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Previous work has implicated heat shock transcription factor 1 (HSF1) as the primary transcription factor responsible for
the transcriptional response to heat stress in mammalian cells. We characterized the heat shock response of mammalian
cells by measuring changes in transcript levels and assaying binding of HSF1 to promoter regions for candidate heat shock
genes chosen by a combination of genome-wide computational and experimental methods. We found that many
heat-inducible genes have HSF1 binding sites (heat shock elements, HSEs) in their promoters that are bound by HSF1.
Surprisingly, for 24 heat-inducible genes, we detected no HSEs and no HSF1 binding. Furthermore, of 182 promoters with
likely HSE sequences, we detected HSF1 binding at only 94 of these promoters. Also unexpectedly, we found 48 genes
with HSEs in their promoters that are bound by HSF1 but that nevertheless did not show induction after heat shock in
the cell types we examined. We also studied the transcriptional response to heat shock in fibroblasts from mice lacking
the HSF1 gene. We found 36 genes in these cells that are induced by heat as well as they are in wild-type cells. These
results provide evidence that HSF1 does not regulate the induction of every transcript that accumulates after heat shock,
and our results suggest that an independent posttranscriptional mechanism regulates the accumulation of a significant

number of transcripts.

INTRODUCTION

The heat shock response was first described in 1962 as a
puffing pattern on Drosophila polytene chromosomes after
thermal stress (Ritossa, 1962). Since then, studies of individ-
ual genes have shown that the cellular heat shock response
is conserved across kingdoms and is characterized by the
strong induction of numerous heat shock proteins (HSPs),
many of which are chaperone proteins that assist in protein
folding.

The heat shock transcription factor (HSF) transcriptionally
regulates the induction of many HSPs in Drosophila (Clos et
al., 1990) and Saccharomyces (Sorger and Pelham, 1987; Wied-
errecht et al., 1988). HSF binds to a DNA sequence motif, the
heat shock element (HSE), which is characterized by an
array of inverted repeats of the motif nGAAn. Copies of the
HSE are found in the promoters of genes encoding several
known heat-inducible proteins, including the Drosophila and
human hsp70 genes (Sarge et al., 1993; Pirkkala et al., 2001).

Mammalian genomes encode three homologues of HSF:
HSF1, HSF2, and HSF4 (reviewed in Pirkkala et al., 2001).
Mammalian HSF1 is believed to be the paralog responsible
for regulating the heat-induced transcriptional response in
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mammalian cells (Rabindran et al., 1991; Sarge et al., 1991,
1993). In support of this hypothesis, mouse HSF1 knockout
fibroblasts are unable to induce expression of hsp70 in re-
sponse to heat stress (McMillan et al., 1998), whereas HSF2
knockout fibroblasts induce hsp70 normally (McMillan et al.,
2002). The HSF1 knockout mouse has defects in extraembry-
onic development and postnatal growth, suggesting that the
protein is important for other processes in addition to the
response to heat stress (Xiao et al., 1999).

The heat shock response is highly conserved in mammals.
Although mammals maintain a uniform internal tempera-
ture, the response is likely important during fever and hy-
perthermia (Hasday and Singh, 2000). Expression of heat
shock genes is also implicated in developmental transitions,
as a mechanism for phenotypic buffering of genetic changes
(Queitsch et al., 2002) and in the responses to other types of
stress.

In this study, we characterized the role of HSF1 in the
regulation of gene expression changes that occur in mam-
malian cells during heat shock. We generated a list of po-
tential HSF1-regulated genes by using microarray experi-
ments and genomic sequence analysis and characterized the
role of HSF1 in regulating their transcripts levels after heat
shock. Our results provide evidence that the regulation of
the mammalian heat shock response is more complex than
previously thought.

MATERIALS AND METHODS

Detailed methods are available at http://microarray-pubs.stanford.edu/
HSF1/.
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Microarray Data Search for Heat-induced Genes

We selected genes induced by heat shock in ¢cDNA microarray data from
three cell lines exposed to diverse stresses (Murray, Whitfield, Trinklein,
Myers, Brown, and Botstein, unpublished data); we selected all genes that
clustered with known heat shock genes and performed a Wilcoxon rank-sum
test (Eisen and Brown, 1999) to find genes whose expression was significantly
higher in heat shocked samples than in nonheat shocked samples.

Human Promoter Microarray Combined with Chromatin
Immunoprecipitation (ChIP)

We made promoter microarrays with 768 putative human promoters se-
quences (Trinklein et al., 2003), most of which had HSE sites. We hybridized
Cy3-labeled mock immunoprecipitated DNA and Cy5-labeled HSF1 Chroma-
tin IP DNA to these arrays and selected the top 10% for confirmation by
quantitative polymerase chain reaction (PCR).

ChIP

We performed chromatin IP as described previously in Trinklein et al. (2004).

Real-Time Reverse Transcription (RT)-PCR Expression
Analysis

We compared mRNA from K562 human erythroleukemia cells before treat-
ment and after 2-h recovery from 1 h of 43°C heat shock. We reverse tran-
scribed the mRNA with Superscript reverse transcriptase (Invitrogen, Carls-
bad, CA) and measured the abundance of each gene’s transcript in the two
samples by quantitative PCR with a Bio-Rad (Hercules, CA) Icycler. We used
beta-actin and GAPDH as controls.

Real-Time PCR Analysis of ChIP Enrichment

We measured the enrichment of each promoter in the HSF1 ChIP sample
relative to mock IP DNA with real-time PCR by using amplicons designed
within 400 base pairs of the predicted transcription start site on a Bio-Rad
Icycler. We used beta-actin, GAPDH, and histone H2A promoters as negative
controls for HSF1 binding.

Determination of the HSE Position-specific Score matrix
(PSSM) and Occurrence Scores

We used 280 base pairs of genomic sequence for 46 promoters enriched at
least 40-fold by ChIP to create an HSE PSSM with the MEME algorithm
(http://meme.sdsc.edu/). We calculated PSSM occurrence scores by multi-
plying each 14-base pair window sequence by the MEME-derived PSSM and
summing this product across all windows on both strands of a sequence.

Luciferase-based Heat Shock Promoter Assays

We cloned 1-kb putative promoter sequences upstream of luciferase and
transfected them into the cell lines HeLa, HT1080, 293, and wild-type and
HSF1~/~ mouse embryonic fibroblasts. We cotransfected a control plasmid
(Renilla under the control of the thymidine kinase promoter) (Promega, Mad-
ison, WI) and the experimental constructs by using FuGENE6 Lipo-
fectAMINE reagent (Roche Applied Science, Indianapolis, IN) in 96-well
white tissue culture plates. We measured luciferase and Renilla activity of
quadruplicate transfections 24 h after transfection and either 0 or 3 h of heat
shock in a 96-well luminometer (Wallac-Perkin Elmer, Boston, MA) with the
dual luciferase kit (Promega). The heat-induced activity of each promoter was
found by comparing the average luciferase to Renilla ratio in heat shock and
control samples.

Mouse Microarray Gene Expression Measurements

We prepared mRNA from heat shocked or untreated HSF1+/+ or HSF1—/—
mouse embryonic fibroblasts by using the FastTrack 2.0 kit (Invitrogen) and
analyzed using mouse full-genome cDNA microarrays (Stanford Functional
Genomics Facility: http://www.microarray.org/sfgf/) as described previ-
ously (Troyanskaya ef al., 2002), by using a reference consisting of combined
mRNA from heat shocked and untreated wild-type fibroblasts. Mouse homo-
logues of human genes were defined through Homologene (http://www.
ncbinlm.nih.gov/HomoloGene/).

RESULTS

We used three independent approaches to generate a list of
437 genes potentially involved in the heat shock response.
First, we searched a database of >20,000 putative human
promoters (Trinklein et al., 2003) for occurrences of the HSE.
Second, we made human promoter microarrays containing
768 putative promoters, many of which contained sequences
similar to the previously defined heat shock element and
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Figure 1. Methods for detection of potential HSF1 targets. 437
genes were selected for study based on either enrichment of their
promoter in HSF1 chromatin IP as detected on a human promoter
microarray containing 768 genes, presence of a sequence with high
similarity to the previously described HSE in their promoter, or
significant induction in heat shock microarray experiments. HSF1
binding was measured by chromatin IP followed by quantitative
PCR and expression by quantitative RT-PCR for each gene, and
these data was used to classify genes into HSF1-dependent and
-independent as well as heat-inducible and nonheat-inducible sub-
sets. We calculated an optimized HSF1 binding motif based on the
promoters that showed HSF1 binding. Finally, we tested promoter
sequences of all classes for ability to confer heat-induced expression
by using a luciferase reporter system.

used these microarrays to detect promoters enriched by
ChIP with an HSF1 antibody after heat shock. Finally, we
searched a microarray data set describing the changes in
gene expression in human cell lines resulting from multiple
types of stress for genes induced specifically by heat (Mur-
ray, Whitfield, Trinklein, Myers, Brown, and Botstein, un-
published data). For genes selected in the promoter microar-
ray and expression microarray experiments, we did not
consider a gene further if we did not confirm significant
ChIP enrichment or heat induction, respectively, in our
quantitative PCR assay. For the 176 remaining genes for
which we did confirm ChIP enrichment or heat induction,
we measured transcript levels before and after heat shock by
using quantitative RT-PCR, and we measured HSF1 binding
by chromatin IP (outlined in Figure 1). The data for all
candidate genes is available as Supplemental Table 1.

Detection of New Heat-inducible Genes by Expression
Analysis

Based on a bimodal distribution formed by the RT-PCR gene
expression levels (see Supplemental Figure 6), we defined a
gene as heat-induced if we measured induction >1.95-fold.
Based on this threshold, 93 genes were induced after 1 h of
heat shock, with induction levels ranging from 2-fold to
90-fold. Of these genes, 35 encode proteins of unknown
function. The heat-induced genes included many genes al-
ready known to encode heat shock proteins and other pro-
teins involved in protein folding and degradative pathways
(Trinklein et al., 2004), including hsp27, hsp40, hsp60, hsp70,
hsp105, hsp110, and members of the Crystallin family. How-
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Figure 2. Visual representation of the position specific scoring
matrix for the newly derived HSE. Overrepresented HSE sequence
motifs were identified and aligned by MEME, and the logo-gram
was generated at http:/ /www.bio.cam.ac.uk/seqlogo/.

ever, the majority of the 58 previously characterized genes
were not previously known to be induced by heat shock (see
Supplemental Table 1).

Discovery of New HSF1-binding Sites by Chromatin
Immunoprecipitation

We used chromatin IP to enrich for sequences bound by
HSF1 in heat-shocked cells and measured the enrichment of
the predicted promoters of our candidate genes with quan-
titative PCR. We identified 94 genes with an HSF1 ChIP
enrichment of fivefold or greater. We categorized these as
the genes with HSF1 bound at their promoter based on a
bimodal distribution of all ChIP enrichment values (see
Supplemental Figure 7). This collection of HSF1-bound sites
increases the number of known HSFl-bound sites in the
genome by an order of magnitude. We used this large set of
new sites to improve our understanding of the HSE. We
chose 46 promoters with HSF1-ChIP enrichments of at least
40-fold to define a new HSE consensus sequence. We chose
only these highly enriched sequences because the ChIP en-
richment is highest for promoters where HSF1 binds closest
to the PCR primers used to measure the enrichment (Trin-
Klein et al., 2004). We used MEME, a finite mixture-modeling
algorithm (Bailey and Elkan, 1994), to search for overrepre-
sented motifs in 280-base pair segments surrounding the
primers we used in detecting enrichment for these 46 pro-
moters. MEME detected an enriched sequence motif similar
to the previously defined HSE and refined it in several ways.
A graphical representation of the PSSM for this motif is
shown in Figure 2. Previously, the HSE consensus has been
described as inverted repeats of the motif nGAAn (Sarge et
al., 1993; Pirkkala et al., 2001). Our results support the pre-
vious finding that the “G” in nGAAn is the most conserved
position in the HSE (Xiao and Lis, 1988). Also, in a pair of
inverted repeats, a TTC triplet 5" of a GAA triplet is sepa-
rated by a pyrimidine-purine dinucleotide, but the two nu-
cleotides separating a GAA triplet 5’ from a TTC triplet seem
to be unconstrained.

Newly Derived HSE PSSM Improves Prediction of HSF1
Binding

We were interested in determining whether this PSSM could
predict HSF1 binding. We used the PSSM to calculate an
occurrence score for 2 kb of sequence surrounding the 308
promoters for which we assayed HSF1 binding (see MATE-
RIALS AND METHODS). We classified promoters with
scores above 107° as high scoring and promoters with scores
below 10~° as low scoring (for the distribution of scores, see
Supplemental Figure 8). Of the high-scoring promoters, 48%
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Figure 3. Relationship between HSE occurrence score and HSF1
binding. The y-axis of the scatter plot is the HSE occurrence score
for each promoter as described in the methods. The x-axis is the
HSF1 ChIP enrichment determined by quantitative PCR.

(88/182) had a ChIP enrichment greater than fivefold and
19% (35/182) had an enrichment >50-fold. Conversely, 18%
(23/126) of the low-scoring promoters had a ChIP enrich-
ment of fivefold or greater and only 2% (3/126) had a ChIP
enrichment >50-fold; therefore, not all HSF1 bound promot-
ers had a HSE (HSE sequences shown in Supplemental Table
2). Thus, a high HSE PSSM score gives roughly a 50% chance
of predicting HSF1 binding, and a low score gives an 82%
chance that HSF1 does not bind to that location (Figure 3).

We compared the ability of the PSSM to predict HSF1
binding to a simple pattern match with the inverted nGAAn
repeats previously used to define the HSE. Two tandem
copies of nGAAn were present in 88% of the promoter
sequences irrespective of HSF1 binding. When we searched
the 2-kb promoter sequences for three copies of the repeat
(GAANNTTCnnGAA), 43% (61/143) had a ChIP enrichment
greater than fivefold and 17% (24/143) had an enrichment
>50-fold. Conversely, 30% (49/165) of the promoter se-
quences that did not contain GAANnTTCnnGAA had a ChIP
enrichment of fivefold or greater and 8% (14/165) had a
ChIP enrichment >50-fold. Thus, this new scoring matrix
predicts HSF1 binding with greater sensitivity and specific-
ity than a pattern match with the canonical motif.

Heat-induced Expression Predicts HSF1 Binding but HSF1
Binding Is Not Sufficient for Induction

We examined the relationship between HSF1-binding to a
gene’s promoter and the heat-induced expression of that
gene. Of the 176 genes for which we measured both binding
and expression, 46 were bound and induced, 48 were bound
but not induced, 24 were induced but not bound and 58
were not bound or induced (see Supplemental Table 2).
Thus, the majority of genes induced by heat shock bound
HSF1 at their promoters (46/70 or 65%). The induction of 24
genes for which we did not detect HSF1 binding can be
explained either by the presence of binding at sites outside
the region we tested, or by the use of an HSF1-independent
induction mechanism. We searched for HSE sequences up to
6 kb upstream from all 24 of these genes, and we also
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assayed for binding further upstream and in the first intron
of the DnaJ.B4 and Dna]J.C3 genes. We found no HSEs at any
of these genes, and we detected no binding upstream or in
the first introns of DnaJ.B4 and Dna].C3. Only 48% (46/94)
of the genes bound by HSF1 were induced by heat shock.
This is consistent with previous finding in Drosophila where
it was observed that HSF bound to >100 sites in polytene
chromosomes that were not associated with heat induced
expression (Westwood et al., 1991). Therefore, our results
support the hypothesis that HSF1 binds to many genomic
targets without inducing and maybe even repressing tran-
scription.

Microarray Expression Analysis of Heat-shocked HSF1—/—
and HSF1+/+ Mouse Embryonic Fibroblasts Identifies
HSF1-dependent and HSF1-independent Heat-inducible
Genes

The fact that some genes induced by heat shock apparently
do not bind HSF1 suggests an HSFl-independent mecha-
nism of mRNA accumulation after heat shock. To address
this possibility, we measured mRNA levels in heat shocked
embryonic fibroblasts from wild-type mice and from mice
that are missing HSF1 due to a homozygous deletion
(HSF1—/—) after 0, 0.5, 1, 2, 3, 4, 6, and 8 h of heat shock
with full-genome mouse cDNA microarrays. The data were
centered, which allows visualization of differences in gene
expression changes between cell lines as well as differences
in basal expression during the heat shock time course. The
complete clustered microarray data is shown in Supplemen-
tal Figure 9, and a summary of the data is shown in Figure
4. Supplemental Figure 10 shows the same genes trans-
formed to show changes relative to untreated samples (elim-
inating the basal expression).

We extracted the expression data of mouse genes homol-
ogous to human genes that we had found to be induced but
not bound, bound but not induced, or bound and induced
according to Homologene (http://www.ncbi.nlm.nih.gov/
HomoloGene/). Homologues of genes that were both bound
and induced were induced in the wild-type but not the
HSF1—/— fibroblasts (Figure 4A). We observed no induc-
tion of transcripts for mouse homologues of human genes
for which we detected HSF1 binding but not heat induction
(Figure 4B). The results were more variable for homologues
of genes that were induced but not bound (Figure 4C). Some
of these genes were not induced in the mouse microarray
experiments, others were induced in the wild-type cells but
not the mutant cells, and some were induced in both wild-
type and mutant cells.

In addition to looking at the mouse orthologues of the
new human heat shock genes we identified, we looked for
novel expression patterns by analyzing the full mouse mi-
croarray data set with hierarchical clustering (Eisen et al.,
1998). As expected, the expression of a cluster of genes,
including many known heat-inducible chaperones, was in-
duced strongly by heat in wild-type cells (Figure 4D). Most
of these genes showed no significant changes after heat
shock in the knockout; however, a few had subtly increased
mRNA levels after heat shock. For hsp70, it has previously
been shown that increased mRNA stability also plays a role
in heat-induced transcript accumulation (DiDomenico ef al.,
1982; Theodorakis and Morimoto, 1987; Kaarniranta et al.,
1998). Also, the basal expression levels of several of these
HSF1-dependent heat-inducible genes were higher in the
HSF1 wild-type cells compared with the HSF1 knockout
cells. The most likely explanation is that a small fraction of
cells in a given culture system stochastically exhibit the heat
shock response, and this contributes to the basal signal seen
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in our zero time points. However, the possibility exists that
HSF1 plays a role in the basal expression of certain heat
shock genes.

However, we also found multiple clusters of genes in-
duced at least as strongly in the HSF—/— cells as they were
in the wild-type cells (Figure 4, E-G). Some genes were
induced more strongly in HSF1—/— cells than in the wild-
type cells, including many immediate-early genes such as
JUNB, JUND, EGR1, IER5, GADD45g, and three members of
the Inhibitor of DNA Binding family of transcriptional re-
pressors. There were two clusters with a total of 36 genes
that were induced similarly in both cell lines, which is
consistent with our discovery of heat-inducible genes not
bound by HSF1. One cluster included metabolic genes (such
as methylene tetrahydrofolate dehydrogenase and carbon
catabolite repressor) and signaling molecules (such as the
diphtheria toxin receptor), and the second cluster had many
signal transduction proteins (Jagged 1, Hoxc4, Protein ki-
nase C alpha binding protein, and MAD homologue 7). Also,
many spots containing repetitive sequences were induced
with nearly identical patterns in the wild-type and
HSF1—/— cells (Figure 4G). A substantial number of genes
were repressed irrespective of HSF1 status, including many
genes associated with growth and cell division in fibroblasts
such as actin, alpha and beta tubulin, other extracellular
matrix components, ribosomal proteins, and cell cycle genes.
This suggests that heat-induced down-regulation of the cel-
lular growth rate occurs independent of HSF1.

Only Promoters of Heat-inducible and HSF1-bound Genes
Have Intrinsic Heat-induced Activity

To further understand why some genes were not induced by
heat shock despite binding of HSF1 to their promoters, and
why other genes were induced by heat shock but lacked
HSF1 binding at their promoters, we created reporter vec-
tors expressing luciferase under the control of 33 predicted
promoters of genes from each class. We transfected each
reporter construct into three human cell lines (HeLa,
HT1080, and 293) and into wild-type and HSF1—/— mouse
embryonic fibroblasts. For each cell line, we measured the
heat inducibility of luciferase driven by each experimental
promoter relative to that of a cotransfected control vector
(containing Renilla driven by the thymidine kinase pro-
moter). We also measured the heat inducibility of 48 random
promoters (Trinklein ef al., 2003) in HT1080 cells.

Promoters of genes whose endogenous transcripts are
heat-induced and bound by HSF1 showed induced lucif-
erase activity by as much as 60-fold after heat shock (Figure
5). The induction of luciferase activity by these transfected
promoters was comparable with the previously observed
induction of the endogenous genes corresponding to these
promoters, and did not occur in HSF1—/— fibroblasts, con-
firming that the induction is HSF1 dependent. In contrast, 48
random human promoters showed an average 5.4-fold re-
pression of luciferase activity after heat shock (see Supple-
mental Figure 11), which suggests that there is a general
down-regulation of transcription or translation during heat
shock. This occurred in the HSF1—/ — fibroblasts and thus is
not dependent on HSF1.

In contrast, promoters bound by HSF1 where the endog-
enous gene was not heat induced showed no heat-inducible
luciferase activity, and promoters not bound by HSF1 where
the expression of the endogenous gene was heat induced
were also not able to induce luciferase activity (Figure 5).
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DISCUSSION

Implications of HSF1 Binding without Transcript
Induction

Although much of the heat-induced gene expression can be
explained by HSF1 binding, we did not find perfect corre-
lation between binding and induction. There are several
possible explanations for why one-half of the HSF1-bound
promoters are not induced by heat. Information intrinsic to
the 1-kb putative promoter sequence might somehow dis-
tinguish among sites that should cause inductions and sites
that should not. For instance, additional positive or negative
factors may modulate the transcriptional induction of HSF1-
bound genes, However, the identity of such factors is un-
known. Alternatively, features of the binding site may di-
rectly modulate the activity of bound HSF1. This hypothesis
implies a two-step process where HSF1 binds to an HSE and
then recognizes some other structural or sequence motif
before it is able to activate transcription.

Other explanations are possible but seem unlikely based
on our results. One is that epigenetic modifications or struc-
tural features of the genomic context of a gene repress or
activate HSF1 activity. Because promoters bound by HSF1
whose endogenous transcripts showed no heat induction
were not heat inducible in the luciferase assay, which is
independent of genomic context, it seems unlikely that the
lack of induction we saw for some HSF1-bound genes de-
pends on the large-scale genomic context.

A small fraction of the genes we called HSF1 bound but
not induced (~10%) seemed to be subtly induced, but less
than our twofold threshold. The subtle induction of some of
these genes was confirmed in the mouse microarray exper-
iment and in the human microarray data set. However, the
data are clear that the majority of genes that we called bound
but not induced were not induced. In fact, for some of these
genes, it seems that HSF1 may act as a transcriptional re-
pressor. The promoters for DNA methyltransferase-2, per-
oxiredoxin 3, and interferon, alpha 16 all contain an HSE, are
all bound by HSF1, and their promoter activities are re-
pressed after heat shock. The endogenous transcripts from
these genes are repressed almost twofold after heat shock, as
measured by RT-PCR, suggesting that these genes may be
targets of HSF1-mediated transcriptional repression. This is
consistent with previous studies that show that HSF1 can act
as a transcriptional repressor of some genes (Cahill et al.,
1996; Xie et al., 2002). If this is the case, HSF1 will be a
powerful model system to use for understanding how tran-
scription factors can act positively or negatively depending
on the specific regulatory sequence to which they are bound.

Evidence for an HSF1-independent Mechanism of Heat-
induced Gene Expression

We discovered 24 human genes that were induced by heat
but had no detectable HSF1 binding. That result was con-

Figure 4. Cluster analysis of changes in mRNA levels in heat
shocked wild-type and HSF1—/— mouse fibroblasts. The expres-
sion changes in both cell types are shown for homologues of a
subset of human genes that were HSF1-bound and induced (A),
homologues that were bound by HSF1 but not heat induced (B), and
homologues that were induced but not bound by HSF1 in the
human system (C). The mouse microarray data were also analyzed
independent of the human experiments, and these results show
genes induced by heat in wild-type but not HSF1—/— fibroblasts
(D), genes induced in HSF1—/— fibroblasts (E), and genes induced
similarly in wild-type and HSF1—/— fibroblasts (F). (G) Average
expression profile for spots containing repetitive elements accord-
ing to RepeatMasker and the SE of each time point for each cell type.
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Figure 5. Promoter activities before and after heat shock in three different human cell lines and HSF1+ /+ mouse fibroblasts and HSF1—/—
mouse fibroblasts. The average heat-induced promoter activity are shown for the three human cell lines, wild-type mouse fibroblasts, and
mouse HSF1—/ — fibroblasts for 10 promoters defined as HSF1 bound and heat induced (red), seven promoters from genes that were induced
but not bound by HSF1 (green), seven promoters defined as HSF1-bound but not induced (blue), and seven random promoters (black).

firmed by the mouse microarray experiment, which demon-
strated that transcripts for 36 genes are induced by heat
shock, even in an HSF1—/— cell line. The promoters of
heat-inducible genes that lack HSF1 binding were indistin-
guishable from control promoters in the luciferase heat in-
ducibility assay. It is unlikely that we missed the true pro-
moter for all of these genes because the majority showed
significant basal expression above background in our lucif-
erase assays. Because our promoter activity results indicate
that the induction of these genes in not due to an increased
rate of transcription, it seems likely that a posttranscrip-
tional mechanism such as changes in mRNA processing or
mRNA stability may contribute to the induced transcript
levels of these genes after heat shock. Alternatively, distant
enhancer elements could be responsible for the induction of
some of these genes.

Our analysis of the mouse microarray data as a whole
revealed many genes that were induced by heat shock in the
HSF—/— cell line. Most of the genes induced in the knock-
out cells were induced less than twofold or not at all in the
wild-type cells. These included several genes involved in
proliferation control, including p21-activated kinase 2, kinet-
ochore component SUGT1, tumor necrosis factor receptor
superfamily member 21, and the apoptosis inducer DEDD2.
These genes could be directly induced by heat stress or they
could be part of a secondary response that occurs if the cell
fails to adequately respond to the heat stress. A smaller
subset of genes that is induced by heat shock in both cell
types and with similar kinetics possibly includes genes that
are involved in the primary heat shock response and that are
regulated in an HSF1-independent manner. All the microar-
ray features that contained repetitive elements, showed a
striking upregulation in both the wild-type and HSF1—/—
cells. It was previously known that heat shock induces ex-
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pression of these elements (Liu et al., 1997; Li et al., 1999), and
our results indicate that this expression is independent of
HSF1. These results provide evidence for a mechanism of
heat induced gene expression independent of HSF1 binding,
but it is difficult to know for certain for each gene whether it
is involved in the primary heat shock response or a second-
ary stress response.

Explanations for HSF1 Binding to Only a Subset of HSE
Sites

It is interesting that HSF1 binds to some HSEs but not to
other HSEs that are nearly identical in sequence and position
relative to the start of transcription. HSF1 binding may be
blocked by the chromatin conformation in that specific re-
gion or by other structural features of the genome. Alterna-
tively, the binding of HSF1 to some high-scoring HSEs but
not to others could mean that our description of the HSE is
incomplete or that other nearby sequence elements bind
factors that are necessary for stable HSF1 binding. Recent
results have shown that the transcription factors Msn2p and
Msndp contribute to the regulation of heat-induced tran-
scription in yeast in addition to HSF (Boy-Marcotte et
al.,1999). Also, in Caenorhabditis elegans, a second motif, the
heat shock-associated site (5'-GGGTGTC-3') seems to work
cooperatively with the HSE in heat shock-mediated gene
induction (GuhaThakurta et al., 2002). Our search for over-
represented sequence motifs in the human HSF1-bound se-
quences with MEME did not find any sequences similar to
this site and its occurrence in our human promoters did not
improve our ability to predict HSF1-binding (or heat-in-
duced expression). This suggests that there are other cis-
elements or other interacting factors that stabilize HSF1
binding at some heat shock elements.
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Evidence for Alternative and Bidirectional Promoters in
HSF1-mediated Regulation

Fifty-eight of the 93 genes induced by heat shock code for
proteins with annotated functions but were not previously
known to be induced by heat shock (see Supplemental Table
2). For example, we discovered that the basement membrane
collagen COL4A6 and two collagen biosynthetic genes,
SERPINH2 and FLJ13063, were heat induced. This is sur-
prising, especially considering that the experiments were
done in an erythroleukemia cell line, which we did not
expect to express basement membrane collagen. It is possi-
ble that the heat induction of collagen is selected for in some
other cell type and that the induction occurs spuriously in
blood cells because it has a relatively low energetic cost, or
this could represent a novel biological function of this col-
lagen protein. Interestingly, COL4A6 is expressed as two
isoforms, each of which uses a distinct promoter (Sugimoto
et al., 1994). We detected HSF1 binding at only one of these
two promoters, which suggests that this gene uses a heat-
inducible alternative promoter. Therefore, the possibility ex-
ists that one promoter confers tissue specificity for
COL4A6’s role in the basement membrane and the other
promoter regulates that heat inducibility of the gene for its
potentially novel role in the heat shock response.

Another interesting class of heat-inducible genes consists
of six pairs of genes organized in a head-to-head orientation
with <1 kb separating their transcription initiation sites (see
Supplemental Table 3). We detected clear induction for both
members of three pairs of genes. All but four of 12 total
bidirectional genes are hypothetical proteins with no known
function. This kind of head-to-head gene organization was
reported recently for hsp60 and hsp10 (Hansen et al., 2003),
and our data suggest that regulation of pairs of genes from
bidirectional inducible promoters is a common feature in
HSF1-induced gene expression.

General Implications for Transcriptional Regulation

By beginning to comprehensively identify genes and pro-
moters whose transcription is affected by heat in mamma-
lian cells, this work has significantly increased our under-
standing of the complexity of heat shock regulation,
especially the role of HSF1. One striking result was that
HSF1-binding by itself does not confer heat-inducibility of a
gene. The implication is that HSF1 may bind to these genes,
but these genes may not be targets in the sense that they are
not transcriptionally induced by HSF1. This has broad im-
plications in how we should define targets of other tran-
scription factors, because other studies have looked for bind-
ing sites for c-Myc (Fernandez et al., 2003) and E2F (Ren et al.,
2002; Weinmann et al., 2002). Our results support the idea
that transcription initiation might often require the assembly
of many different factors at the promoter. Therefore, the
localization of a single factor is unlikely to predict with
certainty the expression of that gene considering the enor-
mous potential of combinatorial complexity in the transcrip-
tional apparatus. All of the data underlying this work is
freely available for download at http://microarray-
pubs.stanford.edu/HSF1/.
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