and Experimental Procedures). (B) Wild-

type (WT) and hsf1−/− mESCs and MEFs were heat shocked (42°C for 60′) and then 
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analyzed by RNA-seq. Shown is a gene scatter plot of mRNA abundances in heat shocked 

WT versus hsf1−/− cells for each cell type. For definition of dark lines and gene names see 

part (A). (C) Venn diagram comparing genes in mESC and MEFs that are significantly 

induced by heat shock in WT cells (purple) with genes whose expression is significantly 

reduced during heat shock in hsf1−/− vs. WT cells. HDGs are defined as genes in the 4-way 

intersection and their names indicated. (D) and (E) Mammalian and yeast HDG protein-

protein interaction network (see Experimental Procedures). (F) Wild-type, hsf1−/−, hsf2−/−, 
and hsf1−/− hsf2−/− MEFs were cultured at 37°C prior to harvesting for RNA-seq analysis. 

Shown are mRNA abundances for HDGs in each cell line. See also Figure S4 and Table S4.
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Figure 5. A synthetic transcriptional program reveals the essential function of Hsf1
(A) Schematic of promoter swapping strategy for constitutive expression of Hsf1 targets 

from strong Hsf1-independent promoters. See Supplementary Figure 4A for details. (B) 
Hsf1-AA cells with indicated plasmids were spotted at two concentrations onto rapamycin 

or mock (carrier-only) plates. Shown are images of plates incubated for 5 days at 30°C. (C) 
Representative confocal micrographs of Hsf1-AA cells expressing plasmid-borne mCherry-

ubc9ts and indicated plasmids taken after treatment with rapamycin (360′ at 30°C). (D) Hsf-

AA cells with indicated transgenes were spotted at two concentrations onto rapamycin or 

mock plates, which also contained β-estradiol to drive synHsp expression from β-estradiol-

dependent promoters (see Experimental Procedures for details). Shown are images of plates 

incubated for 5 days at 30°C. See also Figure S5 and Table S5.
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