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Abstract

Heat Shock Factor 1 (HSF1) is critical for defending cells from both acute and chronic stresses. In 

aging cells the DNA binding activity of HSF1 deteriorates correlating with the onset of 

pathological events including neurodegeneration and heart disease. We find that DNA binding by 

HSF1 is controlled by lysine deacetylases with HDAC7, HDAC9, and SIRT1 distinctly increasing 

the magnitude and length of a Heat Shock Response (HSR). In contrast, HDAC1 inhibits HSF1 in 

a deacetylase-independent manner. In aging cells the levels of HDAC1 are elevated and the HSR 

is impaired, yet reduction of HDAC1 in aged cells restores the HSR. Our results provide a 

mechanistic basis for the age-associated regulation of the HSR. Besides HSF1, the deacetylases 

differentially modulate the activities of unrelated DNA binding proteins. Taken together, our data 

further support the model that lysine deacetylases are selective regulators of DNA binding 

proteins.
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Introduction

Homeostasis relies on a dynamic cellular environment to aptly react to fluctuating 

physiological demands [1]. Inducible pathways culminating in gene expression programs 

exemplify the need for prompt action. For example, physiological stressors such as elevated 

temperatures or steroid hormones trigger signaling systems that cascade into transcriptional 

responses. In general, these multistep paths are driven forward by cooperative interactions 

between select protein partners including the activated transcription factors, histone 

acetyltransferases, chromatin remodelers, and preinitiation factors [2]. As stress-signaling 

pathways require quick transduction of information, the systems are reliant on efficient 

transitions between the cooperatively assembled structures as well as guidance to the next 
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step [3]. Recent studies highlight the utility of molecular chaperones in mediating the rapid 

disassembly of transcription complexes as well as the prominent use of post-translational 

modifiers for guiding transcription pathways [4] and [5]. Here we investigated how lysine 

deacetylases control stress-signaling pathways by directly modulating the DNA binding 

activities of transcription factors. As a molecular model we focus on the mammalian Heat 

Shock Response (HSR).

The HSR is an evolutionarily conserved stress-signaling process adapting cells to 

pathological challenges and is a paradigm for investigating systems directly reactive to 

physiological cues [6]. Significantly, HSR dysfunction has dire consequences. When 

organisms age the capacity of the HSR declines impairing protein homeostasis and 

correlating with the onset of numerous ailments including neurodegeneration, type II 

diabetes, and heart disease [7]. Heat Shock Factor 1 (HSF1) is the principal mediator of the 

eukaryotic HSR as it coordinates a cell’s counteractions to both acute and chronic stressors 

[6]. Notably, HSF1 also is a key modulator of lifespan and a potent driver of oncogenesis [8] 

and [9]. Central to these events is HSF1 DNA occupancy, which is requisite to govern the 

gene programs driving the different cell fates. Therefore, it is imperative to understand how 

the DNA binding activity of HSF1 is controlled.

In transitioning from a quiescent monomer to an activated trimer the post-translational 

modification façade of HSF1 is revamped [10]. For instance, correlations between serine/

threonine phosphorylation levels and acquisition of HSF1 trimerization, nuclear localization, 

and transcriptional potency have been found [6]. Besides phosphorylation, HSF1 is 

acetylated, sumoylated, and ubiquitinated [11]. While the significances of these 

modifications are not completely understood, lysine acetylation within the DNA binding 

domain can inhibit DNA interactions whereas acetylation of the central regulatory domain 

deters degradation of HSF1 [12], [13], and [14]. Hence, modification of select HSF1 lysines 

is a potent means to control the HSR and support cell vitality.

Lysine acetylation within the binding cleft of HSF1 is sufficient to block DNA interactions. 

Prior studies have shown that the GCN5 acetyltransferase selectively targets HSF1 lysine 80 

(K80), which stabilizes HSF1 to DNA, whereas K80 is one of many residues modified by 

the P300 acetyltransferase [13] and [14]. In either case, acetylation of K80 impedes HSF1 

DNA binding activity and limits the HSR. Minimally, the Sirtuin 1 (SIRT1) deacetylase 

relieves the inhibitory mark thereby enabling stress-induced HSF1 DNA binding and 

extending a HSR [12]. The role of SIRT1 is not universal since blockage of SIRT1 does not 

affect neuroprotection yet inhibiting type I/II histone deacetylases (HDACs) hinders 

neuronal heat-defenses [15]. While the responsible HDAC has not been identified, the work 

illustrates that the reprieve of the constraining HSF1 modifications will involve cell and 

disease specific lysine deacetylases (KDACs).

Intertwined within the acetylation process controlling transcription factor DNA binding 

activities is the p23 molecular chaperone [13]. Before the lysines coordinating DNA 

interactions can be acetylated p23 must dissociate the DNA-bound complex, as DNA 

binding conceals the target lysine [13]. The involvement of p23 in transcription factor 

acetylation events was founded in a synthetic genetic array linking the chaperone to both 
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acetylases and deacetylases along with the discovery that the loss of p23 triggers increased 

expression of GCN5 and HDAC1 [13] and [16]. In our early model we suggested that the 

increase in HDAC1 balanced the elevation in GCN5—extra HDAC1 might remove the 

superfluous GCN5 acetylation modifications thereby reestablishing the DNA binding 

activities of target proteins [13]. Here, we tested this basic hypothesis and discovered that 

regulation through lysine deacetylase action is complicated as KDACs both positively and 

negative modulate DNA binding activities using deacetylase-dependent and -independent 

mechanisms.

Results

Select lysine deacetylases remove the inhibitory GCN5 mark on HSF1

To test the impact of HDAC1 on GCN5-mediated inhibition of the HSR we exploited the 

heat-induced DNA binding activity of HSF1 in the human embryonic kidney cell line 293T. 

A priori, we had anticipated that most, if not all, lysine deacetylases (KDACs) would suffice 

in removing the inhibitory K80 acetyl group. Given our previous genetic data linking p23/

GCN5/HDAC1, we believed HDAC1 would certainly counter the GCN5 mark on HSF1 

[13]. While overexpression of GCN5 by transient transfection effectively diminished the 

binding of HSF1 to the proximal heat shock element (HSE) of the HSP70 promoter 

following exposure to heat-stress, coexpression of HDAC1 did not rescue binding activity 

(Fig. 1a). Yet, joint expression of SIRT1 was adequate to recover stress-induced HSF1 DNA 

binding (Fig. 1a). Hence, the HDAC1 and SIRT1 deacetylase display discriminate 

regulation of HSF1 in conjunction with GCN5.

To further explore the selectivity of KDACs with a non-histone protein target we screened a 

panel of 12 deacetylases with representatives from the three main KDAC groups. Based on 

protein structure and catalytic activity there are 18 known mammalian KDACs divided into 

four clusters: class I (HDAC1-3, and HDAC8); class II (HDAC4-7, HDAC9-10); class III 

(SIRT1-7); and class IV (HDAC11) [17] and [18]. Only 3 KDACs (HDAC7, HDAC9, and 

SIRT1) countered the GCN5 inhibitory effect on heat-induced HSF1 DNA binding (Fig. 

1b).

Lysine deacetylases discriminately regulate HSF1 activities

To determine if the specificity of the deacetylases was particular to the GCN5 mark, we 

checked the intrinsic heat-triggered HSF1 pathway. Acetylation of HSF1 increases under 

heat shock conditions thereby dampening the response [12] and [13]. As heat shock 

promoters are maintained in nucleosome depleted states in vivo, we continued to exploit 

EMSAs as a means to monitor HSF1 DNA interactions. Similar to the relief of GCN5 

inhibition, overexpression of HDAC7, HDAC9, and SIRT1 by transient transfection 

stimulated heat-triggered HSF1 DNA binding (Fig. 2a). Hence, these 3 KDACs can counter 

acetylation marks that are repressive to HSF1 DNA binding activity independent of the 

modifying source.

Unexpectedly, HDAC1 overexpression in 293T cells was sufficient to impair HSF1 DNA 

interactions (Fig. 2a). The impact of the KDACs is independent of cell context, as heat-
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activated HSF1 was differentially modulated by the deacetylases in both rabbit reticulocyte 

lysate and mouse embryonic fibroblasts (Supplementary Fig. 1). Since only the individual 

KDACs were expressed with HSF1 the effects likely do not involve large deacetylase-

complexes (e.g., NuRD or SIN3). Rather, the individual KDACs appear sufficient to control 

HSF1 DNA binding activity.

Importantly, the stress-induced activation of the endogenous HSF1-target gene HSP70 

paralleled the changes in the DNA binding effects imposed by HDAC1, HDAC7, HDAC9, 

and SIRT1. In 293T cells overexpression of HDAC1 decreased HSP70 RNA production 

whereas HDAC7, HDAC9, and SIRT1 elevated transcription of HSP70 (Fig. 2b). Hence, 

KDAC modulation of HSF1 DNA binding imposes direct effects on gene expression.

Conversely, HSF1 acetylation levels did not correspond to the functional impact of the 

KDACs. Using an antibody recognizing acetyl-lysine it was apparent that HDAC9 and 

SIRT1 deacetylated HSF1 (Fig. 2c). However, either HDAC1 or HDAC7 overexpression 

elevated HSF1 pan-acetylation (Fig. 2c) despite the contrasting functional effects of HDAC1 

and HDAC7 on HSF1 activities (Fig. 2a and 2b). No matter the extent of acetylated lysine, 

HSF1 steady-state protein levels remained relatively constant (Fig. 2c). As the antibody we 

employed recognizes just acetylated lysine and HSF1 has lysines throughout its primary 

sequence, we mapped the affected area(s). Overexpression of either HDAC1 or HDAC7 

increased lysine acetylation in the carboxyl-terminus of HSF1 but only HDAC1 prompted 

acetylation of the DNA binding domain (DBD) (Supplementary Fig. 2).

KDACs use distinct mechanisms to differentially control HSF1 DNA binding

To understand the differential regulation we mapped the HSF1 domains associating with the 

different deacetylases. Full-length HSF1 or truncation mutants representing the amino-

terminal DBD, central regulatory domain (RD), or carboxyl-terminal activation domain 

(AD) of HSF1 were produced in rabbit reticulocyte lysate. The HSF1 derivatives were 

incubated with HDAC1, HDAC7, HDAC9, or SIRT1 and then immunoprecipitated. All 

three positively acting KDACs (HDAC7, HDAC9, and SIRT1) associated with the AD (Fig. 

3a). Only SIRT1 bound to the RD, which might explain the more robust SIRT1-influence 

(Fig. 2). In contrast, HDAC1 interacted with the DBD of HSF1 (Fig. 3a).

To confirm if these modes of association functionally impact HSF1 we tested the influence 

of HDAC1, HDAC7, HDAC9, or SIRT1 on the DNA binding activities of the DBD or a 

fusion of the DBD and AD (DBD-AD). HDAC1 inhibited both the DBD and DBD-AD 

derivatives yet HDAC7, HDAC9, and SIRT1 only stimulated the activity of the DBD-AD 

fusion (Fig. 3b). It is possible, however, that the DNA binding activity of the DBD fragment 

is already maximal and therefore further stimulation isn’t feasible. Nevertheless, we suspect 

HDAC1 binds to the DBD and sterically blocks DNA binding whereas HDAC7, HDAC9, 

and SIRT1 use the AD (SIRT1 likely incorporates the RD too) as a platform for 

deacetylating K80 without interfering with the DBD.

The KDAC domains associating with and regulating HSF1 varied. For the positively acting 

KDACs the regions interacting with HSF1 contained the deacetylase catalytic domains 

(Supplementary Fig. 3). SIRT1 relied on its catalytic core whereas HDAC9 utilized the core 
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plus flanking areas (Supplementary Fig. 3). In contrast, the non-catalytic amino-terminus of 

HDAC1 bound HSF1 and impeded DNA binding (Fig. 3a and Supplementary Fig. 3). Thus, 

supporting our contention that HDAC1 inhibits HSF1 through steric interference 

independent of its deacetylase function.

HSF1 Inhibition by HDAC1 is dependent on the p23 molecular chaperone

The ability of HDAC1 to foster the free state of HSF1 might explain its genetic relationship 

with the p23 chaperone [16]. Previously we found that GCN5 maintains HSF1 DNA-

separation after p23 releases HSF1 from DNA [13]. To test whether HDAC1 shares a 

similar p23-reliance we tested the effect of HDAC1 in the presence and absence of p23. 

Addition of HDAC1 to reticulocyte lysate immunodepleted of p23 led to enhanced HSF1 

DNA binding rather than inhibition (Fig. 4a lane 6). We suspect that HDAC1 can 

deacetylate K80 in the absence of p23. Under these conditions HSF1 favors binding to DNA 

rather than interacting with HDAC1. Restoration of p23 to normal reticulocyte lysate levels 

triggered release of HSF1 from DNA thereby allowing HDAC1 to block HSF1 DNA 

binding (Fig. 4a lane 7). Importantly, addition of the deacetylase defective HDAC1 mutant 

H141A was effectively inhibited HSF1 DNA binding in the presence of p23 but did not 

promote DNA interactions in the absence of p23, as H141A is unable to deacetylate any free 

HSF1 (Fig. 4b). Hence, the genetic links between p23, HDAC1, and GCN5 likely highlight 

a regulatory system for controlling the disassembly of protein-DNA complexes.

KDACs tune the timing of the Heat Shock Response

In addition to the mechanisms of KDAC action, we wanted to establish the physiological 

relevance of the KDACs with the HSR. The fundamental purpose of HSF1 is to transduce 

environmental signals into select gene programs by binding HSEs at or near regulated genes 

[6]. Mammalian cells cultured at 37°C will undergo a transient response when exposed to 

42°C in which HSF1 binds DNA maximally after 1-2 h with little to no association 

following 4 h [19]. Significantly, the KDACs differentially altered the HSF1 pathway. In 

293T cells HDAC1 shortened the HSR while HDAC7, HDAC9, and SIRT1 all extended the 

response—SIRT1 increased DNA binding throughout the time course whereas HDAC7 

raised binding at early times and HDAC9 altered later binding events (Fig. 5). In contrast, 

HDAC6 had no apparent influence on the HSR (Fig. 5). Despite the provoked variances in 

the HSR, the KDACs localized to the HSP70 promoter in parallel with HSF1 

(Supplementary Fig. 4). The distinct regulatory effects suggest the KDACs might be a 

mechanism for tuning the stress-signaling pathway in a cell or disease specific manner.

HDAC1 impairs the HSR in aged cells

To explore this possibility we examined the HSR in young and old cells along with the 

expression of select KDACs. Pertinently, physical and psychological stressors fail to induce 

HSF1 DNA binding activity in aged cells despite comparable steady-state protein levels, 

heat-induced phosphorylation, trimerization capacity, and nuclear localization of HSF1 [20], 

[21], [22], and [23]. Additionally, extracts from high-passage cell lines or older human (ages 

76-88 years) donor cells contain a heat-labile, transacting inhibitory factor of HSF1’s DNA 

binding activity [24] and [25].
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As an aging model we used serially passaged mouse embryonic fibroblasts (MEFs) checking 

cells with population doublings (PDs) of either 12 or 26. While the PD-12 MEFs (i.e., young 

cells) had a robust HSE binding activity following exposure to 42°C the older PD-26 cells 

did not (Fig. 6a). The protein levels of HSF1 and HDAC9 remained constant, yet SIRT1 

declined and HDAC1 increased in the PD-26 MEFs (Fig. 6b). Similar age-dependent 

changes to SIRT1 and HDAC1 have been noted previously [26], [27], and [28]. Given the 

expression changes to SIRT1 and HDAC1, we manipulated the levels of these two KDACs 

in an attempt to restore the HSR in aged cells.

Knock down of HDAC1 in the PD-26 MEFs reestablished the heat-triggered DNA binding 

activity of HSF1 (Fig. 6c). Notably, mixing cell extracts from the old and new MEFs 

impeded HSF1-HSE interactions unless HDAC1 had been knocked down in the older cells 

(Fig. 6c). Although the decline in SIRT1 likely contributes to the lowered HSR of aged 

cells, HDAC1 appears to be the age-dependent, trans-acting HSF1 inhibitory protein.

KDACs display selective regulation of DNA binding proteins

Besides HSF1, we tested the influence of the KDACs on the DNA binding activities of the 

Glucocorticoid Receptor (GR) and Cell Division Cycle 6 (CDC6) proteins to weigh the 

target range of the deacetylases. Like HSF1, GR is a central mediator of a stress-signaling 

pathway culminating in a transcriptional response. GR reacts to steroid-hormone 

fluctuations prompted by programed patterns (e.g., diurnal cycle) and physiological stressors 

(e.g., starvation) [3]. Comparable to HSF1, overexpressed HDAC1 inhibited while SIRT1 

overexpression enhanced the signal-induced DNA binding and transcriptional activities of 

GR (Fig. 7a and 7b). The observed increase in the transcription response mediated by GR 

following HDAC6 overexpression (Fig. 7b) likely resulted from the established HDAC6-

modulation of HSP90 chaperone activity, which impacts HSP90-clients such as GR [29].

On the other hand, CDC6 supports the loading of DNA replication complexes in late M and 

early G1 phases of the cell cycle [30]. Unlike the transcription factors, CDC6 was not 

significantly affected by HDAC1. Rather, SIRT1 overexpression inhibited CDC6 DNA 

interactions while HDAC4, HDAC6, and SIRT6 overexpression stimulated (Fig. 7c). As 

both SIRT1 and SIRT6 impact organismal longevity and genome stability [31], our data 

provide additional insights into the Sirtuin-mechanisms influencing cells. Taken together, 

our results show that lysine deacetylases selectively target proteins to deliver distinct 

regulatory effects.

Discussion

The presented study demonstrates that lysine deacetylases support a network for effectively 

controlling the DNA binding activities of diverse proteins. The physiological relevance of 

the deacetylase system was highlighted through our focused work on the HSF1-controlled 

Heat Shock Response. The HSR coordinates protein homeostasis (i.e., proteostasis) which is 

the central process mediating a cell’s reaction to biological challenges by maintaining the 

optimal function of the proteome [7]. As cells age the proteostasis machinery falters 

correlating with the pathogenesis of numerous geriatric disorders including 

neurodegeneration, type II diabetes, and heart disease. Although an age-dependent 
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impairment of the HSR has long been linked to the loss of HSF1 DNA binding activity [21], 

[22], [24], and [25], the mechanistic basis for the breakdown was not previously understood. 

In showing the connection between KDACs, HSF1, and cellular aging our studies support a 

model in which the impact of lysine deacetylases extend beyond histone modifications under 

both normal and disease conditions.

Post-translational modifications, including acetylation, are an effective means to respond to 

internal and external cues. Lysine acetylation often occurs at conserved sites within 

structured domains to connect signaling pathways to a cell’s metabolic status [32]. 

Commonly, acetylation is synonymous with epigenetics yet high-throughput studies have 

shown the generality of the target proteins [33]. The acetylation process classically involves 

3 classes of factors—writers, readers and erasers [18]. Yet, the mark may also be used for 

direct functional effects, as shown here with DNA binding activities. Under these 

circumstances the regulatory events are balanced by the intersection between lysine 

acetylases and deacetylases.

The acetylation process was first shown to impinge on a transcription factor by the 

discovery that p53 is acetylated in its carboxyl-terminus thereby leading to stimulation of the 

central DNA binding domain [34]. In contrast, targeting lysines within a DNA binding 

domain inhibits DNA interactions of various proteins including HSF1, GR, CDC6, and YY1 

[12], [13], [14], and [35]. Commonly, SIRT1 has been shown to be the eraser of 

transcription factor acetyl-groups, as its substrates include p53, HSF1, p73, and KU70 [9], 

[12], [36], [37], and [38]. However, with the exception of HSF1, SIRT1 does not typically 

remove DBD acetyl-marks.

Our data confirm the impact of SIRT1 with HSF1 and extend the number and types of 

deacetylases to HDAC7 and HDAC9 that are able to remove inhibitory acetyl-groups within 

a DBD. While a prior study had shown that HDAC1/2 associate with the DBD of the YY1 

transcription factor, the HDACs did not remove the DBD acetylation [35]. Perhaps 

comparably, we observed an association between HDAC1 and the HSF1 DBD (Fig. 3). 

Unexpectedly, HDAC1 sterically interfered with HSF1 DNA binding in a deacetylase-

independent manner. Given the capacity of HDAC1 to also impede GR DNA interactions, 

we suspect that HDAC1 blocks the DNA binding activities of proteins working within 

signaling pathways that culminate in a gene program. This simple mechanism would provide 

a two-fold strategy to quickly silence a response, as it prevents the activator from engaging 

induced promoters and it places a deacetylase near the activated promoters to quell the 

response through histone deacetylation.

In demonstrating the capacity of the various lysine deacetylases to differentially control the 

DNA binding properties of heterologous proteins our study significantly broadens the model 

of KDAC-action along the genome. Although the involvement of the acetylation process in 

the control of transcription factors has been established, the work has focused on SIRT1 and 

HDAC1/2 [39]. Our studies expand the range of deacetylases involved in DNA binding 

regulation thereby implicating all KDACs in the process. Interestingly, KDAC inhibitors are 

an expanding class of anticancer agents that trigger cell growth arrest and apoptosis in a 

variety of human cancers by means not solely attributable to histone acetylation levels [40]. 
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Our findings that KDACs contribute to the activity of numerous DNA binding factors might 

fully explain the efficacy of deacetylase therapeutics. Perhaps notably, recent studies 

showed the capacity of activated HSF1 to drive cancerous growth [9], [41], and [42]. Given 

the apparent changes to deacetylase expression patterns in cancer cells [18] and [39], it is 

plausible that the KDACs are triggering the heat-independent DNA binding activity of 

HSF1 during cellular transformation. Overall, our work provides novel insights into the 

molecular machinery regulating protein DNA binding activities.

Materials and Methods

Plasmids

Several individuals kindly provided expression vectors including Dr. R.I. Morimoto 

(Northwestern University) with human HSF1 (pcDNA3c-myc-HSF1) and SIRT1 

(pcDNA3flag-SIRT1), Dr. B.S. Pace (Georgia Health Sciences University) and Dr. T.K. 

Chatterjee (University of Cincinnati) with human HDAC9 (pTarget-HDAC9 and 

pCMVflag-HDAC9, respectively), and Dr. S. Prasanth (University of Illinois) with human 

CDC6 (CMVflag-CDC6). The vectors for human HDAC1 (pcDNA3FlaghHDAC1), 

HDAC3 (pcDNA3FlaghHDAC3), HDAC4 (pcDNA3FlaghHDAC4), HDAC6 

(pcDNA3FlaghHDAC6), HDAC7 (pcDNA3FlaghHDAC7), HDAC8 

(pcDNA3FlaghHDAC8), HDAC9 (pTargethHDAC9), SIRT1 (pcDNA3hSIRT1), SIRT2 

(pcDNA3FlaghSIRT2), SIRT3 (pcDNA3FlaghSIRT3), SIRT4 (pcDNA3FlaghSIRT4), and 

SIRT6 (pcDNA3FlaghSIRT6) were obtained from Addgene. The plasmids for expressing 

human p23 (pET23a-p23), GCN5 (pcDNA3FlaghGCN5), and GR (pcDNA3hGR) were 

described previously [13]. The truncation derivatives of HDAC1, HDAC9, SIRT1, and 

HSF1 were generated by PCR and cloned into pET23a.

Antibodies

The antibodies used in this study were α-p23 (JJ3), α-HSF1 (Enzo ADI-SPA-901), α-

HDAC1 (SCBT sc-81598), α-HDAC9 (Abcam ab59718), α-SIRT1 (Abcam ab110304), α-

GCN5 (SCBT sc-9078), α-Acetylated Lysine (Cell Signaling 9441), α-Myc (SCBT sc-40), 

α-Flag M1 (Sigma F3040), and α-His (SCBT sc-8036).

Mammalian cells, DNA transfections, and Lentiviral infections

Human 293T embryonic kidney, A549 lung carcinoma, HeLa cervical adenocarcinoma, or 

mouse embryonic fibroblast (MEF) cells, growing on 6-well plates in Dulbecco’s modified 

Eagle’s medium (DMEM) with 10% fetal bovine serum (FBS) were transfected with 1.5 μg 

of pcDNA3hGR or pcDNA3hHSF1 and 1.5 μg of pcDNA3hGCN5, and/or 

pcDNA3FlaghHDAC1, 3, 4, 6-8, pcDNA3FlaghSIRT1-4, 6 by lipid-mediated transfection 

(Lipofectamine 2000) according to manufactures instructions (Invitrogen); DNA amounts 

were standardized to 3 μg using pcDNA3. The FBS used in the GR assays was charcoal-

stripped to remove existing hormones. After 24 h, fresh media was applied and the cells 

were either heat-stressed then collected at the indicated times or supplemented with 100 nM 

dexamethasone (USB) then harvested after 24 h. For extract preparation, phosphate-buffered 

saline washed cells were lysed (20 min, 4 °C) in Buffer C or RIPA Buffer. For HDAC1 and 

SIRT1 knockdown, the Lentiviruses were prepared in 293T cells by cotransfecting HDAC1 
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or SIRT1-selective shRNAs (Sigma Aldrich MISSION shRNA SHCLND NM_004964 and 

NM_012238, respectively), VSV-G packaging plasmid, and dR8.2 envelope plasmid using 

TransIT-LT1 transfection reagent (Mirus) according to manufactures instructions. MEF cells 

growing on 6-well plates in DMEM with 10% FBS and 8 μg/mL polybrene were infected 

with medium containing 100 μL of Lentiviral particles.

Quantitative real time RT-PCR analysis

To assess the expression of endogenous HSP70 and APA1A genes, cells were harvested and 

RNA was collected with Trizol (Ambion) RNA isolation reagent according to 

manufacturer’s instructions. For the analysis of HSP70 gene, cells were heat-shocked at 42 

°C for 2 h prior to cell collection and for APA1A gene, cells were treated with 100 nM of 

dexamethasone for 24 h. The cDNA was generated using SuperScript III First-Strand 

Synthesis SuperMix (Invitrogen). Real time qPCR was performed using the FastStart 

Universal SYBR Green Master (Rox) and oligonucleotides select for Hsp70 RNA 

(AGAGCCGAGCCGACAGAG and CACCTTGCCGTGTTGGAA). Relative quantities of 

the tested loci were normalized against the levels of GAPDH transcripts using select primers 

(CCACTCCTCCACCTTTGAC and ACCCTGTTGCTGTAGCCA).

Chromatin Immunoprecipitation

ChIP reactions were performed as previously described [13]. Briefly, samples were prepared 

from 3×107 HeLa cells. Immunoprecipitation was performed using 5 μL of HSF1, HDAC1, 

HDAC9, or SIRT1 antibody at 4°C overnight. qRT-PCR was performed with FastStart 

Universal SYBR Green Master (Rox) (Roche) using primers for the HSP70 promoter near 

proximal HSE (GGCGAAACCCCTGGAATATTCCCGA and 

AGCCTTGGGACAACGGGAG) and to the GAPDH promoter 

(TACTAGCGGTTTTACGGGCG and TCGAACAGGAGGAGCAGAGAGCGA). All 

reactions were done in triplicate with samples derived from experimental repeats and error 

bars represent the standard error of the mean.

Electrophoretic Mobility Shift Assay (EMSA)

EMSA analysis was performed using Buffer C extracts (10 μg) from 293T, MEFs or in vitro 

transcribed/translated rabbit reticulocyte lysate (Promega) fractions (5 μL). The proteins 

were incubated with poly dI-dC (Sigma) and 32P-end labeled oligonucleotides: HSE 

(5′CTAGAAGCTTCTAGAAGCTTCTAG), GRE 

(5′AGTAGCTAGAAACCCTGTACCGTCGA), CDC6 DNA 

(5′CTGTGGCCGGCAGGTGAAC) along with the complimentary primer. The protein-

DNA complexes were resolved by native polyacrylamide gel (4%) electrophoresis and the 

dried gels were visualized using a PhosphorImager (Molecular Dynamics).

Immunoprecipitation and immunodepletion assays

Rabbit reticulocyte lysate in vitro transcribed/translated Myc-HSF1 was immunoprecipitated 

with α-Myc agarose beads (Santa Cruz Biotechnology). After the addition of immobilized 

antibodies the precipitation step was carried out for 2 h at 4°C, the eluted proteins were 

separated by SDS-PAGE prior to visualizing the 35S-labeled proteins using a 
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PhosphorImager. To immunodeplete rabbit p23 from the reticulocyte lysate three rounds of 

immunoprecipitations were performed using Protein A/G plus agarose coupled with α-p23 

antibody; control lysates were incubated with uncoupled Protein A/G plus agarose.

Supplementary Material

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

Lysine deacetylases differentially regulate the DNA binding function of Heat Shock 

Factor 1

HDAC7, HDAC9, and SIRT1 promote HSF1 DNA binding activity

HDAC1 sterically interferes with HSF1 DNA interactions

HDAC1 is an age-dependent inhibitor of the Heat Shock Response

Lysine deacetylases distinctly modulate the DNA binding activities of heterologous 

proteins
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Fig. 1. 
Lysine deacetylases selectively relieve GCN5-inhibition of HSF1 DNA binding activity. (a) 

Human 293T embryonic kidney cells were transiently transfected with expression constructs 

for human GCN5, SIRT1, or HDAC1, as marked. Cells were incubated at 37°C (-) or 42°C 

(+) for 20 min and the HSF1 DNA binding activity was visualized by EMSA using a 

radiolabeled HSE oligonucleotide. (b) 293T cells were transiently transfected with 

expression vectors for GCN5 and the indicated lysine deacetylases. Cells were untreated (-) 

or exposed to 42°C for 20 min (+) and the HSF1 DNA binding was monitored by EMSA. 

The DNA binding assays were performed a minimum of 6 replicates and representative data 

is presented.
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Fig. 2. 
HSF1 functions are positively and negatively regulated by lysine deacetylases. Human 293T 

cells were transfected with expression vectors for HSF1 and the indicated lysine 

deacetylases. Cells were incubated at 37°C (-) or 42°C (+) for 2 h and the HSF1 DNA 

binding activity was assessed by EMSA (a), the RNA levels of endogenous HSP70 were 

measured by RT-qPCR (b), and the HSF1 steady-state protein levels and acetylation status 

were determined by immunoblot analysis following immunoprecipitation of HSF1 (c). The 

EMSA and immunoblot data are representative of experiments done in triplicate. The RT-

PCR data are the averages of 6 independent replicas and the error bars are S.E.M..

Zelin and Freeman Page 15

J Mol Biol. Author manuscript; available in PMC 2016 April 10.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Fig. 3. 
The HSF1 domains associating with the KDACs varied. (a) His-tagged HSF1 derivatives 

comprising the full-length protein (FL), the amino-terminal DNA binding domain (DBD), 

central regulatory domain (RD), or carboxyl-terminal activation domain (AD) were in vitro 

transcribed/translated in the presence of 35S trans-label, and combined with 35S trans-

labeled HDAC1, HDAC9, SIRT1, or HDAC7, as marked. The HSF1 proteins were 

immunoprecipitated with α-His antibody, the precipitants were resolved by denaturing gel 

electrophoresis, and the radiolabeled proteins were visualized using a PhosphorImager. In 

the upper left panel displaying the FL HSF1 pull-downs the positions of the various full-

length KDACs are marked with asterisks. During the IP step SIRT1 was often 

proteolytically cleaved, as can be seen in the RD and AD panels (the combined molecular 

size of the proteolytic fragments is equivalent to full length SIRT1). (b) The DBD or DBD-

AD fusion fragments were in vitro translated, combined with aliquots of in vitro prepared 

HDAC1, HDAC9, SIRT1, or mock treated reticulocyte lysate along with radio-labeled HSE 

oligonucleotide, incubated at 37°C (-HS) or 43°C (+HS) for 30 min, resolved by native gel 

electrophoresis, and the protein-DNA complexes were visualized using a PhosphorImager.
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Fig. 4. 
In the absence of p23 HDAC1 promotes the DNA binding activity of HSF1. (a) Aliquots of 

in vitro translated HSF1 were mock treated or immunodepleted of p23 (P23:IP ✓), 

incubated at 43°C for 30 min with radiolabeled HSE, in the presence or absence of HDAC1 

with or without supplementation of p23 to normal reticulolysate levels. (b) Aliquots of in 

vitro translated HSF1 were mock treated or immunodepleted of p23 (P23:IP ✓), incubated at 

43°C for 30 min with radiolabeled HSE, in the presence or absence of wild type HDAC1 or 

the deacetylase point mutant H141A [43]. The reactions were resolved by native gel 

electrophoresis and the protein-DNA complexes were visualized using a PhosphorImager.
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Fig. 5. 
KDACs differentially modulate the HSR. The influence of SIRT1, HDAC1, HDAC7, 

HDAC9, or HDAC6 overexpression on the HSF1 DNA binding attenuation period was 

determined. 293T cells transfected with the indicated KDACs were shifted from 37°C to 

42°C to initiated the experiment, samples were removed at the indicated times, and HSF1 

DNA binding activity was determined by EMSA. The data are representative of experiments 

done in triplicate.
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Fig. 6. 
HDAC1 inhibits the HSR in aged cells. Mouse embryonic fibroblasts (MEFs) were passaged 

for 12 or 26 population doublings (PDs). The attenuation responses of the PD-12 or PD-26 

cells to a 42° heat-stress were visualized by EMSA (a) and the steady-state protein levels of 

HDAC1, SIRT1, HDAC9, and HSF1 were measured by immunoblot analysis (b). The 

impact of knocking down SIRT1 in PD-12 or knocking down HDAC1 in PD-26 cells on the 

heat-induced DNA binding activity of HSF1 was assessed by EMSA using straight extracts 

or equal mixtures of the PD-12 and PD-26 fractions, as marked. The relative levels of HSF1, 

HDAC1 and SIRT1 were monitored by immunoblot analysis as shown. The EMSA and 

immunoblot data are representative of experiments done in triplicate.
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Fig. 7. 
The lysine deacetylases selectively regulate DNA binding proteins. The impact of the 

indicated KDACs on the hormone (100 nM Dexamethasone)-induced DNA binding activity 

of the Glucocorticoid Receptor (GR) (a), transcriptional activity of GR (b), or DNA binding 

activity of the Cell Division Cycle 6 (CDC6) protein (c) was determined. The DNA binding 

activities were assessed by EMSA using oligonucleotides select for either GR or CDC6 and 

the RNA levels of endogenous GR target gene APA1a were measured by RT-qPCR and 

normalized to GAPDH. The RT-PCR data are the averages of 6 independent replicas and the 

error bars are S.E.M..
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