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Summary

The Heat Shock Response (HSR) is critical for survival of all organisms. However, it’s scope, 

extent, and the molecular mechanism of regulation is poorly understood. Here we show the 

genome-wide transcriptional response to heat-shock in mammals is rapid, dynamic, and results in 

induction of several hundred and repression of several thousand genes. Heat Shock Factor-1 

(HSF1), ‘the master regulator’ of the HSR, controls only a fraction of heat-shock induced genes, 

and does so by increasing RNA polymerase II release from promoter-proximal pause. Notably, 

HSF2 does not compensate for the lack of HSF1; however, Serum Response Factor appears to 

transiently induce cytoskeletal genes independently of HSF1. The pervasive repression of 

transcription is predominantly HSF1-independent, and is mediated through reduction of RNA 

polymerase II pause-release. Overall, mammalian cells orchestrate rapid, dynamic, and extensive 

changes in transcription upon heat-shock that are largely modulated at pause-release, and HSF1 

plays a limited and specialized role.

eTOC Blurb

Using PRO-seq, Mahat et al. identify hundreds of genes that are upregulated and thousands that 

are downregulated transcriptionally in mammals during heat-shock. A majority of this regulation 

is independent of HSF1 and HSF2, and many rapidly-and-transiently-upregulated cytoskeletal 

genes depend on SRF. Both upregulation and downregulation are modulated at promoter-proximal 

pause-release.
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Introduction

The evolutionarily conserved heat shock response (HSR) protects cells from the proteotoxic 

environment of heat stress. Elevated temperature and other stresses triggers HSR leading to 

rapid and robust induction of heat shock protein genes (Hsps) (Lindquist and Craig, 1988). 

HSPs are molecular chaperones responsible for maintaining protein homeostasis and are 

critical for survival during stress (Lindquist and Craig, 1988).

The HSR is orchestrated at the level of transcription by heat shock transcription factor (HSF) 

(Parker and Topol, 1984). Vertebrates have four Hsf genes, Hsf1-4. HSF1 is considered the 

master regulator of the HSR and is the ortholog of the sole Hsf gene in invertebrates. HSF2 

is the ubiquitously expressed HSF1 paralog that interplays with HSF1 during HSR and is 

involved in developmental pathways (Sarge et al., 1991). HSF3 and HSF4 show tissue-

restricted expression and their roles in HSR remain to be explored (Akerfelt et al., 2010). 

HSF1 is constitutively expressed as an inactive monomer, but upon HS, it trimerizes and 

binds to the inverted repeats of nGAAn pentamers known as heat shock element (HSE) in 

the promoter of Hsp70 (Perisic et al., 1989; Westwood et al., 1991). HSF1 then recruits co-

factors that dramatically increases the transcription of Hsps (Akerfelt et al., 2010).

HSF1 also plays an important role in aging and longevity (Morley and Morimoto, 2004), 

protects organisms from obesity by regulating energy expenditure (Ma et al., 2015), and 

reduces susceptibility to stress in elderly hearts (Locke and Tanguay, 1996). More 

importantly, cancer cells co-opt HSF1 to support malignancy (Dai et al., 2007; Mendillo et 

al., 2012), making its reduction in level or activity a potentially better target for cancer 

therapy than the several small inhibitory molecules against HSPs that are in ongoing clinical 

trials. In contrast, enhanced chaperone expression by activation of HSF1 can improve 

prognosis of protein aggregates-related neurodegenerative disorders (Neef et al., 2011). This 

dichotomy in the roles of HSF1 in cancer and neurological diseases requires a deeper 
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understanding of the precise molecular mechanism of HSF1 driven gene regulation before 

clinical application of HSF1-based therapeutic tools.

Understanding the HSR-regulated networks of genes is also important to decipher how 

healthy cells maintain proteostasis. Earlier genome-wide studies using microarray and RNA-

sequencing indicated that additional genes besides Hsps are regulated during the HSR 

(Brown et al., 2014; Trinklein et al., 2004). These assays measure stable mRNA and lack the 

temporal resolution to reveal the first-order transcriptional regulatory mechanisms. 

Transcription regulation consists of several steps any one of which might regulate gene 

expression, including RNA polymerase II (Pol II) recruitment to the promoter, promoter-

proximal pausing, release from the pause, and Pol II elongation rates (Fuda et al., 2009). 

Despite many efforts, the breadth of transcriptional regulation during HSR, the precise 

step(s) modulated, and the kinetics and dynamics of the regulation remain to be fully 

understood.

Here, we examine the HSR at the transcriptional level using precision nuclear run-on 

sequencing (PRO-seq) (Kwak et al., 2013) - an assay that maps transcriptionally engaged 

Pol II at nucleotide resolution by nascent RNA sequencing. PRO-seq measurements in 

mouse embryonic fibroblasts (MEFs) derived from HSF1 knockout (Hsf1−/−) mouse, HSF1 

& HSF2 double knockout (Hsf1&2−/−) mouse, and their wild type (WT) littermate (Lecomte 

et al., 2010; McMillan et al., 2002; 1998) were compared to each other and to HSF1 ChIP-

seq data to identify the genome-wide targets of HSF1 and its role in HSR. A time course of 

PRO-seq and HSF1 ChIP-seq during HS revealed both primary and secondary 

transcriptional responses. We find HSF1 to be critical for induction of Hsps, other 

chaperones, and over 200 additional genes; however, the activation and repression of 

transcription during HSR are remarkably extensive and the majority of these changes are 

HSF1-independent. Among these, a collection of cytoskeletal genes is transiently induced by 

a novel regulator of the HSR. Our analyses decipher the mechanistic step in transcription 

where HSF1 acts to induce transcription, as well as the HSF1-independent mechanism of 

global repression. Together, these comprehensive and highly sensitive analyses indicate that 

HSR is much more elaborate than previously appreciated, and regulators in addition to HSF1 

are mobilized.

RESULTS

HS triggers rapid, robust, and diverse changes in transcription

To characterize the global changes in transcription associated with HSR and to understand 

the role of HSF1, we performed genome-wide PRO-seq assays on WT and Hsf1−/− MEFs. 

We prepared two biological replicates of PRO-seq libraries at 37°C (NHS) and 2.5, 12, and 

60 minutes after an instantaneous HS at 42°C (Figure 1A). The libraries were sequenced to 

high depth (Table S1) and mapped to the mouse genome (mm10). The biological replicates 

correlated well (Figure S1A and Table S2), and as expected, the Hsf1−/− MEFs produced no 

HSF1 protein (Figure 1B), nor any PRO-seq reads in the deleted region of the Hsf1 gene 

(Figure S1B).
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Normalization of genomic libraries by conventional methods such as total mapped reads or 

ribosomal RNA reads are inadequate when dealing with significant changes in total 

transcription. Therefore, we devised a novel approach for normalizing the PRO-seq libraries 

using PRO-seq reads from the 3′ end of very long genes (>400 kb), the regions beyond the 

advancing or receding wave of Pol II even at the longest HS time point (60′HS) (Figures 

S1C and S1D). This normalization approach was validated using three different tests. First, 

the PRO-seq density after normalization in the 3′ ends of significantly upregulated and 

downregulated genes at 12′HS is unchanged, while the 5′ ends show the expected change 

(Figures S1E – note this includes a larger collection of genes than used for normalization 

and excludes the genes used for normalization). Second, a set of genes identified as 

unaffected during HSR in MEFs using microarrays (Trinklein et al., 2004) showed no 

changes in PRO-seq density between NHS and HS conditions after normalization (Figures 

S1F). Third, a previously defined group of housekeeping genes (la Grange et al., 2005) also 

showed no systematic deviation between HS and NHS conditions (Figure S1G). After 

normalization, genes that could be falsely detected in differential expression analysis due to 

a) transcription running past the 3′ end of upstream genes and b) internal TSS or intronic 

enhancers were eliminated using dREG (Danko et al., 2015) (Figure S2A) (see methods).

A substantial fraction of the transcriptome changes upon HS, and the number of genes 

detected and the levels of change progressively increase with time (Figures 1C and S2B). 

Moreover, the kinetics and dynamics of change in transcription is remarkably diverse 

(Figure 1D). First, many Hsps are robustly and persistently induced in an HSF1-dependent 

manner (such as Hsph1 with ~ 60 fold induction). Second, many genes are immediately and 

transiently induced (like Vcl), where the advancing wave of newly transcribing Pol II is 

particularly noticeable. This induction is independent of HSF1. Third, many genes show late 

induction (such as Ptprm) and the majority of these are independent of HSF1. Fourth, a large 

fraction of the expressed genes (like Kif14) are significantly downregulated, and nearly all 

are independent of HSF1. Overall, DESeq2 identifies significant upregulation of 10% and 

downregulation of 55% of all active genes (Figure 1E). For the majority of these genes, the 

change in transcription measured by PRO-seq is recapitulated at the mRNA level measured 

by RNA-seq (Shalgi et al., 2014), despite the fundamental difference between the two assays 

and mRNA stability being a part of RNA-seq measurement (Figure S2C). Detecting a 

change in RNA-seq requires a higher change in transcription than required for PRO-seq due 

to the higher level of steady-state mRNA level compared to nascent RNA, leading to a 

diminished change in levels seen by RNA-seq relative to PRO-seq (Figures S2C and S2D). 

Thus, our results indicate that the gene regulation in response to HS occurs at the level of 

transcription and consists of multiple distinct regulatory programs that are captured here 

with high spatiotemporal resolution and sensitivity afforded by the PRO-seq assay.

Majority of the HS-regulated genes are HSF1-independent

The numbers of genes showing similar regulation in both WT and Hsf1−/− MEFs is 

unexpectedly large (Figure 1E & 1F). The overlap reported in Figure 1F is likely an 

underestimation as many of the uniquely upregulated genes in WT MEFs are upregulated in 

Hsf1−/− MEFs and vice versa, but don’t meet the DESeq2 threshold (Figure S2E). The 

downregulated genes show even more overlap between WT and Hsf1−/− MEFs indicating 
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that transcriptional repression occurs by mechanisms that are largely HSF1-independent. 

Gene oontology (GO) analysis using DAVID (Huang et al., 2009) show, as expected, that 

genes upregulated only in WT MEFs are enriched for chaperones involved in protein folding 

and stress response (Figure S2F). Genes upregulated only in Hsf1−/− MEFs are enriched for 

ATPase and protein kinases, while those upregulated in both cell types are enriched for 

transcription factors (TFs) and protein kinases involved in developmental processes. Overall, 

more than 87% of genes regulated at 60′HS in WT are similarly regulated in Hsf1−/− MEFs, 

indicating that HSF1-independent mechanisms mediate much of the widespread change in 

transcription upon HS.

HSF1 binds to promoters of a small fraction of HS-induced genes

To understand the role of HSF1 binding during HSR, we performed HSF1 ChIP-seq in WT 

and Hsf1−/− MEFs at NHS, 12′HS, and 60′HS (Figure 2A). We optimized ChIP-seq 

parameters such as sonication (Figure S3A), crosslinkers and cross-linking duration (Figure 

S3B), and antibody concentrations (Figure S3C), and used two different antibodies (Table 

S4) recognizing different parts of HSF1 to maximize detection of HSF binding sites and to 

minimize false-positive peaks (Chen et al., 2012). Biological replicates correlated well 

(Figure S3D) and were combined, and ChIP-seq peaks were called using MACS. As 

expected, we find prominent HSF1 peaks in the promoters of classical Hsps (for example, 

Hsph1), and the two antibodies generated similar ChIP-seq profiles (Figure 2B). HSF1 peaks 

identified here are highly specific, 89% of the HSF1 bound sites contain canonical HSE (p-

value < 0.00001) (Figures S3E and S3F), and the fold enrichment of HSF1 peaks correlates 

with the motif match score of the HSE beneath the peaks (Figure S3G). While HSF1 

occupies some sites prior to HS, most sites are detectably bound only after HS (Figure 2C). 

The majority of HSF1 peaks are located far from the nearest TSSs (Figure 2D); however, all 

the classical inducible Hsps have HSF1 binding within 1 kb upstream of their TSS (Figure 

S3H). Therefore, we defined a region 1kb upstream and 500 bp downstream of the TSS as 

the promoter and examined the distribution of HSF1 binding on promoter, intragenic, and 

intergenic regions. The density of HSF1 peaks is highest in promoters; however, higher 

incidences of absolute binding events occur in intragenic and intergenic regions (Figure 2E).

PRO-seq reveals that 17% of genes with HSF1 bound to their promoters undergo HSF1-

dependent transcription induction upon HS (Figures 2F, magenta bars); however, 53% and 

4% of genes with HSF1 bound on their promoters are repressed or unchanged upon HS 

independently of HSF1 (blue bars and purple bars respectively). This demonstrates that 

promoter bound HSF1 does not always induce transcription and may require a promoter to 

have additional features that it can collaborate with. Moreover, nearly all of the HSF1-

promoter-bound repressed genes are also repressed in the Hsf1−/− MEFs, indicating that 

promoter-bound HSF1 is not responsible for repression. Intriguingly, 13% of the HSF1-

promoter-bound genes induced upon HS are also induced in Hsf1−/− MEFs (green bar) 

indicating that some HSF1-bound genes do not require HSF1 for their induction.

Similarly, promoter binding of HSF1 is not always necessary even for genes showing HSF1-

dependent transcription. Only ~35% of genes that depend on HSF1 for induction upon HS 

have HSF1 bound at their promoters (Figure 2G). This indicates that HSF1 can exert its 
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influence from a distance, presumably from an enhancer. Together, these observations show 

that the promoter-bound HSF1 is not responsible for the induction or repression of the 

majority of HS-regulated genes.

HSF1 binding to gene-body is not the mechanism of transcription repression

Past studies have proposed that HSF1 bound in the gene-body creates an obstacle to 

transcribing Pol II that leads to repression of transcription (Guertin and Lis, 2010; Westwood 

et al., 1991). Here, we find that transcription of genes that have HSF1 bound in the gene-

body is mostly regulated in an HSF1-independent manner (Figures S3I). Approximately 

50% of these genes are repressed upon HS; however, this repression occurs in Hsf1−/− MEFs 

as well. To assess if the gene-body bound HSF1 creates steric hindrance to transcribing Pol 

II, we examined PRO-seq density around HSF1-intragenic-bound sites at 60′HS. We detect 

divergent transcription at these sites, a signature of enhancers (Core et al., 2014), which is 

reduced in Hsf1−/− (Figure 2H). PRO-seq levels upstream of the HSF1 sites reveal no 

significant Pol II accumulation that would be expected from the steric hindrance created by 

the gene-body bound HSF1. Thus, the HSF1 bound in the body of a gene is not an obstacle 

to transcription and does not contribute to repression during HS.

Cytoskeleton genes are induced extremely early independent of HSF1

The very early kinetics of induction of genes upon HS beyond the classic Drosophila Hsps 
(O’Brien and Lis, 1991) has not been examined to date. Here, we find that many genes in 

MEFs are significantly induced by 2.5′HS, and the majority of these early-induced (EI) 

genes are HSF1-independent (Figure 3A). Induction of these genes continues to 12′HS; after 

which, transcription declines to below basal levels (Figure 3B).

Gene ontology analysis revealed that many of these EI genes, especially the HSF1-

independent ones, encode proteins with biological function related to cytoskeletal structure 

and function (Figure 3C). Dynamic rearrangement of cytoskeleton in the cells has been 

previously documented during HSR (Laszlo, 1992), and cytoskeleton proteins are critical for 

survival during heat-stress (Baird et al., 2014). Proteomics analysis also showed an increase 

in the level of some cytoskeletal proteins in nuclear extract after two hours of HS 

(Raychaudhuri et al., 2014). However, the extremely rapid and transient induction of 

selective cytoskeleton genes during HS has not been detected before.

Because induction of these genes is predominantly HSF1-independent, we searched for TF-

binding motifs in their promoters. Among the 1200 TF-binding motifs examined, serum 

response factor (SRF) binding motif is the most highly enriched (Figures 3D & S4A). SRF 

is known to induce a class of genes known as immediate-early genes, which are rapidly and 

transiently induced in response to various extracellular stimuli (Schratt et al., 2001). SRF is 

also a known effector of MAP kinase pathway, which is often implicated in stress. 

Therefore, we examined the SRF binding during HS in WT MEFs by ChIP-seq (Table S4). 

We found that the transiently induced genes upon HS that contain SRF binding motif in their 

promoters are bound by SRF in a transient manner mirroring the kinetics of transcription 

induction upon HS (Figures 3E & 3F). This finding strongly implicates SRF as a novel 

regulator of cytoskeletal genes during HSR.
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Cytoskeleton genes and Hsps show similar kinetics of induction

One striking feature of PRO-seq data in induced genes is a distinct wave of elongating Pol II 

that are in the midst of transcription (Figure 3G & S4B). Here, we used a three-state Hidden 

Markov Model (HMM) (Danko et al., 2013) to calculate the distance traveled by waves of 

newly released Pol II in EI genes. Our approach calculates the difference in PRO-seq density 

between time points in 50 bp windows throughout the gene and identifies the region (wave) 

with a difference in transcription (Figures S4C & S4D). PRO-seq wave measurements using 

this approach indicate that Pol II release from the pause region of EI genes occurs on 

average within the first minute and a half! The median distance travelled by PRO-seq wave 

at 2.5′HS is 2.7 kb (Figure S4E) and the average elongation rate of Pol II in EI genes is 2.6 

kb/min, calculated using the length of PRO-seq wave at 2.5′HS and 12′HS in genes induced 

at both time points (Figure 3H). Moreover, the length of PRO-seq waves at 2.5′HS in 

cytoskeleton genes and classical Hsps are very similar (Figure 3I), and the induction kinetics 

of HSF1-dependent and HSF1-independent genes are also highly analogous (Figure S4E). 

These findings demonstrate that transcription is induced very early during HSR and the 

kinetics of induction is similar between HSF1-dependent (Hsps) and HSF1-independent 

(cytoskeleton) genes.

Inhibition of pause release causes massive downregulation of transcription

Historically, the transcriptionally induced genes have been the focus of HS studies. 

However, many more genes are transcriptionally repressed than induced upon HS and this 

global repression is independent of HSF1 (Figure 4A). Genes undergoing repression display 

two distinct kinetics: some genes are gradually and consistently repressed over the course of 

HS (Pcdh18), but the majority are repressed only after 12′HS (Cdkal1) (Figures 4B & 4C).

The PRO-seq pattern following HS provides clues to how repression is mediated. While the 

PRO-seq density decreases on the gene-body, it increases on the 5′ end of repressed genes 

(Figures 4D & S4F). This accumulation of Pol II in the first 100bp downstream of TSS 

(Figure 4E) indicates that the transcriptional repression in the majority of the downregulated 

genes is a result of reduced paused Pol II release into productive elongation. This extensive 

downregulation could in principle be a result of thermal-induced increase in transcription 

rate of elongating Pol II that would decrease Pol II density in the gene-body. We calculated 

the Pol II elongation rate by comparing positions of the clearing wave of Pol II in 

downregulated genes at 12′HS and 60′HS. We find the average elongation rate of Pol II 

during HS to be 2.1 kb/min (Figure S4G), which is comparable to the elongation rate of Pol 

II under normal temperature in mouse embryonic stem cells (1.8 – 2.4 kb/min) (Jonkers et 

al., 2014). Furthermore, the downregulation of transcription observed by PRO-seq is nicely 

reflected at the mRNA level measured by RNA-seq (Figure S2C, right panel). Thus, the 

decrease in gene-body PRO-seq reads is not the result of an increase in elongation rate, but 

rather results from a genuine downregulation in the frequency with which Pol II transitions 

from the pause to productive elongation.

We performed GO analyses to examine the enriched functional classes in downregulated 

genes. Genes involved in metabolism, cell cycle, and mitosis are represented in the early-

repressed class, while genes in the late-repressed class are enriched for mRNA splicing, 
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mRNA processing and nuclear transport functions (Figure 4F). Conceivably, cells may enter 

into a low metabolic profile upon HS by immediately shutting down genes involved in cell 

cycle and metabolism. However, mRNA processing and efficient splicing could be critical in 

the early phase of HSR when Hsps and IE genes are robustly induced. The two kinetic 

classes of downregulated genes that have distinct functions imply that repression of 

transcription is a highly-regulated process, rather than a previously suggested non-

discriminatory HS-induced global repression of transcription (Teves and Henikoff, 2011).

HS-regulated Hsps are dependent on HSF1

The ~75 genes in the broad HSP family (Kampinga et al., 2009) are not all induced upon 

HS. While classical Hsps show HSF1-dependent induction, more than half of Hsps are 

transcriptionally repressed (Figures 5A and S5A). One notable example is Hsp90b1, an 

endoplasmic reticulum associated chaperone involved in unfolded protein response, which is 

repressed upon HS independently of HSF1, while other Hsp90s are robustly induced in an 

HSF1-dependent manner (Figure S5D). Strikingly, almost all transcriptionally induced Hsps 
have prominent HSF1 peaks in their promoters (Figures 5B and S5B), accompanied by the 

presence of HSEs underneath the peaks (Figures 5C and S5C). Overall, our results show that 

some Hsps are rapidly and robustly induced upon HS; however, many genes in the HSP 

family are not bound by HSF1 and are not transcriptionally induced in response to HS, 

suggesting the role of post-transcriptional (Theodorakis and Morimoto, 1987) and 

translational regulation (Zhou et al., 2015) in the increased gene expression of some Hsps 
upon HS or the likely specialization of different HSPs in different tissues or in different 

stress responses.

HSF1 induces transcription by increasing promoter-proximal pause release

The PRO-seq profiles across the promoter proximal and gene-body regions provide insight 

to Pol II’s progress through the distinct steps in the transcription cycle during HS. Moreover, 

contrasting these profiles in WT and Hsf1−/− MEFs reveals the role of HSF1 in the changes 

observed. We first examined the genes that exhibit a significant increase in PRO-seq density 

in their gene-body by 60′HS in WT but not in Hsf1−/− MEFs (n=102) (Figure 5D, middle 

panel) and also have HSF1 bound in their promoter region (Figure 5D, left panel). A simple 

interpretation of these profiles is that HSF1 acts to increase the rate of Pol II release from the 

pause, a step that is accelerated by P-TEFb kinase, which is known to be recruited to HS loci 

in an HSF1-dependent manner (Lis et al., 2000). P-TEFb phosphorylates components of the 

paused Pol II complex and enables Pol II to embark into productive elongation (Renner et 

al., 2001). An alternative mechanism to explain these profiles is that HS-induces an HSF1-

dependent decrease in early termination that leads to higher gene-body Pol II density. 

However, this anti-termination model was ruled out, at least for Hsp70, by our previous 

study showing the termination rate of promoter-proximal paused Pol II is similar in HS and 

NHS cells and could not account for the HS-induced increase in gene-body Pol II density 

(Buckley et al., 2014). A second alternative explanation for these profiles is that elongation 

rates are slowed during HS in an HSF1-dependent manner leading to increase in gene-body 

Pol II density. However, such a decrease in elongation rate is neither consistent with the 

increases in the mRNA levels of these genes (Figure S2C), nor supported by the direct 

measurement of elongation rates (Figures 3G–I) (Ardehali and Lis, 2009). Thus, these 102 
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HSF1-promoter-bound and transcriptionally induced genes appear to be regulated by HSF1 

upon HS in an HSF1-dependent manner at the step of pause Pol II release into productive 

elongation, likely through the known HSF1-dependent recruitment of the P-TEFb kinase 

(Lis et al., 2000).

Interestingly, this class of 102 genes also shows an increase in PRO-seq density in their 

pause region upon HS (Figure 5D, right panel). In contrast to the gene-body, this increase is 

independent of HSF1. We hypothesize that this increase is simply a consequence of the 

massive HSF1-independent downregulation of genes (Figures 1E, 1F, & 4A) upon HS, 

which increases the cellular pool of Pol II and thereby drives HSF1-independent Pol II 

loading on promoters by mass action. Because the global downregulation of transcription is 

also HSF1-independent, this increase availability of Pol II occurs in both WT and Hsf1−/− 

MEFs.

HSF1 is also capable of acting from a distal enhancer, at least when bound to a site 

composed of an array of HSEs (Bienz and Pelham, 1986). We identified many genes that 

show HSF1-dependent induction upon HS but don’t have HSF1 bound in their promoters 

(n=150) (Figure 2G) suggesting that these genes could be regulated by HSF1 acting from 

distal enhancers. Indeed, these genes show the same changes in PRO-seq profile in both 

gene bodies and pause regions as the class of 102 HSF1-promoter-bound, HSF1-dependent 

induced genes (Figure 5E). Therefore, HSF1 bound at distal enhancers likely regulates genes 

by increasing the release of paused Pol II, while the loading of Pol II on promoters is HSF1-

independent, indicating the promoter-proximal pause release is the primary step regulated in 

all HSF1-mediated transcription induction during HSR.

Enhancers bound by HSF1 would be expected to have the divergent transcription profile 

characteristic of active enhancers (Core et al., 2014; Kim et al., 2010). PRO-seq profiles 

around the intergenic and intragenic HSF1-bound regions show that the divergent 

transcription appears upon HS (Figures 5F & S5E), suggesting that these distal HSF1 bound 

regions become active enhancers during the HSR. This increase in divergent transcription 

around the distal HSF1-bound sites is unlikely to be an effect of HSF1 directly stimulating 

the recruitment of Pol II, because the initiation of divergent transcription is detectable only 

at 60′HS even though the sites are occupied by HSF1 prior to 60′HS (Figures 5F & S5E - 

left and mid panels). The delayed recruitment of Pol II is more consistent with an indirect 

role of HSF1 on Pol II recruitment to enhancers, perhaps a consequence of opening of 

enhancer regions that allows the binding of other TFs and Pol II made available during the 

massive downregulation of thousands of genes.

HSF2 does not compensate for the loss of HSF1 during HSR

HSF2, like HSF1, is ubiquitously expressed in mammals (Akerfelt et al., 2010). The DNA 

binding domains of HSF1 and HSF2 are highly similar and bind to identical HSEs as homo- 

or hetero-trimers (Sandqvist et al., 2009). To test whether HSF2 is compensating for the lack 

of HSF1 in Hsf1−/− MEFs, we performed PRO-seq in nuclei isolated from Hsf1&2−/− MEFs 

at 37°C (NHS) and 2.5, 12, and 60 minutes after an instantaneous HS at 42°C and processed 

these data like WT and Hsf1−/− MEFs (Figure S6A and Tables S5, S6, and S7).
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HS induces significant changes in PRO-seq density of many genes in Hsf1&2−/− (Figure 

6A), and most genes that are regulated upon HS in WT and Hsf1−/− are also regulated in 

Hsf1&2−/− (Figures 6B & S6B). The number of significantly upregulated genes upon HS in 

Hsf1&2−/− are similar to Hsf1−/− MEFs (Figures 6C vs. 1E), as is their degree of 

upregulation (Figure 6D, left panel), indicating that HSR mediated transcription induction in 

Hsf1−/− is not mediated by HSF2.

The number of significantly downregulated genes is somewhat lower in Hsf1&2−/− relative 

to the Hsf1−/− MEFs (Figures 6C vs. 1E) and the extent of downregulation is also 

comparatively low (Figure 6D, right panel). This observation that some genes dowregulated 

in Hsf1−/− are not downregulated in Hsf1&2−/− raises the possibility that HSF2 mediates 

repression of at least some genes. For instance, the constitutive transcription in Fgf7 and 

Mark1 is repressed in Hsf1−/− MEFs but is restored in Hsf1&2−/−, suggesting that HSF1 

normally prevents HSF2 from repressing these genes (Figures 6E & S6C). HSF2 may also 

play a dominant role over HSF1 in repression of genes like Prrc2b during HS, as its 

downregulation detected at 60′HS in both WT and Hsf1−/− MEFs is not observed in 

Hsf1&2−/− (Figure 6E). The fewer downregulated genes in Hsf1&2−/− compared to Hsf1−/− 

MEFs imply that HSF2 could be directly or indirectly working as a repressor. HSF2 is 

known to repress HSR in mitotic cells, (Elsing et al., 2014), but the HSF2 mediated 

constitutive repression in absence of HSF1 as well as the dominant repression of some genes 

during HS has not been reported before in interphase cells.

Downregulated genes in Hsf1&2−/− are also regulated by inhibition of promoter proximal 

pause release, similar to WT and Hsf1−/− MEFs (Figure 6F). The similarity in the regulation 

of Hsps in Hsf1−/− and Hsf1&2−/− further indicates that HSF2 does not compensate for the 

lack of HSF1 (compare Figures 5A & S5A to S6D & S6E). Thus, while HSF2 may mediate 

downregulation of a subset of genes, most of the changes, especially the transcription 

induction upon HS, observed in Hsf1−/− MEFs are not mediated by HSF2.

HS-regulated genes have different kinetics, dynamics, chromatin marks, and functions

Our results demonstrate an elaborate network of transcriptional regulation in response to 

heat stress; hundreds of genes are induced and thousands of others are repressed. This 

coordinated regulation exhibits temporal precision and selectivity for functional gene 

groups. We broadly divided the kinetics and dynamics of transcription regulation during HS 

in WT MEFs in five unique classes (Figure 7A).

Class I represents the HS-inducible genes including Hsps that are induced throughout the 

duration of HS in this study. Upon HS, many of these genes are bound by HSF1 at their 

promoters. The AP-1 binding motif is enriched within the HSF1 peaks in the promoter of 

these genes (Figure S7A), suggesting a likely co-operation between HSF1 and AP-1. We 

show that the HSF1 induces transcription in HSF1-dependent genes of this class by 

increasing the release of paused Pol II into productive elongation. In addition to HSF1, the 

binding motif of SIX4 is also enriched in the promoters of some genes in this class (Figure 

S7B).
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Class II comprises EI genes described in Figure 3. HS rapidly and transiently induces 

transcription of these genes. Many genes in this class belong to cytoskeleton family and are 

characterized by a strong enrichment of SRF binding motif in their promoters. The metagene 

profile of PRO-seq density in the pause region of these genes also shows a comparable net 

increase of paused Pol II at 2.5′HS and 12′HS that decrease at 60′HS (Figure S7C). Thus, 

both Pol II pause release and recruitment appear rapidly and transiently regulated during 

HSR, and SRF and its coregulators are strong candidates for mediating this response.

Class III represents genes that are induced during the late phase of the HSR. Most of these 

genes are regulated independently of HSF1 and are likely targets of TFs that are induced in 

the earlier phase of HSR. Promoters of genes in this class are enriched in antioxidant 

binding elements where Nuclear Factor, Erythroid 2-Like 2 (NFE2L2) is known to bind and 

induce oxidative stress response genes (Li and Kong, 2009). Some of these genes have a role 

in apoptosis. Unlike class II genes, PRO-seq density in the pause regions of these genes 

increases over the course of HS (Figure S7D), while increase in the gene-body only occurs 

at 60′HS.

Class IV comprises genes that are downregulated immediately upon HS. These genes are 

characterized by progressive reduction in PRO-seq density over the course of HS due to the 

inhibition of Pol II release into productive elongation from the promoter-proximal paused 

state. This class is enriched for genes related to metabolism, cell cycle, and protein 

synthesis.

Class V consists genes that are unaffected during the early phase of the HSR but are 

downregulated in the late phase. Similar to the class IV, these genes are also regulated at the 

level of pause release. Interestingly, genes in this class are highly enriched for processes like 

splicing, mRNA processing, and nuclear transport.

To distinguish the characteristic features of five kinetic classes, we probed for all published 

and ENCODE-deposited genome-wide data in MEFs. We found that the kinetic classes are 

differentially enriched for several histone marks and Pol II prior to HS (Figure 7B and S7E). 

The class II genes are primed with higher levels of paused Pol II and higher active histone 

modifications compared to both class I and class III. In contrast, we did not find significant 

differences in histone modifications between the downregulated classes (class IV and class 

V). In general, active histone marks positively correlate and inactive histone marks 

negatively correlate with Pol II levels in the promoter region. Overall, the differences in the 

kinetics and dynamics of regulation, in the associated TFs, Pol II, and histone marks, and in 

the specific biological processes targeted by each gene class indicate a highly regulated and 

carefully calibrated response mechanism that cells have evolved to cope with heat stress.

Discussion

The PRO-seq assay used here provides a kinetic series of snapshots of the changes in 

transcribing RNA polymerases in the immediate response to an instantaneous heat stress. 

The properties of this assay - high sensitivity, large dynamic range (>105), genome-wide 

scope and base-pair resolution - provide a fine grain panorama of the changes in 
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transcription across the genome and show that the extent of the HSR is much more pervasive 

than previously appreciated, with significant upregulation of 10% and downregulation of 

55% of all active genes. This regulation is extremely rapid, inducing changes in 

transcriptional patterns in as little as a minute and half. Notably, the response is far from 

monolithic, and based on the kinetics and dynamics of transcription changes, HS-regulated 

genes fall into five distinct classes. Interestingly, these classes are also distinct in terms of 

the transcription factors binding motifs and chromatin marks in their promoters and the 

broad functions of the regulated genes.

HSF1 is generally considered to be the master regulator of the HSR. Our analyses in both 

Hsf1−/− and WT MEFs reveal that HSF1 accounts for only a fraction of the transcriptionally-

induced genes upon HS and it has no detectable role in genome-wide repression. Analysis of 

the Hsf1&2−/− MEFs shows that HSF2 does not compensate for the absence of HSF1 for 

induction of upregulated genes, indicating non-redundant roles of this ubiquitously-

expressed HSF1 paralog.

This study identifies over 900 genes that are induced upon HS in HSF1-independent manner, 

which are not mediated by HSF2, and identifies additional TFs as potential activators of 

HSR. One such TF that appears to play a large role in mediating the HSR is SRF. Arsenite-

mediated stress is known to activate SRF via MAPK pathway, (Heidenreich et al., 1999); 

however, SRF’s role in HSR was completely uncharacterized until now. SRF transiently 

binds the promoters of transiently-induced IE genes during HSR, the majority of which are 

cytoskeletal genes. We hypothesize that the dramatic cytoskeletal changes at the onset of 

HSR, such as formation of stress fibers comprised of actin filaments, is the trigger that 

selectively induce transcription of genes in cytoskeleton family via the action of SRF. SRF 

activity depends on the MAL cofactor, which binds to monomeric actin, and this actin 

binding sequesters MAL to the cytoplasm (Vartiainen et al., 2007). In this model, the actin 

polymerization caused by HS reduces the level of monomeric actin allowing MAL to 

translocate into the nucleus and form a complex with SRF and induce SRF-responsive 

genes. The transient induction of these genes could be mediated by the known feed-back 

loop where monomeric actin expression driven by SRF inhibits MAL association with SRF 

and its potential to induce transcription (Sotiropoulos et al., 1999).

The escape of paused Pol II into productive elongation can be a rate-limiting and regulated 

step in transcription elongation (Adelman and Lis, 2012). Comparative analyses of PRO-seq 

density in paused region and body of genes in WT and Hsf1−/− MEFs supports the model 

that HSF1 induces transcription in HSF1-dependent upregulated genes by increasing the 

release of paused Pol II into productive elongation. The details of the mechanism remain to 

be resolved, but HSF1 binding to major HS loci is known to be required for the recruitment 

of P-TEFb (Lis et al., 2000), whose kinase activity is in turn required for progression of 

paused Pol II into productive elongation (Jonkers et al., 2014; Price, 2000; Takahashi et al., 

2011).

In addition to promoters, HSF1 binds to many intragenic and intergenic sites. Intragenic 

HSF1 bound sites were previously proposed to repress transcription by creating a barrier to 

transcription. This hypothesis does not explain the downregulation observed in our study, as 
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we find the intragenic HSF1 has very little influence on transcriptional downregulation of 

the bound genes. The HSF1-intragenic-bound genes that show transcriptional repression in 

WT are also repressed in Hsf1−/− MEFs with comparable magnitude and kinetics. We 

further show that the density of Pol II upstream of the intragenic-bound HSF1 sites does not 

increase, indicating gene-body bound HSF1 does not create appreciable impediment to 

elongating Pol II.

Intergenic-bound HSF1 is difficult to assign to a target gene without a high-resolution 

chromatin interaction map. Nevertheless, the divergent PRO-seq profile around the 

intergenic-bound HSF1 sites and the presence of 150 HSF1-dependent genes without 

promoter-bound HSF1 indicates that at least some of the intergenic-bound HSF1 functions 

as enhancers. The transcription induction of these 150 genes also occurs by an HSF1-

dependent increase in pause release. This further strengthens the role of HSF1 in HSR as a 

factor that increases the release of paused Pol II into productive elongation. Finally, the 

insights into the mechanism of HSF1 action and its primary gene targets will hopefully 

prove useful in fine-tuning the ongoing development of HSF1-based therapeutics for cancer 

and neurodegenerative disorders.

EXPERIMENTAL PROCEDURES

Cell lines and heat shock

Immortalized MEFs generated from Hsf1−/−, Hsf1&2−/−, and its wild type littermate mice 

were grown in DMEM supplemented with 10% heat inactivated FBS (v/v) and 1% Penicillin 

Streptomycin (v/v) at 37°C with 5% CO2 and 90% humidity.

Instantaneous HS was performed using ~80% confluent cells by adding pre-heated (42°C) 

conditioned media collected from identically growing cells and by incubating the cell plates 

at 42°C for the desired time. NHS cells grown at 37°C and the NHS and HS cells were 

harvested identically (see Supplemental Experimental Procedures).

PRO-seq library preparation

Nuclei were isolated as described previously (Core et al., 2008), and nuclear run-on 

experiments and PRO-seq library preparation were performed as described previously 

(Kwak et al., 2013) with some modifications (see Supplemental Experimental Procedures).

HSF1 and SRF ChIP-seq library preparation

Chromatin immunoprecipitation and ChIP-seq library prepraration were performed as 

described previously (Guertin and Lis, 2010) with some modifications (see Supplemental 

Experimental Procedures).

Supplementary Material

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

~1500 genes are up- and ~8000 are down-regulated during the 1st hour of heat shock

HSF1 induces heat shock protein genes by increasing promoter-proximal pause-

release

Upon heat shock, SRF transiently induces immediate-early cytoskeletal genes

Broad repression during heat-shock in mammals occurs by inhibiting pause-release
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Figure 1. HS induces rapid, dynamic, and extensive changes in transcription in a mostly HSF1-
independent manner
(A) Experimental set-up, PRO-seq assay was performed in nuclei isolated from WT and 

Hsf1−/− MEFs at NHS, 2.5′HS, 12′HS, and 60′HS.

(B) Quantitative Western Blot analysis of HSF1 in WT and Hsf1−/− MEFs. Actin is used as 

the loading control.

(C) ‘Minus-average’ (MA) plots represent PRO-seq density change in the gene-body of all 

genes (n=23460) between NHS and 2.5′HS (left panel), 12′HS (mid panel), and 60′HS (right 
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panel) in WT MEFs. Significantly upregulated genes (p-value < 0.001 in DESeq2) are 

shown in gold and significantly downregulated genes are shown in blue.

(D) Screenshots of four genes with different kinetics and dynamics of regulation. PRO-seq 

density in sense and antisense direction is shown in red and blue respectively. Small vertical 

black bars at the bottom of PRO-seq tracks represent the genomic regions that do not map 

uniquely at 36bp resolution.

(E) Number of significantly changed genes upon HS. Upregulated genes are shown in gold 

and downregulated genes are shown in blue.

(F) Venn diagram of significantly upregulated and downregulated genes between WT and 

Hsf1−/− MEFs.

See also Figures S1, S2 and Tables S1, S2, S3
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Figure 2. HSF1 binds and regulates a small fraction of HS induced genes
(A) Experimental set-up, ChIP-seq libraries in WT MEFs were made in duplicates with 

Input DNA, chromatin immunoprecipitated with non-specific IgG and two different HSF1 

specific antibodies – Ab1 and Ab2 - at NHS, 12′HS, and 60′HS. Additionally, ChIP-seq 

libraries were also made with both HSF1 specific antibodies in Hsf1−/− MEFs.

(B) Screenshot of Hsph1 gene shows ChIP-seq read density in WT and Hsf1−/− MEFs. The 

scale on the y-axis represents the number of ChIP-seq tags under the peaks.

(C) Venn diagram of the number of HSF1 peaks identified by MACS at different time points.
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(D) Cumulative fraction of HSF1 peaks from the nearest annotated TSS. Colors of the 

cumulative distribution functions correspond to the different classes represented in the venn 

diagram in panel C. The dotted line represents 1 kb and the x-axis is in log10 scale.

(E) Density of HSF1 peaks in discrete genomic regions. The absolute numbers of HSF1 

peaks are shown over the bars. Colors below the sets of three genomic regions correspond to 

the different classes represented in the venn diagram in panel C.

(F) Heatmap of HSF1 binding by ChIP-seq (left, grey to brown) and change in PRO-seq 

density (right, blue to red) before and after HS in all HSF1-promoter-bound genes. Purple 

bar represents genes induced in both cell types, magenta bars represent HSF1-dependent 

induced genes, and blue bars represent HSF1-independent repressed genes.

(G) Cumulative fraction of HSF1-dependent upregulated genes in WT MEFs from the 

nearest HSF1 peaks. The dotted line represents 1 kb and x-axis is in log10 scale.

(H) PRO-seq density (with 95% confidence interval in light shades) at 60′HS around the 

center of intragenic-bound HSF1 sites. Upstream region of the intragenic-bound HSF1 sites 

lack HSF1-dependent accumulation of PRO-seq density.

See also Figure S3 and Table S4

Mahat et al. Page 21

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

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 3. Early induced genes are primarily cytoskeleton genes, which are induced as early as 
Hsps in HSF1-independent manner
(A) Heatmap of PRO-seq density fold change in significantly upregulated genes at 2.5′HS 

(EI genes) in WT only (green), common in both WT & Hsf1−/− (olive), and Hsf1−/− only 

(orange).

(B) Change in PRO-seq density of EI genes at all time points.

(C) GO analysis of the three classes of EI genes (same color scheme as in A). The heatmap 

denotes the number of genes in each GO class and the length of the bar (x-axis) denotes the 

p-value.
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(D) Significantly enriched TF motifs out of 1200 scanned in the promoter of genes in the 

three classes of EI genes. P-value of motif enrichment over 3rd order Markov model is 

represented in the heatmap. Sequence logo of DNA binding motif of the most significantly 

enriched TF is shown.

(E) Screenshot of Vcl gene shows the SRF ChIP-seq density. SRF binding is significantly 

enriched on the promoter of the gene at 12′HS and returns to level similar to NHS by 60′HS.

(F) Composite profile of SRF ChIP-seq density around the TSS of transiently induced genes 

upon HS that contain SRF binding element on their promoters.

(G) Screenshots of Tle4 gene with a distinctive PRO-seq wave. Green bars represent the 

distance traversed by new waves of Pol II calculated by three-state HMM.

(H) Distribution of length of PRO-seq waves at 2.5′HS and 12′HS in EI genes that are 

significantly upregulated at 12′HS as well.

(I) Cumulative fraction of cytoskeleton genes and Hsps and their length of PRO-seq waves at 

2.5′HS.

See also Figure S4
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Figure 4. Transcription is repressed upon HS in majority of the active genes
(A) Center-of-mass plot shows the status of PRO-seq density change in all active genes (n = 

15893).

(B) Screenshots of two downregulated genes with different kinetics of transcription 

repression upon HS (left is early- downregulated and right is late- downregulated).

(C) Breakdown of significantly downregulated genes at 60′HS into two classes - early and 

late.
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(D) Heatmap of PRO-seq density before HS (left), after 60′HS (mid), and fold change from 

60′HS to NHS (right) for significantly downregulated genes at 60′HS in WT MEFs. Each 

row represents a gene, scaled to same length and divided into 100 bins, from TSS up to 

polyA site for genes shorter than 24 kb and up to 24 kb for genes longer than 24kb.

(E) Histogram of average PRO-seq density in 10 bp bins from TSS to 1 kb into the gene-

body for significantly downregulated genes at 60′HS (n= 7923).

(F) GO analysis of the significantly downregulated genes using DAVID. GO terms enriched 

in early and late downregulated classes are represented by color scheme in C.

The heatmap denotes the number of genes in each GO class.

See also Figure S4
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Figure 5. HSF1 is required for induction of classical Hsps upon HS and works by increasing 
pause release
(A) PRO-seq density change upon HS in 30 Hsps in WT (top) and Hsf1−/− MEFs (bottom) 

ordered by increasing fold change at WT 60′HS.

(B) HSF1 fold enrichment in the promoter of the corresponding 30 Hsps in WT MEFs.

(C) HSE in the promoter of the corresponding 30 Hsps.

(D) Heatmap of HSF1 binding (left), change in PRO-seq density in gene-body (center) and 

pause region (right) of the 102 genes that are bound by HSF1 in the promoter and show 

HSF1-dependent transcription induction at 60′HS.
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(E) Change in PRO-seq density in gene-body (left) and pause region (right) of the 150 genes 

that are not bound by HSF1 in the promoter but show HSF1-dependent transcription 

induction at 60′HS.

(F) PRO-seq density (with 95% confidence interval in light shades) before and at time points 

after HS in WT MEFs around the center of HSF1-intergenic-bound sites at NHS (left), 

common only in 12′HS & 60′HS (center), and only in 60′HS (right). The color of text in the 

titles refers to the three classes represented by the same colors in Figure 2C.

See also Figure S5
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Figure 6. HSF2 is not responsible for transcriptional changes upon HS in Hsf1−/− MEFs
(A) MA plots represent PRO-seq density change in the gene-body of all genes (n=23460) 

between NHS and 2.5′HS (left panel), 12′HS (mid panel), and 60′HS (right panel) in 

Hsf1&2−/− MEFs. Significantly upregulated genes are shown in gold and significantly 

downregulated genes are shown in blue.

(B) Screenshots of Atf3 (significantly upregulated at 60′HS) showing similar kinetics of 

PRO-seq density change upon HS in WT, Hsf1−/−, and Hsf1&2−/− MEFs.
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(C) Number of significantly changed genes upon HS in Hsf1&2−/− MEFs. Upregulated 

genes are shown in gold and downregulated genes are shown in blue.

(D) Transcriptional status in Hsf1&2−/− MEFs upon HS for significantly upregulated genes 

(left) and significantly downregulated genes (right) in Hsf1−/− MEFs.

(E) Screenshots of genes that could be repressed by HSF2 in absence of HSF1 (Fgf7) or 

during HS even in presence of HSF1 (Prrc2b).

(F) Heatmap of PRO-seq density fold-change at 60′HS relative to NHS for significantly 

downregulated genes at 60′HS in Hsf1&2−/− MEFs. Each row represents a gene, scaled to 

same length and divided into 100 bins, from TSS up to polyA site for genes shorter than 24 

kb and up to 24 kb for genes longer than 24kb.

See also Figure S6 and Tables S5, S6, S7
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Figure 7. Kinetics and dynamics of transcription induction and repression during HSR
(A) Kinetics, dynamics, and the proposed mechanism of the five major classes of HS-

regulated genes in WT MEFs. Heatmap on the left panel shows the gene-body PRO-seq 

density change upon HS for all genes in each class. The mid panels show the average change 

in gene-body PRO-seq density - the red points represent the average log2 fold change for all 

genes and the green error bars represent 95% confidence interval. The right panels show the 

step(s) in transcription being regulated. Green arrow indicates positive regulation, the orange 

arrow represents likely but uncertain regulation, red cross indicates negative regulation, and 
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thickness of the arrows indicates the extent of regulation. The most highly enriched TF 

motifs in different classes are shown at the bottom.

(B) Level of different histone marks and Ser5 Pol II (with 95% confidence interval in light 

shades) prior to HS around the TSS of three kinetic classes of transcriptionally-induced 

genes upon HS. PRO-seq density around the TSS for those genes is also shown.

See also Figure S7
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