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Abstract Heat shock factor 2 (HSF2) is a member of the heat shock transcription factor family, which appears to be
activated during differentiation and development rather than on cellular stress. Here we report the isolation and
characterization of the human hsf2 gene and its 5'-flanking region. The transcription unit of the human hsf2 gene
consists of 13 exons dispersed over 33 kbp of genomic DNA on chromosome 6. The hsf2 mRNA is transcribed from
multiple start sites, and initiation from the major site results in a transcript of 2.45 kb. A functional promoter, as
determined by the ability to direct expression of a transiently transfected luciferase reporter gene, resides in a 950-
bp upstream region of the human hsf2 gene. Examination of the core promoter sequence revealed a high GC content
and lack of a canonical TATA box. This feature seems to be common among various species, as comparison of the
hsf2 proximal promoter sequences from human, mouse, and rat showed distinct conserved regions. Moreover, the
overall architecture of the human hsf2 gene is similar to its mouse counterpart. A comparison between human hsf2
gene and other hsf genes showed striking similarities in exon size. However, the exons are assembled in an hsf-
specific manner.

INTRODUCTION is an avian-specific stress-responsive factor and HSF4 is
still largely uncharacterized (Nakai and Morimoto 1993;
Nakai et al 1997).

HSF1 being the prototype of the HSF family has been
most extensively investigated. HSF1 is activated within
minutes of an increase in temperature, exposure to oxi-
dants, heavy metals, and bacterial or viral infections. Ac-
tivation of HSFs is a multistep process, including trimer-
ization of the inactive monomer, inducible phosphoryla-
tion, localization to the nucleus, and binding to DNA at
highly conserved heat shock response elements (HSE),
consisting of multiple inverted repeats of the sequence
nGAAn (for review, see Morimoto 1998). The overall ac-
tivation pattern of HSF1 and HSF2 seem to be distinct
(for review, see Pirkkala et al 2001). Although HSF2 binds
to the HSE in response to hemin treatment, the activation
kinetics is slow, ranging from hours to days (Sistonen et
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The transcriptional regulation of an evolutionary con-
served family of proteins known as the heat shock pro-
teins (Hsps) is mediated by the heat shock factors (HSFs).
Since the simultaneous cloning of human and murine
HSF1 and HSF2 in 1991 (Rabindran et al 1991; Sarge et
al 1991; Schuetz et al 1991), much effort has been put on
resolving the transcriptional regulation of the stress re-
sponse. Unexpectedly, only 1 of the factors, HSF1, was
shown to be activated on heat shock. HSF2, on the other
hand, was not activated by the classical stress stimuli but
rather during erythroid differentiation of K562 cells in-
duced by hemin (Sistonen et al 1992). Despite this early
finding, the function and regulation of HSF2 activity have
remained elusive. Two additional members of the HSF
family have subsequently been identified, of which HSF3
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fluenced by the existence of 2 isoforms, the longer HSF2-
« isoform, which is transcriptionally more active than the
shorter HSF2-B (Fiorenza et al 1995; Goodson and Sarge
1995; Leppd et al 1997). In contrast to HSF1, regulation
of HSF2 by phosphorylation has not been reported, but
the increase in protein levels seems to be central for HSF2
activity (Sistonen et al 1994). Specifically, on hemin acti-
vation, the HSF2 expression is up-regulated both at the
transcriptional level and by mRNA stabilization (Pirkkala
et al 1999). To better understand the complexity of its
expression, we performed genomic cloning and charac-
terization of the human hsf2 gene and promoter.

MATERIALS AND METHODS
Isolation of genomic clones

A human genomic P1 library was screened by hybridiza-
tion with a 931-bp fragment (HindIII/Pstl) coding for a
part of human hsf2 ¢cDNA (a kind gift from Robert E.
Kingston, Harvard Medical School, Boston, MA, USA;
Schuetz et al 1991). The hybridization was performed at
Genome Systems Inc. (Incyte Genomics Inc., Palo Alto,
CA, USA). We obtained 3 P1 clones (21178, 21179, and
21180) that were verified by partial sequencing.

Fluorescence in situ hybridization

Human peripheral blood lymphocytes were cultured ac-
cording to standard protocols, and the cells were treated
with 5-bromodeoxyuridine (BrdU) at early replicating
phase to induce the banding pattern as described earlier
(Lemieux et al 1992). Three P1 probes (21178, 21179, and
21180) were labeled with biotin 11-dUTP (Sigma Chem-
icals) according to standard protocols and hybridized on
metaphase chromosomes derived from a normal lympho-
cyte cell culture. The identification of the chromosomes
was based on DAPI banding pattern, which resembles G-
bands after BrdU incorporation at the early replicating
phase. The hybridization was carried out in 50% form-
amide and 10% dextrane sulfate in 2xSSC, and the signals
were detected by a conventional detection method as de-
scribed earlier (Pinkel et al 1986; Lichter et al 1988). A
multicolor image analysis was used for acquisition, dis-
play, and quantification of hybridization signals of meta-
phase chromosomes as earlier described (Heiskanen et al
1996).

Primer extension

Primer extension analysis was performed as previously
described (Carey and Smale 2000). Briefly, total RNA
from K562 and Hela cells was extracted using RNA-
zol®B (Tel-Test Inc.). A primer (5'-GCA GGG ATT CCA
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AAT TCT ACA CC-3') —13 to —35 relative to the trans-
lation start site of hsf2 was end-labeled with [y-?P]ATP
using T4 polynucleotide kinase. Thirty micrograms of to-
tal RNA were hybridized with the labeled oligonucleo-
tide, at both 45°C and 60°C for 90 minutes. The same
amount of yeast tRNA was used as a negative control.
Reverse transcription was carried out at 37°C for 60 min-
utes using M-MLV RT (H-) Point mutant (Promega).
Primer extension products were separated on a 6% de-
naturing polyacrylamide gel, and the gels were fixed for
10 minutes in 10% methanol and 10% acetic acid, dried,
and exposed to Fuji-RX film with an intensifying screen
at —70°C.

5’rapid amplification of cDNA ends

Total RNA from K562 cells was extracted using RNA-
zol™B, and the RACE reaction was performed using the
5'/3" RACE kit from Boehringer-Mannheim. The reverse
transcription step was carried out with 2 pg of total RNA
with a reverse primer (5'-ACA CCT GCG AAC ACC TCC
T-3') +40 to +58 relative to the translation initiation site
of hsf2. Following poly(dA) tailing, double-stranded DNA
was obtained with a nested primer (5'-TAC TTC GTC
TCA AGC TTG CAC G-3') annealing at the translation
initiation site. A second round of amplification was per-
formed with the adapter primer and a second nested
primer (5'-GCA GGG ATT CCA AAT TCT ACA CC-3')
(=13 to —35). The PCR products were TA-cloned into
pGEM-T (Promega) and sequenced.

Plasmid construction

The promoter region was isolated from the P1 clone
21179 by PCR, using an oligonucleotide specific for the
hsf2 ATG region (5'-TCC TCC ACA AGC GTC CAC A-
3') and an SP6 promoter primer for the P1 plasmid (5'-
ATT TAG GTG ACA CTA TAG AAT AC-3’). Briefly, a 50-
L PCR reaction containing primers (300 nM); 0.2-0.3-
pug P1 genomic plasmid; 1X EXT-PCR buffer (Finnzy-
mes); MgCl, (2.3 mM, Finnzymes); dimethyl sulfoxid
(2%); dATP, dGTP, dCTP, and dTTP (0.5 mM each, Pro-
mega); and Dynazyme EXT DNA polymerase (1.5 U,
Finnzymes) was used with a reaction cycle of 1 initial
denaturation at 94°C for 4 minutes, followed by 10 cycles
of 94°C for 1 minute, 46.7°C for 1 minute, and 70°C for
20 minutes, after which 20 cycles of 94°C for 1 minute,
46.7°C for 1 minute, and 70°C for 20 minutes + 20 s/
cycle, with final extension of 10 minutes at 70°C. The
PCR product was purified with PCR Kleen Spin Col-
umns (Bio-Rad), TA-cloned into pGEM-T, and se-
quenced. The sequence can be found in GenBank under
accession number AF331667.

The reporter plasmids for the luciferase assay were con-



structed by subcloning putative promoter fragments from
the genomic P1 clone 21179 into the promoterless pGL3
basic vector upstream of the firefly luciferase gene (Pro-
mega). PCR was performed using sequence-specific prim-
ers containing splice sites for Xhol and Mlul. The primer
sequences are as follows: Pr.1R(Xhol) 5'-CAT TGT TAA
CTC GAG GCA GGG AT-3', Pr.2F(Mlul) 5'-AGC TGT TTC
CAC GCG TAA CAT C-3’, Pr.3F(Mlul) 5'-GAG ATC TAC
TGA CGC GTT TTC CAT-3’, Pr4R(Mlul) 5'-CAT TGT
TAA CGC GTG CGC-3', Pr5F(Xhol) 5'-CAC AGC CTC
GAG ACC ATA AGC-3', and Pr.6F(Xhol) 5'-TGT CCT
CGA GGC TTT ATC TAA ACT G-3'. The PCR reaction
was carried out under the following conditions: primers
(300 nM); 0.2-0.3 pg genomic P1 plasmid; 1X Pfu-PCR
buffer containing MgCl, (1.5 mM, Promega); dATP, dGTP,
dCTP, and dTTP (0.2 mM each); and Pfu DNA polymer-
ase (1.25 U, Promega) in a volume of 50 pL. A reaction
cycle of 1 initial denaturation at 95°C for 2 minutes, fol-
lowed by 35 cycles of 95°C for 1 minute, 55°C for 1 minute,
and 70°C for 2 minutes, with a final extension of 5 min-
utes at 70°C, was performed. The PCR product was pu-
rified with QIAquick PCR Purification Kit (Qiagen), di-
gested with the appropriate restriction enzymes, and re-
purified with the QIAquick kit. After that, the PCR prod-
ucts were ligated into pGL3 plasmid, which was cleaved
with the same restriction enzymes, and transformed into
competent bacteria. The inserted PCR products were ver-
ified by DNA sequencing.

Cell culture and transient transfections

K562 cells were grown in RPMI-1640 (Sigma) with sup-
plements (10% FCS, glutamine, and antibiotics). HelLa
cells were cultured in DMEM (Sigma) with supplements
(5% FCS, glutamine, and antibiotics). Cells were main-
tained at 37°C in a humidified incubator in an atmo-
sphere of 5% CO,. K562 cells were seeded at 2 X 10°
cells/mL and allowed to recover for 1 day before trans-
fection by electroporation (975 wE 250 V) using a Bio-Rad
Gene Pulser electroporator. The indicated DNA constructs
(5 pg of reporter plasmid and 0.5 pg of Renilla luciferase
plasmid, a kind gift from Michael ]J. Courtney, AIV-Insti-
tute, University of Kuopio, Finland) were mixed with cells
(4.8 X 10°) suspended in 400 L of optiMEM (Gibco-BRL)
and placed in a 0.4-cm-gap electroporation cuvette (BTX)
and subjected to a single electric pulse. Cells were diluted
in 12 mL RPMI-1640 medium with supplements and plat-
ed in 6-well tissue culture dishes. Confluent HeLa cells
in 6-well plates were transfected with the same amounts
of plasmids using the Lipofectin procedure (Life Tech-
nologies Inc).
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Luciferase assay

Transiently transfected cells were cultured for 24 hours,
washed with phosphate-buffered saline, and lysed by 3
freeze-thaw cycles in Passive lysis buffer (Promega). Fire-
fly luciferase and Renilla (sea pansy) luciferase activities
were measured sequentially using a Dual-Luciferase Re-
porter assay system (Promega) and a Labsystems Lumi-
noskan. All the obtained counts were normalized using
an internal control containing the SV40 promoter in front
of the Renilla luciferase gene. As a positive control for the
assay, the Rous sarcoma virus (RSV) promoter in front of
the luciferase gene was used (a kind gift from Paivi J.
Koskinen, Turku Centre for Biotechnology, Finland).

RESULTS AND DISCUSSION

The human hsf2 gene consists of 13 exons located on
chromosome 6

The structure of the human hsf2 gene was deduced by
comparing the cDNA and the genomic sequence available
from GenBank (accession nos. NM_004506 and 799129,
respectively). The gene was found to be composed of 13
exons and to span approximately 33 kbp of the genome
(Fig 1A). The functional domains of the HSF2 protein
originated from defined groups of exons; the DNA-bind-
ing domain consists of exons 1-3 (DBD), the 3 first hy-
drophobic heptad repeats (HR-A/B) are encoded by ex-
ons 4-6, and exon 10 codes for the fourth heptad repeat
(HR-C). Exon 11, which is the shortest exon, is differen-
tially spliced, as it is present in the 54-bp longer hsf2-a
isoform, but is absent in the shorter hsf2-B isoform. As
summarized in Table 1, splice sites in accordance to the
GT-AG rule can be found on both sides of the internal
exons.

The chromosomal localization of the human hsf2 gene
was analyzed by using 3 hsf2-specific genomic P1 clones as
probes in fluorescence in situ hybridization (FISH). In 30
metaphases out of 45 (68%), a probe derived from the P1
clone 21178 showed specific signals on chromosome 6q22.3
(Fig 1B). In 8 metaphases out of 10 (80%), a probe derived
from the P1 clone 21179 also showed specific signals on
chromosome 6q22.3. Surprisingly, a probe derived from the
P1 clone 21180 showed specific signals, in 25 metaphases
out of 30 (83%), on chromosome 12q13 (data not shown),
suggesting the existence of a potential pseudogene.

The chromosomal region of 6q22.3, where the human
hsf2 gene is localized, is homologous to the region of
mouse chromosome 10, harboring the hsf2 gene (Manuel
et al 1999). Several diseases, including hereditary persis-
tence of fetal hemoglobin (HPFH, OMIM 142470 at http:
/ /www.ncbinlm.nih.gov), have been linked to the chro-
mosomal locus of 6q22.3. Localization of HPFH and the
human hsf2 gene in proximal regions on chromosome 6

Cell Stress & Chaperones (2001) 6 (4), 377-385



380 Nykénen et al

1 234 5 67

89 10

Fig 1. The human hsf2 gene. (A) The
hsf2 gene spans approximately 33 kbp
in the human genome, and the first in-
tron is over 12 kbp. The exons of hsf2
are represented by numbered black
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addresses a question of whether HSF2 plays a role in this
disease state, considering the up-regulation of HSF2 and
fetal globins on hemin treatment of K562 cells (Pirkkala
et al 1999). However, no mutation in the human hsf2 gene
has so far been connected to any disease.

The 5’-flanking region of hsf2 contains multiple
transcription initiation sites and a functional promoter

Primer extension analyses of the hisf2 gene revealed mul-
tiple transcription initiation sites, as shown in Figure 1C.
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boxes and the introns by lines. The
/ functional domains of the HSF2 protein
originate from defined groups of exons
/ (DBD: DNA-binding domain; HR-A/B:
/ hydrophobic repeat A/B; HR-C: hydro-
/ phobic repeat C). Exon 11 (gray box)
/ is alternatively spliced. The 5'- and 3'-
/ UTRs are 100-200 b and 740 b, re-
spectively. The 931-bp cDNA fragment
(Schuetz et al 1991) used as a probe
for the P1 screening is shown in the
lower panel. The scale of the genomic
DNA and mRNA are indicated. (B) To
determine the chromosomal localiza-
tion of the human hsf2 gene, P1 ge-
nomic clone was hybridized using fluo-
rescence in situ hybridization to meta-
phase chromosomes derived from a
lymphocyte cell culture. The arrow
shows the specific signal of the labeled
probe hybridized to chromosome 6,
which was identified based on DAPI
banding pattern. A schematic repre-
sentation of human chromosome 6 with
the localization of hsf2 is shown. (C) A
radiolabeled oligonucleotide, corre-
sponding to positions 13-35 bp up-
stream of the translation initiation co-
don, was annealed to total RNA from
K562 or HelLa cells or to yeast tRNA.
Reverse transcription was carried out,
and the extension products were re-
solved by electrophoresis on a 6% de-
naturing polyacrylamide gel. A se-
quencing ladder of human hsf2 5'-
flanking region was prepared using the
same primer. Arrows indicate the ex-
- tension products of the most intensive
5 bands obtained in 3 independent ex-
T periments. The sequence of the most
intense extension product is shown
with the start nucleotide in bold (G
—103). The asterisk indicates the lon-
gest 5'RACE reaction product se-
guenced, and the diamond indicates
the guanine corresponding to the start
site deduced for mouse hsf2 (Manuel
et al 1999).

508 bp

HelLa
tRNA

The most intense extension product ends at a guanine
residue 14 bp upstream of the previously reported cDNA
(Schuetz et al 1991) or 103 bp upstream of the initial ATG
codon (G —103). This start site is also in accordance with
the results from the 5'RACE analysis, in which the lon-
gest sequence obtained from 5'RACE analysis corre-
sponded to a cytosine 100 bp upstream of the ATG codon
(Fig 1C; data not shown). The transcription initiation site
at G —103 also corresponds to the transcription start site
determined for the mouse hsf2 gene (Fig 1C; Manuel et
al 1999). Depending on the transcription start site, /sf2



Table 1 Organization of the human hsf2 gene
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Exon size Intron size
Exon number (bp) Position in cDNA2 5’ Exon 3’ (bp)
1° 276 (—95)-181 gcgeggagactt-**GTCCGT/. . /AGCCAG! #igtacgg >12 kb
220 (—39)-181 ctggaggggattg-*GGGGGG/. . ./AGCCAG**#gtacgg
196 (—15)-181 ccaagatctgct-**GCGCCT/. . ./AGCCAG**®'gtacgg
189 (—8)-181 ctgctgegectg *CGTTGT/. . JAGCCAG!#gtacgg
2 109 182-290 ttccecttgecag®?AATGGC/. . /ATATGT?°gtgagt 155
3 128 291-418 aatatttttcag®*!ATGGTT/. . /AGGAAG*égtgagc 760
4 125 419-543 actttttcaaag*®*GTTTCA/. . /AAAAAG>*gtaaag 2572
5 76 544-619 attataacatag>**TGAGAA/. . /ICGAAAGS*°gtaaga 2871
6 62 620-681 tatttttttcag®>°’ATTGTC/. . /TAAAAG®#gtaagt 905
7 88 682-769 tctggttttcag®®*GCCTCT/. . ./CATAAA®gtaatt 1927
8 149 770-918 ctgaatttttag’””°’GTTCCA/. . ./CTCCAA®8gtaagg 419
9 240 919-1158 ttgctgatttag®*CTGTAG/. . ./GGGAAAS8gtgagt 623
10 106 1159-1264 ttttttccttag*>°*GGTTGA/. . .IGTTGAT?gtaggt 4216
11 54 1265-1318 ttggtctttcag?*>*CTTTTC/. . ./ACAAAAegtaagt 3473
12 85 1319-1403 tttttcttitag** TCTGAG/. . ./AACCAGY%gtaggt 410
13 1037 1404-2440 tgatctttatag****ATAAGC/. . .IGTACTA?*°gtgtct

2 The positions are given according to the human hsf2 cDNA sequence published by Schuetz et al (1991) (accession no. NM_004506).
b In the cDNA sequence, the ATG resides at position 90, which corresponds to position 104 from the G-103 transcription initiation site (Fig

10).

mRNA can be up to 2534 b, consisting of 1610 b of coding
sequence and 5'- and 3'-UTRs, which are 100-200 b and
740 b, respectively.

The 5'-flanking region of hsf2 was subcloned from the
genomic P1 clone 21179 and sequenced. To determine
whether the cloned 5'-flanking region of the /isf2 gene
contained a functional promoter, we performed lucifer-
ase reporter assays. We generated reporter constructs
containing 450 bp and 950 bp of the 5'-flanking region
inserted into pGL3 basic vector, upstream of the firefly
luciferase reporter gene. The plasmids were transiently
transfected into K562 and HeLa cells to test whether
they would be capable of directing gene expression. In
K562 cells, both 5'-flanking fragments exhibited strong
activation of the reporter gene when compared to the
negative control consisting of a promoterless pGL3 vec-
tor (Fig 2A). In addition, reversion of the upstream re-
gion resulted in a marked reduction (450 bp REV) or a
complete loss (950 bp REV) of the promoter activities,
showing that these fragments contain functional, orien-
tation-dependent promoters (Fig 2A). The same applies
to HeLa cells, but the levels of reporter gene expression
were approximately 2-fold lower compared to the K562
cells (Fig 2B). The functionality of the assay was assured
by using the RSV promoter in front of the luciferase gene
as a positive control.

Computer-aided analysis of the 5’-flanking region of
human and murine hsf2 genes

Computer-aided analysis of 1.4 kbp of the human hsf2
promoter revealed multiple putative recognition sites for
sequence-specific transcription factors (Fig 3A). For ex-
ample, putative binding sites for the transcription factor

TCE-11 were found on the human hsf2 promoter. The
DNA sequence recognized by TCF-11 is also present in
the binding site for erythroid-specific activator NF-E2, the
antioxidant response element, and the heme-responsive
element (Johansen et al 1998). The presence of such a
DNA element is of interest, as /isf2 mRNA levels have
been shown to be up-regulated after hemin-induced ery-
throid differentiation of K562 cells (Sistonen et al 1992;
Pirkkala et al 1999). Since hemin treatment of K562 cells
transiently transfected with the 950-bp hsf2 promoter
containing luciferase constructs did not show any marked
increase in the reporter gene levels (data not shown), the
levels of HSF2 are likely to be regulated posttranscrip-
tionally. However, a putative element further upstream
could still contribute to hemin responsiveness of the /sf2
promoter.

HSEF2 has also been implicated in mouse heart devel-
opment (Eriksson et al 2000), and putative binding sites
for 2 transcription factors, Nkx-2.5 and S8, which are
believed to be important for heart development, were
found in the promoter region (Fig 3A; Leussink et al
1995; Shiojima et al 1996). In addition, the LIM-only pro-
tein, Lmo2, and GATA factor binding sites are of interest
in the context of hsf2 regulation. Both Lmo2 and GATA-
3 are present in the intraembryonic regions known to
give rise to hematopoietic precursors in vitro and in
vivo, suggesting that they act together at key points of
hematopoietic development (Manaia et al 2000). No con-
sensus binding sites for HSFs (Amin et al 1988) could
be found in the 5'-flanking region of hsf2 by computer-
aided analysis, but several units of the nGAAn sequence
were detected in the hsf2 promoter by manual exami-
nation. Therefore, the possibility that some nGAAn units
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Fig 2. Luciferase reporter gene analysis of the 5’-flanking region
human hsf2. (A) K562 and (B) Hela cells were transiently trans-
fected with plasmids, in which either a 950-bp or a 450-bp fragment
of the 5'-region of the human hsf2 gene was inserted upstream of
the luciferase reporter gene in pGL3. The SV40 promoter driving
Renilla luciferase gene (SV40-pRL) was transfected into both cell
lines as an internal control. Negative controls were provided by vec-
tors containing the promoter fragments in reverse orientation (450
bp REV and 950 bp REV) and by an empty vector (pGL3). The RSV
promoter driving the luciferase gene was used as a positive control.
The result obtained with RSV was arbitrarily set to 100. The data
represent the mean values (+standard deviation) of at least 3 in-
dependent experiments in duplicate. All the results are relative to
the internal SV40-pRL control plasmid.

could form a functional cluster (ie, an HSE) cannot be
excluded.

Since the consensus binding sites of a transcription fac-
tor often consist of very short stretches of DNA readily
found in multiple sequences, results from computer-aided
analysis might contain many false positives. Comparison
of promoter sequences among different species offers one
way of narrowing down the possibilities of important
regulatory sequences. Therefore, a comparison between
the proximal promoter regions of human, mouse, and rat
hsf2 promoters (accession nos. AF331667, AF045614, and
AF172641, respectively) was performed with Clustal W
1.8 (Thompson et al 1994; http://dot.imgen.bcm.tmc.edu:
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9331 /multi-align/multi-align.html). As shown in Figure
3B, the proximal regions of the human, mouse, and rat
hsf2 promoters are highly conserved. The sequences are
rich in Gs and Cs, and they lack consensus TATA boxes.
Other core promoter elements found in the 3 species in-
clude an initiator-like sequence (Smale and Baltimore
1989), located around the start site of the longest human
transcript and a TFIIB recognition element (BRE; La-
grange et al 1998). Other common sites include a classical
GC box located next to the major transcription initiation
sites of human and mouse hsf2 (Fig 3B; Manuel et al
1999), an E box, and 2 CAAT boxes. The conserved bind-
ing sites on the human, mouse, and rat promoters indi-
cate a housekeeping type of regulation on the /52 gene.
This notion is further strengthened by the fact that hu-
man hsf2 mRNA is expressed in all cell lines and tissues
tested so far (data not shown).

Conservation of the hsf gene structure in evolution

Because of the enormous influx of genomic sequences in
publicly available databases, estimations of different hsf
gene structures are now feasible. In Figure 4, we have
compared previously published gene structures of the
Homo sapiens hsf4 (Tanabe et al 1999), Mus musculus hsf1
and hsf2 (Zhang et al 1998; Manuel et al 1999), and Ara-
bidopsis thaliana hsfB1 (Hsf4) (Prandl et al 1998; Nover et
al 2001) genes, as well as novel gene structures construct-
ed with computer-aided analysis, that is, the Homo sapiens
hsfl, Drosophila melanogaster hsf, Caenorhabditis elegans hsf,
and Saccharomyces cerevisiae hsf-1 genes. The high inter-
species conservation seen at the sequence level among dif-
ferent HSFs is also evident in their respective gene struc-
tures (for sequence comparison, see Pirkkala et al 2001).
In human and mouse, hsfl genes exhibit a distinct pattern
of more tightly assembled exons compared to the more
widely dispersed hsf2 genes. All the known human and
mouse hsf genes consist of 13 exons strikingly similar in
size. Another common feature for these genes is the or-
ganization of functional domains into distinct exons, that
is, the DNA-binding domain (DBD) being encoded by ex-
ons 1-3, the hydrophobic oligomerization domain HR-A /
B by exons 4-6, and the HR-C by exon 10 (Fig 4). This
feature seems to be specific for human and mouse since
the functional domains of the Drosophila HSF are not de-
lineated by exon boundaries. Although Drosophila and C.
elegans hsf genes contain only 8 exons, as found by com-
puter-aided analysis, the larger overall exon size results
in transcripts of comparable sizes to the human and
mouse hsf transcripts (Mmhsfl 2062 b vs Cehsf 2019 b).
Sequence comparison of the Arabidopsis genome revealed
the existence of 21 ORFs corresponding to hsfs (Nover et
al 2001). Represented here by the AthsfB1 gene, all ORFs
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Fig 3. Computer-aided analysis ofthe A
5'-flanking region of the human hsf2
gene. (A) The nucleotide sequence of Ixaros 2
1.4 kbp of the human hsf2 5'-flanking  -1408 cAACTTTTGAGTCTCAGAATCTTCTCTGGGARAATHGGATAATARAACCT AGTTCATTGGGTTGGTTGTAAGGATTCAATAATATATGTARAGCCCTTCE
region. The ATG codon and the tran- B oaTA-L
scription initiation sites are boxed. The -1308 cATATATAAGGGCTCATCAAATATTACTECCTCTATCACATGRATGCCTE CATATATCTGATIMTTGCTTCAGCCAACATCCCAGTGCTGAGCACAAAGGT
first nucleotide upstream of the major
transcription initiation site is designated = -1208 AGCATTCACTARATACTTGCTCATIGGAAGAGATATACATATATCTTCCA TTAAATGATAGATATATATTTAATGTACTATTTTACATTCACCCARGAAG
as —1 and indicated with an arrow. Pu- A3
tative transcription factor binding sites, -1108 TARACCAATCCTATGTTGAAGTTTTGTAIEITATCICIHACTIGITICTA AGTTITIGCCTTCACATGCTGACTTTTGTAAAAARAAAAGTCGAATTTTG
as determined using the Matinspector GATA-3 NFAT
software V2.2 (Quandt et al 1995) con- 1008 TAGACTTCATATTTTCAAAGCATTTGCACAGCCATTATAGTATTAAAGAC ACTCTTAGTGGGTAAARAGATAGATCTTANTCCCAGTCAAGAAATGGAAA |
nected to the TRANSFAC database TCF-11 GATA
(Heinemeyer et al 1998), are marked -9 BARCTGGCACTGGTGGCTAAGGAATEGTTCTARATGACAGAACCAGTGTA TTTTAATATACAGAAAAATGTCCAAGAGGCTTTATCTARACTGAGATCTA
by gray boxes, pointing either to the L1402 wrar T
right for binding to the sense strand or -898 CTGACTCCTTTTCCATTGT T TIM T TCCACTATACCAATCTCTTAGGCAAAA AAGACTATATCTGINAAAGTATACGCAGGARARACTATTT TAATTAACTAA
to the left for binding to the antisense Pr.3F NKX-2.5/TCP-11
Strand The quallty ra“ng used for ~708 AATAGTACAAATGAGTCTATTTCTTTTTATTCTGGGTACAGAGTAGGCAC TTGATG 2‘T‘GGAT‘TAAAAACAGCACATGATATATCAATTGCAGTTCCTGG
choosing the putative transcription fac- 50
oo . . S - TTTACAGTTTTAAGTAA b
tor binding sites is a core similarity of CAG GTAATCGAGAGTGAGTTATTTAAACTGCTCTTTTTGA TAAACATATTTTAAAGAGGGCTTTTTCTCCCAATGARAACGTAAGAACAA
1.000 and a matrix similarity of =0.950. 508 GTTTCATTATTTTTAAGACAATTTCAATTTGGGGCCTAGCACATCATGCT ’I‘GAGAGC’I‘GGTT'I‘T C
P - PTCCTTATGCAAATGGATCCTTTCTCTAAACTGGTG
Pr. 1-6 indicate forward (F) and re-
verse (R) oligonucleotides used for lu- m E-box
X (R) olig . ~408 CAAACCACACTTTGCCT GGCCCTGAAGGGTT TCTGTAGCCTCCCAGCCACAGCCCAGAGACCATAAGCTGTTTCCACGTGA
ciferase constructs. (B) Alignment of P > o
the proximal promoters of mouse, rat, ;g ABCATCCAAACACGGTCTCCCAAGCCTAAGTCTGCTACCATCARGGCTTC TGTATAARAGGCAAATGAGGAGGCAGCGCCCCCTTCTGOTCCCACCCCCT
and human hsf2 promoters by Clustal
CAAT-box CAAT-box
W 1.8 (~529 bp, —564 bp, and —571  _305 rereercecacceceTroaTeTeAGHAGEAGCCARIEGOTTTTCTCTGTC GTGCAGTCOGCTCCTGAGATTGRCCAGERACCACACAGGCGCGEAACCAC
bp relative to ATG, respectively; . .
H E-box BRE GC-box
Thompson et al 1994)_- The |n|t|£_i| ME-  _108 TECGCGCACAGECGEAGCGCGGAGACTHATCCHTCACGTEOGGCCGCCCG GCCTCTCGGCCTTGCAGCGCa00TCECEGECTTCCHAEGECCEERACCAR
thionine ATG codon is shown in the
. . . . -1
white box, and the identical nucleotides GATCTGC'Fé:Gu. TEGTTETEEECETTCTCOGGGAGCTGCTGCCGTAGE TGCCGCCGCCGCTACCACCGCGTTCGAETGTAGAATTTGGAATCCCTGCG
between the different promoters are -~ —
shaded gray. Th_e 4 transcription initia- CCGCGTTARCARTE
tion nucleotides in human (Fig 1C) and p—
the one determined for mouse (Manuel
et al 1999) are highlighted in black g
background. Arrow marks the major
transcription initiation site for human PCF-11/AP-1
hsf2 (G —103). Data for the transcrip- mouse -=-======-=mmmn e A--~TGTATCTCTT -~ - - - AGAT--GAGCAAAT-ACTCTTCGCGG - A
P : Rat  GCATATCTTGCTCCCTGCC - ——--—- - CCATGTGC - - - TGTATTCCTTCCTTTAGACTGGAGCAAATTACTCTTCACCAGT A
tIOI"I_ initiation S|t_es for rat thZ are NOt  puman GOACATCATGCTTGAGAGCTGGTTTTTTCCTTATGCAAATGCATCOTTTC - TCTAAACTGGTGCARACCACACTIMTGCOTGCTRA
aya"_able-_ PUtfatlve transcription factor e TTCAACTGCCCAAGGGCTT - - - - — = - CTCTGCCAGCCACAGCCGGTGCACCCARACCC-TTTCCATGCGAATCCACTAAACAAGGT
binding sites in the conserved areas Rat - CAACTGCCCTTGGECGTTTCTGCACTCTGCCAGACATGGCCGGTGTACCCARACCC - PTTCCACATGAGTCCACAAAACAAGET
are framed Human T-CAAAGGCCCTGAAGGGTTTCTGTAGCCTCCCAGCCACAGCCCAGAGACCATAAGCTGTTTCCACGTGAAACATCCAAACACGGT
' Mouse TT--CCCTGGACCCAATATCATTCCCTAAGAGAGTACCCTGCCTARARGGTAACAGAGARGGCTG —— - —- ==~ mm e = AACCACTC
Rat  TTTICTCTGGACCCAATATCATTCCCAAA-ACAGTATCCTGCCTAARAGGTAGCAGAGARGGCTG -~~~ = = m == —— = === AACCACTC
Human CT--CCCAAGCCTAAGTCTGCTACCATCA - ~-AGGCTTCTGTATAAAAGGCAAATGAGGAGGCAGCGCCCCCTTCTGCTCCCACCCCCTT
CAAT-bo: CAAT-bo:
Mouse TTGGGCCCACCCC--TCCTCGCGECAGCAGCCAATORCTTTGCTCTGTAGTGCATCCGAAGCCTTARATTGAACTCGCT -GAGACCGG-C
Rat  CTGGACCCACCCC-~TCCTCTCGGCAGCTGUCAATCETTTIGCTCTGTGGTGCACTCGARGCCTCAGATTGAACTCGCA ~GAGACCGEGE
Human CTGCTCCCACCCCCTTCATGTCAGCAGCAGCCAATCGCTITTCICTGTCGTGCAGTCGGCTCCTGAGATTEACCAGGGACGGGACAGG-C
Initiator E-box BRE
Mouse GCGGGACTA- -GAGCGCAGGGGTCCAGCGCCAAGUHCTTGTCONTCACGTALGGCCGCAGEATCTCTCCGOCTCTCACRTECECHCCECE
Rat  GCGGGAGCA--GAGCGCAGGGGTGGAGCGCGAAGTCTTGTCOATCACGTAGGCCGCGGGETCTCCCCGCCT- TCACHRCGCGCANCGLG
Human GCGGAACCACTGCGCGCACAGGCGGAGCGCGGAGACTTR CCMGGCCGCCCGGCCTCTCGGCCT—~TGC cGCGedraGee
GC-box
Mouse GCGCCGA GAGCCCGAGATCCGCCGHECCTGOGTGGTETGCGTTCCCCGGAGCAGCAGCTGCTGCCACCGCCGCTECTGCCGCT
Rat  GCGCCGA GAGCCCGEGACCCECCGOGCCTGCGTGGTETGCGTTCCCGGGAGCAGCTGCTGCTGTCGCCGCCGCTACTGCTAAC
Human GGGTTGY GGGACCARGATCTGCTECGCCTERGTTGTGEGCETTCTCGGG - - GAGC TGO TGO - — - — C-GTAGCTGC -~ -~~~
Mouse GCCGCCGCCGCCGCCGCCECTACGACCTCCGCGTTCGGTAGTAGAATTTGGAATCCCTGCACCGGGCTARC, GCAGAGTTCCAAC
Rat  GCCTTCGCCGOCGCT-————-——- ACCTCCGOGTTCGGCAGTAGAATTCGGAATCCCTACGCCCGGCTAAC GCAGAGTTCCAAC
Human ----- CGCCGCCGOT-——-=-=—- ACCACCGCGTTCGGGTGTAGAATTTCGAATCCCTGCGCCGCGTTAAC, GCAGAGTTCGAAC

contain a single intron that separates

domain into 2 parts.

inserted (for review, see Lewin 2000). Based on these 2
theories, the primordial hisf gene would be more similar

the DNA-binding

The difference in intron numbers among the species
raises a question of whether the primordial hsf gene was
intronless or rich in introns. Currently, 2 theories con-
cerning the structure of ancestral genes exist. According
to the “introns early’”” model, genes originated as inter-
rupted sequences and genes without introns have lost
them during evolution. In contrast, the “introns late”
model supposes that the ancestral gene consisted of un-
interrupted sequence and that introns were subsequently

either to the dispersed mammalian gene or to the con-
densed Saccharomyces and Arabidopsis hsf genes.

In conclusion, the 5'-flanking region of the human /sf2
gene contains a functional promoter that can drive con-
stitutive expression, and the transcription initiates at mul-
tiple start sites. The overall architecture of human and
mouse hsf genes exhibits distinct features, including a re-
markable conservation of exon sizes and an hsf-specific
placement of exons.
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Fig 4. Schematic representation of hsf genes. Structures of different hsf genes, as deduced either by comparison between previously
published cDNA sequences and genomic sequences available from the GenBank (Hshsfl, Hshsf2, Dmhsf, and Schsfl, http://
www.ncbi.nlm.nih.gov) or from previously published genomic structures (Hshsf4, Mmhsfl1, and Mmhsf2). The exons are represented by boxes
and the introns by lines. Exon 1 is indicated in all genes except in human hsfl. Experimentally determined 5'UTRs are indicated with an
asterisk. The chromosomal localization indicated to the right is either verified by experimental data or obtained from various genome projects.
The genomic structure of the C. elegans is derived from a computer-generated cDNA sequence compared to the corresponding unspliced
genomic sequence found at http://wormbase.sanger.ac.uk. The exons corresponding to the functional domains in the putative C. elegans hsf
gene are concluded according to homology to the functional domains of Drosophila. Accession numbers: Hshsfl, M64673 Rabindran et al
1991 (cDNA), AF205589 (genomic); Hshsf2, NM_-004506 Schuetz et al 1991 (cDNA), 299129 (genomic); Hshsf4, NM-001538 Nakai et al
1997 (cDNA), Tanabe et al 1999, AC074143 (genomic); Mmhsfl, X61753 Sarge et al 1991 (cDNA), AF059275/AF061503 Zhang et al 1998
(genomic); Mmhsf2, NM_008297 Sarge et al 1991 (cDNA), AF045615-27 Manuel et al 1999 (exons); Dmhsf, M60070 Clos et al 1990 (cDNA),
AE003800 Adams et al 2000 (genomic); Cehsf, AL033536/Y53C10A.12, http://wormbase.sanger.ac.uk (cDNA, genomic); AthsfB1 (Hsf4),
Y14069 Prandl et al 1998 (cDNA), Nover et al 2001, Z99707 (genomic) CAB16764 (protein); Schsf-1, M22040 Wiederrecht et al 1988 (cDNA),
NC_001139 Tettelin et al 1997 (genomic).
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