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Abstract

Proteostasis in the cytosol is governed by the heat shock response. The master regulator of the heat 

shock response, heat shock factor 1 (HSF1), and key chaperones whose levels are HSF1-regulated 

have emerged as high-profile targets for therapeutic applications ranging from protein misfolding-

related disorders to cancer. Nonetheless, a generally applicable methodology to selectively and 

potently inhibit endogenous HSF1 in a small molecule-dependent manner in disease model 

systems remains elusive. Also problematic, the administration of even highly selective chaperone 

inhibitors often has the side effect of activating HSF1 and thereby inducing a compensatory heat 

shock response. Herein, we report a ligand-regulatable, dominant negative version of HSF1 that 

addresses these issues. Our approach, which required engineering a new dominant negative HSF1 

variant, permits doseable inhibition of endogenous HSF1 with a selective small molecule in cell-

based model systems of interest. The methodology allows us to uncouple the pleiotropic effects of 

chaperone inhibitors and environmental toxins from the concomitantly induced compensatory heat 

shock response. Integration of our method with techniques to activate HSF1 enables the creation 

of cell lines in which the cytosolic proteostasis network can be up- or down-regulated by 

orthogonal small molecules. Selective, small molecule-mediated inhibition of HSF1 has distinctive 

implications for the proteostasis of both chaperone-dependent globular proteins and aggregation-

prone intrinsically disordered proteins. Altogether, this work provides critical methods for 

continued exploration of the biological roles of HSF1 and the therapeutic potential of heat shock 

response modulation.
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INTRODUCTION

The heat shock response (HSR) maintains cytosolic proteostasis by dynamically matching 

cellular protein folding capacity to demand and environmental conditions.
1
 Acute protein 

folding insults, such as heat or oxidative stress, as well as chronic misfolding and protein 

aggregation activate the HSR, thereby transcriptionally upregulating chaperones and quality 

control factors that coordinate to address the proteostatic challenge.
2
 Induction of these 

proteostasis mechanisms is mediated by the master regulator of the HSR, the transcription 

factor heat shock factor 1 (HSF1).
3
 Under unstressed conditions, the majority of cellular 

HSF1 is maintained in a monomeric state in the cytosol. Protein misfolding insults instigate 

a shift towards nuclear, trimeric, and transcriptionally active HSF1.
4
 Molecular details of the 

HSF1 activation mechanism remain under investigation, but chaperone binding to maintain 

HSF1 in its inactive, monomeric form and post-translational modifications play important 

roles.
5,6

HSF1 inhibition has recently emerged as a promising therapeutic strategy for a diverse array 

of cancers.
7
 Of particular note, genetic ablation of HSF1 attenuates resistance to 

tumorigenesis in mice,
8
 constitutive upregulation of HSF1 is linked to poor breast cancer 

patient prognosis,
9
 and HSF1 activation in cancer-associated fibroblasts promotes 

malignancy.
10

 Interestingly, HSF1 in malignant cells regulates the expression of numerous 

genes not typically associated with the HSR,
11

 suggesting multiple roles for this master 

regulator of proteostasis in pathologic processes. These and other findings motivate HSF1 

inhibition as a potentially useful anti-cancer therapeutic strategy.
12

Surprisingly, HSF1 inhibition is also emerging as a possible strategy for diseases linked 

directly to protein misfolding or aggregation.
13

 Balch and co-workers identified a 

“maladapted stress response” mediated by chronic upregulation of HSF1 in diverse protein 

misfolding-related disorders, including cystic fibrosis.
14

 They found that genetic elimination 

of HSF1 restored disease-associated proteostasis defects, possibly by reducing hyperactive 

quality control mechanisms chronically upregulated by HSF1. The counter-intuitive 

possibility that HSF1 inhibition could be valuable in certain protein misfolding diseases 

further enhances the appeal of small molecule-based methods to explore the therapeutic 

potential of HSF1 inhibition.

These and other findings have engendered active efforts to discover inhibitors of HSF1.
7,15 

Unfortunately, the identification of potent and selective small molecule-based inhibitors of 

transcription factors remains a challenging endeavor. Although a number of compounds 

capable of inhibiting HSF1 have been identified, including triptolide, NZ28, rohitinib, 

cantharidin, and more,
7,15–18

 mechanistic studies show that these compounds have 

pleiotropic effects at the concentrations required for HSF1 inhibition, and several lack 

potency.
16,19,20

 In the absence of selective and potent small molecule inhibitors of HSF1, 

researchers have focused on genetic techniques to ablate HSF1 activity, such as RNAi 

against HSF1 or constitutive over-expression of dominant negative HSF1 variants that can 

inhibit the endogenously expressed transcription factor.
14,21–26

 These approaches have the 

advantage of high selectivity and potency, but at the cost of slow kinetics, poor dosability, 
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and cellular adaptation or even death upon chronic HSF1 knockdown or constitutive 

dominant negative HSF1 overexpression.
27

An alternative to HSF1 inhibition is targeting the activities of downstream effectors of 

proteostasis. In this regard, inhibitors of the cytosolic HSP90 and HSP70 chaperones are of 

substantial interest. Clinical trials testing HSP90 inhibitors in oncology are ongoing, and 

increasingly potent and selective HSP70 inhibitors continue to be developed.
28,29

 Such 

chaperone inhibitors are ubiquitously deployed in the literature to evaluate effects of 

chaperone inhibition on client protein folding and function. A sometimes underappreciated 

complication for mechanistic studies does, however, exist: many chaperone inhibitors 

activate a compensatory HSR mediated by HSF1.
30

 The consequence is that chaperone 

inhibition can actually induce high levels of other chaperones and quality control 

mechanisms, potentially engendering the wrongful attribution of observed phenotypes 

directly to chaperone inhibition rather than to the compensatory HSR. Similarly problematic, 

the compensatory HSR can obscure consequences of chaperone inhibition.
31

 In malignant 

cells, this issue can sometimes be resolved by very carefully fine-tuning the dose of HSP90 

inhibitor to sidestep the compensatory HSR, but the acceptable dose range for an inhibitory 

effect without HSR induction is narrow and often non-existent. Alternatively, a promising 

new class of HSP90 inhibitor is emerging that functions by binding to the chaperone’s C-

terminus and does not activate the HSR.
32,33

 These compounds require continued 

development for potency and selectivity.
34

 In summary, methods to uncouple the direct 

effects of chaperone inhibition from the compensatory HSR would be very valuable, not just 

for elucidating the mechanistic consequences of chaperone inhibition, but also for studying 

the roles of the HSR in protection against other HSR activators like the environmental toxin 

arsenite.
35

Small molecule-based methods to potently and selectively inhibit HSF1 are, therefore, 

urgently required. Here, we report the development of new small molecule-regulated, 

genetically-encoded dominant negative versions of HSF1 that can be easily deployed in 

diverse model systems of interest. Our approach enables the robust uncoupling of the HSF1-

activating side effects of chaperone inhibition or oxidative stress from their direct effects on 

cellular proteostasis. Importantly, our method is synergistic with and orthogonal to a 

previously reported approach for small molecule-regulated activation of HSF1,
36

 allowing 

us to inducibly activate or repress the cytosolic proteostasis network with small molecules in 

a single cell, as desired. Finally, we evaluate the implications of small molecule-mediated 

HSF1 inhibition for the proteostasis of model globular and aggregating cytosolic chaperone 

clients. Altogether, our work provides a robust methodology valuable for continued studies 

of the normal and pathologic roles of HSF1 that will inform the continued development of 

HSF1 regulators for applications in cancer and protein misfolding-related diseases.

RESULTS AND DISCUSSION

Engineering a Potent Dominant Negative Version of Constitutively Active HSF1

Our first objective was to leverage destabilized domain (DD) technology to generate a small 

molecule-regulated dominant negative version of HSF1 based on extant dominant negative 

variants.
22,25,26

 DD fusion suppresses the cellular levels of fusion proteins because the small 
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DD degron rapidly directs the fusion protein to the proteasome for degradation. 

Administration of a small molecule that stabilizes the DD prevents degradation and allows 

the fusion protein to function.
37–39

 Transcription factors can be fused to DDs to permit small 

molecule-dependent, highly dosable induction of transcription factor activity.
36,40

 The 

methodology is readily transportable, demanding minimal optimization and requiring the 

introduction of only a single genetic construct to bestow small molecule dose-dependent 

regulation of transcription factor activity.

Current dominant negative HSF1 variants typically involve deletion of a significant fraction 

of the C-terminal transcription activation domain of HSF1 (amino acids 379–529).
22,25,26 

Our early efforts linking such dominant negative constructs to DDs indicated modest 

potency, suggesting that re-engineering the dominant negative HSF1 protein would be 

beneficial. A constitutively active version of HSF1, termed cHSF1, in which a portion of the 

internal regulatory domain of HSF1 (amino acids 186–202) is deleted, was previously 

characterized.
22,41

 Induction of cHSF1 results in constitutive upregulation of HSF1-

dependent genes, even in the absence of HSR activation. We rationalized that a dominant 

negative version of this cHSF1 variant in which the transcription activation domain (amino 

acids 379–529) is also deleted would prove to be a highly potent HSF1 inhibitor. Such a 

construct would not be subject to endogenous mechanisms for regulating HSF1 that 

constitutively maintain the transcription factor in its inactive, monomeric state
6
 and thereby 

potentially reduce the potency of previously described dominant negative HSF1 variants 

(Figure 1A). We termed this new dominant negative version of HSF1, lacking both a portion 

of the internal regulatory domain and the transcription activation domain, “dn-cHSF1”.

We first assessed whether our new dn-cHSF1 construct is capable of inhibiting HSF1 by 

creating stable HEK293T-REx cell lines expressing dn-cHSF1 under control of the 

doxycycline (dox)-dependent tetracycline repressor. We predicted that induction of dn-

cHSF1 would abrogate the ability of arsenite or HSP90 inhibitor-mediated activation of 

endogenous HSF1 to upregulate established HSR target genes. As expected, treatment of 

cells with arsenite or the HSP90 inhibitor STA-9090
42

 results in robust induction of the 

HSR-regulated chaperones HSP90 (HSP90AA1), HSP70 (HSPA1A), and HSP40 
(DNAJB1). However, pre-treatment with dox for 18 h to induce dn-cHSF1 completely 

inhibits the arsenite- and STA-9090-mediated upregulation of these HSR genes, as observed 

by both RT-qPCR and Western blotting (Figures 1B,C). Thus, our new dn-cHSF1 construct 

is highly effective at inhibiting the HSR-mediated activation of endogenous HSF1.

dn-cHSF1 Represses HSR-Mediated Upregulation of HSF1 Target Genes With High 
Selectivity

We next employed whole genome transcript arrays to assess changes in the transcriptome of 

cells inducibly expressing dn-cHSF1 both before and after stressing with arsenite or 

STA-9090. Arsenite is an HSR activator that also has pleiotropic effects including oxidative 

stress and DNA damage. STA-9090 is a widely employed HSP90 inhibitor that rapidly 

activates a compensatory HSR. dn-cHSF1 provides a potential mechanism to uncouple the 

HSR-activating insults of arsenite or STA-9090 from the other consequences of exposure. K-

Means clustering of the 3167 genes that had a significant change in mRNA levels in any 
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condition compared to vehicle (see Table 1 for selected genes and Table S1 for a 

comprehensive listing of the array data) identified a single cluster that displays significant 

downregulation in response to activation of dn-cHSF1 by dox treatment (Figure 2, top 

cluster). Gene ontology analysis revealed that this set of genes is highly enriched for HSR 

genes. In contrast, the large number of other genes activated by arsenite treatment (including 

zinc metalloproteins and genes involved in oxidative stress) are not inhibited by dn-cHSF1. 

Most importantly, only seven genes show a statistically significant reduction of arsenite-

induced upregulation owing to dox pretreatment, all of which are classical HSR genes 

(shown in Table 1 in the Cytosolic Chaperones Group), highlighting the exquisite selectivity 

of our new dn-cHSF1 construct for HSF1 inhibition.

We next postulated that dn-cHSF1 activation provides a mechanism to uncouple the 

compensatory heat shock response induced by HSP90 inhibition from the direct 

consequences of HSP90 inhibition. To test this hypothesis, we treated cells with STA-9090 

at the lowest concentration (100 nM) sufficient to inhibit HSP90, as evaluated by the 

resultant degradation of Akt, an established HSP90 client (Supporting Information Figure 

S1).
43

 Treatment with 100 nM STA-9090 in our cells robustly induces the HSR, as observed 

by Western blotting for HSP70 and HSP40 (Supporting Information Figure S1). Unlike 

arsenite, which also activates multiple other cellular stress responses, our transcriptome 

analysis (see Table 1, Figure 2, and Supporting Information Table S1) shows that STA-9090 

robustly induces (>2-fold) a set of only 18 genes, 13 of which are well-established HSR 

genes. Pretreatment with dox to induce dn-cHSF1 expression completely inhibits the 

induction of these 13 HSR genes, with no effects on the other 5 genes activated by 

STA-9090 treatment. The remaining five genes that remain upregulated in response to 

STA-9090 independent of dn-cHSF1 activation appear to be unrelated to heat shock, leading 

us to attribute their upregulated expression levels to pleiotropic effects of STA-9090 

treatment. Thus, dn-cHSF1 induction provides a mechanism to uncouple the direct 

consequences of HSP90 inhibition from those effects mediated by compensatory HSR 

activation. This method should prove valuable in the numerous cell systems where no 

window exists to inhibit HSP90 (or other cytosolic chaperones) without simultaneously 

inducing the HSR.

Development of a Convenient and Broadly Applicable Small Molecule-Regulated Method to 
Inhibit Endogenous HSF1

With our highly potent and selective dn-cHSF1 construct in hand, we next anticipated that 

we could create a small molecule-regulated version of the dn-cHSF1 protein by fusion to an 

appropriate DD. To test this concept, we fused the Arg12Tyr/Tyr100Ile variant of E. coli 
DHFR, whose levels can be regulated in mammalian cells by the small molecule 

trimethoprim (TMP),
38

 to the N-terminus of dn-cHSF1 (Figure 3A). The addition of TMP to 

HEK293T-REx cells expressing this DHFR.dn-cHSF1 fusion stabilizes the entire protein 

(Figure 3B), effectively inhibiting the HSR induced by a diverse array of stressors. For 

example, as shown in Figure 3C, TMP addition abrogates the HSF1-mediated transcriptional 

upregulation of HSP40 induced by arsenite, the HSP90 inhibitor STA-9090, heat shock, and 

the HSP70 inhibitor MAL3-101.
44

 These results are re-capitulated at the protein level by 
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immunoblotting for HSR target proteins (Figure 3D). Control experiments with DHFR.YFP-

expressing cells confirm that these effects are mediated by the DHFR.dn-cHSF1 construct.

Three critical potential advantages of DD-regulation of transcription factors are: (1) high 

dosability, (2) rapid activation upon small molecule addition owing to the post-translational 

mechanism of regulation, and (3) ease of transportability into any model system of interest 

with minimal optimization.
36,40

 Indeed, we observe that TMP addition dose-dependently 

suppresses HSF1 activity, allowing us to titer in distinct levels of HSF1 inhibition at will 

(Figure 4A). The timecourse of DHFR.dn-cHSF1 activation is also rapid. Within <2 h of 

TMP addition we already observe the capacity to significantly prevent arsenite-induced, 

HSF1-mediated induction of HSR genes, including HSP40 (Figure 4B). Most importantly, 

our methodology is readily transported into various cell systems, including non-human 

MDCK cells (Figure 4C), with no or minimal optimization. Cumulatively, these results 

highlight key advantages of DD-regulation of dn-cHSF1, providing the first generally 

applicable method to inhibit endogenous HSF1 with high selectivity and potency in a small 

molecule-dependent manner in diverse cellular model systems of interest.

Orthogonal, Small Molecule-Mediated Up- and Down-Regulation of the HSR in the Absence 
of Stress

Acute activation of dn-cHSF1 by TMP treatment prevents HSF1 activation in response to 

stress. Interestingly, and consistent with previous work,
23

 we find that chronic, long-term 

activation of DHFR.dn-cHSF1 by TMP treatment constitutively depletes cellular chaperones 

by inhibiting basal HSF1 activity (Figure 5A). The capacity to constitutively downregulate 

the cytosolic proteostasis network by DHFR.dn-cHSF1 activation, if integrated with an 

orthogonal method for stress-independent HSF1 activation, would allow us to create 

individual cell lines in which the cytosolic proteostasis network can be inducibly up- or 

down-regulated by treatment with orthogonal small molecules (Figure 5B). Such cell lines 

would be valuable for testing effects of HSF1 modulation on the proteostasis of particular 

normal and disease-related protein variants.

Methodology for the small molecule-mediated activation of HSF1 using the FKBP DD, 

which is stabilized by the small molecule Shield-1, was recently reported.
36,41

 Because the 

DHFR and FKBP DDs are regulated by distinct small molecules, we predicted that 

expressing both DHFR.dn-cHSF and FKBP.cHSF1 in a single cell line would allow us to 

inhibit or activate HSF1 in a stress-independent manner in a single population of cells. Upon 

generating HEK293T-REx cells expressing both constructs, termed HEK293DD.HSR cells for 

DD-regulated control of the HSR, we observe that Shield-1 treatment robustly activates 

HSF1, as illustrated by the upregulation of HSP90, HSP70, and HSP40 (Figure 5C). In 

contrast, TMP treatment activates DHFR.dn-cHSF1 to chronically deplete cytosolic 

chaperones or inhibit stress-mediated HSF1 activation. Because both FKBP.cHSF1 and 

DHFR.dn-cHSF1 are readily transported into any cell line of interest with minimal 

optimization,
36

 this methodology provides a convenient mechanism to directly test the 

potentially contrasting effects of small molecule-mediated HSF1 activation versus small 

molecule-mediated HSF1 inhibition in disease model systems ranging from the protein 

misfolding disorders to cancer. Similar results are observed upon dox or Shield-1 treatment 
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in cells expressing tetracycline repressor-regulated dn-cHSF1 and FKBP.cHSF1 (which we 

term HEK293HSR cells; Figure 5D).

Effects of HSF1 Modulation on the Behavior of Cytosolic Chaperone Clients

We next evaluated how small molecule-mediated remodeling of the cytosolic proteostasis 

network in HEK293HSR cells influences established model cytosolic chaperone client 

proteins, such as firefly luciferase (FLuc).
45,46

 We expected that upregulating cytosolic 

proteostasis mechanisms via FKBP.cHSF1 activation might enhance FLuc activity, while 

chronic dn-cHSF1 activation to deplete the cytosolic proteostasis network would reduce 

FLuc activity. Surprisingly, we observe that inhibiting endogenous HSF1 and lowering 

chaperone levels by inducing dn-cHSF1 significantly increases FLuc activity >2.5-fold, 

while Shield-1 treatment to activate HSF1 and upregulate the cytosolic proteostasis network 

very slightly reduces FLuc activity (Figure 6A). Interestingly, accounting for steady-state 

levels of cytosolic FLuc (Figure 6B) reveals that the specific activity of FLuc in basal, 

activated or inhibited HSF1 cellular environments is not significantly impacted by HSF1 

activation or inhibition. The enhanced FLuc activity upon HSF1 inhibition cannot be 

attributed to globally altered protein translation, because the extent of metabolic labeling of 

newly synthesized proteins remains unchanged by the presence or absence of dn-cHSF1 

(Figure 6C). Thus, the observed changes in FLuc activity may be attributed to modified 

quality control induced through chronic inhibition of endogenous HSF1, though other 

mechanisms could also play a role. These results highlight the complex and potentially 

unpredictable effects of an altered proteostasis network for some chaperone client proteins. 

Furthermore, the trends we observe for FLuc activity are consistent with recent work on the 

maladapted stress response by Balch and co-workers, who recently identified HSF1 

knockdown as a potential mechanism to enhance proteostasis of misfolding globular and 

membrane proteins associated with genetic loss-of-function disorders.
14

We next profiled the effects of HSF1 inhibition versus activation on the intrinsically 

disordered, aggregating protein polyQ67-tdTomato,
41,45

 a protein consisting of 67 glutamine 

residues fused to fluorescent tdTomato for visualization (Figure 6D). Polyglutamine proteins 

like this one are a classic example of the intrinsically disordered proteins associated with the 

pathology of numerous human diseases, including Huntington’s disease. Various groups 

have speculated that modulating the proteostasis network could be a viable therapeutic 

strategy for such diseases.
13

 Immunoblotting for polyQ67-tdTomato from both the soluble 

and insoluble fractions of cell lysates suggests that the protein aggregates more aggressively 

in HSF1-inhibited environments (Figure 6E, note also the presence of a cleaved tdTomato 

band that has been previously observed for polyQ-fluorescent protein fusions and that is 

unaltered by modulating HSF1 activity
47

). Indeed, we find that under conditions of HSF1 

inhibition the aggregation of polyQ67-tdTomato is significantly enhanced, as determined by 

the appearance of fluorescent puncta identified by PULSA flow cytometry (Figures 6F and 

6G and Supporting Information Figure S2 and Table S2).
48

 HSF1 activation, on the other 

hand, does not significantly affect puncta formation, resulting in a similar amount of 

disperse fluorescence to untreated samples. Thus, while we find that HSF1 inhibition and 

consequent chaperone depletion can possibly be beneficial for soluble but poorly folding 

globular proteins like FLuc, these results suggest that inhibiting HSF1 and repressing the 
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cytosolic proteostasis network reduces the cell’s capacity to handle aggregation-prone 

proteins.

Cumulatively, these data highlight the potentially contrasting consequences of HSF1 

inhibition for different classes of misfolding proteins. For a soluble chaperone client, we 

observe an unexpected increase in enzyme activity upon HSF1 inhibition, an effect that 

could prove useful in certain protein misfolding-related diseases.
14

 In contrast, HSF1 

inhibition significantly enhances deleterious aggregate formation for an intrinsically 

disordered protein, and approaches that upregulate proteostasis network activity may prove 

more useful. These findings highlight the importance of considering the therapeutic 

relevance of both possibilities, depending on the protein misfolding-related disorder of 

interest, and lend credence to the concept that small molecule-mediated inhibition of HSF1 

is a strategy that should be tested in cytosolic protein misfolding-related disorders.
14

 Such 

testing should benefit greatly from our introduction of DHFR.dn-cHSF1.

CONCLUDING REMARKS

HSF1 is a high-profile target both for diseases of proteostasis and cancer. In the absence of 

highly selective and potent small molecule-regulated methods to inhibit HSF1 in disease 

model systems, understanding the beneficial and/or deleterious consequences of HSF1 

inhibition remains challenging. Here, we report the development of a potent and exquisitely 

selective small molecule-regulated inhibitor of endogenous HSF1. Acute activation of our 

inhibitor abrogates the HSF1-mediated, stress-induced HSR, while chronic activation 

constitutively depletes cytosolic chaperones. This small molecule-regulated methodology is 

valuable for mechanistic experiments, where it permits the uncoupling of the direct effects 

of environmental toxins and chaperone inhibitors from the indirect effects of the 

compensatory HSR induced by these compounds. Furthermore, integration of our method 

with a previously reported small molecule-based technique to activate HSF1
36

 permits the 

generation of enhanced or repressed cytosolic proteostasis networks using orthogonal, 

stress-independent small molecules in a single population of cells. Intriguingly, we find that 

the consequences of HSF1 inhibition versus activation on proteostasis are not always 

intuitive. For a model, chaperone-dependent soluble protein, HSF1 inhibition has the 

beneficial effect of significantly increasing enzyme activity, while HSF1 activation very 

modestly reduces enzyme activity. In contrast, for the alternative case of an intrinsically 

disordered, aggregation-prone protein, HSF1 inhibition enhances deleterious protein 

aggregation. These results highlight the value of selective and potent chemical biology 

methods to inhibit HSF1, allowing hypothesis testing in disease-relevant systems to guide 

rational therapeutic development efforts and elucidation of the critical roles of HSF1 in 

tumorigenesis and cancer progression.

METHODS

Reagents, Plasmids, and Antibodies

Sodium arsenite 0.1 N standardized solution was purchased from Alfa Aesar, STA-9090 was 

purchased from MedChem Express, MAL3-101 was purchased from ChemTech, Inc., and 

Shield-1 was purchased from ClonTech. FLuc-GFP.pCIneo was a generous gift from Prof. 
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F.-U. Hartl (Max Planck Institute).
45

 pTDtomato-N1-Q0-TDtomato and pTDtomato-N1-

polyQ67-TDtomato plasmids were a generous gift from Prof. R. Morimoto 

(Northwestern).
41

 To construct dn-cHSF1.pENTR1A and DHFR.dn-cHSF1.pENTR1A, the 

DNA fragment corresponding to dn-cHSF1 was PCR-amplified using DNA oligonucleotides 

aaaaaaggtaccaccatggatctgcccgtggg and aaaaaagcggccgcctacaggcaggctacgctga as primers and 

cHSF1.pENTR1A as the template.
36

 The PCR product was digested with KpnI and NotI, 

and then cloned into KpnI- and NotI-digested pENTR1A (Life Technologies) or 

DHFR.YFP.pENTR1A vectors.
38

 Genes of interest in pENTR1A were shuttled into 

appropriate destination vectors using LR clonase II-mediated recombination (Life 

Technologies). The following antibodies were used: mouse monoclonal anti-β-actin from 

rabbit polyclonal anti-HSF1 from Sigma, anti-HSP70/72 and anti-HSP40/Hdj1 from Enzo 

Life Sciences, rabbit monoclonal anti-HSP90 from Cell Signaling, and rabbit polyclonal 

anti-GFP from GeneTex.

Cell Culture

HEK293T-REx (Life Technologies) and MDCK cells and were cultured at 37 °C in a 5% 

CO2 atmosphere in DMEM (CellGro) supplemented with 10% fetal bovine serum (CellGro) 

and 1% penicillin/streptomycin/glutamine (CellGro). Lentiviruses encoding dox-inducible 

dn-cHSF1 and DHFR.dn-cHSF1 prepared as described in the Supporting Information were 

transduced into either MDCK cells, HEK293T-REx cells, or previously described 

HEK293T-REx cells already stably expressing FKBP.cHSF1.
36

 Stable cell lines were 

selected by culturing in complete medium containing G418, blasticidin, Zeocin, hygromycin 

and/or puromicyin, as appropriate, prior to single-colony selection and characterization. 

Transient transfections of polyglutamine and FLuc-GFP.pCIneo constructs were performed 

using polyethylenimine.

Immunoblotting

Proteins were separated by SDS-PAGE and then transferred to nitrocellulose membr anes. 

Following blocking and incubation with appropriate primary antibodies, membranes were 

incubated with 680 or 800 nm fluorophore-labeled secondary antibodies (Li-COR 

Biosciences) prior to detection using a LI-C OR Biosciences Odyssey Imager. Band 

intensity quantification was performed in Image Studio Lite (LI-COR Biosciences).

Quantitative RT-PCR

The relative mRNA expression levels of target genes were measured using the detailed 

protocol presented in the Supporting Information; primers used are listed in Supporting 

Information Table S3.

Whole Genome Microarrays

HEK293T-REx cells expressing dox-inducible dn-cHSF1 were treated for 18 h with vehicle 

or 1 μg/mL dox prior to HSF1 activation by treatment with arsenite (100 μM for 4 h) or 

STA-9090 (10 nM for 8 h), all in biological triplicate. Cells were harvested, and RNA was 

extracted using the RNeasy Plus Mini Kit (Qiagen). RNA quality was confirmed using a 

Fragment Analyzer (Advanced Analytical). RNA samples were labeled for hybridization 
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using NuGEN ovation kit and hybridized to Affymetrix human Primeview microarrays. 

Mircoarray data were extracted using Affymetrix Expression Console and analyzed using 

the Affymetrix Transciptome Analysis Console 3.0.

Luciferase Activity Assays

After pretreatment with the appropriate small molecule and/or stressor, cells were lysed by 

adding luciferase lysis buffer (Promega) directly to the wells and incubated in the dark at rt 

for 15 min. Following a 5 min spin to remove insoluble cell debris, 50 μL lysate was added 

to a white, opaque 96-well plate with 50 μL of the Bright-Glo Luciferase Assay System 

buffer (Promega). Following a 15 s double-orbital mix cycle, luminescence was recorded on 

a BioTek Synergy H1 Hybrid Reader. Measurement times using luminescence fiber were set 

to 0.4 sec integration time per well. A four-point mean maximum calculation was used to 

determine the luminescence. To determine specific activities, the luminescence values (FLuc 

activities) were divided by FLuc band intensity quantified from immunoblots by 

densitometry using the LI-COR Image Studio Lite software.

[35S] Metabolic Labeling Experiments

HEK293HSR cells transiently transfected with FLuc were seeded on poly-D-lysine-coated 

plates and treated with vehicle, dox at 1 μg/mL to activate dn-cHSF1, or Shield-1 at 1 μM to 

activate cHSF1 for 48 h. Cells were then starved for 30 min in DMEM + 10% FBS lacking 

Cys and Met. Cells were metabolically labeled in pulse medium containing [35S]-Cys/Met 

(MP Biomedical, ~0.1 mCi/mL final concentration) for 15 min prior to lysis. Cells were 

lysed in a 1% Triton X-100 buffer. Lysates were boiled in 1X-Laemmli buffer and separated 

by SDS-PAGE. The gels were then dried, exposed to phosphorimager plates (GE 

Healthcare), and imaged with a Typhoon imager.

Flow Cytometry

Cells were analyzed at a slow flow rate in an LSRFortessa flow cytometer (BD Biosciences). 

10,000 events were collected per measurement, using a forward scatter threshold of 5,000 

and obtaining pulse height, area and width parameters for each channel. For dTomato, data 

were collected with the 561-nm laser and 610/20 nm bandpass filter. Flow cytometry data 

were analyzed using FACSDiva software (BD Biosciences).

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Design and validation of a new, potent dominant negative HSF1 variant “dn-cHSF1”
(A) Models of cHSF1 and dn-cHSF1, which lacks a portion of the internal regulatory 

domain (RD; deleted amino acids 186–202) and the C-terminal transcription activation 

domain (amino acids 379–529).

(B) qPCR analysis of HSP40 (DNAJB1), HSP70 (HSPA1A), and HSP90 (HSP90AA1) in 

HEK293T-REx cells inducibly expressing dn-cHSF1 following pretreatment with vehicle or 

dox (18 h; 1 μg/mL) and then HSR activation by treatment with arsenite (6 h; 100 μM) or 

STA-9090 (6 h; 100 nM). qPCR data are reported as the mean ±95% confidence interval 

relative to vehicle-treated HEK293T-REx cells.

(C) Immunoblot of cells in Figure 1B showing inhibition of HSR activation by induction of 

dn-cHSF1.
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Figure 2. Transcriptional profiling of the selective inhibition of HSF1 upon dn-cHSF1 activation
A five-node K-means clustergram performed on genes showing an experiment-wide 

ANOVA of <0.001 in array data obtained from HEK293-TREx cells inducibly expressing 

dn-cHSF1 following pretreatment with vehicle or dox (18 h; 1 μg/mL) and then subjected to 

HSR activation by treatment with arsenite (6 h; 100 μM) or STA-9090 (6 h; 100 nM). Red 

corresponds to high relative transcript levels and green corresponds to low relative transcript 

levels. Listed next to each node is the strongest gene ontology (GO) assignment based on 

enrichment scores from DAVID GO analysis of gene sets. Labels in red correspond to GO 

assignments with an enrichment score >2 fold over expected.
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Figure 3. Application of destabilized domains to inhibit HSF1 in a small molecule-dependent 
manner
(A) Model showing the TMP-dependent regulation of the DHFR.dn-cHSF1 fusion protein. 

The structure of TMP is shown.

(B) Immunoblot of HEK293T-REx cells expressing DHFR.YFP or DHFR.dn-cHSF1. TMP 

(10 μM) was added 18 h prior to harvest.

(C) qPCR analysis of HSP40 in HEK293T-REx cells expressing DHFR.dn-cHSF1. Vehicle 

(DMSO) or TMP (10 μM) was added for 12 h, followed by treatment with arsenite (100 μM; 

6 h), HSP90 inhibitor STA-9090 (100 nM; 6 h), HSP70 inhibitor MAL3-101 (10 nM; 6 h) or 

heat shock (42 °C; 2 h). qPCR data are presented as fold-increase relative to vehicle-treated 

cells expressing DHFR.YFP. Error bars represent SEM from biological replicates (n = 3). 

***p < 0.0001.
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Figure 4. Advantages of small molecule-mediated inhibition of HSF1 with DHFR.dn-cHSF1
(A) qPCR analysis of HSP40 in HEK293T-REx cells expressing DHFR.dn-cHSF1 

pretreated with increasing concentrations of TMP for 18 h prior to HSR activation by 

arsenite treatment (100 μM; 6 h).

(B) qPCR analysis of HSP40 in HEK293T-REx cells expressing DHFR.dn-cHSF1 pretreated 

with TMP (10 μM) for the indicated times prior to HSR activation by arsenite treatment (100 

μM; 2 h). The expression of HSP40 was normalized to the maximal expression observed 

upon arsenite treatment with no TMP pretreatment.
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(C) qPCR analysis of HSF1 target genes in MDCK cells expressing DHFR.dn-cHSF1, 

pretreated with TMP (10 μM; 18 h) and then treated with arsenite (100 μM; 6 h) to activate 

the HSR.

All qPCR data are presented as the mean ±95% confidence interval relative to vehicle-

treated cells.
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Figure 5. Inhibition and activation of HSF1 with orthogonal small molecules in a single 
population of HEK293 cells
(A) Immunoblot showing the depletion of cellular chaperones upon chronic activation of 

DHFR.dn-cHSF1 by treatment with TMP (10 μM; 72 h).

(B) Illustration showing the incorporation of both DHFR.dn-cHSF1 and FKBP.cHSF1 into a 

single cell line.

(C) qPCR analysis of HSF1 target genes in HEK293DD.HSR cells expressing both TMP-

regulated DHFR.dn-cHSF1 and FKBP.cHSF1. Cells were treated with TMP (10 μM; 78 h), 
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Shield-1 (1 μM; 24 h), arsenite (100 μM; 6 h), or pre-treated with TMP (10 μM; 72 h) 

followed by arsenite (100 μM; 6 h).

(D) qPCR analysis of HSF1 target genes in HEK293HSR cells expressing both dox-regulated 

dn-cHSF1 and FKBP.cHSF1. Cells were treated with dox (1 μg/mL; 54 h), Shield-1 (1 μM; 

24 h), arsenite (100 μM; 6 h), or pre-treated with dox (1 μg/mL; 48 h) followed by arsenite 

(100 μM; 6 h).

All qPCR data are reported as the mean ±95% confidence interval relative to vehicle-treated 

HEK293T-REx cells.
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Figure 6. Effects of HSF1 inhibition and activation on the folding of a globular cytosolic 
chaperone client
(A) Experimental workflow showing FLuc activity measured in transiently transfected 

HEK293T-RExHSR cells after treatment with vehicle, dox to induce HSF1 inhibition (1 

μg/mL; 48 h), or Shield-1 to activate cHSF1 (1 μM; 48 h). Error bars represent SEM from 

biological replicates (n = 3). Significance was calculated using the paired Student’s two-

tailed T-test. *p < 0.05, ***p < 0.005.

(B) Immunoblot to assay steady-state levels of FLuc after the treatments used in Figure 6A. 

(C) Auto-radiogram of [35S]-labelled protein from HEK293HSR lysates expressing dn-

cHSF1 (dox; 1 μg/mL, 48 h) or no treatment prior to 15 min metabolic labelling with L-

[35S]-methionine.

(D) Epifluorescent microscopy images of HEK293HSR cells transiently transfected with 

plasmids encoding Q0-tdTomato (left) or polyQ67-tdTomato (right)) and then treated with 

vehicle, dox to induce HSF1 inhibition (1 μg/mL; 48 h), or Shield-1 to activate cHSF1 (1 

μM; 48 h).
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(E) Immunoblot of soluble and insoluble fractions from HEK293HSR cells in Figure 6D.

(F) Diagram of PULSA flow cytometry, which utilizes fluorescence pulse height and pulse 

width information to identify inclusion bodies in live cells. Shown are representative plots of 

HEK293HSR cell populations transiently transfected with Q0-tdTomato (left) and polyQ67-

tdTomato (right) treated as in Figure 6D, with gating for inclusion body population defined 

as the region bounded by the orange line. Purple dots in this region are defined as live cells 

with inclusion bodies, while all other events on the plot are defined as live cells.

(G) Quantification of inclusion body frequency measured by PULSA flow cytometry 

analysis of HEK293HSR cells in Figure 6E. Error bars represent SEM from 10,000 recorded 

live cell events performed on biological replicates (n = 3). *p < 0.05, **p < 0.01.
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Table 1

Analysis of dn-cHSF1-mediated heat shock response inhibition specificity (see also Table S1).

RNA Array Fold Change Relative to Vehicle-Treated Cellsa

Gene Arsenite Arsenite + dn-cHSF1 HSP90 Inhibitor HSP90 Inhibitor + dn-cHSF1

Cytosolic Chaperones

HSPA1A; HSPA1B 13.15 0.52 18.68 1.19

HSPA6; HSPA7 18.04 0.66 8.47 0.62

HSPA6 13.88 0.85 7.04 0.72

DNAJB1 3.43 0.38 3.31 0.38

HSPH1 2.28 1.29 2.92 0.95

DNAJA1 1.76 0.94 1.82 0.9

HSP90AA1 1.39 0.66 1.78 0.69

Oxidative Stress Genes

HMOX1 27.67 16.92 1.15 0.8

CTH 8.47 8.37 1.3 3.47

MT1X 25.55 24.8 1.16 1.33

MT1F 16.2 19.01 1.13 1.44

Zinc Metalloproteins and Transporters

ZNF195 2.09 2.29 1.22 1.34

ZNF33A 1.4 1.33 1.12 1.01

ZFP69B 5.65 6.93 1.09 1.8

ZNF10 2.19 2.13 1.07 1.16

SLC30A1 3.37 4.05 1.06 0.97

ZMYM3 0.45 0.43 1.06 0.85

DPF2 1.51 1.52 0.98 0.98

SLC30A2 6.00 12.89 0.96 1.3

SLC30A1 4.34 4.92 0.92 0.98

ZNF674 2.33 2.21 0.73 1.07

Endoplasmic Reticulum Chaperones

HSPA5 (GRP78/BIP) 0.81 0.83 0.77 0.96

GRP94 0.88 0.84 0.98 1.01

DNAJB11 (ERDJ3) 0.81 0.89 0.85 0.81

DNAJB9 (ERDJ4) 1.06 0.99 1.00 1.22

DNAJC10 (ERDJ5) 1.01 0.80 0.99 0.93

HYOU1 1.04 0.98 1.13 1.05

Disulfide Redox

PDIA3 1.15 1.00 1.01 1.08
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RNA Array Fold Change Relative to Vehicle-Treated Cellsa

Gene Arsenite Arsenite + dn-cHSF1 HSP90 Inhibitor HSP90 Inhibitor + dn-cHSF1

PDIA4 1.04 1.00 1.15 1.17

PDIA6 0.85 0.75 0.90 0.99

ERO1L 0.93 0.83 0.97 1.02

ERO1LB 1.11 1.24 0.73 1.03

a
Bolded text indicates an ANOVA p-value <0.001 relative to vehicle-treated cells. All un-bolded text indicates no significant change with respect to 

vehicle-treated cells.
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