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Abstract: Heat shock proteins (HSP) are essential for intracellular protein folding during stress and protect cells from denaturation and 
aggregation cascades that can lead to cell death. HSP genes are regulated at the transcriptional level by heat shock transcription factor 1 
(HSF1) that is activated by stress and binds to heat shock elements in HSP genes. The activation of HSF1 during heat shock involves 
conversion from an inert monomer to a DNA binding trimer through a series of intramolecular folding rearrangements. However, the 
trigger for HSF1 at the molecular level is unclear and hypotheses for this process include reversal of feedback inhibition of HSF1 by 
molecular chaperones and heat-induced binding to large non-coding RNAs. Heat shock also causes a profound modulation in cell sign-
aling pathways that lead to protein kinase activation and phosphorylation of HSF1 at a number of regulatory serine residues. HSP genes 
themselves exist in an accessible chromatin conformation already bound to RNA polymerase II. The RNA polymerase II is paused on 
HSP promoters after transcribing a short RNA sequence proximal to the promoter. Activation by heat shock involves HSF1 binding to 
the promoter and release of the paused RNA polymerase II followed by further rounds of transcriptional initiation and elongation. HSF1 
is thus involved in both initiation and elongation of HSP RNA transcripts. Recent studies indicate important roles for histone modifica-
tions on HSP genes during heat shock. Histone modification occurs rapidly after stress and may be involved in promoting nucleosome 
remodeling on HSP promoters and in the open reading frames of HSP genes. Understanding these processes may be key to evaluating 
mechanisms of deregulated HSP expression that plays a key role in neurodegeneration and cancer.
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of an array of regulatory domains. Stress causes the 
breaking of the bond between leucine zipper 1 (LZ1) 
and the remaining LZ domains and formation of tri-
mers through interactions at LZ1 which become capa-
ble of binding to DNA17–19 (Fig. 1). Interestingly some 
agents such as salicylic acid (at the lower concentra-
tion of 20mM), oxidants and high Calcium (Ca2+) 
levels can lead to the production of HSF1 arrested 
in this form capable of binding to DNA but unable to 
activate transcription.20–22

The next stage in HSF1 activation appears to 
involve further intramolecular unfolding reactions 
that may involve the severing of another of the 
LZ-LZ interactions and opening up of the C-terminal 
activation domains (Fig. 1). It is not clear whether 
this step involves phosphorylation.17,19 However we 
have shown that a serine residue in leucine zipper 2 
(S195) is required for full activity of HSF1 suggesting 
a role for this site in uncoiling responses (Fig. 2). 
Previous studies have shown that HSF1 activation is 
regulated by leucine zipper 2 in the N-terminus of 
HSF1 and that regulation does not involve trimer-
ization or DNA binding.23 We have found a serine 
residue in the human LZ2 that is conserved between 
all HSF1 molecules as well in Drosophila and S. 
cereviseae HSF at the serine 195 residue of human 
HSF1. We have examined the potential effects of this 
serine (S195) on the function of HSF1 during the 
stress response in vivo. To study the influence of S195 
on trans activation, we constructed chimeras between 
the GAL4 DNA binding and dimerization domain 
and the C-terminus of HSF1 containing (amino acids 
120–529) in order to distinguish between the effects 
of mutated HSF1 and wild-type HSF1. Trans acti-
vating effects of S195 containing mutations were 
assessed using a reporter construct containing the 
GAL4 DNA binding domain coupled to luciferase 
(pFR-Luc) in HeLa cells. The data are summarized 
in Figure 2.

Constructs containing the C-terminus of wt 
HSF1 as well as alanine and aspartate mutations of 
HSF1 (S195A and S195D) failed to activate pFR-
Luc under control, non-stress conditions (Fig. 2A) 
Heat shock led to the activation of the wt HSF1 
chimera and induction of the pFR-Luc reporter. 
S195A mutation blocked trans-activation while 
S195D mutation was permissive for trans activation 

Introduction: The Heat shock 
Response
The heat shock response (HSR) is a cellular mechanism 
for responding to a range of stresses, epitomized by 
heat shock, that result in protein inactivation.1,2 Acti-
vation of the HSR leads to cellular resistance to stress, 
a phenomenon termed thermotolerance.1,3 The molec-
ular events that underlie thermotolerance have been 
characterized and involve the coordinated synthesis 
of heat shock proteins (HSP).1,4 HSPs are a group 
of molecular chaperones that are induced by stress 
and inhibit the changes in stressed proteins that lead 
to protein denaturation, aggregation and cell death.5 
They have further desirable properties including the 
ability to directly antagonize death pathways including 
caspase-dependent apoptosis and replicative senes-
cence.6,7 HSP thus play a pivotal role in the thermotol-
erance phenotype by directly and indirectly blocking 
stress-induced death. Understanding thermotolerance 
is important in the effective deployment of hyperther-
mia and thermal ablation in the clinic.1,8–11 However, 
probably of greater significance, these properties of 
HSPs are thought to underlie some of the pathophysi-
ological changes of cancer and aging.12,13 For reasons 
that are not currently clear, HSP levels rise in cancer 
and decline during aging, and these changes are sig-
nificant in disease etiology12,14 Further understanding 
of signaling in the HSR may clarify such mechanisms. 
The HSR is regulated at the transcriptional level by 
heat shock transcription factor 1 (HSF1).15,16

Heat shock Factor 1-Regulation  
by Monomer-Trimer Transition
HSF1 binds to the promoters of all significant HSP 
genes after stress and orchestrates the upregulation 
of HSP mRNA synthesis.15,16 Understanding HSF1 
is thus the key to comprehending the role of HSPs 
in thermotolerance, aging and cancer. HSF family 
proteins are conserved and homologous proteins are 
expressed in S. cerevisiae and S. pombe each binding 
as trimers to heat shock elements (HSE) in HSP pro-
moters. In mammalian cells HSF1 exists under rest-
ing conditions as a monomer kept in an inactive form 
through intramolecular binding between three leucine 
zipper (LZ) domains that combine to form a triple 
stranded coiled coil16,17 (Fig. 1). Activation involves 
the uncoiling of this dormant protein and unmasking 
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Figure 1. Model for multi-step hSF1 activation. we envisage at least three stages in the transition from inactive hSF1 maintained as a monomer by 
intramolecular triple-stranded coiled-coil interactions. Leucine zipper 1 (grey) binds to leucine zipper 2 (blue) and leucine zipper 3 (green). In step1, heat 
shock leads to severing the bond between LZ1 and LZ2, causing partial uncoiling and permitting DNA binding. In Step 2, the inactive trimers are then 
further activated by breaking the bond between LZ2 and LZ3, an event that appears to involve phosphorylation at S195 in the center of LZ2 (Fig. 2). This 
step is essential but not sufficient for trans-activation, which requires further steps including HSF1 phosphorylation at Step3. I the figure a single monomer 
of the activated trimer is depicted as being phosphorylated. however, the exact stoichiometry of hSF1 phosphorylation at S195 or indeed at any of its 
phosphorylation sites is not currently known.

(Fig. 2A). These experiments thus indicate that the 
generation of negative charge at S195 is required 
for trans-activation of HSF1. The fact that S195D 
mutation does not activate HSF1 at 37 °C suggest 
that this modification is necessary but not sufficient 
for trans-activation. As the GAL4-HSF1 fusion pro-
teins do not require heat shock to bind DNA, these 
experiments suggest that S195 mediates changes 
induced by stress downstream from the trimerization 
and events in step 1. In addition, previous studies 
have shown that the majority of LZ2 can be deleted 
from HSF1 without affecting ability to trimerize 
and bind to DNA.23 These experiments prompted us 
to propose a 3 step model for HSF1 activation, in 
which S195 mediates step 2, the breaking of intra-
molecular interactions between LZ2 and LZ3. S195 
would regulate a generic unmasking step required 
to expose later events needed for trans-activation. 
This hypothesis is supported by the experiments on 
gene repression by HSF1. We have shown that HSF1 
functions as a transcriptional repressor of a range of 
proteins including c-fms and c-fos.24,25 S195A muta-
tion inhibits the repressive effects of HSF1 on the 

c-fms and c-fos promoters while S195D mutation is 
supportive of such an interaction (Fig. 2 B). As the 
activation domains of HSF1 are not required for trans 
repression of non-heat shock genes25 these experi-
ments further support the role of S195 in regulating 
an uncoiling step in HSF1 activation needed for both 
trans-activation and trans-repression.

The final step in the remodeling of HSF1 may 
include further modifications and one residue in 
particular, serum 326 appears to play a key role in 
achieving the fully active trimer and transcriptional 
activation.26

Triggers for HsF1 Activation
A number of mechanisms for activation of HSF1 have 
been proposed. The first is the reversal of feed-
back inhibition by products of HSF1 dependent 
transcription, such as HSP70 and HSP90 (de-repres-
sion mechanism).16 Indeed convincing evidence 
for HSF1 regulation by each of these molecular 
chaperones has been produced and elevated levels 
of either HSP70 or HSP90 inhibit the HSR and 
HSP90 activation, while HSP90 inhibitors activated 
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Figure 2. role of serine 195 phosphorylation in hSF1 activation. A effect 
of S195 mutation on heat shock induced hSF1 trans-activation. experi-
ments involve wild-type Gal-HSF1, Gal-HSF1 S195S/A modification and 
Gal-HSF1 S/D modification. B role of overexpression of wild-type hSF1, 
hSF1 S195S/A and hSF1 S/D in the repression of non-hSP target genes 
c-fos (four columns on left) and c-fms (four columns on right). Data are 
expressed as mean luciferase activity +/-SD after correction by transfec-
tion efficiency control (pCMV-lacZ). experiments were each performed 
at least 3 times.

the HSR.16,27 HSF1 activation is considered to 
stem from HSP90 sequestration in aggregates of 
unfolded proteins.16 Whether this mechanism can 
account for the almost instantaneous activation of  
HSF1-mediated transcription is not clear. However, 
HSF1 activation has also been linked to a second 
mechanism, the heat-induced binding of HSF1 to 
a large non-coding RNA (HSR1) complexed to 
eukaryotic elongation 1α (eEF1α), a major cell pro-
tein that mediates translational elongation.28,29 Large 
non-coding RNAs are involved in both positive and 

negative regulation of transcription of a wide range 
of genes.30,31 It is not clear at this stage which mech-
anism is the primary trigger for the HSR. In addi-
tion HSF1 is rapidly phosphorylated on serine 326 
after stress and phosphorylation at this site corre-
lates with the onset of HSF gene transcription, sug-
gesting a role for serine phosphorylation at this site 
in HSR regulation. HSF1 is then rapidly recruited to 
the promoters of HSF gene.26 It is evident therefore 
that much more needs to be determined regarding 
HSF1 triggering and progression to full activation.

signal cascades Activated  
by Heat shock
A number of protein kinases are activated by heat shock 
and can profoundly influence the HSR in positive or 
negative ways (Fig. 3). The stress kinases p38-MAP 
kinase (p38-MK) and c-jun kinase (junK) are strongly 
activated by stresses including heat shock and sodium 
arsenite exposure.32–36 Activation of p38-MK appears 
to induce cellular effects through a bifurcating cas-
cade response involving induction of the downstream 
kinase MK2 that phosphorylates HSP27 to cause 
enhancement of its molecular chaperone function as 
well as independently phosphorylating HSF1 on ser-
ine 121 (see below).33,37,38 Induction of junK by heat 
shock appears to mediate apoptosis.39,40 However, other 
components of the HSR including Hsp70 expression 
and Hsp27 phosphorylation were shown to antagonize 
the pro-apoptotic effects of stress kinases and increase 
cell survival.12,39,40 In addition, a third member of the 
MAP kinase family ERK1 also modulates the HSR. 
Heat activation of this pathway may have a bifurcating 
effect as ERK1 binds to HSF1 and leads to transcrip-
tional inhibition as well as causing downstream acti-
vation of RSK kinases that can also repress HSF1.41,42 
Activation of the HSR may also involve induction 
of the phosphatidylinositol-3 kinase pathway. Heat 
shock activates PI-3K leading to accumulation of 
 phosphatidyl-inositol-1, 4-bisphosphate, phosphatidyl-
 inositol-1, 4, 5-trisphosphate and PI-3 K activation.43 
Activation of PI-3-K leads to activation of the down-
stream kinase Akt which, although not directly phos-
phorylating HSF1 can cause indirect activation through 
inhibition of glycogen synthase kinase 3 (GSK3).44 
GSK 3 is an inhibitor of HSF1 and its inhibition by 
Akt can promote HSF1 activation.45 Finally, HSF1 is 

16 Signal Transduction Insights 2010:2

http://www.la-press.com


Cell signaling and the heat shock response

APOPTOSIS

Hsp27, Hsp70HSF1

hsp27

Pi-3K

Akt

GSK3

Rsk2 Mk2

ERK P38MK PKA j-junK

Heat shock

Figure 3. Signaling kinase cascades activated by heat shock and their downstream targets.

strongly activated by cyclic AMP (PKA)-dependent 
protein kinase during heat shock by an as-yet-unknown 
mechanism.46

Role of phosphorylation in HsF1 
Activation and Repression
Early studies showed that HSF1 activation involves 
a profound retardation in electrophoretic mobility 
that appears to be caused by phosphorylation.47 
HSF1 hyperphosphorylation in mammalian cells 
is envisaged as mediating steps in HSF1 activation 
downstream of the DNA binding step and in some 
way coupling promoter occupation to trans-activation 
as discussed above (Figs. 1, 2, 4).22,48

Analysis of HSF1 by phosphoaminoacid analysis 
and 2 D phosphopeptide mapping indicated multiple 

sites of phosphorylation largely on serine, perhaps to 
be expected in a protein containing 20%–25% serine 
and threonine residues.44 Characterization of sites with 
regulatory activity by analytical chemistry approaches 
has begun (Fig. 4). The first physiologically signifi-
cant sites to be characterized were in the proline-rich 
regions of the protein and we have shown that HSF1 
contains inhibitory phosphorylation sites at serines 
303, 307 and 363 that are targeted by, respectively 
the kinases GSK3, ERK1 and PKC and these studies 
have been confirmed in part by others44,49–51 (Fig. 4). 
These effects are thought to permit down-regulation of 
HSF1 in non-stress conditions and preferable expres-
sion of housekeeping or pro-growth genes under these 
conditions. In the case of phosphoserines 303 and 
307, at least a portion of these inhibitory effect is due 
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to recruitment of the phosphoserine binding protein 
14-3-3 to HSF1-phospho-S303, phospho-S307 and 
nuclear export of the modified HSF1.52,53 Interestingly, 
although heat shock causes ERK1 to bind stably to 
HSF1 and thus mediates 14-3-3 association, no effect 
on stress-induced HSF1 activation is seen and HSP 
transcription proceeds.52,53 In addition, S303 phos-
phorylation observed during heat shock can promote 
another inhibitory modification- the sumoylation of 
lysine 298 in HSF1.54,55 Heat shock can evidently 
override a number of inhibitory signaling events that 
can cause powerful regulation of HSF1 under non-
stress conditions and HSF1 becomes activated by 
stress despite phosphorylation at S303 (Chou, S and 
Calderwood SK, in preparation). Similarly, we have 
observed HSF1 phosphorylation on S121 by the pro-
inflammatory kinase MK2.38 HSF1 phosphorylation 

on S121 likely reduces the ability of HSF1 to repress 
pro-inflammatory genes in the acute phase response 
by inhibiting its nuclear uptake and transcriptional 
activation.38 Our studies suggest that MK2 phosphory-
lation promotes HSF1–HSP90 binding and in this way 
represses activity. However, as with the 14-3-3 studies, 
heat shock overrides the effects of MK2, even when 
the kinase is overexpressed and leads to S121 dephos-
phorylation, dissociation of HSF1 from HSP90 and 
binding to heat shock elements.38 The p38/MK2 
pathway activates the HSR during stress by phos-
phorylation of Hsp27 a modification that enhances 
the chaperone properties of this protein (Fig. 3). The 
effects of MK2 on HSF1 and Hsp27 appear to be inde-
pendent at least during heat shock.

Positively acting phosphorylation sites in HSF1, 
that stimulate HSP gene transcription, are now begin-
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Figure 4. Functional domains and phosphorylation motifs in hSF1. hSF1 contains four functional domains: the DNA binding, leucine zipper trimerization 
domain, a regulatory region and two trans-activation domains arranged in tandem. hSF1 contains both activating and inhibitory phosphorylation sites 
located mostly in the regulatory domain. Heat-induced phosphorylation at these sites may reflect the activation of kinases by heat (as in Fig. 3) or unmask-
ing of cryptic sites by the unfolding changes during heat shock (Figs. 1, 2). on activation, the DNA binding domain contacts heat shock elements (hSe) 
on hSP promoters recruiting a range of activating molecules such as general transcription factors, mediator, elongation factors, chromatin remodeling 
proteins and histone modifying proteins such as CBP/p300. Some of these proteins as well as rNA polymerase II (Pol II) are depicted in (b).
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ning to be analyzed and serines 230 and 326 in the 
regulatory domain are required for trans activation of 
HSF genes.56 The studies above also suggest a role 
for S195 in transactivation (Fig. 2). Understanding 
of how HSF1 phosphorylation is coupled to trans 
activation of HSF promoters is currently incomplete 
and much still remains to be learned regarding such 
signaling events. It is still not known how upstream 
signaling events triggered by heat shock are coupled to 
HSF1 phosphorylation and in most cases, how HSF1 
phosphorylation affects the transition from inactive 
monomer to fully active trimer. However, HSF1 gene 
transcription mediated by stress requires the acti-
vation of uncharacterized tyrosine kinases that act 
upstream of HSF122 As HSF1 is not phosphorylated 
on tyrosine before or after heat shock, direct effects 
of tyrosine kinases on HSF1 seem unlikely.44 One 
candidate is the HER3/HER2 heterodimer. Heregu-
lin, a potent activator of these cell surface tyrosine 
kinases induces HSF1 by triggering the PI-3K/Akt 
cascade and inhibiting GSK3.45 However the full sig-
nificance of this pathway in regulation of the HSR is 
not yet clear. In addition early studies indicate that 
HSF1 is activated by cyclic AMP-dependent protein 
kinase (PKA) and our unpublished studies confirm 
this (A. Murshid, S.K. Calderwood, in preparation).

HsF Gene promoters-events  
in the Nucleus and the Influence  
of Chromatin Modification.
HSP gene promoters all possess one or more arrays of 
heat shock elements (HSE), with each array contain-
ing three repeats of the sequence nGAAn—reviewed 
by15 (Figs. 4, 5). Arrays of HSE provide binding sites 
for HSF trimers and confer stress/HSF inducibility 
on the promoter.15 Detailed studies have been car-
ried out on stress regulation of the Drosophila HSP70 
promoter which resembles the human and murine 
HSP70.1 promoters.57 In uninduced Drosophila cells, 
HSP promoters are poised for a rapid activation of 
transcription by assembly in an accessible chromatin 
structure.58 At least two factors bind constitutively to 
the promoter, GAGA factor and TATA binding pro-
tein of the TFIID complex and these maintain acces-
sibility of factors to the promoter- reviewed-.59 In 
addition to the binding of these factors in unstressed 
cells, each HSP70 gene promoter binds RNA poly-

merase II after initiating a short transcript from the 
HSP70 gene.59 The HSP26 and HSP27 genes are also 
regulated by promoter proximal pausing of bound 
RNA polymerase II.60

Following stress, HSF is rapidly targeted to HSE 
in the promoter and relieves transcriptional pausing 
of bound RNA polymerase II, leading to multiple 
rounds of HSP gene transcription.45,59 Promoter prox-
imal pausing is also observed in the human HSP70 
gene and other rapidly induced genes including  
c-fos, c-myc and igk.61–63 One striking change in RNA 
polymerase II as it progresses from its promoter-
entry state to its elongation-competent mode is the 
phosphorylation of the C-terminal domain (CTD) of 
its largest subunit.64,65 The CTD contains a series of 
52 heptapeptide repeats with a consensus sequence 
YSPTSPS and transcriptional66 elongation is corre-
lated with a switch from a hypophosphorylated form 
to a hyperphosphorylated form.65 The major phospho-
acceptor sites in the CTD are Ser-2 and Ser-5 within 
the consensus and a number of kinases interact with 
these sites.65 These sites are preferentially phosphory-
lated by, respectively, on Ser-2 by the TFII complex, 
(containing cdk7) and, on Ser-5, by the pTEFb com-
plex containing cyclinT/cdk9 complexes.65 Inter-
estingly, pTEFb is recruited to promoter proximal 
paused genes and interacts with heat shock loci in 
polytene chromosomes from Drosophila salivary 
gland preparations.67 Indeed direct recruitment of a 
Gal4-binding domain-P-PTEFb hybrid protein to the 
HSP70 promoter is sufficient to activate transcription 
in the absence of heat shock, implying that one role 
of HSF1 in stressed cells is to recruit P-TEFb, phos-
phorylate the CTD of RNA polymerase II leading to 
transcription of HSP70.67 In addition to P-TEFb, full 
activation of HSP70 in Drosophila requires the cdk7 
gene, indicating functions for both canonical serine 
residues in HSF1/CTD activation.66 Drosophila HSF 
also directly engages the Mediator complex on the 
HSP70 promoter and thus initiates signal transfer 
from enhancer-bound HSF to the basal transcription 
activity.68 Mediator engagement by HSF is involved 
in activation of CTD phosphorylation.69 In addition to 
the activation of Pol II, HSP promoters also require 
the resolution of chromatin structures during elon-
gation. Covalent modifications of histones may also 
be involved in HSP70 activation and histone phos-
phorylation and acetylation increases globally in heat 

Signal Transduction Insights 2010:2 19

http://www.la-press.com


Calderwood et al

shock genes on activation by heat.70,71 The activation 
of HSP70 transcription in mammalian cells appears 
to involve similar mechanisms.

Studies in yeast have recently indicated the impor-
tance of histone modification and nucleosome remodel-
ing in responses to stress. Heat shock promoters undergo 
wholesale clearance of nucleosomes during elevated 
temperatures.72 This is an extremely rapid response and 
occurs within seconds of exposure.72 The initial trigger 
for this response appears to be acetylation on the tails 
of histones H3 and H472 (Fig. 5). There appears to be 
consensus that H3 acetylation is due to recruitment of 
the SAGA complex containing the histone acetylase 
GCN5.73–75 However, histone H4 acetylation is also a 
rapid response to heat and is also observed in mamma-
lian HSF genes.76 There is interplay between histone 
modification by acetylation and ATP dependent chro-

matin remodeling by the SWI/SNF complex and inac-
tivation of SWI/SNF decreases HSF expression and 
H4 acetylation.77 HSF1 appears to be instrumental in 
recruiting SWI/SNF to HSF promoters, although stable 
binding may require histone acetylation to provide a 
binding site for the bromodomain of SNF.77 The tran-
scriptional activation domains of human HSF1 have 
however, been shown to recruit human BRG1, the 
ATPase domain of SWI/SNF complexes involved 
in ATP dependent remodeling of chromatin.78,79 The 
SWI/ SNF complex may be involved in resolving the 
nucleosome structures in front of the elongating Pol II 
on the HSP70 promoter, overcoming the transcriptional 
pause and stimulating Hsp70 RNA synthesis.78 Whether 
or not there are requirements for SWI/SNF in Pol II 
CTD phosphorylation or engagement of the mediator 
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Figure 5. Chromatin modifications on HSP genes after binding HSF1 and TAC1 in heat shocked cells. Heat shock-induced modification of lysines within 
tail residues of histones h3 and h4, within nucleosomes (each containing histones h1, h2A, h2B, h3, h4) on chromatin may alter the accessibility of 
factors to HSP genes, provide binding sites for nucleasome modeling proteins and lead to transcriptional initiation and elongation. histone acetylases 
and methyltransferases may be recruited during stress by the binding of hSF1 to hSe on the promoter as well as TAC1 association with downstream 
residues 3’ to the promoter. In the hsp70 promoter, histone h3 may be targeted by hATs of the SAGA protein complex family and h4 by CreB binding 
protein (CBP). histone acetylation may permit binding of the SwI/SNF complex to the promoter and subsequent nucleosome remodeling. In the down-
stream orF region, binding of the TAC1 complex after heat shock leads to methylation of histone h3 on lysine 4 (MeK4) and acetylation of h4 on lysine 
9 (AcK9). This may facilitate the release of promoter proximal paused PolII in a process that involves interaction of Pol II with P-TeFb, phosphorylation 
and transcriptional elongation. we depict the activated Pol II complex negotiating a nucleosomes during elongation, a process that may be facilitated by 
lysine modifications induced by heat shock.
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complex are involved in signaling from HSF1 to HSP 
gene transcription is currently under study.

Recent studies have shown heat shock dependent 
alterations in histone H4 acetylation in the mouse 
HSP70 gene indicating potentially similar complex-
ity in mammalian HSP70 transcription compared 
with Drosophila HSP70.76 These studies indicate that 
histone H3 is minimally acetylated during heat shock 
but activated by sodium arsenite indicating stimu-
lus specific acetylation of histone on HSF genes. We 
have shown recently that histone H3 is acetylated on 
the lysine 9 (K9) residue in human cells after heat 
shock (Y. Zhang and SK Calderwood, in prepara-
tion) a finding that might suggest a role for a SAGA-
like complex in human HSP transcription as GCN5 
commonly acetylates Histone H3 on the activating 
K9 residue. Histone methylation might also play a 
significant role in HSP expression. Studies in Dro-
sophila show that the trithorax-containing complex 
TAC1 binds to heat shock loci leading to enhanced 
HSP expression.71,80 The Drosophila studies showed 
that the location of the Trithorax complex in HSP loci 
was partially coincident with HSF in the heat shock 
activated loci.71,80 The trithorax complex is responsi-
ble for the trimethylation of histone H3 at the lysine 
4 (K4) residue, a mark that is associated with gene 
activation. Interestingly, histone H3K4 trimethylation 
by the trithorax complex occurs in the 5’ portion of 
the coding regions of genes and may be particularly 
important in RNA elongation during transcription, a 
key event for transcriptionally paused genes such as 
HSP.71,80 Other mechanisms of activation in addition 
to HSF recruitment may thus be involved. Trithorax 
genes are regulated during development in vivo by 
the binding of non-transcribed large RNA species.81 
This mechanism is reminiscent of HSF1 regulation by 
non-coding RNA during heat shock.28,29 In addition, 
Trithorax binds to Hsp90 and requires Hsp90 binding 
on chromatin for its function in promoting transcript 
elongation.82 Both mechanisms—non-coding RNA 
binding as well as interaction with Hsp90 are thus 
shared in common between regulation of HSF1 and 
Trithorax.16,28,29,81,82 HSP gene activation may involve 
direct regulation of Trithorax by HSF1 and/or inde-
pendent recruitment during stress. Trithorax homo-
logs MLL1 and MLL2 are expressed in mammalian 
cells and further study will be required to ascertain 
role for these molecules.

We have in this section attempted to provide a coher-
ent narrative with regard to processes on the chromatin 
adjacent to HSP genes transcribing during heat shock. 
Due to the relative paucity of data in this area, we have 
pieced together data from different species largely 
yeast, Drosophila and mammalian, which may not 
always utilize the same regulatory processes. Although 
we believe the mechanisms proposed to be largely cor-
rect, further studies are required to provide a reliable 
picture of changes on chromatin in human HSP genes.

potential Mechanisms for Altered HsF 
Activity in Aging, neurodegeneration 
and cancer
HSF1 and HSP expression are required not only in 
the response to acute stress but also to maintain cel-
lular proteins during cell division, stationary phase 
existence and to resist programmed cell death and 
tissue destruction. The levels of protein aggregation 
increase in tissues due to progressive accumulation 
of insoluble protein products with time, the decreased 
ability of the molecular chaperone/protein degrada-
tion system to deal with them or, more likely a com-
bination of both processes.14 Most studies indicate a 
decrease in HSP gene transcription and HSF1 activity 
in neurones and degeneration of HSF1 activity during 
aging seems a feature of most tissues.28,83 This may 
be due to a reduction in HSF1 expression at the pro-
tein level during aging that might place the response 
beneath a key threshold for activation.84,85 However, 
HSF1 is not activated in cultured neuronal cells even 
under conditions of HSF1 overexpression.86 Loss 
of ability to mount the HSR might be construed as 
a major catastrophe for the aging cell as HSF1 is 
closely associated with the pathways of longevity. 
HSF1 appears to be an intermediate in the pathways 
of starvation-induced longevity and HSF1 overex-
pression promotes longevity while knockout abro-
gates the HSF1 mediated longevity pathways.14 The 
activity of HSF1 in this regard has been ascribed to 
induction of HSP, particularly the small HSP family.14 
It is unclear how HSF1 is activated in pro-longev-
ity pathways, although Sirtuin-1 a key longevity 
pathway intermediate has been shown to deacetylate 
HSF1 on inhibitory sites and foster activity.87 Further 
understanding of HSF1 regulation will be required to 
decipher the interplay between pro-longevity path-
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ways and degenerative changes in aging tissues in 
regulation of HSF genes.

Curiously, in another disease associated with 
advancing age, cancer, HSF1 becomes activated 
and its activity is associated with transformation 
and maintenance of the malignant phenotype.45,88,89 
How HSF1 is activated in cancer is not entirely clear 
although our studies indicated that HSF1 is induced 
downstream of the HER2 pathway, a major route for 
cell transformation.45,90 One effect of the HER2 path-
way was to activate phosphatidyl-inositol-3-kinase 
and initiate a cascade response leading to activation 
of protein kinase Akt and inhibition of GSK3.45 As 
GSK3 is inhibitory for HSF1, HER2/Akt signaling 
can then activate HSF1 by blocking inhibitory sig-
naling45 (Fig. 3). In addition, induction of the HER2 
pathway activates another transcriptional property 
of HSF1- the ability to repress anti-metastatic gene 
expression. This effect appears to be due to HER2 
dependent association of HSF1 with the co-repressor 
complex NuRD.91 HSF1 association with NuRD pro-
motes the anchorage independent growth of cancer 
cells and pro-metastatic transcription in such cells. 
Gene repression by HSF1 has only been briefly stud-
ied. However in yeast, HSF is known to repress a 
wide spectrum of genes through a pathway dependent 
on the presence of active SWI/SNF chromatin remod-
eling complexes.75

Further studies will be required to decipher this 
conundrum regarding the opposite changes in HSF1 
in aging and in cancer which may involve multiple 
signal inputs into HSF1 and both activating and inhib-
itory effects of HSF1 on gene transcription.
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