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Heat-shock factor (HSF) is the master transcriptional regulator of the heat-shock response (HSR) and is essential for
stress resilience. HSF is also required formetazoan development; however, its function and regulation in this process
are poorly understood. Here, we characterize the genomic distribution and transcriptional activity of Caenorhab-
ditis elegans HSF-1 during larval development and show that the developmental HSF-1 transcriptional program is
distinct from the HSR. HSF-1 developmental activation requires binding of E2F/DP to a GC-rich motif that facili-
tates HSF-1 binding to a heat-shock element (HSE) that is degenerate from the consensusHSE sequence and adjacent
to the E2F-binding site at promoters. In contrast, induction of the HSR is independent of these promoter elements or
E2F/DP and instead requires a distinct set of tandem canonical HSEs. Together, E2F and HSF-1 directly regulate a
gene network, including a specific subset of chaperones, to promote protein biogenesis and anabolic metabolism,
which are essential in development.
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The heat-shock response (HSR) is an evolutionarily con-
served transcriptional response to environmental and
physiological stress that is associated with protein mis-
management and proteotoxic damage (Labbadia and Mor-
imoto 2015a). Acute and chronic exposure of cells to
elevated temperature, organic solvents, and heavy metals
can cause protein damage, which in turn activates heat-
shock factor (HSF) that induces the expression of a group
of molecular chaperones called heat-shock proteins
(HSPs) and key components in protein degradation and
processing pathways to restore protein homeostasis (pro-
teostasis) (Labbadia and Morimoto 2015a). Yeast, Caeno-
rhabditis elegans, and Drosophila express a single HSF,
whereas vertebrates possess a family of HSFs (HSF1–4)
(Akerfelt et al. 2010a). Among vertebrateHSFs,HSF1 is es-
sential for the HSR and to survive exposure to diverse
stress conditions (Akerfelt et al. 2010a).

Regulation of HSF1 in the HSR has been extensively
studied at the molecular level. Upon heat shock and the
appearance of misfolded proteins, HSF1 is converted
from an inert monomer to a functional DNA-binding tri-
mer that binds selectively to heat-shock elements (HSEs)
located within target promoters (Perisic et al. 1989; Baler

et al. 1993). HSF1 then interacts with general transcrip-
tion factors and coactivators to robustly induce transcrip-
tion at both initiation and elongation steps (Mason and Lis
1997; Yuan andGurley 2000; Park et al. 2001; Duarte et al.
2016). The activity of HSF1 is strongly influenced by post-
translational modifications and association with chaper-
ones that regulate different steps of the HSR (Shi et al.
1998; Westerheide et al. 2009; Raychaudhuri et al. 2014;
Kourtis et al. 2015). Together, these events ensure a rapid,
robust, and transient transcriptional response to cellular
stress.

In Drosophila, HSF is also essential for oogenesis and
larval development (Jedlicka et al. 1997). The molecular
basis of this requirement has not been addressed, except
that HSF seems to be activated differently than in the
HSR, since the expression of stress-inducible heat-shock
genes does not change in an HSFmutant that displays lar-
val lethality (Jedlicka et al. 1997). Likewise, in vertebrates,
HSFs are vital for many developmental processes. HSF1 is
a maternal factor required for gametogenesis in mice and
cooperates with HSF2 and HSF4 for brain and lens
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development (Christians et al. 2000; Santos and Saraiva
2004; Chang et al. 2006; Takaki et al. 2006). Duringmam-
malian development, it has been proposed that HSF1 is re-
quired for chaperone gene expression and maintaining
proteostasis. For example, HSF1 regulates Hsp90α tran-
scription in oocytes to ensure meiotic maturation
(Metchat et al. 2009), disruption of HSF1 in mice leads
to decreased expression of small HSPs HSP25 and CRYAB
and results in postnatal brain defects (Xiao et al. 1999; San-
tos and Saraiva 2004), and HSF1-regulated expression of
several HSPs supports murine olfactory neurogenesis
(Takaki et al. 2006). However, these observations have
not addressed whether the activation of chaperone gene
expression by HSF1 during development corresponds to
a distinct regulatory process or a variant of the HSR. Fur-
thermore, genomic analyses in mouse oocytes and testes
have identified HSF1 target genes unrelated to HSPs as ex-
ecutors of HSF1 developmental function (Akerfelt et al.
2010b; Le Masson et al. 2011). Similarly, many of the
HSF2 and HSF4 target genes that are crucial for develop-
ment of cortex and sensory organs, respectively, do not
correspond to classical HSP genes (Chang et al. 2006;
Takaki et al. 2006). In these situations, it is not clear
how HSFs are activated and directed to their genomic
targets.
Here, we examine the essential role of HSF-1 in C. ele-

gans larval development and show that the genomic occu-
pancy and transcriptional activity of HSF-1 differs
significantly from the HSR. HSF-1 transcriptional activa-
tion in development relies on a unique promoter architec-
ture comprised of a GC-rich motif recognized by an E2F
complex and an adjacent degenerate HSE for binding of
HSF-1. We propose that the evolutionarily conserved
E2F/DP complex serves as a transcriptional activator at
HSF-1 developmental targets by recognizing the GC-rich
motif and facilitating the recruitment of HSF-1 to the ad-
jacent degenerate HSE. The functional interaction be-
tween E2F/DP and HSF-1 therefore provides the
molecular basis for HSF-1 transcriptional control in C.
elegans larval development and may have broader impli-
cations in HSF1 physiological function in metazoans.

Results

HSF-1 is essential for C. elegans larval development

The role of HSF-1 in C. elegans larval development was
examined using a loss-of-function mutant allele, ok600,
in which the C-terminal regulatory and transactivation
domains of HSF-1 were eliminated by a frameshift dele-
tion (Supplemental Fig. S1A). ok600 mutant animals
raised at the ambient temperature of 20°C arrest in larval
development at late L2 to early L3 based on molting sta-
tus, size measurement, and hallmarks of gonadal develop-
ment (Fig. 1A,B; Supplemental Fig. S1G). Larval arrest in
ok600 animals was observed previously at all growth tem-
peratures (Morton and Lamitina 2013). More than half of
the HSF-1-deficient animals persisted for another 3 d after
the arrest without further development, with some ani-
mals surviving for up to 8 d of life (Supplemental Fig.

S1B). To establish that the larval arrest of ok600 animals
is due to the loss of HSF-1 function, we introduced a sin-
gle-copy HSF-1::GFP transgene into ok600 animals under
the control of the hsf-1 promoter and 3′ untranslated re-
gion (UTR) (Supplemental Fig. S1C). HSF-1::GFP is
expressed at levels similar to that of the endogenous
HSF-1 gene (Supplemental Fig. S1D) and is localized to
the nuclei of all major somatic tissues in L2 and young
adult (YA) animals (Supplemental Fig. S1E,F). The HSF-
1::GFP transgene fully restored larval development of
the ok600 animals to that of N2 wild-type animals (Fig.
1B; Supplemental Fig. S1G), thus providing direct evi-
dence that HSF-1 is essential for larval development.
The expression of classical heat-shock genes hsp-16.41

and hsp-70 (C12C8.1) was severely compromised (>99%
reduced) in hsf-1(ok600) animals exposed to heat shock
compared with N2 animals and was significantly restored
in the transgenic animals expressing the HSF-1::GFP
transgene (Fig. 1C). Consistent with the loss of the HSR,
hsf-1(ok600) animals also exhibited very poor thermore-
covery following heat shock relative to N2 or the HSF-
1::GFP-rescued animals (Fig. 1D). The correlation of larval
arrest and deficiency of the HSR in hsf-1(ok600) animals
raised the possibility that the requirement of HSF-1 in
larval development might be linked to its function in
the HSR.

HSF-1 associates with specific gene promoters during
larval development

To investigate the molecular requirements for HSF-1 in
development, we characterized the genome-wide occu-
pancy of HSF-1 in L2 animals using chromatin immuno-
precipitation (ChIP) coupled with massively parallel
DNA sequencing (ChIP-seq) via the HSF-1::GFP fusion
protein expressed in the hsf-1(ok600) background. This
analysis provides a specific binding profile forHSF-1, since
ChIP analysis of nuclear-localized GFP (NLS::GFP) (Sup-
plemental Fig. S2A) failed to enrich any of the candidate
HSF-1-bound promoters that show a wide range of occu-
pancy detected with HSF-1::GFP (Supplemental Fig.
S2B–D). In parallel, we also performed ChIP-seq to deter-
mine the genomic occupancy of RNA polymerase II (Pol
II). In L2 animals grown at 20°C, HSF-1 associates with
the promoters of 373 genes. HSF-1 binding is strongly en-
riched within 250 base pairs (bp) upstream of the tran-
scription start sites (TSSs) (Fig. 2A) and is accompanied
by Pol II binding at these promoters (Fig. 2A; Supplemen-
tal Fig. S2E), implicating a role forHSF-1 in transcriptional
regulation during larval development.
The genomic distribution of HSF-1 is developmental

stage-specific, which is made evident by comparison of
promoter occupancy of HSF-1 in L2 and YA animals (Sup-
plemental Fig. S2F). HSF-1 occupancy at most promoters
decreases after the completion of larval development
(Fig. 2B) despite the fact that HSF-1 protein levels are sim-
ilar at these two stages (Supplemental Fig. S2G). Only
15% of the HSF-1-binding sites in L2 animals persist
in YAs and remain significantly bound (Supplemental
Fig. S2H). Eleven promoters are exceptions and show
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increased HSF-1 binding (at least 1.5-fold of L2) in YAs, in-
cluding the hsb-1 gene, a negative regulator of HSF-1 in
the stress response and longevity (Satyal et al. 1998;
Chiang et al. 2012); four genes that function in oogenesis
and embryogenesis; and three genes of the ubiquitin pro-
teasome system (UPS) (Supplemental Table S1). These
changes correlate with the onset of reproduction and in-
creasedUPS activity in adults (Liu et al. 2011). It is unlike-
ly that the global impairment of HSF-1 binding is due to
technical reasons of ChIP-seq in adult animals, as we did
not observe a general decrease of Pol II occupancy at the
same set of promoters (Supplemental Fig S2I, J). Rather,
these data indicate that the stronger and broader binding
of HSF-1 in L2 animals reflects the specific requirements
for HSF-1 in larval development.

HSF-1 genomic occupancy in development is distinct
from the HSR

We next tested whether the requirement for HSF-1 in lar-
val development is the same as for the HSR by comparing
the ChIP-seq profiles of HSF-1 in L2 animals with or with-
out a 30-min heat shock. The results clearly indicate that
heat shock causes a global change of HSF-1 binding (Fig.
2C). By using a cutoff of 1.5-fold change, three classes of
HSF-1-binding sites corresponding to similar numbers of
genes in each class were revealed, which acquire (class I),
maintain (class II), or show reduced (class III) HSF-1 bind-
ing upon heat shock (Fig. 2C; Supplemental Fig. S3A–D).
Class I (197 genes) is highly enriched with classical heat-
shock-responsive genes represented by hsp-70, in which
binding of HSF-1 and Pol II is at low levels during develop-
ment and robustly induced by heat shock (Supplemental

Fig. S3A). Class II (147 genes) shows readily detectable as-
sociation of HSF-1 in development that does not change
appreciably upon heat shock (Supplemental Fig. S3B,C).
Class II genes, however, sort into two subgroups based
on Pol II occupancy change upon heat shock. For example,
Y55F3AR.2, a predicted disulfide oxidoreductase, which
typifies the majority of the class II genes, is not induced
by heat shock (Supplemental Fig. S3B), whereas a small
subset of genes, including the cochaperone dnj-13, is in-
duced by heat shock, albeit not as robustly as hsp-70 (Sup-
plemental Fig. S3C). Class III (152 genes), in contrast,
shows 1.5-fold or more reduced HSF-1 binding upon heat
shock, and Pol II binding is typically not induced by heat
shock (Supplemental Fig. S3D). Together, these results
demonstrate that different DNA-binding preferences for
HSF-1 between development and the HSR corresponding-
ly direct distinct transcriptional programs.

In line with the genomic redistribution of HSF-1 in the
HSR, we observed an overall positive correlation between
acquired HSF-1 binding in heat shock and transcriptional
induction measured by RNA sequencing (RNA-seq; Pear-
son r = 0.67) (Supplemental Fig. S3E,F). In contrast, there
was an almost complete absence of correlation between
HSF-1 binding in development and heat-shock induction
(Pearson r =−0.024) (Supplemental Fig. S3G). Consistent
with HSF-1 being the master regulator of the HSR, upon
heat shock, the levels of Pol II at promoters correlate
with the levels of HSF-1 (Fig. 2D). However, this is not
the case during development, in which the occupancy of
Pol II at promoters does not linearly correlate with the oc-
cupancy of HSF-1 (Fig. 2E). These genomic observations
suggest that HSF-1 transcriptional regulation in develop-
ment may be highly dependent on the promoter

Figure 1. HSF-1 is essential for C. elegans larval
development. (A) Histograms showing the percent
of wild-type (N2) and hsf-1(ok600) animals that
passed through each larval molt at 20°C. Error
bars represent the SEM of four biological repli-
cates. n = 30 N2; n = 55 hsf-1(ok600). (B) The size
of wild-type (N2), hsf-1(ok600), and hsf-1(ok600);
rmSi1[hsf-1::gfp] larvae. The rmSi1 transgene car-
ries a single copy of hsf-1p::hsf-1(minigene)::gfp::
hsf-1 3′ UTR. At least 30 animals of each genotype
were measured. Error bars represent SD. The size
of hsf-1(ok600) animals is unchanged from 34 h af-
ter egg lay (L2 stage; P = 0.68, one-way ANOVA
analysis) and significantly differs from N2 and
hsf-1(ok600); rmSi1[hsf-1::gfp] measured at 39 h
after egg lay (L3 stage) and thereafter. t-test, P =
0.001. The timeline represents larval stages (L1–
L4) at given time points. (C ) The expression of
hsp-16.41 and hsp-70(C12C8.1) in wild-type (N2),
hsf-1(ok600), and hsf-1(ok600); rmSi1[hsf-1::gfp]
animals exposed to heat shock (HS; 30 min at 34°
C) at L2 stage. Error bars represent the SEM of bio-
logical triplicates. (D) Thermorecovery of wild-
type (N2), hsf-1(ok600), and hsf-1(ok600); rmSi1
[hsf-1::gfp] animals at L2 (30 h after egg lay) ex-

posed to an extended heat shock (HS) for 4 h at 34°C followed by recovery (Rec) for 16 h at 20°C. Error bars represent the SEM of biological
triplicates. n = 137 N2; n = 130 hsf-1(ok600); n = 136 hsf-1(ok600); rmSi1[hsf-1::gfp].
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architecture and composition of other transcription fac-
tors, which is in sharp contrast to HSR that is primarily
driven by the promoter occupancy of HSF-1.

HSF-1 directly regulates a gene network essential
for C. elegans larval development

To determine the output of HSF-1 binding on tran-
scription in larval development, we compared the tran-
scriptomes of wild-type (N2), hsf-1(ok600), and hsf-1
(ok600); rmSi1 animals that express theHSF-1::GFP trans-
gene. In order to identify the primary expression changes
resulting from the loss of HSF-1, we chose mid-L2 stage
larvae (30 h after egg lay) to perform RNA-seq analysis.
At this developmental stage, hsf-1(ok600) animals are in-
distinguishable in size andmorphology fromwild-type an-
imals (Fig. 1B; Supplemental Fig. S1G). The expression of
approximately 700 genes exhibited significant changes in
hsf-1(ok600) animals (false discovery rate [FDR] 0.05), cor-
responding to equal numbers decreasing or increasing in
mRNA levels. Of these, 44 genes appear to be directly ac-
tivated by HSF-1, since their respective promoters are
bound byHSF-1 in ChIP-seq analysis, and their expression
is down-regulated in hsf-1(ok600) animals (Fig. 3A,B). A
smaller but statistically significant group of HSF-1-associ-
ated genes (23 genes) is up-regulated in hsf-1(ok600) ani-
mals, and this could correspond to a class of genes
whose expression is repressed by HSF-1 (Fig. 3A,C). The
expression changes at HSF-1-associated genes in hsf-1
(ok600) animals are largely corrected by the HSF-1::GFP
transgene, establishing that these changes in expression

are specifically dependent on HSF-1 (Fig. 3A; Supplemen-
tal Fig. S4A).
Of the HSF-1-associated genes, only a relatively small

subset of genes exhibited significantly altered expression
in hsf-1(ok600) animals. This could be explained by resid-
ual levels of maternal wild-type HSF-1 protein even
though maternal hsf-1 mRNA is undetectable (Supple-
mental Fig. S1D). Another possibility is that loss of HSF-
1 is compensated for by other transcription factors, as
HSF-1-binding sites in development overlap extensively
with the extreme highly occupied target (xHOT) regions
that are bound by many transcription factors (P = 3.2 ×
10−156) (Supplemental Fig. S4B) identified by modEN-
CODE ChIP-seq analyses (Araya et al. 2014). It has been
proposed that genes with essential cellular functions are
located in xHOT regions and redundantly regulated by
multiple transcription factors to ensure proper levels of
expression (Gerstein et al. 2010; Van Nostrand and Kim
2013). Nevertheless, approximately half of the “HSF-1
directly regulated genes” that are associated with HSF-1
and differentially expressed in hsf-1(ok600) animals are
in xHOT regions (Supplemental Fig. S4C), suggesting
that HSF-1 is indispensible at these selective targets.
As the primary components of the HSF-1 developmen-

tal transcriptome, the set of “HSF-1 directly regulated
genes” encodes proteins that physically and genetically
interact to form a highly connected network important
for metabolism, gene expression (transcription, RNA
processing, and translation), and protein homeostasis
(protein processing, transport, folding, and degradation)
(Fig. 3D). Genes directly activated by HSF-1 are enriched
for those that function in protein folding and anabolic

Figure 2. HSF-1 exhibits distinct genomic occupan-
cy in development compared with the HSR. (A) Com-
posite plots of HSF-1 and Pol II ChIP-seq reads within
1000 bp from the TSSs of 373 HSF-1-associated genes
in L2 animals at 20°C. HSF-1-associated genes were
defined as genes having HSF-1 ChIP-seq peak sum-
mits mapped within 1000 bp from the TSS. (B) Histo-
gram of HSF-1 occupancy changes at promoter-
associated HSF-1 peaks between L2 and YA animals
at 20°C. The 282 peaks whose summits are within
1000 bp from the TSS detected in either L2 or YA an-
imals were included. HSF-1 occupancywas calculated
as normalized HSF-1 ChIP-seq reads within 250 bp
from the peak summits. (C ) Heat maps of normalized
HSF-1 reads at ChIP-seq peaks (mapped to 50 bp bins,
±250 bp from peak summits) in L2 animals grown at
20°C without heat shock (NHS) or exposed for 30
min to 34°C heat shock (HS). Peaks were ranked by
the ratio of HSF-1 reads in heat shock compared
with without heat shock. The peaks with increased
or decreased HSF-1 occupancy by 1.5-fold in heat
shock were grouped into class I or class III, respective-
ly, and the remaining peaks with similar HSF-1 occu-
pancy were grouped into class II. The number of genes
associated with each class of peaks is shown in paren-
theses. (D,E) Scatter plots of HSF-1 (−600 to +400 bp)
and Pol II (−500 to +1000 bp) ChIP-seq reads at HSF-
1-associated promoters fromL2 animals in heat shock
(D; 313 genes) and without heat shock (E; 373 genes).
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metabolism. These include chaperones and cochaperones
that serve as the core of theHSF-1 developmental network
and promote cotranslational folding and protein matura-
tion to ensure production of a functional proteome. Of
these, only five of 23 HSF-1 developmentally activated
chaperones and cochaperones are induced by heat shock
(FDR 0.05). This result was further confirmed by testing
the HSF-1-dependent HSR by RNA-seq analyses of the re-
duction-of-function mutant hsf-1(sy441), which lacks the
transactivation domain and exhibits a severely compro-
mised HSR (Supplemental Fig. S4D–G). HSF-1 also acti-
vates transcription of three key enzymes in the pentose
phosphate pathway (tkt-1, aldo-2, and R05F9.6) that gen-
erates NADPH for reductive biosynthesis and ribose-5-
phosphate for synthesis of nucleotides. HSF-1-dependent
repression occurs at genes involved in protein degrada-
tion, including the UPS (ubq-1) and autophagy (lgg-1,
lgg-2, and epg-9). Overall, via these direct targets, HSF-1
promotes biosynthesis that is essential for growth and de-
velopment. Consistent with the requirement for HSF-1,
half of the 44 HSF-1 directly activated genes correspond
to previously identified “essential larval development
genes” by RNAi or mutagenesis screens (P = 1.1 × 10−11)
(Supplemental Fig. S4H), establishing the importance of
HSF-1-mediated transcription in larval development.

HSF-1 activation in development is linked to unique
promoter architecture

We next characterized the molecular mechanisms by
whichHSF-1 regulates its developmental targets by focus-
ing on the 44 HSF-1 directly activated genes, since the

larval arrest of hsf-1(ok600) is likely due to down-regula-
tion of these essential larval development genes. Because
the impact of HSF-1 binding in development is promoter
context-dependent, we searched for DNA motifs overrep-
resented in the HSF-1 ChIP-seq peaks at these directly ac-
tivated promoters. As expected, we identified a sequence
that resembles the evolutionarily conserved HSE repre-
sented by three adjacent and inverted “NGAAN” pentam-
ers (Fig. 4A, top; Akerfelt et al. 2010a). However, upon
closer inspection, we noticed that the HSEs at HSF-1
developmentally activated genes are “degenerated” by
more frequently containing one “relaxed pentamer”
with mismatches at the GAA trinucleotides (Wilcoxon
rank sum test, P = 0.042) (Supplemental Fig. S5A; Guertin
et al. 2012) as compared with the HSEs at genes that are
induced by heat shock (Fig. 4A, bottom). In addition,
HSF-1 developmentally activated promoters typically
have only a single HSE, while a significantly larger frac-
tion of heat-shock-induced promoters has clusters of
HSEs (Wilcoxon-rank sum test, P = 0.036) (Supplemental
Fig. S5B). It is well established from biochemical and
structural studies that the GAA sequence in the HSE is
in direct contact with the DNA-binding domain of HSF-
1 (Neudegger et al. 2016) and that promoters with tandem
HSEs promote cooperative binding between multiple
HSF-1 trimers to increase the affinity of HSF-1 to DNA
(Xiao et al. 1991; Kroeger and Morimoto 1994).

How does HSF-1 bind to lower-affinity HSEs during de-
velopment? One potential mechanism for HSF-1 develop-
mental control is that HSF-1 binding is facilitated by
cofactors at the same promoter. This prompted us to
search for additional DNA motifs in close proximity to

Figure 3. HSF-1 directly regulates genes essential for
C. elegans larval development. (A) Relative expres-
sion of HSF-1-associated genes in wild-type (N2),
hsf-1(ok600), and hsf-1(ok600); rmSi1[hsf-1::gfp] L2
animals (30 h after egg lay) at 20°C. Gene expression
levels were determined by RNA-seq and normalized
to that in hsf-1(ok600). (B,C ) Venn diagrams showing
the overlap of genes down-regulated (B) or up-regulat-
ed (C ) in hsf-1(ok600) compared with N2 (FDR 0.05)
and genes associated with HSF-1. P = Fisher’s exact
test. (D) The gene network directly regulated by
HSF-1 in C. elegans larval development. HSF-1
directly activated genes corresponding to those genes
directly associated with HSF-1 and down-regulated in
hsf-1(ok600) (indicated in blue ovals); HSF-1 directly
repressed genes corresponding to genes associated
with HSF-1 and up-regulated in hsf-1(ok600) (indicat-
ed in yellow ovals). Solid lines represent physical pro-
tein interactions; dashed lines represent genetic
interactions or coexpression. The 22 genes labeled
in red are known to be required for larval develop-
ment in genetic analyses. The eight genes induced
upon heat shock are indicated with a purple outline
around either blue or yellow ovals.
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the HSE. Multiple correlation analyses suggest that a GC-
rich motif (Fig. 4B) is an additional DNA signature for
HSF-1 developmental activity. First, 70% of HSF-1 devel-
opmentally activated promoters contain this GC-richmo-
tif, which is fourfold enriched relative to genes that are
regulated only by heat shock (Supplemental Fig. S5C).
Second, co-occurrence of the GC-rich motif and HSE at
HSF-1-binding sites provides a much better prediction of
HSF-1 developmental activity than either the HSE or
GC-rich motif alone (Supplemental Fig. S5D–F). Finally,
the GC-rich motif is typically located 20–40 bp from the
HSE with a strong preference to be upstream of the HSE

atHSF-1 developmentally activated genes (Fig. 4C). Taken
together, these observations suggest that the regulation of
developmental target genes by HSF-1 is linked to a unique
promoter structure featuring the closely located GC-rich
motif and the HSE.

HSF-1 function in development requires the GC-rich
motif and the HSE

To test the functional requirements for the HSE and the
GC-rich motif in developmental activation by HSF-1, we
generated a transcriptional reporter system (Fig. 4D)

Figure 4. HSF-1 transcriptional activities in
development require a unique promoter ar-
chitecture. (A) The HSEs derived from HSF-
1 ChIP-seq peaks that are either associated
with HSF-1-activated genes in development
and correspond to degenerate HSEs (top) or
induced upon heat shock and correspond to
canonical HSEs comprised of three inverted
pentamer NGAAN sequences (bottom).
Genes associated with HSF-1 ChIP-seq peaks
within 1000 bp from the TSS and signifi-
cantly increased expression (twofold or
more; FDR 0.05) upon heat shock are defined
as induced genes. (B) AGC-richmotif derived
from HSF-1 ChIP-seq peaks associated with
HSF-1-activated genes in development. (C )
Histograms representing the position rela-
tionship of the GC-rich motif and HSE at
HSF-1 ChIP-seq peaks in L2 animals at 20°
C. HSF-1 peaks within 1000 bp of TSSs
were included. HSF-1 peaks linked to activa-
tion are those at the promoters of HSF-1-acti-
vated genes in development. (D) Schematic
representation of a transcriptional reporter
system used to assay HSF-1 developmental
targets. The unc-119p::unc-119::mCherry in-
ternal reference reporter is on the same con-
struct of the GFP transcriptional reporter.
(E–G) RT-qPCR analysis of transcriptional
reporters of the cct-5 (E), sti-1 (F ), and
Y94H6A.10 (G) genes in L2 animals at 20°
C. ThemRNA levels ofGFPwere normalized
to the mRNA levels of mCherry to calculate
promoter activity. The relative activity of
promoter variants carrying either mutations
of the HSE (mHSE) or deletion of the GC-
rich motif (ΔGC) is shown as the ratio to
the wild-type (WT) promoters. (pHSE) Proxi-
mal HSE; (dHSE) distal HSE. Shown at the
top of each panel is a schematic of the cct-5,
sti-1, and Y94H6A.10 promoters, with the ar-
row indicating the TSS and direction of tran-
scription. Error bars represent the SEM of
biological triplicates. (H) Gbrowser view of
HSF-1 and Pol II occupancy at the hsc70

(hsp-1) gene locus in L2 animals with or without heat shock. (I ) Schematic representation of the hsc70 (hsp-1) promoter. The two arrows
indicate the distal and proximal TSSs, respectively. (J,K ) RT-qPCR analysis of transcription reporters of the hsc70 (hsp-1) gene in L2 an-
imals at 20°C (J) or with a 30-min heat shock at 34°C (K ). Because of the high abundance of hsc70 (hsp-1) mRNA at 20°C, the newly syn-
thesized nascent transcript during heat shock was measured to calculate promoter activity at 34°C. (mdHSEs) Mutation of both distal
HSEs; (ΔdHSEs) deletion of the region containing both distal HSEs.
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comprised of a GFP reporter that is regulated by the test
promoter together with a reference mCherry fusion re-
porter under the control of the HSF-1-independent unc-
119 promoter on the same construct. This controls for ex-
pression variation of the reporter among transgenic lines
by providing an internal normalization ofGFP tomCherry
expression (Supplemental Fig. S5G,H).

Five representative HSF-1 developmentally activated
genes were examined using this reporter assay in trans-
genic L2 animals. All of these genes contain the GC-rich
motif and the immediately downstream HSE in their re-
spective promoters, with a subset of these promoters con-
taining additional HSEs in other locations. All five genes
require HSF-1 for developmental expression based on
our RNA-seq analysis, and two of them are also heat-
shock-responsive. The analysis of the wild-type and mu-
tant promoter constructs would therefore provide a com-
parison of HSF-1 regulation in development and upon
heat shock. For all promoter constructs, deletion of the
GC-rich motif resulted in decreased reporter expression
during development by ≥80%, thus providing evidence
that the GC-rich motif is necessary for developmental ac-
tivation (Fig. 4E–G,J; Supplemental Fig. S5L). Likewise,
the proximal HSE immediately downstream from the
GC-richmotif is also required for transcription in develop-
ment. This is demonstrated for the promoters of the cct-5,
sti-1, and hsc70 (hsp-1) genes that contain a single proxi-
mal HSE in which mutation of this HSE decreased report-
er expression by at least 60% (Fig. 4E,F,J). For the
Y94H6A.10 and hsp90 (daf-21) genes that contain two
HSEs downstream from the GC-richmotif in their respec-
tive promoters, mutation of either HSE alone did not im-
pair the reporter expression to the same level as mutation
of both (Fig. 4G; Supplemental Fig. S5L). While this indi-
cates that these HSEs are partially redundant, mutation
of the proximal HSE adjacent to the GC-rich motif has a
greater effect on the reporter than the HSE further down-
stream (Fig. 4G; Supplemental Fig. S5L). In the sti-1,
hsc70, and hsp90 genes that also contain HSEs located up-
stream of the GC-rich motif, mutation of these upstream
HSEs did not affect developmental expression of the re-
porter in L2 animals at 20°C (Fig. 4F,J; Supplemental Fig.
S5L), in contrast to the effect of mutation at the proximal
HSEs. From these results, we conclude that both the GC-
richmotif and the adjacent downstream proximal HSE are
essential for developmental expression by HSF-1. Further-
more, changes of these motifs have effects on the nascent
transcripts similar to themRNA levels at 20°C, indicating
that this motif pair controls expression via transcription
rather than post-transcriptional regulation (Supplemental
Fig. S5I).

Among the genes tested in the reporter assay, hsc70 and
hsp90 are also heat-shock-inducible. During develop-
ment, HSF-1 binds to the region of the proximal HSEs
and the GC-rich motif, whereas, upon heat shock, HSF-1
occupancy declines at the developmental sites and exhib-
its inducible binding at the upstream region of distal HSEs
(Fig. 4H; Supplemental Fig. S5J). Accordingly, Pol II occu-
pancy is induced upon heat shock and correlates with
transcription initiation from the upstream region (Fig.

4H; Supplemental Fig. S5J). To demonstrate whether the
GC-rich motif and proximal HSE are necessary for heat-
shock induction of the hsc70 and hsp90 genes, we moni-
tored nascent transcripts induced upon heat shock to ob-
tain a more direct measure of promoter activity in the
HSR. In contrast to the results for development at 20°C,
activity of the hsc70 and hsp90 promoters at 34°C is inde-
pendent of the GC-rich motif or the proximal HSEs but is
regulated entirely by the tandemdistal HSEs (Fig. 4K; Sup-
plemental Fig. S5M). These results demonstrate that HSF-
1-mediated transcription in development and theHSRcan
be uncoupled and rely on the differential use of HSF-1-
binding sites.

An E2F complex binds to the GC-rich motif at HSF-1
developmental targets

The requirement for the GC-rich motif for HSF-1 activity
in development suggests that the GC-rich motif corre-
sponds to the binding site of a cofactor for HSF-1. The
GC-rich motif shares extensive sequence similarity with
an E2F-binding site (Fig. 5A) that was derived from
ChIP-seq analysis of the endogenousC. elegans E2F ortho-
log EFL-1 (Latorre et al. 2015). This motif was also shown
to be the “somatic E2F-binding site” based on ChIP-seq of
an EFL-1::GFP fusion protein expressed in somatic tissues
(Kudron et al. 2013). Similar to the mammalian counter-
parts, EFL-1 and the C. elegans DP ortholog DPL-1 form
a heterodimer that binds DNA and regulates transcription
with profound effects on cell proliferation, differentiation,
and apoptosis (Ceol and Horvitz 2001; Page et al. 2001;
Reddien et al. 2007; Schertel and Conradt 2007). EFL-1
and DPL-1 can associate with LIN-35, the C. elegans Rb
protein, and the MuvB subcomplex to form the DRM
complex (Harrison et al. 2006), which serves as a transcrip-
tion repressor of cell cycle genes (Latorre et al. 2015). EFL-
1 and DPL-1 can also activate transcription of genes that
promote oogenesis and early embryogenesis in the gonad,
which is likely independent of LIN-35/Rb (Chi andReinke
2006).

The similarity of E2F-binding sites to the GC-rich mo-
tif led us to ask whether EFL-1 co-occupies HSF-1 devel-
opmentally activated promoters. We observed strong
EFL-1 binding at HSF-1-binding sites required for devel-
opmental activation but not at promoters that responded
only to heat shock (Fig. 5B). Consistent with the close
proximity of the GC-rich motif and HSE, EFL-1 is highly
enriched at the HSF-1 peak summits (Fig. 5C). Further-
more, we observed enrichment for all other subunits of
the DRM complex at promoters of HSF-1 developmental
targets (Supplemental Fig. S6A) but not at genes regulat-
ed only upon heat shock (Supplemental Fig. S6B), sup-
porting the idea that HSF-1 and the DRM complex are
binding partners at HSF-1 developmentally regulated
genes.

To demonstrate that the DRM complex binds to HSF-1
developmental targets via theGC-richmotif and establish
how binding of the DRM complex affects HSF-1, the wild-
type andmutant transcriptional reporters described previ-
ously were used to test for binding of the DRM complex
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and HSF-1. This was addressed by using the cochaperone
gene sti-1 that contains the GC-rich motif and the proxi-
mal HSE close to the start codon, allowing for the design
of primers to distinguish the promoters of the reporter
construct from the corresponding endogenous gene (Fig.
5D). The sti-1 gene also exhibits significant levels of
HSF-1 and DRM complex binding at this promoter (Sup-
plemental Fig. S6C), providing sufficient dynamic range
for ChIP-qPCR analysis. We first confirmed that expres-
sion of the stably integrated sti-1 reporter in transgenic an-
imals declines when the GC-rich motif or the proximal
HSE is altered, whereas expression of the endogenous
sti-1 gene was unaffected (Fig. 5E). We then performed
ChIP-qPCR analysis in animals expressing the wild-type
reporter and showed that both HSF-1 and the DRM com-
plex bound to the promoter of the sti-1 reporter. A fourfold
enrichment of EFL-1, DPL-1, andMuvB subcomplex (LIN-
54 and LIN-37 subunits) binding was observed at the sti-1
promoter compared with the control regions in the trans-

gene, which corresponds to a similar level of HSF-1 bind-
ing (Fig. 5F). LIN-35 exhibits weaker but still significant
binding at the promoter.
We next compared the binding of the DRM complex

and HSF-1 on variant and wild-type promoters and nor-
malized the occupancy at these reporters to the endoge-
nous promoter of the sti-1 gene. Whereas mutation of
the proximal HSE diminished HSF-1 binding, this had
no effect on binding of the DRM complex (Fig. 5G), indi-
cating that HSF-1 binding during development occurs
through the proximal HSE and that binding of the DRM
complex does not rely on HSF-1. Deletion of the GC-
rich motif disrupted the binding of the DRM complex
(Fig. 5G), providing evidence that the DRMcomplex binds
to the promoter through the GC-rich motif. It is unlikely
that the loss of DRM binding by deletion of the GC-rich
motif is due to the secondary effect of transcriptional re-
pression, since mutation of the proximal HSE decreased
the activity of the reporter by 70% (Fig. 5E) without

Figure 5. An E2F complex binds to the GC-
rich motif at HSF-1 developmental genes. (A)
The GC-rich motif from HSF-1 directly acti-
vated promoters in development (bottom) re-
sembles an E2F-binding motif (top) derived
from ChIP-seq peaks of the E2F-associated
DRM complex (Latorre et al. 2015). (B) Box
plots of EFL-1 ChIP-seq reads at HSF-1 peaks
that are linked to either developmental acti-
vation (Dev.), heat-shock induction (HS), or
all EFL-1 peaks at promoters (±250 bp around
summits) (Kudron et al. 2013). Peaks linked
to HSF-1 activation in both conditions were
excluded. Boxes depict the 25th through
75th percentiles, and whiskers show the
10th through 90th percentiles. (C ) Compos-
ite plots of EFL-1 ChIP-seq reads (Kudron
et al. 2013) within 400 bp from the summits
of the HSF-1 peaks that are linked to either
developmental activation (Dev.) or heat-
shock induction (HS). (D) Schematic repre-
sentation of ChIP-qPCR analysis at the inte-
grated sti-1 reporters. Paired arrows
represent the primers used in qPCR analysis,
blue lines and arrows indicate the sequences
from the endogenous sti-1 promoter, and
black lines and arrows indicate the sequences
specific to the reporter transgene. (E) RT-
qPCR analysis of the sti-1 reporter and the
endogenous sti-1 gene in transgenic animals.
Normalized expression levels of the reporter
(GFP/mCherry) and the endogenous gene
(sti-1/housekeeping genes) were measured

in transgenic animals carrying the sti-1 reporter containing thewild-type (WT) promoter or promoter variants withmutations in the prox-
imal HSE (mpHSE) or deletion of the GC-rich motif (ΔGC). Data are represented as ratios of the expression levels in animals carrying the
wild-type reporter. Error bars represent the SEM of biological triplicates. (F ) ChIP-qPCR analysis of HSF-1 and subunits of the DRM com-
plex in transgenic animals carrying thewild-type sti-1 reporter. Occupancies of the transcription factors at three regions across the report-
er were measured and are shown as fold enrichment over the upstream control region. Error bars represent the SEM of biological
triplicates. (G) ChIP-qPCR analysis of HSF-1 and subunits of the DRM complex in transgenic animals carrying different sti-1 reporters.
Transgenic animals with an integrated sti-1 reporter carrying the wild-type (WT) promoter, mutation of the proximal HSE (mpHSE), or
deletion of the GC-rich motif (ΔGC) were analyzed. Occupancies of the transcription factors were measured at the promoter regions of
the reporter as well as the endogenous sti-1 gene, and the normalized occupancy (reporter/endogenous gene) is shown in the histograms.
Error bars represent the SEM of biological triplicates.
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altering the binding of DRM to the promoter (Fig. 5G). Fi-
nally, deletion of the GC-rich motif resulted in the loss of
HSF-1 binding even though the proximal HSE remains in-
tact (Fig. 5G). From these results, we propose that the
DRM complex binds to the GC-rich motif at HSF-1 devel-
opmental target promoters and likely facilitates the re-
cruitment of HSF-1 to the proximal HSE.

EFL-1/DPL-1 functions as a coactivator for HSF-1
at its developmental targets independently of LIN-35

The DRM complex has been well studied as a transcrip-
tional repressor (Kirienko and Fay 2007; Latorre et al.
2015); therefore, it is intriguing thatDRMcomponents ap-
pear to functionascoactivators forHSF-1 in larval develop-
ment. To study the contribution of DRM components on
endogenousHSF-1-associatedgenes,we first testedwheth-
er LIN-35(Rb), the subunit of the DRM complex required
for repression, regulates HSF-1 developmental target
genes. As expected, we observed the derepression of polh-
1 and dna-2, two canonical DRM-repressed genes (Fig.
6A), in lin-35(n745)mutantanimalsbutdidnot seeanysig-
nificant change in expression of the HSF-1 developmen-
tally regulated genes cct-5, sti-1, hsc70(hsp-1), or hsp90
(daf-21) (Fig. 6B) that require the GC-rich motif for tran-
scription.This is furthersupportedbyanalysisofpublished
RNA-seq data showing that themajority ofHSF-1 develop-
mental targets does not exhibit altered expression in lin-35
(n745) animals (Supplemental Fig. S7A). We next tested
whether the absence of LIN-35 has an effect on other

DRM components at the promoters. As expected, we ob-
served a pronounced decrease in LIN-35 binding by ChIP
analysis on all promoters tested (Fig. 6C,D; Supplemental
Fig. S7B,C). Loss of LIN-35 leads to dissociation of the en-
tire DRM complex from the LIN-35-repressed polh-1 and
dna-2 promoters (Fig. 6C; Supplemental Fig. S7B), since
binding of EFL-1, DPL-1, and LIN-54, the three subunits
in the DRM complex that bind DNA, was reduced by
∼80% (Tabuchi et al. 2011). In contrast, the binding of
EFL-1,DPL-1, andLIN-54 at thehsc70(hsp-1) and sti-1pro-
moters doesnot changeor decreases only slightly in theab-
sence of LIN-35 (Fig. 6D ; Supplemental Fig. S7C), whereas
HSF-1binding ismaintained.Theseresults implythatEFL-
1/DPL-1 and perhaps other DRM components may func-
tion as coactivators for HSF-1 independently of LIN-35.

To test this idea, we performed RNAi against dpl-1 and
lin-54, respectively. We selected RNAi against dpl-1 over
efl-1 as a strategy to impair EFL-1/DPL-1 function because
DPL-1 is the sole ortholog of DP, whereas C. elegans ex-
presses three E2F-like proteins. Animals were maintained
on RNAi bacteria for two generations to eliminate both
maternal and zygotic activities, since, in addition to zygot-
ic DPL-1, maternal DPL-1 also contributes to larval devel-
opment (Ceol and Horvitz 2001). In L2 animals treated
with dpl-1 RNAi, DPL-1 and EFL-1 total protein levels de-
creased by ∼60% and ∼45%, whereas neither LIN-54 nor
LIN-37 protein was reduced. In contrast, lin-54 RNAi
treatment reduced LIN-54 protein by ∼80% and LIN-37
by ∼60% without affecting the levels of either EFL-1 or
DPL-1 (Fig. 6E). These results are consistent with previous

Figure 6. EFL-1/DPL-1 functions as a coac-
tivator for HSF-1 at its developmental targets
independently of LIN-35. (A,B) RT-qPCR
analysis of the canonical DRM-repressed
genes polh-1 and dna-2 (A) and the HSF-1
developmental target genes cct-5, sti-1,
hsc70(hsp-1), and hsp90(daf-21) (B) in the
wild-type N2 or lin-35(nn745) L2 larvae. Ex-
pression levels are plotted as the ratio to
that of N2 animals. Error bars represent the
SEM of biological triplicates. (C,D) ChIP-
qPCR analysis of HSF-1 and subunits of the
DRM complex at the promoters of the polh-
1 (C ) and hsc70(hsp-1) (D) genes. Occupan-
cies of transcription factors were plotted as
percent of input. Error bars represent the
SEM of biological triplicates. (E) Western
blot analysis of HSF-1 (HSF-1::GFP) and sub-
units of the DRM complex in hsf-1(ok600);
rmSi1[hsf-1::gfp] L2 animals treated with
dpl-1 RNAi, lin-54 RNAi, or the empty vec-
tor control L4440. α-Tubulin was probed as
a loading control. (F,G) RT-qPCR analysis of
polh-1 and dna-2 (F ) and cct-5, sti-1, hsc70
(hsp-1), and hsp90(daf-21) (G) in hsf-1
(ok600); rmSi1[hsf-1::gfp] L2 animals treated
with dpl-1 RNAi, lin-54 RNAi, or the empty
vector control L4440. Expression levels are
plotted as the ratio to that of the L4440 con-
trol. Error bars represent the SEM of biologi-
cal triplicates.
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biochemical analysis of the DRM complex that implied
the presence of subcomplexes (Harrison et al. 2006). As
expected, RNAi to both dpl-1 and lin-54 led to derepres-
sion of polh-1 and dna-2, consistent with functional im-
pairment of the DRM complex (Fig. 6F). However, only
dpl-1 RNAi, but not lin-54 RNAi, decreased expression
of the candidateHSF-1 developmental targets (Fig. 6G), in-
dicating thatEFL-1/DPL-1 can functionas acoactivator for
HSF-1 at these gene promoters. Because EFL-1/DPL-1 is re-
quired for embryogenesis (Ceol and Horvitz 2001; Page
et al. 2001), a significant fraction ofdpl-1RNAi-treated an-
imals was sterile (Supplemental Fig. S7D), thus making it
impossible to collect sufficient synchronized L2 animals
to monitor changes in HSF-1 occupancy upon dpl-1
RNAi treatment by ChIP. However, since neither dpl-1
nor lin-54 RNAi significantly altered HSF-1 protein levels
(Fig. 6E) or affected the HSR, as shown by induction of the
classical HSR genes hsp-70 (C12C8.1) and hsp-16.41 upon
heat shock (Supplement Fig. S7E), the contribution of EFL-
1/DPL-1onHSF-1 target genes indevelopmentmost likely
results from its function on these selective promoters but
not by regulating the general levels or activity of HSF-1.
Taken together, our data support amodel in which EFL-

1/DPL-1 recognizes the GC-rich motif at HSF-1 develop-
mental target promoters, which serves as the coactivator
for HSF-1 likely through promoting the recruitment of
HSF-1 to the immediately downstream HSE to activate
transcription during development (Fig. 7A).

Discussion

HSF1 has been studied extensively for its role in the HSR
and involvement in diverse conditions of cell stress and

disease. Numerous observations have established that
HSF1 also functions in conditions that are not typically
associated with acute or chronic stress, such as develop-
ment, reproduction, innate immunity, and aging (Singh
and Aballay 2006; Vihervaara and Sistonen 2014). Here,
we show that the underlying molecular mechanisms by
whichHSF-1 activates transcription duringC. elegans lar-
val development require a unique promoter architecture
comprised of a GC-rich motif for binding to EFL-1(E2F)/
DPL-1(DP) that functions as a coactivator and likely aids
the recruitment of HSF-1 to an adjacent “degenerate
HSE” (Fig. 7A). Both the GC-richmotif and E2F/DP are re-
quired for HSF-1-dependent expression during develop-
ment but are dispensable for the HSR. In contrast, HSF-1
uses a separate cluster of canonical HSEs that are neces-
sary and sufficient for the HSR (Fig. 7B). Thus, HSF-1
uses distinct regulatory strategies during development
and in response to heat shock and consequently regulates
an overlapping but not identical set of genes.
Althoughmany of the genes directly regulated byHSF-1

during development are components of the proteostasis
network, there is a significant difference from those genes
induced by heat shock. During C. elegans development,
protein biogenesis likely accelerates rapidly to accommo-
date for the quick expansion in body size (Fig. 1B). Accord-
ingly, HSF-1 in development activates a specific subset of
chaperones that are essential for translation, folding, as-
sembly, and transport to support rapid protein biogenesis
and represses genes that function in protein degradation
(Fig. 3D). In contrast, heat shock causes an overall repres-
sion of translation to prevent accumulation of misfolded
proteins, and HSF-1 induces genes involved in both pro-
tein folding and degradation to restore proteome balance.
The unexpected repression of genes in protein degradation
by HSF-1 during larval development needs to be explored
further; however, the regulation of HSF-1 on the proteo-
stasis network is obviously different in development and
the HSR. In support of the notion that development and
stress signals have opposing effects on protein synthesis,
chaperone genes that function intimately with nascent
polypeptide folding are activated by HSF-1 in develop-
ment but show reduced HSF-1 binding upon heat shock
(Supplemental Table S2). These include β-NAC (icd-1)
that functions at the ribosome exit tunnel in cotransla-
tional folding (Preissler and Deuerling 2012; Kirstein-Mi-
les et al. 2013) and subunits of the TRiC complex (cct
genes) that assist folding of newly synthesized proteins
(Lopez et al. 2015), which is consistent with a previous re-
port that expression of these chaperones is repressed rath-
er than activated by stress (Albanese et al. 2006). We show
that the different promoter architectures and interaction
with E2F underlie the distinct binding preference of
HSF-1 in development and heat shock, allowing for differ-
ential regulation of HSF-1 targets in these conditions.
The E2F family of transcription factors has been exten-

sively studied for its roles in the cell cycle-dependent gene
expression and function in development by regulating cell
proliferation, differentiation, and apoptosis (van den Heu-
vel and Dyson 2008; Sadasivam and DeCaprio 2013). The
partnership described here between the evolutionarily

Figure 7. Model of HSF-1 transcription activation in larval de-
velopment and the HSR. (A) Schematic of an HSF-1 developmen-
tally activated promoter showing binding of EFL-1(E2F)/DPL-1
(DP) to the GC-rich motif to function as an activator by enhanc-
ing the binding of HSF-1 to a degenerate HSE, resulting in tran-
scriptional activation. (B) Schematic of classical heat-shock-
responsive gene in which multiple HSF-1 trimers bind to tandem
canonical HSEs, leading to inducible transcription.
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conserved HSF-1 and E2F transcription factors supports a
link between cell cycle control and proteostasis and could
provide a mechanism to ensure the proper stoichiometry
of a subset of chaperones and other HSF-1-regulated genes
for rapid cell growth and proliferation. E2F is also highly
responsive to the feeding and energy status of the cell
and regulates expression of metabolic genes in different
tissue types (Blanchet et al. 2011; Denechaud et al.
2016). Themetabolic rate ofC. elegans increases through-
out development and reaches its highest level in L2 to L4
larvae followed by a steep decline through adulthood. In
particular, there are global metabolic changes that occur
in early larval development (late L1 and L2) when the an-
imals switch from using stored lipids to consuming exog-
enous food sources (Braeckman et al. 2009). This could
suggest that functional interaction between E2F and
HSF-1 provides a way for the animal to coordinate energy
production, protein synthesis, and protein quality control.
Wepropose that the uncoupling ofHSF-1 activity in devel-
opment from the HSR enables HSF-1 to integrate these
growth and environmental cues.

Previous studies on the promoters of heat shock genes
have identified a number of cis elements and correspond-
ing factors—including SP1 inmammals and GAGA factor
in Drosophila—that alter chromatin structure and affect
the inducibility of heat-shock gene transcription (Morgan
1989; Tsukiyama et al. 1994; Martinez-Balbas et al. 1995;
Duarte et al. 2016). Binding of these factors at heat-shock
gene promoters does not lead to the constitutive recruit-
ment ofHSF1 but rather directs nucleosome displacement
to create DNA accessibility at HSEs for binding of HSF1
upon heat shock (Guertin and Lis 2010; Fuda et al. 2015).
In C. elegans, a similar mechanism is likely used at some
heat-shock promoters by DAF-16 (FOXO3) that uses the
chromatin remodeler SWI/SNF to promote stress resis-
tance (Hsu et al. 2003; Riedel et al. 2013). Additional levels
of regulatory interaction formammalianHSFs include the
formation of mixed heterotrimers of HSF1 and HSF2
(Vihervaara et al. 2013) and bookmarking heat-shock pro-
moters by HSF2 for rapid HSF1-mediated activation after
mitosis (Xing et al. 2005). It is therefore possible that
E2F/DP functions as the coactivator for HSF-1 in develop-
ment byopening the chromatin structure to allow forHSF-
1 binding. However, additional mechanismsmust be used
by E2F to enable constitutive binding ofHSF-1 at theweak
“degenerate HSEs” during larval development. Consider-
ing the proximity of the GCmotif and “degenerate HSE”,
it is tempting to hypothesize that EFL-1(E2F)/DPL-1(DP)
physically interacts withHSF-1 and recruits it to selective
promoters. Since EFL-1/DPL-1 is required for embryogen-
esis, a system that enables acute inhibition of EFL-1/
DPL-1 during early larval development will be required
in further studies for directly testing the hypothesis.

Our observations on E2F for HSF-1 developmental con-
trol support the speculation that HSF-1 cooperates with a
number of other transcriptional regulators in the absence
of classical cell stress. Because we used whole animals to
perform RNA-seq analysis, our results are most sensitive
for HSF-1 targets that are ubiquitously expressed. Consis-
tent with this, the majority of the E2F and HSF-1 coregu-

lated genes that we identified is broadly expressed. It is
also possible that HSF-1 could partner with other tran-
scriptional regulators in specific cell types to confer tis-
sue-specific gene expression.

The HSF-1 developmental regulation that is uncoupled
from the HSR shares common features with the observa-
tion in cancer cells that HSF1 is widely distributed on
the genome to support carcinogenesis (Mendillo et al.
2012). Similar to our HSF-1 developmental program, the
HSF1 cancer program is also tightly linked to protein pro-
duction (Santagata et al. 2013) and regulates expression of
chaperones and metabolic genes to support rapid growth
(Mendillo et al. 2012). In addition, ChIP-seq data from
the ENCODE project reveal the binding of E2Fs and
HSF1 at the promoters of corresponding chaperone genes
in cancer cells. As E2F can have pro-oncogenic roles, it
will be of interest in future studies to explore how the
HSF1 and E2F developmental program might become en-
gaged in disease and its role in carcinogenesis.

Materials and methods

Worm maintenance and heat shock

C. elegans strains were maintained and handled using standard
techniques (Brenner 1974). Animals were grown on NGM plates
at 20°C unless stated. Age synchronization was achieved by egg
lay in a 2-h period for all experiments that include the hsf-1
(ok600) animals and by treatment of alkaline hypochlorite solu-
tion for the other experiments.hsf-1(ok600) animalswere collect-
ed by picking GFP-negative young larvae hatched from eggs laid
by OG576 hsf-1(ok600) I/hT2[bli-4(e937)] let-?(q782) qIs48
[pmyo-2::gfp; ppes-10::gfp; pges-1::gfp](I;III). A list of worm
strains is in the Supplemental Material.
Heat shockwas performed on solid NGMplates in awater bath

preheated to 34°C. Plates were wrapped with parafilm and sub-
merged for 30 min for RNA isolation and ChIP analysis or for 4
h for the thermorecovery assay.

RNA-seq and RT-qPCR

RNA was extracted using Trizol and a Qiagen RNeasy RNA ex-
traction kit with on-column DNase I digestion according to the
manufacturer’s instructions. For RNA-seq analysis of N2, hsf-1
(ok600), and hsf-1(ok600); rmSi1[hsf-1::gfp], total RNA from
∼500 L2 larvae (30 h after egg lay) pooled from multiple collec-
tions was used in library preparation following PrepX SPIA
RNA-seq library protocol using a Nugen Ovation RNA-seq V2
kit. For RNA-seq analysis of the HSR, total RNA from ∼20,000
N2, hsf-1(sy441), and hsf-1(sy441); rmSi1[hsf-1::gfp] larvae were
used for polyA selection and library construction following the
Illumina TruSeq RNA sample preparation protocol. RNA-seq li-
braries were sequenced on an Illumina HiSeq 2000 instrument.
All RNA-seq experiments were done in biological triplicates.
For candidate gene-based expression analysis, cDNA synthesis

and qPCR were performed as described previously (Labbadia and
Morimoto 2015b). Primers used in these experiments are in Sup-
plemental Table S3.

ChIP

Chromatin preparation was essentially performed as described
previously (Zhong et al. 2010) with slightmodifications. Animals
were collected from NGM plates, washed with M9, cross-linked
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with 2% formaldehyde at room temperature for 15 min, resus-
pended in FA buffer, lysed by douncing in a Kontes 2-mL glass
dounce, and sonicated in a Bioruptor to yield 200- to 800-bp
size DNA fragments.
Immunoprecipitation was performed as described previously

(Boehm et al. 2003) except that magnetic Protein G Dynabeads
were used. Extracts corresponding to 200 µg of protein from L2
larvae or 400 µg of protein from YAs was used for each pull-
down. For ChIP-seq analysis of HSF-1 and Pol II, the hsf-1
(ok600); rmSi1[hsf-1::gfp] animals were used. For each immuno-
precipitation, 5 µL of antibody againstGFP (polyclonal; Clontech)
or 2.5 µL of antibody against Pol II (Novus) was used. DNA was
pooled from six immunoprecipitations for each ChIP-seq experi-
ment. Libraries were prepared following PrepX DNA library pro-
tocol with an Apollo 324 system and sequenced on an Illumina
HiSeq 2000 instrument. All ChIP-seq experiments were per-
formed with biological duplicates. ChIP analysis of HSF-1 and
Pol II were also performed for candidate promoters in the hsf-1
(ok600); rmSi1[hsf-1::gfp] animals, and AM1076 rmIs358[phsf-1
(4 kb)::NLS-gfp::3′ UTRhsf-1]II in biological triplicates with nor-
mal rabbit IgG (2.5 µL per immunoprecipitation; Cell Signaling,
#2729) was used as the negative control. For ChIP analysis of
HSF-1 and the DRM complex subunits on the sti-1 promoter,
L2 larvae carrying the integrated sti-1 transcriptional reporters
and drSi41[hsf-1p::hsf-1::HA::unc-54utr; Cbr-unc-119(+)] (lines
AM1199, AM1200, and AM1201) were used. For each immuno-
precipitation reaction, 5 µL of anti-HA antibody (ChIP grade;
Abcam) or 2.5 µL of antibody against EFL-1, DPL-1, LIN-35,
LIN-54, or LIN-37 (Novus) was used. For ChIP analysis of HSF-1
and the DRM complex subunits on endogenous gene promoters,
L2 animals expressing rmSi1[hsf-1::gfp] in the wild-type or lin-35
(n745) background were used. For all candidate gene-based ChIP
analyses, qPCR was used to determine percent input for each
primer pair (Supplemental Table S4).

Transcriptional reporter assay

The control transcriptional reporter without promoter upstream
of GFP was generated by inserting an unc-119(cDNA)::mCherry
fusion gene (Ferguson and Fisher 2009) into the pPD95.75 vector
(a gift from the Fire Lab) between the EagI and ApaI sites. Promot-
ers of HSF-1 target genes were cloned by PCR amplification of N2
genomic DNA.Mutation and deletions of the promoters were in-
troduced by asymmetric overlap extension PCR (Xiao and Pei
2011). Wild-type and mutant promoters were then inserted into
the control transcription reporter between the BamHI and MscI
sites. Primers used in cloning and mutagenesis are listed in Sup-
plemental Table S5.
Transcriptional reporters were introduced into unc-119(ed3)

animals by microinjection. Animals containing the transcrip-
tional reporters were selected by following wild-type movement
and expression of the UNC-119::mCherry transgene. Integrated
lines expressing the sti-1 transcriptional reporters (lines
AM1196, AM1197, and AM1198 corresponding to the wild-type
promoter, mutation of HSE, and deletion of the GCmotif, respec-
tively) were generated by exposing lines expressing extrachromo-
somal arrays of the indicated transgenes to γ irradiation from
caesium137 for 18 min. Animals were backcrossed at least five
times to HT1593 unc-119(ed3)III before further use.

Immunoblotting

Animals were collected inM9 buffer and boiled in 2× SDS loading
buffer as described previously (Morton and Lamitina 2013). Roche
anti-GFP (7.1 and 13.1; 1:1000 dilution), Sigma anti-α-Tubulin

(T5168; 1:4000 dilution), and Novus anti-EFL-1, anti-DPL-1,
anti-LIN-54, and anti-LIN-37 (1:2000 dilution) primary antibod-
ies and HRP-conjugated secondary antibodies (1:5000) were
used for Western blot analysis to probe the levels of HSF-1, the
loading control α-Tubulin, and subunits of the DRM complex.

RNAi

RNAi against dpl-1 and lin-54 was performed using clones from
an ORFeome-based RNAi library (Rual et al. 2004). Bacterial cul-
tures were grown overnight in LB with 12.5 µg/mL tetracycline
and 100 µg/mL ampicillin and induced with 5 mM IPTG for 4
h. Egg laying was performed on RNAi bacteria, and animals
were grown to gravid adults. At least 200 animals were then pick-
ed to new plates for the second generation of exposure to RNAi.
Age-synchronized larvae were obtained by treatment of alkaline
hypochlorite solution and hatched in M9 buffer. At least 1000
L2 larvae grown on RNAi bacteria (∼21 h at 20°C) were used in
RNA isolation or Western blot analysis.

Phenotypic characterization of hsf-1(ok600) animals

The thermorecovery assaywas performed as described previously
(Labbadia and Morimoto 2015b) except that animals were heat-
shocked for 4 h at 34°C and scored formotility defects after recov-
ery for 16 h at 20°C. Methods for microscopy, scoring of molting
status, survival analysis, and size measurement are described in
the Supplemental Material.

Sequencing data processing

Detailed next-generation sequencing data processing and bioin-
formatic analyses are described in the Supplemental Material.
The accessionnumber for theChIP-seq andRNA-seq rawand pro-
cesseddata reportedhere isGeneExpressionOmnibusGSE81523.
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