OPEN 8 ACCESS Freely available online

© pLos one

Whole-Genome Analysis Reveals That Active Heat Shock
Factor Binding Sites Are Mostly Associated with Non-
Heat Shock Genes in Drosophila melanogaster

Sarah E. Gonsalves’, Alan M. Moses>3, Zak Razak', Francois Robert*>, J. Timothy Westwood'*

1 Department of Cell and Systems Biology, University of Toronto, Mississauga, Canada, 2 Department of Cell and Systems Biology, University of Toronto, Toronto, Canada,
3 Centre for the Analysis of Genome Evolution and Function, University of Toronto, Toronto, Canada, 4 Institut de Recherches Cliniques de Montréal, Montréal, Canada,
5 Département de Médecine, Faculté de Médecine, Université de Montréal, Montréal, Canada

Abstract

During heat shock (HS) and other stresses, HS gene transcription in eukaryotes is up-regulated by the transcription factor
heat shock factor (HSF). While the identities of the major HS genes have been known for more than 30 years, it has been
suspected that HSF binds to numerous other genes and potentially regulates their transcription. In this study, we have used
a chromatin immunoprecipitation and microarray (ChIP-chip) approach to identify 434 regions in the Drosophila genome
that are bound by HSF. We have also performed a transcript analysis of heat shocked Kc167 cells and third instar larvae and
compared them to HSF binding sites. The heat-induced transcription profiles were quite different between cells and larvae
and surprisingly only about 10% of the genes associated with HSF binding sites show changed transcription. There were
also genes that showed changes in transcript levels that did not appear to correlate with HSF binding sites. Analysis of the
locations of the HSF binding sites revealed that 57% were contained within genes with approximately 2/3rds of these sites
being in introns. We also found that the insulator protein, BEAF, has enriched binding prior to HS to promoters of genes that
are bound by HSF upon HS but that are not transcriptionally induced during HS. When the genes associated with HSF
binding sites in promoters were analyzed for gene ontology terms, categories such as stress response and transferase
activity were enriched whereas analysis of genes having HSF binding sites in introns identified those categories plus ones
related to developmental processes and reproduction. These results suggest that Drosophila HSF may be regulating many
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genes besides the known HS genes and that some of these genes may be regulated during non-stress conditions.
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Introduction

More than four decades ago Ritossa described a phenomenon
where specific loci on the polytene chromosomes from third instar
larvae of Drosophila decondensed or “puffed” when the larvae were
exposed to heat or other forms of stress such as oxidative stress,
inhibitors of respiration and certain metals [1]. These pulffs
represented heat-induced sites of gene transcription and the genes
residing there became known as the heat shock (HS) genes and
their protein products the heat shock proteins (HSPs). The stress
induced molecular and cellular events collectively became known
as the heat shock response and is highly conserved in all
organisms. During normal and stressed conditions, HSPs and
their cognate proteins (HSCs) have essential functions in helping
proteins fold properly, acting as protein chaperones during protein
synthesis, processing, and degradation as well as the translocation
of proteins across intracellular membranes [2,3]. HSPs are also
known to have direct and important positive functions in a
number of disease conditions and pathophysiological states
including immunity against infection, ischemia, neural injury,
and neural degenerative diseases [4].
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Heat shock gene regulation in ecukaryotes occurs at the
transcriptional and post-transcriptional levels. Stress induced HS
gene transcription is governed by the protein factor called Heat
Shock Factor (HSF). HSF recognizes and binds to a specific DNA
sequence in the promoter of HS genes known as the HS element
(HSE) [5,6,7] (for a review of HSEs see [8]). Single genes for HSF
have been cloned from yeast, fruit flies (Drosophila), and frogs, and
multiple homologous but distinct HSF genes have been cloned in
chickens, mice, and humans. The HSF that is primarily involved
in responding to heat and other stress agents has been designated
HSF1 in most species with multiple HSFs (for reviews of HSF see
[9,10,11,12,13]). HSF is present in cells at all times and is activated
to its transcriptionally competent form upon stress. In the
metazoans studied thus far, binding of HSF or HSF1 to HSEs is
low to virtually nonexistent in unshocked cells and upon HS or
other stresses, HSF converts from a monomer to a trimeric form
that binds to the HSEs with high affinity.

HSF is an essential gene in those species that have a single HSF
gene (e.g. yeast and Drosophila) even under non-stress conditions. In
the case of Drosophila, death was found to occur between the first
and second larval instar stages in null mutants suggesting a critical
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role for HSF even under non-stress conditions [14]. In addition,
the same study found that HSF was required for oogenesis.
Furthermore, mice lacking HSF1 can live to adulthood but have a
severely compromised stress response and display several other
defects including prenatal lethality, growth retardation and female
infertility [15]. HsfI =’ female mice also produce defective
oocytes that, when fertilized, do not develop very far into
embryogenesis [16]. Mammalian HSF1 and HSF4 play important
roles in lens and olfactory epithelium development [17,18] and a
mutation in HSF4 is associated with heritable cataract formation
in humans [19]. Hsf2~ '~ mice show embryonic brain defects that
persist with adults displaying enlarged ventricles and a decrease in
hippocampus size and striatum and cortex width [20,21].
Moreover, both HSF1 and HSF2 play roles in sperm development
in mice [20,21,22].

There have been a few genome-wide screens using DNA
microarrays to characterize the eukaryotic transcriptional response
to HS i C. elegans [23], human cell lines [24,25], Drosophila
embryos [26], and Drosophila adults [27]. In addition to standard
expression microarray experiments, others have used chromatin
immunoprecipitation coupled with microarrays (ChIP-chip) to
find HSF binding sites: in yeast, using probes in intergenic and
coding regions [28]; in human tissue culture cells for HSF1, using
a custom 768 element promoter array [25]; in Drosophila embryos
using a 5400 element cDNA array and 3000 element tiling array
[29]; and in mouse testis for HSF2 using a 26,000 promoter tiling
array [30]. There has also been a recent study that has examined
the binding sites for HSY in Drosophila S2 cells using ChIP and next
generation DNA sequencing (ChIP-seq) [31].

When the polytene chromosomes from heat-shocked Drosophila
3" instar larvae were stained with anti-HSF antibodies, HSF was
found to be localized to more than 200 loci [32]. Given that only
nine well documented HS gene loci existed at the time, the authors
proposed that HSF had additional genomic targets besides the well
known major HS genes, perhaps stimulating lesser known HSP
and HSC genes, other “novel” heat-induced genes. In addition, it
was hypothesized that Drosophila HSF might also play a role in the
transcriptional repression of certain other genes that are known to
be repressed during HS. Supporting this hypothesis, HSF1 in
human cells has been shown to be a repressor of cytokine genes
[33]. In this study we have identified more precisely, using ChIP-
chip analysis with genome-tiling arrays, more than 430 HSF
binding sites in the Drosophila genome. We have also performed
transcription analysis of heat shocked Kc167 cells and 3™ instar
larvae in an attempt to correlate HSF binding events with
induction of gene transcription.

Results

Identification of HSF binding sites in the Drosophila
genome

We performed ChIP-chip analysis on heat-shocked Kc167 [34]
to identify HSF binding sites across the Drosophila genome (data
available in GEO under GSE19744). HSF binding should reach a
maximum level following a 30-minute heat-shock (HS) at 36.5°C
[35,36] so we conducted our heat-shock treatment under this
condition. We fixed both heat-shocked and non-shocked cells with
formaldehyde to preserve protein-DNA interactions and then
immunoprecipitated HSF bound chromatin complexes with an
anti-HSF antibody generated by Westwood et al,[32]. This
antibody is specific for HSF and has been used to visualize HSF
binding sites at over 200 loci in Drosophila polytene chromosomes
by indirect immunofluorescence [32]. As a control for non-specific
binding and for HSF binding under non-shock conditions, we also
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performed a mock ChIP without antibody and an anti-HSF ChIP
at room temperature (RT), 22°C) respectively. We confirmed that
our ChIP had successfully enriched for HSF-bound chromatin in
HS cells but not mock treated or RT cells by measuring the
relative abundance of Hsp26 promoter DNA by PCR and qPCR
(Figure 1). Furthermore, we confirmed that our ChIP conditions
were specific enough that we did not get enrichment of the
sequence 1200bp downstream of the Hsp26 promoter (Figure 1B).
Following confirmation, we amplified fragments from two
independently produced HS anti-HSF ChIP, RT ant-HSF ChIP,
and mock ChIP samples by ligation mediated-PCR, labeled them
with fluorescent dyes, and hybridized them to genome tiling arrays
(Agilent Technologies) as described in the Methods section.

Agilent’s Feature Extraction software quantified images of the
arrays and Agilent’s ChIP Analytics software identified probes
corresponding to regions or segments of chromatin that were
bound by HSF. We compared the anti-HSF and mock ChIP
segments to determine if any of the anti-HSF ChIP segments were
non-specific. Only two ChIP segments exhibited any degree of
overlap to mock ChIP segments: the first (chr3R:11,071,788-
11,074,349) only partially overlaps with a mock ChIP segment and
exhibits a much stronger min P[Xbar| on the ChIP array
(1.16x10™"" vs 6.36x10™%. Furthermore, this segment is
contained in one of the loci (88E) bound by HSF on polytene
chromosomes [32] and so was retained as part of the dataset. The
second segment (chr3L:18,124,038-18,125,011) completely over-
laps with a mock ChIP segment and has a comparable min
P[Xbar] to that of the mock ChIP segment, therefore, this segment
was omitted from further analysis.

In total we identified 434 HSF bound chromatin segments
including regions associated with all but one of the known major
heat-inducible genes. A selection of targets was confirmed by PCR
(Figure 1C). No HSF binding site was detected upstream of any of
the Hsp70B genes due to the absence of probes on the tiling array
in this highly repetitive region of genome (Figure 2B,C). We next
examined regions bound by HSF at RT (non-HS conditions) and
found that 81% coincided with segments bound by HSF under HS
conditions, however, in every case, the level of HSF binding is
substantially less at RT (i.e. 5-fold lower on average) (Figure 3 and
Table S1; data also available in GEO under GSE22335). The
most highly enriched HSF binding site at RT is located upstream
of Hsp83 in one of the only regions specifically occupied by HSIF
under non-HS conditions [36]. With the possible exception of this
site, the observed weak HSF binding in the RT samples may
reflect transient HSF binding, HSF binding in a subset of cells,
and/or is the result of the induction of a mild HS response brought
on by the initial harvesting and fixation of the cells.

Table 1 lists all sites bound by HSF during HS treatment with a
greater than 30-fold enrichment over whole cell extract (WCE)
including all the sites associated with the major heat-inducible
genes. Where applicable, the staining intensity observed on
polytene chromosomes by Westwood et al.,[32] is indicated.
Twenty-nine of our top 40 sites map to 24 loci that overlap with
HSF-bound loci in polytene chromosomes. When we consider our
entire set of HSF-bound sites the overlap with the polytene data is
significant (p-value from X? test =2.5x107'%; Figure 2A). Of
those 73 loci identified by Westwood et al.,[32] that did not
overlap directly with our ChIP-chip data, we found that 54 are
within one cytological band of at least one HSF binding site (data
not shown). Such an offset is within the estimated error rate
associated with computing cytological locations based on sequence
location (Flybase Reference Manual G, section G.5.1 [37]). If we
consider these 54 sites offset by one cytological band, together with
the 108 that directly overlap, then 90% of the HSIF-bound loci
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Figure 1. Confirmation of HSF binding to select regions. (A) Enrichment of the region upstream of the Hsp26 gene by HSF ChIP following heat
shock (HS; 36.5°C, lane 1) relative to whole cell extract (WCE; lane 4), HSF ChIP at room temperature (RT; 22°C, lane 3) and no antibody mock ChIP
following HS (lane 2) by end-point PCR. (B) gPCR confirmation of enrichment of the same region as in (A) by HSF ChIP following HS (light grey)
relative to HSF ChIP at RT (dark grey) and of a region 1200 bp downstream of the Hsp26 gene. (C) PCR amplification of select regions associated with

the genes indicated on both an anti-HSF IP enriched sample (left column) and mock IP sample (right column

doi:10.1371/journal.pone.0015934.g001

identified on polytene chromosomes are covered in our ChIP-chip
data. A X? test on the independence of the two datasets taking into
account the offset indicates that there is overlap between them (p-
value from X? test =4.5x107°),

Heat Shock Elements (HSEs)

The HSF bound segments identified in our analysis span several
oligonuclotide probes from the tiling array and average 1400 bp in
length. Thus, for each HSF bound segment we assigned a “peak”
as the center of probe in the segment with the lowest P[Xbar] (i.c.
the probe with the lowest probability that the observed difference
between ChIP and WCE signals is due to non-biological causes).
An example of how a peak identified in this way compares to the
HSF-bound segments and probes identified by ChIP Analytics is
presented in Figure 4. Figure 4A depicts the typical scenario where
the HSF-bound probe with the lowest P[Xbar] in a given segment
also exhibits the highest fold change relative to WCE in that
segment and is approximately in the center of that segment. In the
situation where clusters of HSF-bound sites are found over small
distances, assigning a single peak to segments that may represent
more than one binding site may result in an underestimation of the
total number of true sites. This is the case for the HSP gene dense
region on chromosome 3L where there is no peak for the HSF-
binding site upstream of Hsp23 because it is incorporated into the
neighboring segment due to its proximity (Figure 4B). Using Patser
[38], we scanned 2500 bp of sequence flanking each peak to find
matches to the position weight matrix (PWM) representing the
canonical 15 bp HSE from TRANSFAC (Figure 5A). A X test
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revealed a significant difference in the number of matches to this
motif between the sequence around the peak and the flanking
sequence (p-value = 1 x10°%, Figure 5A) suggesting that assigning
the peak as stated above was reasonable. This analysis also
suggested that the most HSE rich region lies between —400 bp to
+300 bp of each assigned peak (Figure 5A). The position of the
HSE (p-value <1x10* closest to the peak of each binding site is
listed in Table 1 and in Table S2.

Because the canonical HSE is composed of 3 repeats of the 5 bp
motif nGAAn we sought to determine if other orientations of this
motif were enriched in the peak region relative to the local
background. We used Patser to determine the number of matches
to each PWM for all possible 3-way combinations of the 5 bp
motif represented in TRANSFAC and plotted a histogram to
depict the distribution of matches (Figure 5B). Two of the alternate
orientations are slightly enriched near the center of the fragments
although not as strongly as the canonical motif (compare left
columns of Figure 5A and Figure 5B nGAAnnGAAnnTTCn and
nTTCnnGAAnnGAAn). When the stringency of what may be
considered a “match” to the PWM was increased (ie. by
decreasing the Paster p-value from <1x10™* to 1x107°, right
columns of Figure 5B), the number of matches to these alternate
motifs were however, essentially reduced to background levels,
while the total number of matches to the canonical HSE was still
significantly above background levels (p-value=1x10""°, right
column of Figure 5A). Taken together, the result of this analysis
suggests that the inverted repeat arrangement is strongly favored
over all of the orientations examined.
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Figure 2. Overlap of HSF binding sites indentified by ChIP-chip of Kc cells and immunostaining of polytene chromosomes of 3"
instar larvae. (A) The 434 HSF-bound sites indentified by ChIP-chip analysis were mapped to 265 unique cytolocations for this comparison. (B)
Zoomed-in view of the region of chromosome 3R where the Hsp70B genes are located highlighting both the absence of tiling-array probes and the
repetitive and/or low complexity sequence in this region as indicated by the RepeatMasker track (bottom). (C) Expanded view of (B) to show the
location of the nearest HSF-bound (green circle). This image, generated using the UCSC Genome Browser, illustrates the chromosome region
represented in bp (according to release 4.2 of the Drosophila genome) as indicated at the top. Genes are depicted as blue boxes with the thick and
thin parts representing exons and introns respectively. Arrows (either blue or white) within the gene indicate the direction of transcription. Vertical
black lines show the location of each probe on the Agilent 2x244k tiling arrays (Agilent Technologies) in the depicted region.
doi:10.1371/journal.pone.0015934.g002
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Figure 3. Comparison of HSF binding under HS and non-HS (RT) conditions. (A) Scatter plot of the HSF binding ratio of representative
probes from segments bound by HSF during both HS and RT (blue diamonds), during HS only (red squares), or at RT only (green triangles). Although
most of the sites bound by HSF at RT overlap with sites bound during HS, levels of HSF binding are greatly diminished at RT (blue diamonds). As
expected the only region to be strongly bound by HSF at RT is the region upstream of Hsp83. (B) Level of HSF binding during HS (top) and at RT
(bottom) to chromosome 3R. Each bar represents a probe from the tiling array that is part of an HSF bound segment and its height indicates its fold

enrichment relative to WCE.
doi:10.1371/journal.pone.0015934.9003

Genes associated with HSF binding events

Because the previous analysis of HSF binding events on
polytene chromosomes was not of sufficient resolution to
determine which genes HSF associated with at heat shock
temperatures on a global scale, we set out to determine what
genes may be affected by HSF binding by identifying the genes
closest to each HSF binding site. In a first attempt to identify genes
that may be regulated by HSF binding, we identified the nearest
transcription start site (T'SS) to the peak of each HSF bound
segment. The result of this analysis is included in Table 1 for the
most strongly bound sites and in Table S2 for these and all the
remaining sites. Since we cannot rule out the possibility that HSF
may be acting on more distant genes, we extended this analysis to
identify all genes within a 2500 bp window centered on the peak of
each HSF-bound segment and calculated the distance from peak
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to T'SS for each of these genes. For any given binding site, there
may be more than one gene within the 2500 bp window so Table
S2 lists all genes found within the window in order of proximity to
the binding site.

In the course of this analysis, it became apparent that there
were instances in which HSF was binding within the transcribed
region of many genes. As such, we investigated the proportion of
sites that were found within transcribed regions (intragenic)
relative to those that were not (intergenic) (Figure 6). In total,
57% of all sites were located in the transcribed region of at least
one gene with a preference for binding within introns (Figure 6).
In contrast, only 41% of euchromatic sequence is intragenic. An
example of HSF-binding within an intron is presented in Figure 7
for the transcription factor jumu. Roughly 1/4 of sites in
transcribed regions were, however, also located in the proximity
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Table 1. Chromatin segments bound by HSF exhibiting a 30 or greater fold enrichment over whole cell extract (WCE).

HSF binding site

closest gene(s)

polytene position of

HSE (p- staining peak of

val<1x10™%) intensity binding site location of
location of peak of the fold location relative (Westwood relative to peak of
HSF bound segment change P[Xbar] to peak (bp) cytology et al 1991) name gene TSS (bp) binding site
3R:17121946..17122005 96 1.10E-07 98 93D’ Hsre —368 Intergenic
2L:13165433..13165492 76 3.70E-11 —161 34A 1 Sir2 & DnaJ-H —532 Intergenic
3R:19883079..19883127 75 6.80E-08 25 95D 25 Hsp68 —74 Intergenic
3L:9351650..9351707 75 8.80E-08 0 67B 4 Hsp26 & Hsp67Ba —3051707 Intergenic
3R:7783512..7783571 73 2.00E-10 —447 87A 3 Hsp70Ab & Hsp70Aa —1760 Intergenic
2L:295186..295245 73 3.20E-09 74 21B 1 Hop 108 Exon1
3L:3176534..3176591 71 7.60E-08 —102 63B 3 Hsp83 5 Exon1
3L:9357629..9357688 70 6.70E-08 =3 67B 4 Hsp27 & Hsp23 —3521829 Intergenic
3R:11068766..11068825 65 3.60E-12 22 88E 15 Hsc70-4 —81 Intergenic
3L:22008546..22008605 60 1.60E-05 =531 79B CG7133 =213 Intergenic
3L:9347685..9347744 58 1.90E-04 —142 67B 4 Hsp22 & Hsp67Bb —249838 Intergenic
X:20846528..20846587 54 1.20E-06 —123 19E Ntf-2 409 Intron1
X:5725222..5725281 52 1.00E-07 —62 5C 2 CG16721 159 Exon1
3R:27045350..27045409 49 1.70E-07 NA 1008 1 CG1746 -23 Intergenic
3L:16745454..16745513 48 2.10E-07 133 73C 1 CG9705 115 Exon1
2L:22342021..22342080 46 2.20E-11 135 40F 1.5 CG17018 42528 Intron1
X:10954037..10954096 42 2.30E-07 77 10A 1 Hsp60 377 Intron1
3L:12990240..12990299 38 2.00E-07 88 69F CG11267 267 Intron1
2L:6966386..6966445 38 9.80E-12 -25 27C smt3 1177 downstream
3R:12473487..12473539 37 7.30E-12 15 89D 1 Cctgamma 102 Exon1
3L:13454266..13454312 36 5.50E-07 3 70B stv —101 Intergenic
3L:3886074..3886133 36 2.40E-07 32 63F Ubi-p63E 348 Exon2
2L:5009864..5009923 36 2.40E-08 -16 25C 1 Rtnl1 —150 Intergenic
3R:9208591..9208650 36 2.60E-11 107 87E 2 Droj2 78 Exon1
2L:12046460..12046519 35 2.40E-11 218 33B 3 CG6770 -390 Intergenic
3R:11072836..11072895 35 1.20E-11 17 88E 1.5 Hsc70-4 2889 downstream
3L:7839477..7839536 35 6.10E-07 —6 66A Pdp1 1812 Intron1
3L:17877705..17877764 34 4.30E-07 —30 75A 3 CG5290 81 Exon1
3L:8492559..8492618 34 1.00E-06 186 66D 2 CG6776 —245 Intergenic
X:11204481..11204540 34 2.50E-06 48 10B 2 CG11750 57 Exon1
X:2503300..2503359 33 1.60E-07 6 3A 1 599 2182 Intron1
X:6499517..6499576 33 1.30E-07 106 6C CG3226 —125 Intergenic
2L:22157037..22157096 32 2.40E-11 NA 40F 15 CG1832 -313 Intergenic
U:5800980..5801039 32 1.20E-07 40 53F 0.5 CAP 1331 Intron2
3R:25608959..25609018 32 6.10E-07 13 99C kay 657 Intron1
3R:3859259..3859318 31 4.50E-11 89 84E 2 Tom34 & CG11035 263 & —620 Intron1
3L:112600..112659 31 2.40E-07 16 61B Pk61C —353 Intergenic
3L:8678764..8678823 31 3.10E-07 86 66D 2
3L:14002678..14002737 30 1.30E-07 171 70C 1 Hsc70Cb 195 Exon1
2L:16517060..16517119 30 8.20E-11 NA 36A 1.5 CG5953 11716 Intron2
3L:19838272..19838331 30 1.80E-06 =31 76D Su(Tpl) 5748 Intron1

of gene promoters (which we are considering to be a region
surrounding 1250 bp from the transcription start site). By our
definition, 14% of the genome falls in gene promoters, however,

@ PLoS ONE | www.plosone.org

"While no staining of HSF was noted on polytene chromosomes at 93D, a staining intensity of 1.5 was observed at 93C.
doi:10.1371/journal.pone.0015934.t001

of the 43% of sites that are intergenic, over half were found in
promoter regions representing 27% of all HSF binding sites
(Figure 6). It should be noted that the promoters of the major
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Figure 4. Representation of select genomic regions bound by HSF. This image, generated using the UCSC Genome Browser, illustrates the
chromosome region represented in bp (according to release 4.2 of the Drosophila genome) as indicated at the top. Genes are depicted as blue boxes
with the thick and thin parts representing exons and introns respectively. Arrows (either blue or white) within the gene indicate the direction of
transcription. Large black and small grey boxes represent HSF-bound segments and probes respectively identified by Chip Analytics (Agilent
Technologies). Darker grey shading is used to represent probes with higher fold-enrichment relative to WCE. The single black line above bound
segments indicate the position assigned as the segment peak and is also the center of the probe with the lowest P[Xbar]. (A) A single HSF-bound
segment is found in the region encompassing Hsp70A. The probe with the lowest P[Xbar] is located near the numerical center of the bound segment.
(B) Three HSF-bound segments are found in the region encompassing the small HSP genes. It is likely that these segments represent more than 3
distinct HSF-binding sites, however, a single peak per segment has been assigned potentially resulting in an underestimation of the number of

individual binding sites in this region.
doi:10.1371/journal.pone.0015934.g004

HSP genes account for less than 5% of all HSF bound
promoters.

Given this distribution we were interested in determining if
HSF is targeting a specific class of genes when binding to
promoters so we used the online resource DAVID [39] to assess
enrichment in gene function among these genes. For this analysis
we considered only those 27% of sites that were within promoter
regions as we defined as 1250 bp from a transcription start site
and otherwise not within the transcribed region of any gene. Not
surprisingly, the most strongly enriched categories were related to
the response to stress (Figure 8 first column). Also among the
most highly enriched categories was glutathione transferase
activity and TPR repeat.

To further this analysis, we investigated the enrichment in
functional categories among genes that contained at least one HSF
binding site within their transcribed region. In this case we
considered only those 35% of sites that were within introns and
greater than 1250 bp away from the transcription start site of any
gene/isoform. This conservative estimate of the number of HSF
binding sites found in introns still represents a 2-fold enrichment
over the background distribution since only 17.1% of euchromatin
1s intronic. Our findings here were largely unexpected; there was a
strong enrichment for genes involved in biological regulation and
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more specifically the regulation of transcription and metabolic
processes as well as for genes involved in reproduction and
development such as gamete generation and anatomical structure
development (Figure 8 second column).

Because of the difference in functional classification of genes
associated with HSF-bound promoters versus HSF-bound introns,
we were interested in determining if any other transcription
factor(s)/ DNA binding protein(s) were associated with these sites.
To identify possible candidates, we used Patser to scan HSF-
bound promoters and introns for matches (Bonferroni corrected p-
value<5.6x107?) to PWMs representing 111 different DNA
binding proteins from two databases, Transfac and the Drosophila
DNase I Footprint Database. As expected, the PWM representing
the 15 bp HSE composed of inverted repeats of nGAAn
(Figure 5A) was enriched near the peak of both HSF-bound
promoters and HSF-bound introns (Figure 9). Of the remaining
PWDMs, the PWM for BEAF was the only one enriched near the
peak of HSF-bound promoters to also have a similar chi squared
value (X*>40) and show the same level of significance in a chi
square test (Bonferroni corrected p-value<2.3x10™%) as the PWM
representing the canonical HSE (Figure 9). Unlike the HSE PWM,
however, this enrichment was only seen for those HSF-bound sites
found in promoters; the occurrence of the BEAF PWM in HSF-
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Figure 5. The 5 bp motif nGAAn arranged as direct inverted repeats is enriched in HSF-bound segments. We used the pattern-
matching program Patser [38] to score the occurrences of 4 PWMs from TRANSFAC (M00165, M00164, M00167, M00166), depicted as sequence logos
on the right side of the figure, in both the sequence bound by HSF and the local background (up to 2500 bp on either side of the peak of each HSF
binding site). The histograms show the number of matches to each PWM in 50 bp windows centered on the peak of each HSF-bound segment. P-
values at the top of each column of graphs indicate the cut-off used when considering a match by Patser. P-values at the top right of each histogram
indicate the probability given by a X? test that the difference in the number of matches to the PWM found in the sequence at the peak and in the
local background is due to chance. (A) The motif nGAANNTTCnnGAAnN shows significant enrichment at the peak of the HSF-bound regions at both
Patser p-value cut-offs (compare left and right columns) and occurs more frequently than any other orientation of this motif in HSF-bound regions
(compare A and B). (B) Other orientations of the 5 bp core motif not as significantly enriched as the motif in (A), if at all, in the HSF-bound segments.
What little enrichment is seen for the alternate orientations when the Patser p-value cut-off is set to <1x10™* (left column) is essentially lost when
the Patser p-value cut-off is lowered to consider only highly probable matches (p-value<1x10~>, right column). Sequence logos were generated
from TRANSFAC PWMs M00165, M00164, M00167, M00166 using the online web tool enoLOGOS [72].

doi:10.1371/journal.pone.0015934.g005
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Figure 6. Breakdown of HSF-binding site by location. Fewer than 1/3 of all HSF-binding sites are located in gene promoters with the
promoters of major heat-inducible genes accounting for less than 5% of these sites (not shown). The majority of HSF binding sites are instead located
in transcribed regions of the genome with introns accounting for the largest proportion of HSF targets. Fifteen percent of all sites are somewhat
ambiguous in definition as they occur within transcribed regions but are also in the vicinity of a transcription start site (TSS).
doi:10.1371/journal.pone.0015934.g006
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Figure 7. Example of an intronic HSF-binding site. As with Figure 4, this image was generated using the UCSC Genome Browser to illustrate
the chromosome region represented in bp (according to release 4.2 of the Drosophila genome) as indicated at the top and the legend is the same as
that in Figure 4.

doi:10.1371/journal.pone.0015934.g007

bound segments located within introns was no different than the sites do not appear to be strongly enriched in any categories that
background (Figure 9). Consistent with this finding is a recent differ from those enriched among all promoters except for a
report that BEAF (boundary element associated factor) binding modest enrichment for genes with cell cycle annotation (p-value
sites are enriched in 5" UTRs and in the first 200 bp upstream of =0.0011; data not shown) which is consistent with the function of

gene’s TSS [40,41]. Genes having both BEAF and HSF binding genes BEAF has been shown to regulate [42].
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ChIP-
intron
Expression-
Cells
Expression-
Larvae

d
r=
O

protein folding

stress response

response to chemical stimulus
response to stimulus

TPR repeat

glutathione transferase activity
protein turnover, chaperones
transferase

ATP-binding
nucleotide-binding
transcription regulator activity
biological regulation
regulation of cellular metabolic process
AMP-activated protein kinase
sterol homeostasis

cell differentiation

system development
embryonic development
anatomical structure development
developmental process
gamete generation

oogenesis

sexual reproduction

protein dimerization activity
zinc-finger

nucleic acid metabolic process
kinase

transmembrane

sensory transduction

response to stress

transferase activity

nucleotide binding

regulation of transcription

homeostatic process

developmental process

reproduction

protein binding

|
-5 0

Log 10 p-value

Figure 8. Heat map summary of select categories from DAVID functional enrichment analysis. Genes that were associated with HSF-
binding sites in either the promoter or intron regions (column 1 and 2 respectively) and genes that were differentially regulated by HS treatment in
either Kc cells or 3" instar larvae (columns 3 and 4 respectively) were analyzed for functional enrichment. The Functional Annotation Chart tool was
used to obtain the p-values describing the probability that a functional term is enriched among genes in the groups examined by random chance,
and the Functional Annotation Clustering tool was used to group similar annotation terms. Lower p-values indicating enrichment for the term on the
right of the chart are colored in red, while p -values above 0.1 are indicated in maroon. Groups of similar annotation terms are indicated on the left of
the chart.

doi:10.1371/journal.pone.0015934.9g008
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Figure 9. The BEAF cis regulatory motif is enriched in
promoters, but not introns, bound by HSF. The occurrence of
111 PWMs from TRANSFAC and the Drosophila DNase | Footprint
Database in HSF-bound promoters and introns was scored with Patser
[38]. The histograms show the number of matches (Bonferroni
corrected p-value<5.6x107%) to PWMs representing HSF and BEAF
binding sites in 50 bp windows centered on the peak of each HSF-
bound segment (blue for promoters, red for introns). The PMW for DREF
is very similar to the one for BEAF and gives the same result. P-values at
the top right of each histogram indicate the probability given by a X*
test that the difference in the number of matches to the PWM found in
promoters and introns is due to chance.
doi:10.1371/journal.pone.0015934.g009

Transcriptional profile of Kc cell and 3" instar larvae in

response to heat shock

Previous studies have predicted that heat activated HSF might
be inducing the transcription of genes in addition to the well-
known HS genes. After HS, it is known that RNA polymerase 1I
(pol II) relocalizes from several hundred discrete loci on polytene
chromosomes to a far smaller number of loci with a large amount
of pol II accumulation at the HS puft sites [43,44]. Pol II can be
seen at about 50 loci after a 20 minute HS and co-localizes with a
subset of the approximately 200 observed HSF binding sites. In
addition, nascent transcripts can be seen to co-localize with pol II
(J.P. Paraiso, M. Gibson and J.T. Westwood, unpublished results).

To determine if HSF binding had an effect on any of the genes
with which it associated following heat stress in addition to the
classical heat shock genes, we examined the transcriptional profile
of Kc cells under the same conditions in which the binding sites
were identified (30 minute HS at 36.5°C). RNA isolated from HS
and untreated cells was reverse transcribed, labeled and hybridized
to NimbleGen expression microarrays (data available in GEO
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under GSE19745). We identified 211 genes that showed at least a
2-fold change in expression due to heat shock with a FDR
corrected p-value less than 0.01 (Table S3). Not surprisingly,
several major HSP genes were strongly induced including Hsp70,
Hsp68, Hsp27, Hsp26, Hsp25, and Hsp22. In addition, seven other
genes exhibited fold changes comparable to the small HSPs:
CG32850, CG12507, SP555, Gr63a, CG8086, CG7509, and Ir95a.
Aside from (€G7509, which is repressed in response to both
oxidative stress and ER stress in Drosophila [45], none of these
genes have been associated with the stress response in Drosophila. In
general, most genes we identified changing in response to heat
shock in Kc cells were up-regulated, and showed only a modest
change in transcript levels (less than 4-fold) (Table S3).

DAVID analysis of genes differentially regulated in cells
revealed an enrichment in many of the same categories enriched
among genes whose promoters were associated with HSF
following HS (Figure 8 third column). Also like the DAVID
analysis on HSF-bound promoters, several genes with similar
function to the major HSPs were identified. Interestingly, the
terms transferase, transmemebrane, and sensory transduction are
enriched among genes regulated by HS in cells but not among
genes that associated with HSF binding sites (Figure 8 compare
column 1 and 2 to 3) indicating that there is a specific set of
functionally related genes that are regulated by HS but that are
not associated with HSF.

Because many novel heat responsive genes were identified in
this genome-wide screen, we wanted to determine how far away
the nearest HSF binding site was relative to transcription start sites
of these genes. Table S3 lists the distance from the TSS of each
gene to the nearest HSF-binding site. Surprisingly, these genes
exhibited mean and median distances of greater than 100 kb and
50 kb respectively. In some cases this may be explained by the lack
of detection of a bona-fide HSF binding site by our approach
since, although the Agilent genome-tiling array covers the entire
117 MB euchromatic genome, probes are lacking in areas with
highly repetitive sequence or sequence with high homology to
other regions. For example, there are no probes on the array
covering the region ~40 kb upstream of Hsp70Bbb (the most
highly induced gene in Kc cells) likely due to the highly repetitive
nature of this sequence (Figure 2B,C). Instead the closest site to
Hsp70Bbb we identified was greater than 100 kb upstream of its
TSS. However, since this case is expected to be the exception
rather than the rule, it is unlikely to be the cause of a lack of HSIF
binding to the promoters of the majority of the genes identified. To
rule out the possibility that a secondary transcription factor
transcribed in response to heat shock may be controlling the
expression of some of these genes, we repeated the gene expression
analysis in the presence of the translation inhibitor cycloheximide
and found no significant affect on the transcription of any of these
genes (data not shown).

Given that cell lines do not always provide an accurate picture
of the biological response of whole organisms, and that several sites
of gene transcription can be observed in addition to the HS pufl
sites on polytene chromosomes, we next examined the transcrip-
tional response to heat shock in wandering 3™ instar larvae. As
with the cells, the larvae were subjected to a 30 min heat shock at
36.5°C to match the conditions used for HSF binding site
identification (data available in GEO under GSE19745). Overall,
237 genes exhibited a 2-fold or greater change in expression and a
FDR corrected p-value of less than 0.01 (Table S3). As in cells, the
majority of genes show a modest change (less than 4-fold), are
mostly up-regulated, and are mostly enriched in the same
functional categories as promoter-bound genes (Figure 8, fourth
column). Furthermore, the functional terms transferase and
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transmembrane are enriched among HS regulated genes in larvae
suggesting that several HS-regulated genes not associated with
HSF binding sites are still related in function (Figure 8 compare
columns 3 and 4). Table 2A lists all genes exhibiting a 8-fold or
greater induction in either cells or larvae. Comparison of all genes
that were heat-responsive in cells and in larvae revealed few genes
that were universally regulated by HS. Ninety-two percent of all
stress-responsive genes identified were only affected in one system.
The remaining 8% of genes that were affected in both systems
include all of the major HSP genes (except Hsp83 and Hsp67Ba,
which were only induced in larvae), Drna7-1, and 22 other genes, of
which 10 have been previously associated with at least one other
stress in Drosophila (Table 2B). Functional enrichment analysis of
HS responsive genes in larvae identified several non-classical HSPs
predicted to have similar functions as the classical HSPs. Among
them, we have identified HSF binding sites in the promoters of at
least eight: CG11035, CG7130, CG7945, Dro2, PEK, Sir2, Tom34,
and tra.

Because the transcriptional profile of larvae greatly differed
from cells, we investigated whether genes responsive to heat shock
in larvae were any more likely to be associated with HSF. The
result was similar to cells; the mean distance from the nearest HSF
binding site to the TSS was greater than 88 kb and the median
distance was nearly 35 kb.

To further investigate possible HSEF association with genes
regulated during heat shock we compared the lists of genes
exhibiting a 2-fold or greater change in expression in response to
heat shock in either cells or larvae to the 471 genes that either
contained an HSF binding site within their coding region or were
located 1250 bp downstream of the peak of an HSF bound region
(Figure 10A). Only nine genes were in common to all three lists:
Hsp22, Hsp26, Hsp27, Hsp67Bb, Hsp68, Hsp70Ab, Dnaj-1, stv and
CG32636. Not surprisingly, most of these genes are well-known
heat-inducible genes. Starvin (stv), although not a classical HSP, is
induced in response to several stresses including oxidative and ER
stress, aging, starvation and HS [27,45,46,47,48] and encodes a
BAG-domain protein and is thought to be a Hsp70-family co-
chaperone [49]. In addition to these nine genes, a total of 40
differentially regulated genes are located within 1250 bp of the
peak of an HSF bound region. Thirty-nine of these are up
regulated in response to HS in either cells or larvae but not both
and one gene is down regulated in cells (Figure 10 and Table 3).

Because the FDR corrected p-value cutoff we applied in the
identification of transcriptionally regulated genes of 0.01 is
relatively stringent, it is possible that other genes associated with
HSF-binding sites were transcriptionally regulated during HS but
were not identified in our expression analysis. To investigate this
possibility we generated a cluster of the expression profiles of all
genes that were associated with an HSF binding site and/or were
identified in our expression analysis of HS cells and larvae and
aligned a heat map depicting the relative enrichment of the nearest
HSF bound segment identified in our ChIP-chip analysis (where
applicable; if no HSF-binding was located either within the coding
region of the gene or <1250 bp upstream of the gene’s T'SS then
the corresponding value in the heat map is grey indicating no data
is available) (Figure 10B). This analysis revealed several things in
support of our initial observations: First the majority of HS
responsive genes exhibit an increase in transcript levels and are
responsive in only one system even at relatively weak fold changes
(Figure 10B clusters B and C). Second, the majority of HS-
responsive genes, especially in cells, are not associated with HSF
binding (Figure 10B clusters B, C, D and F). Finally, although
there are a few HSF-associated genes that appear to undergo a
small induction (less than 2-fold) in response to HS in larvae, the
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majority of HSF-associated genes are not transcriptionally
responsive to HS in either cells or larvae (Figure 10 cluster E).

Of the 11 HSF-bound and HS-induced genes identified in Kc
cells (Table 3) all are bound by HSF within 1250 bp of their
annotated T'SS (Table S3). Given the enrichment of BEAF motifs
in HSF-bound promoter segments (Figure 9) we were interested
in determining if there is any correlation between the presence of
a BEAF motif and the likelihood of that gene to be expressed
following HS. BEAF-binding sites are enriched in 5" UTRs and
in the first 200 bp upstream of gene T'SS [40,41] so we wanted to
take the analysis one step further and examine the relationship
between the presence of a BEAF motif and the induction of the
associated gene during HS. Of the 11 HSF-bound promoters
associated with HS-induced genes in Kc cells, only 3 or 27% were
found to contain a BEAF motif (p-value<5x10™* (Table 4).
Conversely, of the 104 HSF-binding sites located exclusively in
promoters (ie. within 1250 bp) of genes that did not show a
transcriptional change following HS in Kc cells, 69 or 66% were
found to contain at least one BEAF motif. Given this difference in
the distribution of BEAF motifs between induced and non-
induced HSF-bound promoters, we were interested in determin-
ing if BEAF is preferentially bound to promoters of non-induced
genes under non-HS condition prior to exposure to HS. To
examine this possibility we compared HSF-bound chromatin
segments to chromatin segments bound by BEAF in Kc167 cells
under non-HS conditions [40] (data available in GEO under
GSE15661) and found that the proportion of HS-induced and
non-induced HSF-bound promoters that were also bound by
BEAF to be similar to the proportion containing at least one
BEAF motif (Table 4) and that there is an enrichment for BEAF
binding sites in non HS-induced HSF-bound gene promoters
(Chi squared test; p-value =0.0198). Next we sought to
determine if any other Drosophila insulators also co-localize with
HSF binding sites or if this observation is specific for BEAF. We
compared our HSF bound sites to the binding sites for two other
msulators (dCTCF and Su(HW)) and an insulator associated
protein, CP190, for which ChIP-chip data is available in Kc cells
[40]. We did not see a significant enrichment for dCTCF or
Su(HW) binding sites at HSF sites (data not shown) but we did see
a large overlap with CP190 sites which is expected since CP190
does not bind DNA directly but does bind to insulators including
BEAF [40]. This suggests that the enrichment of BEAF sites at
HSF bound promoters is specific to BEAF and not a general
feature of all insulators.

Because there were a large number of genes whose transcripts
changed during HS but did not appear to be near an HSF binding
site, we investigated whether the transcriptional changes were
dependent on HSF. The transcriptional response to HS was
measured in Hsf* mutant 3" instar larvae using the same approach
described above (data available in GEO under GSE22332). These
larvae have a temperature sensitive mutation in the HSF DNA
binding domain which prevent HSF from binding to HSEs and
inducing HSP gene transcription at non-permissive (i.e. heat
shock) temperatures [14]. Only 8 genes were up-regulated in the
Hsf" larvae and the degree of induction was generally far less than
what was seen in the wild type larvae (Table S3). Thus, it would
appear that the vast majority of transcript levels that change
during heat shock are dependent on having functional HSF.

Heat shock represses the ecdysone-response

Since HSF binds a large number of introns of genes that do not
appear to be transcriptionally induced during HS, we decided to
examine a subset of HSF-bound introns more closely. The
functional enrichment analysis presented in the previous section
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Table 2. Genes regulated by heat shock.
Kc167 cells 3rd instar larvae
position of closest staining intensity in
HS vs RT FRD corrected HS vs RT fold FDR corrected HSF binding site polytene data
A Gene fold change p-value change p-value relative to TSS (bp) cytology (Westwood et al., 1991)
Hsp70Bbb 419 2.00E-10 103.3 1.80E-07 —124162 878’
Hsp70Ba 333 1.60E-09 162.4 6.30E-10 —89431 878’
Hsp70Bc 321 1.60E-09 140.2 8.30E-10 —130728 878’
Hsp70Ab 31.7 3.30E-09 169.9 8.80E-10 —732 87A 3
Hsp68 24.7 2.20E-10 106.8 4.20E-08 74 95D 25
CG32850 16.6 6.90E-08 1.2 7.00E-01 716852 102B
Hsp22 14.1 3.70E-09 227 3.30E-08 838 67B 4
Hsp26 12.2 1.40E-09 285 1.10E-04 305 67B 4
CG12507 10.9 1.20E-04 4.5 2.40E-03 —163722 14B
SP555 10.8 3.70E-04 =1l 9.70E-01 —28158 25C 1
Gr63a 10.7 4.00E-08 154 2.00E-05 5969 63F
CG8086 10.6 2.40E-06 1.5 4.60E-01 —87278 28F-29A
Hsp23 10.2 8.60E-08 83 5.90E-03 1829 67B 4
CG7509 9.9 4.10E-08 6.7 1.20E-04 13407 64B 0.75
Hsp27 8.8 7.60E-07 75 1.80E-04 —352 67B 4
Ir93a 8.3 1.20E-04 1.5 2.00E-01 #N/A 93A
DnalJ-1 53 3.30E-08 42 2.10E-05 —219 64E
Cp18 2.1 1.30E-03 55 3.10E-08 —5166 66D
stv 39 3.70E-08 294 7.10E-10 —421 70B
se 3.5 2.90E-03 18.7 4.90E-07 —1909 66D
CG5290 1 8.60E-01 153 6.80E-08 —81 75A
Hsp83 13 2.40E-03 15.1 2.70E-06 5 63B
CG14961 3.2 7.90E-04 14.5 3.10E-05 —79865 63D
Hsp67Bb 2.1 7.50E-04 14.1 1.60E-04 838 67B 4
CG17352 26 8.60E-04 135 9.40E-06 4134 66C
CG7130 1 9.10E-01 9.3 4.70E-04 —1021 79B
CG3280 1 9.70E-01 89 2.90E-06 90028 67C 2
Fdxh 1.2 1.10E-01 8.4 5.90E-06 2731 67B 4
CG15199 —-1.5 2.20E-01 83 1.00E-04 —32986 10A 1
CG6785 15 1.80E-02 8.1 1.30E-07 1290 33B 3
Kc167 cells 3rd instar larvae
position of closest staining intensity in
HS vs RT fold FRD corrected HS vs RT fold FDR corrected HSF binding site polytene data
B Gene change p-value change p-value relative to TSS (bp) cytology (Westwood et al., 1991)
CG14937 2.5 3.60E-06 7 5.10E-06 218089 33A
TwdlF 3 5.30E-04 57 1.10E-03 —31204 82A
spz4 49 6.20E-05 53 1.60E-03 506289 32F
CG13035 24 5.30E-04 5.1 1.50E-06 96856 72E
CG11619 27 3.10E-04 4.3 3.10E-03 104557 75F 1
Acp98AB 3 5.30E-04 4.2 3.40E-04 253666 98B
CG32636 25 6.20E-04 39 4.60E-04 NA NA
CG8026 2 2.50E-04 3.8 4.90E-04 238705 45B
Hdc 2.7 1.80E-03 3.6 7.20E-04 —119479 46F
CG32715 2.7 4.60E-07 3.1 6.80E-03 NA NA
CG12990 7.4 2.00E-07 29 2.10E-03 —249793 16B
CG5204 2.6 1.30E-03 2.6 6.80E-03 4937 34A 1
CG5376 4 1.30E-03 22 9.60E-03 2152 94B 1
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Kc167 cells 3rd instar larvae

HS vs RT fold FRD corrected

B Gene change p-value change

HS vs RT fold FDR corrected
p-value

position of closest
HSF binding site
relative to TSS (bp)

staining intensity in
polytene data

cytology (Westwood et al., 1991)

Rbp1 —22 8.40E-03 -2

3.50E-03

—388811 86C 1

two loci traditionally documented to be the sites of the Hsp70 genes.

doi:10.1371/journal.pone.0015934.t002

(Figure 8), indicates that intron-bound genes are strongly enriched
in functions related to both the regulation of transcription and to
developmental processes. We had noted in a previous study that
HSF binds to two well examined chromosomal loci, 74EF and
75B, the sites of two of the early ecdysone inducible transcription
factor genes, Eip74EF and Eip75B [32]. These two genes together
with b7, are major components of the transcription hierarchy that
are involved in the developmental response to ecdysone by
regulating the transcription of a large set of secondary ecdysone-
response genes (for review see [50]). All three of these genes are
very large in size spanning from 59 to over 100 kb and each
encodes multiple isoforms with at least two distinct transcription
start sites (for review see [50]). Within these three genes, we have
found a total of six HSF-binding sites, four within Ep75B, one
within £ip74EF and one within b7 (Figure 11). Interestingly, all but
one of these intronic HSF-binding sites are located less than 5 kb
upstream of 5’ end of one or more isoforms. Given that introns in
these genes that are bound by HSF are rather large (for example
the first intron of £ip75B in which HSF occupies two sites, i3 over
60 kb in length and the intron bound by HSF in Ep74EF is over
20 kb) this distribution of HSF-binding sites appears to exhibit a
strong bias for the extreme 3" end of the introns close to the 5’
ends of alternate isoforms. In addition, all five HSF binding sites
overlap with binding sites identified in Kcl67 cells for the
ecdysone receptor complex (EcR-C) [51], the nuclear receptor
complex responsible for the stage and tissue specific activation of
Eip75B, Eip74EF, and br [52,53].

It has been previously shown that the developmentally regulated
chromosomal pufs like the ecdysone induced puffs regress during
HS [32,54]. Given that HSF-binding coincides with puff
regression at these loci, we were interested in determining if HS
would affect transcription of ecdysone-response genes so we
examined the global transcriptional response of Kc cells to a 2 hr
ecdysone treatment followed by both transient (15 min HS
followed by 2 hr ecdysone treatment at RT) and sustained
exposure to HS (HS for the entire duration of the 2 hr ecdysone
treatment) (Figure 12A; data available in GEO under GSE23824).
Our results support the previous observation that HS results in the
repression of global gene expression including genes that are
directly associated with HSF-binding sites such as FEp75B,
Eip74EF, and br [32]. The magnitude of repression is related to
the duration of the stress; prolonged exposure to HS inhibits gene
expression to a much greater degree than exposure to brief and
transient HS treatment and ecdysone-induced gene transcription
starts to recover to normal levels following removal of the stress
with the primary ecdysone-response genes being the first to return
to normal levels (Figure 12A). Given that HSF binding within the
body of these genes is coincident with their repression it is possible
that HSF may have a direct role in the repression of these genes. It
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"While no staining of HSF was noted on polytene chromosomes at 87B, the maximum staining intensity of 5.0 was observed at 87C and an intensity of 3.0 at 87A, the

(A) Genes induced by at least 8-fold in either Kc cells or 3™ instar larvae. B) Genes exhibiting a 2- to 8-fold change in expression in both Kc cells and 3™ instar larvae.

1s not clear, however, from the location of the HSF binding sites if
HSF may be interfering with transcription initiation form alternate
promoters in the vicinity of its binding site or if may be interfering
with transcription from upstream promoters by an obstruction to
transcription elongation. The mammalian HSF homolog, HSF1, is
known to cause repression of prointerleukin 1 and Tumor
Necrosis Factor a [33,55], although in the present case it is not
clear if the mode of action would be the same.

Discussion

HSF in metazoans is activated upon stress to trimerize and bind
HSEs that are found in the promoters of HSP genes. HSF binding
leads to the release of stalled RNA polymerase II as well as the
recruitment of new polymerase complexes [56]. It has long been
known that HSF binds to many other parts of the genome in
addition to the well known HS gene loct [32].

In this study we attempted to determine all of the HSF binding
sites in Drosophila melanogaster using ChIP-chip methodology on
Drosophila genomic tiling arrays. In total we identified 434 HSF
bound chromatin segments in heat shocked Kc167 cells with the
transcription start site (TSS) of 270 genes mapping to within
1250 bp of an HSF binding site. A comparison of our binding data
to an earlier study that utilized heat shocked Drosophila embryos
and cDNA arrays for the ChIP-chip shows that approximately
33% of the HSF-bound genes in their study (i.e. 62 out of 188)
correlate with our binding sites (for a comparison of the
overlapping sites see Table S2) [29]. The binding sites we
identified correlate quite well with those identified by another
group that used ChIP-seq to uncover HSF binding sites in S2 cells
[31]. 263 of the 442 high confidence HSF binding sites found in
that study coincided with HSF binding segments we found (Table
S2). If we look at our top 100 HSF bound segments, 90 were also
identified as HSF binding sites by this group. Differences between
the studies might be due to several factors- differences in the cell
types, antibodies, array platform, and ChIP or sequence
identification methods that were used as well as differences in
the analyses that were performed. Others have noted variation in
transcription factor binding sites (i.e. for NFkB) in ChIP-seq
experiments for different biological individuals even though the
same cell type and identical experimental procedures were utilized
[57].

We attempted to correlate the HSF binding events with changes
in gene transcription using standard expression microarray
analysis of heat shocked Kc cells and Drosophila 3™ instar larvae.
These experiments revealed a number of surprising results. First,
the transcript profiles of heat shocked Kc cells and 3™ instar larvae
were quite different (Figure 10). For example, even though each
system resulted in more than 200 differentially expressed
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Figure 10. Many genes associated with HSF binding are not
induced by HS in Kc cells or 3" jnstar larvae. (A) Venn diagram of
the overlap between genes associated with an HSF-binding site and
genes regulated by heat shock. (B) Hierarchical cluster of the HS
transcriptional profile of all genes associated with an HSF-binding site
identified in our ChIP-chip analysis and/or transcriptionally regulated by
HS in cells and/or larvae (left). Sub-clusters highlight genes with similar
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expression profiles. For genes associated with an HSF-binding site, the
log, fold enrichment of the associated binding site is indicated in the
aligned heat map (right). Where there is no associated binding site, the
fold enrichment is displayed as grey to indicate no data is available.
doi:10.1371/journal.pone.0015934.g010

transcripts, only 33 or about 8% of these transcripts were in
common to both systems and of these genes, only 9 had HSF
bound segments within 1250 bp of a TSS. Second, only 49 (or
about 11%) of the HSF binding sites were found to be within
1250 bp of a TSS for a differentially expressed gene in either
system. This suggests that the majority of differentially expressed
genes are either being regulated by HSF from a distance more
than 1250 bp away or that the differential levels in this class of
transcripts is being regulated by a different mechanism. We ruled
out the possibility of these transcripts being regulated by an HSF-
dependent newly synthesized transcription factor by repeating the
experiment in the presence of cycloheximide which did not
significantly alter the list of differentially expressed genes induced
by heat. We also determined that the vast majority of transcript
changes that occur during HS are dependent on having functional
HSF since larvae that have a mutated HSF gene (Hsf” larvac) show
very few changes in transcript levels. For these few genes,
differential levels of these transcripts might be regulated post-
transcriptionally, a phenomenon reported for certain HSP genes
in Hgf' flies [58]. How HSF might be regulating the other
transcripts is still not clear and we cannot rule out that HSF may
be interacting with other transcription/chromatin factors without
binding to a nearby HSE. HSF could also be working at distances
greater than 1250 bp since in three dimensional space, the binding
of HSF may in fact be much closer to a T'SS. We also cannot rule
out that the ChIP-chip approach we used did not uncover all of
the HSF binding sites in the genome.

We were also interested in determining if any other transcrip-
tion factor(s)/ DNA binding protein(s) were associated with these
HSF sites. We did find that a number of HSF bound promoters
(and not introns) also contained binding sites for the BEAF
transcription factor (known to be important for insulating
enhancers) and this finding is consistent with a recent report that
BEAF-binding sites tend to be associated with the 5" UTRs and
regions immediately upstream of the transcription start site of
genes [40,41]. Interestingly, we found an enrichment for BEAF
binding under non-HS conditions [40] to promoters of genes that
are bound by HSF but that are not induced during HS. Since a
proportion of the BEAF-binding sites identified in Kc cells is cell
type specific [40,41], it is possible that BEAF may have a role
preventing the induction of genes near select HSF-binding sites
during HS in a cell specific manner.

A recent paper by Guertin and Lis [31] investigated the
distribution of chromatin modifications and certain chromatin
proteins at HSEs prior to the binding of HSF in Drosophila.
Overall, they observed a correlation of histone acetylation, H3K4
trimethylation, RNA polymerase II and coactivators such as
GAGA factor with HSEs that ultimately are bound by HSF after
heat shock compared to HSEs that are not bound by HSF. These
chromatin modifications and proteins are hallmarks of transcrip-
tionally active chromatin and the authors argue that the
modifications are requirements for HSF to bind to HSEs prior
to transcriptional induction as opposed to a consequence of
transcription [31]. These authors also noted a large number of
HSF binding sites that were also bound by BEAF prior to HS with
a higher occurrence of the overlap taking place at promoters than
within genes. Moreover, for the few HSF associated genes whose
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Table 3. Genes associated with HSF that are regulated by HS in either Kc cells, 3" instar larvae or both (see Figure 10).
HS-regulated gene HSF binding site
FDR HS vs RT FDR position of
HS vs RT corrected fold corrected closest HSF HSF ChIP vs HSF ChIP vs
fold change p-value change p-value binding site WCE fold WCE segment
gene name (cells) (cells) (larvae) (larvae) relative to TSS (bp) change min. P[Xbar]
Bound by HSF, induced in Kc DnaJ-1 53 3.25E-08 42 2.11E-05 219 27 1.18E-07
cells and in 3rd instar larvae
Hsp22 14.1 3.70E-09 227 3.29E-08 —249 58 1.91E-04
Hsp26 12.2 1.43E-09 285 1.12E-04 —305 75 8.76E-08
Hsp27 8.8 7.56E-07 7.5 1.78E-04 —352 70 6.69E-08
Hsp67Bb 2.1 7.53E-04 14.1 1.58E-04 838 58 1.91E-04
Hsp68 24.7 2.24E-10 106.8 4.23E-08 —74 75 6.82E-08
Hsp70Ab 317 3.30E-09 169.9 8.76E-10 —732 73 1.95E-10
stv 39 3.73E-08 294 7.13E-10 —421 36 5.50E-07
CG32636* 25 6.24E-04 3.9 4.60E-04 315 12 1.15E-06
Bound by HSF, induced CG10924 1.5 1.70E-01 25 1.12E-04 2156 17 1.44E-10
in 3rd instar larvae
CG10973 1.2 2.51E-02 38 8.58E-03 97 20 2.30E-07
CG11033 1.1 2.37E-01 2.1 9.46E-04 —740 28 1.46E-04
CG11035 —1.6 1.69E-02 53 9.67E-08 —620 31 4.50E-11
CG13472 —1.1 1.55E-01 3 3.24E-04 115 12 9.33E-06
CG1416 —-1.1 1.32E-01 2.7 8.87E-04 410 7 1.35E-08
CG1553 =1.1 2.19E-01 4.4 8.86E-08 144 19 9.64E-11
CG1863 —-1.1 5.19E-01 5.6 7.49E-04 909 16 1.17E-10
CG32103 =1 9.83E-01 23 3.60E-03 —472 5 7.73E-05
CG3226 1.1 2.38E-01 3 6.09E-05 —125 33 1.25E-07
CG5010 1.1 6.17E-01 34 1.27E-03 —376 26 1.70E-07
CG5290 -1 8.58E-01 153 6.80E-08 81 34 4.31E-07
CG5953 =1l 8.89E-01 29 8.41E-04 2125 6 1.96E-06
CG6191 —-13 1.47E-03 22 1.93E-03 1430 16 8.42E-11
CG6511 =11 2.96E-02 7.8 1.34E-06 36 28 2.24E-07
CG7945 1.1 7.28E-01 52 1.13E-05 345 17 9.31E-06
CGI153 =11 3.34E-01 2.6 6.02E-04 260 26 1.93E-07
Droj2 1.1 1.56E-01 2.7 2.57E-04 823 36 2.57E-11
GstD10 1.6 5.04E-02 23 2.40E-05 —447 7 6.25E-07
Hop 1.1 2.39E-01 29 1.22E-04 108 73 3.23E-09
Hsc70-3 1.1 2.39E-01 2.9 4.24E-04 1721 11 5.00E-05
Hsc70-4 —1.1 1.03E-01 2.1 3.16E-06 —123 65 3.64E-12
Hsc70-5 =11 8.90E-02 34 2.17E-05 236 18 1.05E-10
Hsc70Cb —1.1 2.35E-01 2.7 1.47E-04 195 30 1.31E-07
Hsp83 13 2.40E-03 15.1 2.69E-06 5 71 7.58E-08
PEK —-1.2 1.14E-01 37 3.83E-04 1048 6 5.22E-05
Pdk =11 5.87E-01 2.6 6.91E-05 4359 10 4.05E-10
Sir2 =1 9.09E-01 2.8 9.63E-03 —87 76 3.73E-11
Taf7 1.1 1.44E-01 7.3 6.86E-05 353 18 7.06E-11
Tom34 —1.1 3.90E-01 6.5 9.74E-05 263 31 4.50E-11
cn —14 3.13E-01 22 4.62E-04 2174 17 1.25E-09
1(1)G0469 1.8 3.85E-03 3.8 6.01E-03 2448 21 5.05E-07
mbf1 1.2 5.24E-02 23 1.96E-04 —67 28 1.20E-06
pall 1.1 2.57E-01 33 4.90E-04 497 5 6.21E-05
sra 1 9.32E-01 33 1.99E-03 25 18 1.86E-10
tra —-1.1 2.42E-01 3.2 4.37E-03 248 5 1.10E-04
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HS-regulated gene

HSF binding site

FDR HS vs RT FDR position of
HS vs RT corrected fold corrected closest HSF HSF ChIP vs HSF ChIP vs
fold change p-value change p-value binding site WCE fold WCE segment
gene name (cells) (cells) (larvae) (larvae) relative to TSS (bp) change min. P[Xbar]
ttk 1.7 7.65E-03 23 3.18E-03 2452 13 7.08E-05
Bound by HSF, induced in Kc cells CG10077 2.7 4.10E-03 7.8 1.38E-02 —104 22 4.39E-07
CG6770 3 1.25E-03 1.7 2.03E-01 —390 35 2.43E-11
Bound by HSF, repressed in Kc cells  GstD2 —22 4.66E-03 —-13 4.43E-01 —-1110 6 1.23E-08

doi:10.1371/journal.pone.0015934.t003

transcription were examined after HS, BEAF binding was more
enriched at non-induced compared to induced genes [31].

What is the function of HSF binding to so many different places
in the genome if it is not to regulate the heat shock genes during
stress? There is the possibility that there are some genes that are
being transcriptionally induced by HSF during HS in other
developmental stages and/or tissue types. The different transcrip-
tional response to heat by Kc cells and 3" instar larvae lends
support to this hypothesis. That is, the transcriptional response to
an active transcription factor is likely dependent on the cellular/
nuclear environment and/or chromatin state that exists in a given
cell type. As discussed above, this could include the possibility that
HSF might be acting as a specific transcriptional repressor of
certain developmentally regulated genes whose puffs on polytene
chromosome regress during heat shock [32]. A similar difference
between binding events and transcriptional responses has also
been seen for the Ecdysone receptor/Ultraspiracle nuclear
hormone complex binding sites and the transcription profiles seen
in Kcl67 cells and the during Drosophila metamorphosis [51].

Another possibility is that HSEs appear in the genome with a
certain frequency and have no biological consequence. It has been
suggested that there are a large number of cis-regulatory modules
(CRMs) in the Drosophila genome that fall into this category [59].
Natural selection would preserve those CRMs that are critical to
transcriptional regulation but an organism could tolerate CRMs
that had weak affinity for a given transcription factor that did not
interfere with transcriptional regulation [59,60]. The existence of
large numbers of transcription factor binding sites that have no
apparent biological activity would appear to be a property of all
eukaryotic organisms [61].

Yet another possibility is that HSF has functions during non-HS
conditions and that the ChIP-chip analysis is revealing many of

those gene targets. Clearly HSF deficient Drosophila show
developmental arrest (i.e. at 1** and 2" instar) as well as defects
in oogenesis under non-HS conditions [14]. In species such as
Drosophila that have a single HSF, HSF may be performing
numerous roles under both HS and non-HS conditions. It is also
possible that during Drosophila development that other forms of
stress are occurring that induce HSF transiently. As animals
evolved, gene duplication and divergence resulted in multiple
HSFs that distributed some of the important functions to specific
and/or multiple HSFs. As previously mentioned, mice lacking
HSF1 display growth retardation and female infertility due to
defective oocytes [15,16]. HsfI '~ oocytes exhibit a delay and
blockage of meiotic maturation and this defect at least in part can
be related to a decrease in Hsp90u transcript levels and Hsp90
protein activity [62]. Hsf2~ '~ mice show embryonic brain defects
with the defect in cerebral cortex formation being attributed to the
reduced expression of an HSF2 regulated gene, p35 [63]. Both
HSF1 and HSF2 have been shown to play roles in sperm
development in mice with Hsf2~’~ mice showing a more severe
defect resulting in a reduced testis size and the disruption of
spermatogenesis characterized by degenerating cells, the absence
of differentiating spermatids and spermatocytes, vacuolization of
the tubules and reduced sperm count [20,21]. A mouse HSF2
ChIP-chip study performed with testis found numerous promoters
that bound HSF2 including almost 1/3™ of the 105 genes known
to exist on the Y chromosome [30]. HSF2 was found to bind and
regulate multi-copy genes in the male-specific region of the Y
chromosome (MSYq) and HSF2 deficient mice had similar
increases in sperm head defects as those with MSYq deletion
mutations [30].

It is interesting that the DAVID analysis of the HSF binding
sites in Drosophila showed enrichment for a number of develop-
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Table 4. Occurrence of BEAF motifs and binding sites in HSF-bound promoters.
Promoters of genes induced Promoters of genes not induced
during hs in Kc cells during hs in Kc cells

Number of promoters with at least one BEAF motif (p-value<5x10-4) 3 69

Number of promoters bound by BEAF under non-hs conditions 3 66

(Bushey et al., 2009)

Number of promoters bound by BEAF under non-hs conditions 2 48

with at least one BEAF motif

Total number of promoters 1 104

doi:10.1371/journal.pone.0015934.t004
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Figure 11. HSF binds to introns in the three major ecdysone-inducible genes, Eip75B, Eip74EF, and br. We have identified six HSF-binding
sites within the bodies of these three genes. Each site is located within an intron and overlaps with a binding sites for the ecdysone receptor complex
(EcR-C) [51]. Five out the six sites are also located within 5 kb of the transcription start site of one or more isoforms and the sixth site is still only 10 kb
away from a transcription start site. Each orange bar represents a probe from the tiling array that is part of an HSF bound segment and its height
indicates its fold enrichment relative to WCE. As with Figure 4, this image was generated using the UCSC Genome Browser to illustrate the
chromosome region represented in bp (according to release 4.2 of the Drosophila genome) as indicated at the top and the legend is the same as that
in Figure 4.

doi:10.1371/journal.pone.0015934.9011

analysis of HSF binding sites in promoters and introns and in the
genes that showed transcriptional changes showed enrichment in
GO categories such as response to stress and transferase activity.

mental processes as well as gamete formation including oogenesis
(Figure 8). Also revealing was that this enrichment was only seen
for the HSF binding sites found in the introns of genes whereas the
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Figure 12. Heat shock prevents transcription of ecdysone-
regulated genes in Kc cells. (A) Microarray analysis identifies 27
genes that are induced at least 1.5 fold in Kc cells by a 2 hr 0.5 uM
ecdysone treatment under non-HS conditions (left most column). The
number of genes that respond transcriptionally to ecdysone is greatly
reduced when ecdysone is administered immediately following a brief,
15 min, HS. Even those genes that are still induced by ecdysone are
induced to a lesser extent (middle column). When subjected to HS,
however, the same genes that were induced by ecdysone under non-
HS conditions, no longer respond transcriptionally to the same
ecdysone treatment (ie. 2 hr 0.5 uM ecdysone) indicting that HS can
repress ecdysone-inducible gene transcription. (B) Quantitative RT-PCR
verification of the microarray results for the major ecdysone-inducible
genes Eip75B, Eip74EF, and br yields the same conclusion. All three
genes are induced when exposed to 2 hr 0.5 uM ecdysone treatment

@ PLoS ONE | www.plosone.org

18

Whole-Genome Analysis of HSF Binding in Drosophila

at RT (grey bars) but not during HS (black bars). Error bars represent
standard error.
doi:10.1371/journal.pone.0015934.9012

Methods

Cell culture and heat-shock treatments

Drosoplila Kcl167 cells [34], obtained from the Drosophila
Genomic Resource Center (Indiana University, Bloomington)
were grown to confluence in Schneider’s media (Invitrogen)
supplemented with 5% heat-inactivated FBS (Sigma) and 20 ug/
ml gentamicin (Sigma) in tissue culture flasks at 22°C. Prior to
heat-treatment, cells were transferred to Erlenmeyer flasks and
aerated for 4 hrs at 22°C by gentle shaking (~180 rpm). Following
aeration, half of the cells were heat-shocked by submersing the
flask in a 36.5°C circulating water bath (Neslab) for 30 minutes.
The remaining cells were maintained as room temperature
controls. For the cycloheximide experiments, 118 uM cyclohex-
imide was added 10 minutes prior to initiating the heat shock
treatment [64] which was otherwise carried out as stated above.
For the ecdysone experiments, cells were treated with 0.5 uM 20-
hydroxyecdysone (Sigma) for 2 hrs at room temperature either
with or without a 15 minute pre-treatment with heat shock
(36.5°C) or for 2 hrs at heat shock temperatures (36.5°C).

ChiP

Cell cross-linking, lysis and chromatin shearing were all
performed as reported in [65]. Dynabead protein G magnetic
bead (Invitrogen Cat. No. 100.03D) preparation, immunoprecip-
itation, immunocomplex elution, cross-link reversal, and DNA
precipitation were all performed according to [66]. Rabbit
polyclonal anti-HSF serum 943 [32] was used at a dilution of
1:7500.

End-point and qPCR

Standard PCR was performed on DNA from HS and RT, anti-
HSF and mock ChIPs, and WCE with primers designed against
the Hsp26 promoter and on DNA from unamplified and amplified
HS anti-HSF and mock ChIPs with primers designed against
regions upstream of the following genes: Hsrw, Hsp70A4b, Hsp83,
CG11267, stv, CG5290, Tom34, Dnajf-1, CG10077, Taf7, and GstD2.
Cycling conditions used are as follows: 95°C for 3’ followed by 35
cycles of 95°C for 307, 58°C for 45” and 72°C for 30”.
Quantitative PCR was performed on the same DNA samples
with the same primers plus additional primers designed to amplify
the region of chromosomal DNA 1200 bp downstream of the
Hsp26 promoter. Our qPCR reactions were performed with
Brilliant SYBR Green (Stratagene) in a MX4000 lightcycler
(Stratgene) under the same conditions as above (only for 40 cycles
instead of 35). See Table S4 for the sequences of the primers used.

Ligated-Mediated PCR

The immunoprecipitated sheared chromatin was repaired as
described in [66]. Linker DNA used in ligation-mediated PCR
(LM-PCR) was prepared according to [29] as was ligation of the
repaired DNA to the linker and PCR amplification of the ligated
chromatin.

Indirect labeling of amplified chromatin and
hybridization to genome-tiling arrays

A second round of PCR similar to that performed for LM-PCR
was used to incorporate amino-allyl modified nucleotides into the
amplified material. Following amplification, DNA clean-up,

January 2011 | Volume 6 | Issue 1 | 15934



fluorescent dye conjugation and probe clean-up and precipitation
was performed as described on the Canadian Drosophila Micro-
array Centre web site (www.flyarrays.com). Labeled DNA was
mixed with control nucleic acids (750 ng salmon sperm DNA,
40 pg yeast tRNA, 10 pG human cot-1 DNA) and then added to
hybridization buffer (50 mM Na-MES pH 6.9, 500 mM NaCl,
6 mM EDTA, 0.5% ultrapure sarcosine, 30% ultrapure formam-
ide) heated to 95°C for 3 min and then incubated at 40°C for
15 min. Labeled DNA was hybridized to Agilent genome-tiling
arrays containing approximately 475,000 60mer probes (ie a
probe every 233 nucleotides) according to manufacturer’s
directions. After 20 hours of hybridization, the slides were washed
for 5 min with 6x SSPE, 0.005% ultrapure N-lauroylsarcosine,
again for 5 min, 0.6x SSPE, dipped in acetonitrile and washed for
30 s in Agilent’s Wash III. Dried slides were scanned with
Agilent’s microarray scanner and the resulting images were
quantified with Agilent’s Feature Extraction software.

HSF binding site identification

Data from Feature Extraction was normalized with Agilent’s
ChIP Analytics software. Blank subtraction normalization, inter-
array median normalization and intra-array (dye-bias) median
normalization were all applied. Probes were mapped to release 4.2
of the Drosophila genome. The Whitehead Error Model v1.0 and
Whitehead Per-Array Neighborhood Model v1.0 were used with
the default settings for error modeling and for peak detection/
evaluation, respectively with a false discovery rate of 11%.

PWM matching

We used the pattern matching program Patser [38] to find
matches to four PWMs from TRANSFAC representing canonical
(M00165) and non-canonical (M00163, M00164, M00166) HSEs
in the sequence flanking each identified bound peak (+/
—2500 bp). For each matrix, we counted the number of matches
with p-values below 1x107* and 1x107° in 50 bp windows
relative to the segment peak and generated a frequency histogram.
To determine if there is a significant difference in the number of
matches in the region immediately surrounding the peak
(=500 bp to +500 bp) relative to the local background
(—1000 bp to —550 bp and +550 bp to +1000 bp) we performed
a X2 test. We repeated these steps to identify matches to all other
unique PWMs from TRANSFAC and from the Drosophila DNase 1
Footprint Database this time counting matches to each matrix in
HSF-bound promoters and HSF-bound introns with Bonferroni
corrected p-values <5.6x107% To control for base composition
bias of the test sequence, for any matrix exhibiting an enrichment
of binding sites in the peak region relative to the local background
comparable to the enrichment seen for the canonical HSE, we
repeated the test with a scrambled version of the matrix and then
threw out any matrix still showing enrichment. For any remaining
matrices, we performed a X? test to determine if there is a
significant difference in the number of sites matching the matrix in
the HSF-bound promoters relative to HSF-bound introns.

Larval heat shock treatment

Late third instar larvae (dp en bw and Hsf' cn bw) [14] were
selected by the blue gut method as previously described [67] and
transferred to 2 ml screw cap tubes containing a strip of moist
blotting paper with no more than 20 larvae per tube. Larvae were
allowed to acclimatize for 1 hour at RT with loose lids and then
either submerged in a 36.5°C circulating water bath (Neslab) for
30 min or kept at RT (22°C) for the same amount of time.
Following treatment, larvae were snap frozen in liquid nitrogen.
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RNA extraction cDNA synthesis, and labeling and
hybridization to expression microarrays

Total RNA was extracted from both cells and larvae using TRIzol
reagent (Invitrogen) according to the manufacture’s protocol. Quality
and quantity of RNA was verified by measuring the absorbance and
the A260/A280 ratios were always above 1.8. cDNA synthesis,
labeling and hybridization to Drosophila 385 k NimbleGen expression
microarrays (Roche) was carried out as described in the manufac-
ture’s protocol with the exception that HS and RT samples were
differentially labeled and hybridized to a single array. For each
treatment, three independent biological replicates were performed.
For the ecdysone plus heat shock experiments, a cDNA based
microarray was used and the microarray experiments and analysis
were carried out following the methods of Neal and co-workers [68].

Expression microarray data extraction and analysis

Images acquired after scanning slides with GenePix 4000B micro-
array scanner (Molecular Devices) were quantified and RMA nor-
malized with NimbleScan (Roche). ArrayStar (DNASTAR) was used
to analyze the resulting data files and identify genes with an average fold
change across all biological replicates of 2 fold or greater and FDR
corrected p-values less than 0.01. Log-converted expression ratios were
clustered in the microarray data analysis software MeV [69,70] using
the Manhattan Distance Metric and average linkage method.

Functional Enrichment of Gene Lists

Functional enrichment analysis was performed using the Database
for Annotation, Visualization, and Integrated Discovery Bioinfor-
matics Resources (DAVID) [39,71]. Lists of Flybase Gene Identifiers
from genes that were differentially expressed during HS in either cells
or larvae and from genes that were bound by HSF in either the
promoter regions or intronic regions were input into the functional
annotation clustering tool and functional annotation chart tool. For
genes with HSF binding sites in their intronic regions, annotations
were compared to the pool of annotations found for all genes with
introns, whereas all other lists were compared to the entire genome.
Highly related groups of enriched annotations were identified from
each of the 4 gene lists and the corresponding p-values from the
DAVID analysis for those annotation terms from each of the lists
were compared to each other using a heat map.

Supporting Information

Table S1 HSF binding ratios of segments bound under
hs and non-hs conditions.

(XLS)

Table S2 Complete list of sites and associated genes
bound by HSF.

(XLS)

Table S3 Complete list of genes exhibiting a 2 fold or
greater change in response to heat shock in either Kc
cells, wild type (dp), and Hsf mutant (Hsf*) larvae. The

position of the nearest HSF binding site to each gene is also given.

(XLS)
Table S4 Primer sequences used for gene specific PCR.

(XLS)
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