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Disruption of the HSF3 gene results in the severe
reduction of heat shock gene expression and loss of
thermotolerance

Masako Tanabe', Yoshinori Kawazoe’, and regulate the transcription of heat shock proteins
Shunichi Takeda?, Richard I.Morimoto3, (HSPs) and molecular chaperones (Morimet@l., 1994;
Kazuhiro Nagata'* and Akira Nakai'45 Wu, 1995). The extent to which different HSFs are unique
or have redundant properties has not been addressed.
;Department of Cell Biology, Chest Disease Research Institute and Yeast andDrosophilaencode a singl&lSF gene which
\Department of Molecular immunology and Allergiology. Faculty of s essential in yeast (Sorger and Pelham, 1988; Wiederrecht
edicine, Kyoto University, Sakyo-ku, Kyoto -01, Japan, R .
3Department of Biochemistry, Molecular Biology and Cell Biology, et al, 1988; Jakobsen an,d Pelham, 1991; Gaitoal, .
Rice Institute for Biomedical Research, Northwestern University, 1993) though not essential for normal cell growth in
2153 North Campus Drive, Evanston, IL 60208, USA and Drosophila (Jedlickaet al, 1997), while in vertebrates,
CREST, JST four HSF genes HSF14) have been isolated and charac-
SCorresponding author terized (Morimotoet al, 1994; Nakaiet al, 1997). All
e-mail: nakai@chest.kyoto-u.ac.jp members of the HSF family share common structural

) features including a conserved DNA-binding domain
The vertebrate genome encodes a family of heat shock  which exhibits a winged helix—turn—helix motif (Harrison
factors (HSFs 1-4) of which the DNA-binding and  etal, 1994; Vuistert al, 1994), an extended hydrophobic
transcriptional activities of HSF1 and HSF3 are activ- repeat (HR-A/B) involved in trimerization (Sorger and
ated upon heat shock. HSF1 has the properties of a  Nelson, 1989; Peteranderl and Nelson, 1992) and a trans-
classical HSF and exhibits I’apid activation of DNA- activation domain (Greeat a|_, 1995, Shiet a|_, 1995,
binding and transcriptional activity upon exposure to Zuo et al, 1995; Wisniewskiet al, 1996). With the
conditions of heat shock and other stresses, whereas exception of budding yeasts and human HSF4, HSFs also
HSF3 typically is activated at higher temperatures and  haye a carboxy-terminal hydrophobic repeat (HR-C) which
with dI.StInCt delayed kinetics. To address the rple of has been suggested to function in suppression of trimer
HSF3 in the heat shock response, null cells lacking the  formation by interaction with HR-A/B (Westwooet al.,
HSF3 gene were constructed by disruption of the 1991 Nakai and Morimoto, 1993; Rabindranal, 1993;
residen_t gene by somatic recombina_tion in an avian  \\restwood and Wu, 1993; Zuet al, 1994).
lymphoid cell line. Null cells lacking HSF3, yet Activation of HSF is regulated at multiple steps and by
expressing normal levels of HSF1, exhibited a severe jfferent signals. Upon heat shock, an inert monomer form
reduction in the heat shock response, as measured by ot HSF1 is converted to a DNA-binding trimer (Baler
inducible expression of heat shock genes, and did not ¢t 51 1993; Sarget al, 1993). Although the domains of
exhibit thermotolerance. At mpermed_late heat shoqk HSF responsible for this regulation have been partially
temperatures, where HSF1 oligomerizes to an active  characterized, little is known about the mechanism for
trimer in wild-type cells, HSF1 remained as an inert  eqyating this conformational change (Sorger and Nelson,
monomer in the HSF3 null cell line. HSF3 null cells 1989: Rabindraret al, 1993: Zuoet al, 1994, 1995:
were restored to a nearly normal heat shock-responsive  orqgzet al, 1996; Zandet al, 1997). HSP70 is speculated
state by reintroduction of an exogenousHSF3 gene. 4 he an autoregulatory factor by interacting with HSF
These results reveal that HSF3 has a dominant role in (Abravayaet al, 1992; Baleret al, 1992: Morimoto
the regulation of the heat shock response and directly 1993: Mosseet ;al., 199'3; Rabindraet al. 1'994). HSF1
influences HSF1 activity. also adopts an altered conformation that has the potential
Keywords heat shock/ H.SF./ stress response/ to activate transcription which is associated with phos-
thermotolerance/transcription phorylation on serine and threonine residues (Lartai,
1988; Cottoet al,, 1996; Kline and Morimoto, 1997; Xia
and Voellmy, 1997). The transcriptional activation domain
is repressed by othesis-regulatory domains which are
de-repressed by heat shock and other forms of chemical
Transcription of the genome is regulated by a class of stress (Greeet al, 1995; Shiet al,, 1995; Newtoret al,,
proteins known as transcription factors, which bind to 1996). HSF1 is also constitutively phosphorylated on the
DNA with a high degree of sequence specificity and regulatory domain by mitogen-activated protein kinase,
confer distinct patterns of genetic responses. These requMAPK/ERK, and the activity is repressed by its phos-
latory factors increasingly have been found to occur in phorylation (Chuet al, 1996; Knaufet al, 1996; Kline
gene families whose members share substantial overlapand Morimoto, 1997).
in the sequence recognition element. Members of the heat In vertebrates, HSF1 is the major factor which is
shock factor (HSF) family (HSFs 1-4) all bind to heat activated by heat shock and by exposure to other environ-
shock elements which are composed of contiguous arraysmental or physiological stresses (Badtral, 1993; Sarge
of an alternately oriented pentanucleotide unit (hnGAAn) et al, 1993). HSF2 is not activated by these stresses
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Role of HSF3 in stress response

(Sistoneret al, 1992), but may be related to development A —

(Sargeet al, 1994, Fiorenzat al, 1995). A developmental D102 D3

function for HSF was also suggested by a mutant study (@ HSF3 tecus

in Drosophila(Jedlickaet al,, 1997). Little is known about

HSF4 function yet (Nakagt al., 1997). Therefore, HSF1 (b) HSF3 Neo a2,

is expected to be both necessary and sufficient to mediate construct  /[XSremi | sheor)

the heat shock transcriptional response (Wu, 1995). The

identification of HSF3 as a redundant heat shock-respons- l

ive factor which is co-expressed with HSF1 in chicken gty

cells and tissues suggested that both factors were involved (@ Recgmbinant =

in stress-induced activation of heat shock genes (Nakai s

and Morimoto, 1993; Nakagt al, 1995). The kinetics of e

activation of HSF3 exhibit a delayed response to the

relatively rapid activation of HSF1 (Nakai al, 1995).

Furthermore, activation of HSF3 is detected predominantly c

upon exposure to extreme temperatures of the heat shock

response (Tanabet al, 1997). These observations sug-

gested that HSF3 is involved principally in the persistent

and burst activation of stress genes upon severe stress.
To understand the role of HSF3, we disrupted &3

gene locus in chicken B lymphocyte DT40 cells by

targeted integration. Loss of HSF3 expression had a osk—| _ e~

negative effect on HSF1 activity, resulting in a severely g6 k| —6.8kb

diminished heat shock response and the inability to mount 4.4 kb— HSFl | e

a thermotolerance response to survive exposures to

extreme stress.
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Targeted disruption of the HSF3 gene and

generation of HSF3”/~ mutant cells

Targeted disruption of theHSF3gene was accomplished
by isolatingcHSF3genomic DNA and constructing the
targeting vectors, HSF3-Neo and HSF3-Hygro (Figure
1A). Two exons, D2 and D1, which contained the transla-
tional start codon ATG, were deleted on the predicted
recombinant locus. One allele was disrupted by selection
with G418, after transfection of the HSF3-Neo vector into
DT40 cells (clone N32HSF3™-), and the other allele
was disrupted by selection with hygromycin after transfec- . .
tion of the HSF3-Hygro vector into N32 cells (clone 0 2 pn 70 %
d131; HSF37). The successful targeted integration of
the knockout construct was confirmed by Southern blot
analysis as the appearance of a novel 6.8BdHI Fig. 1. Targeted inactivation of thelSF3gene in DT40 cells.

genomic fragment (Figure 1B). Western blot analysis of (A) Restriction maps of chickeHSF3genomic fragment, targeting
extracts from the HSF3 null cells using a specific anti- Zﬂ?sﬂﬁi‘ﬁ.aé‘ga?{ﬁﬁ’.'céedﬁn'.“‘iﬁ“'ih"(} té?ﬁ?jc?n?!ﬁfn R;Z‘“‘:t'o”
HSF3 serum revealed that the level of HSF3 protein in DNX-binding doméin’(Df, D2 ’and D3) are indicated gy solid boxes.
HSF3'/- cells was reduced by ~50% and was undetectable The translational start site ATG is located in the D1 exon. Open boxes
in HSF37~ cells (Figure 1C). The level of HSF1 protein indicate the neomycin resistance genes under the control of the

was unaffected regard'ess of the expression of HSF3 chickenp-actin promoter represented by hatched boxeﬁaﬁH_I— )
(Figure 1C). While loss of HSF3 expression did not affect Kpnl fragment of theHSF3gene was used as a probe to distinguish

L o between the wild-type and mutaHiSF3alleles on Southern blots. The
—
cell viability, HSF3"~ cells exhibited a reduced growth  ,egicted sizes oBanti fragments from wild-type and mutant alleles

50 ~

L

B0 [oocmm e

—— +/+

20 ol f —-— /-

Cell number (X104)

10 oo LA

Hours in culture

rate relative to wild-type cells (Figure 1D). are shown. B) Southern blot analysis of DT40 cell clones. Genomic
DNA isolated from wild-type DT40 cells«/+), heterozygous HSF3
Stress-inducible expression of HSP genes is mutant cells ¢/-) and homozygous HSF3-deficient cells (-/-) were

. .. . . . digested withBanHI and hybridized with a probe as shown in (A).
severely diminished in HSF3-deficient cells (C) Expression of HSF3 and HSF1 proteins in wild-type and HSF3-

The optimal heat shock temperature for activation of geficient DT40 cells. Western blot analyses of whole cell extracts
HSF3 is 45°C (Nakaket al, 1995; Tanabeet al, 1997). (30 ug) were performed using antiserum against HSF3 or HSF1.
Under these conditions, HSP70 mRNA levels were induced EDS)F%fEWft_h_CutrveS”of(vziIC)i-t/{ptetDlTélfO 0521”(')544(”3 and hqmozylg?uds

o . -deficient cells (-/-). A total 0 cells were inoculate
.>100_f0|9_m Wl|d-type cells (Flgure 2.A and. B)’ whereas into 35 mm dishes and cell numbers were counted until 96 h. Each
in HSF3~ cells there was a 50-fold induction of HSP70 experiment was performed in triplicate. The standard deviations of the
MRNA (corresponding to a 2-fold reduction), and in cell numbers oHSF3"* andHSF3' cells at 96 h were 0:210* and
HSF3"-cells there was & 10-fold induction (correspond- ~ 0.6x10’, respectively.
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Fig. 2. Reduced expression #fSP70and other heat shock genesHiSF37~ cells. (A) Cells grown at 37°C were heat shocked at 45°C for the

indicated times and then total RNAs were isolated. Northern blot analysis was performed using chicken HSP70 arfiidutimaNAs as probes.

(B) The signals of HSP70 were quantified by Phosphoanalyst (Bio-Rad), and fold activation is shown after normalizing relagictntsignals.

(C) Northern blot analysis was performed using chicken cDNAs for HSP70, HER9BP9(@, HSP110, HDJ2 and HSP25. As controls, RNA from
control and heat shocked (45°C for 60 min) chicken embryo fibroblasts (CEF) were blotted. mRNA corresponding to HSP25 could not be detected
even after heat shock in DT40 cells. Expression of HEP®8s not induced by heat shock in the chicken cel. \\vild-type and HSF3-deficient

cells were heat shocked at 41°C and Northern blot analysis was performed as iE)Apld induction of HSP70 mRNA is shown as in (B).

(F) Wild-type andHSF3"~ cells were treated with 5AM sodium arsenite or 5 mM-azetidine-2-carboxylic acid for the indicated times, and

Northern blot analysis was performed as in (A).
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Fig. 3. Accumulation of HSPs was repressedHSF37~ cells after

heat shock. Wild-type</+) and HSF3-deficient cells (—/-) grown at
37°C were metabolically labelled witd%5]methionine for 60 min at
37°C (37°C) or heat shocked at 45°C for 30 min, allowed to recover
at 37°C fa 3 h and metabolically labelled wittS]methionine during
the last 60 min of the recovery period (45°C). The same TCA-
precipitable radioactivity was applied to the gel\) (Control wild-type
DT40; B) heat shocked wild-type DT40C) control HSF3"~ cell;

(D) heat shockedHSF3~ cell. Arrowheads a—e indicate the bands of
HSP90, heat-induced HSP70, constitutively expressed HSC70, HSP40
and HSP25, respectively. THeactin band is indicated by an asterisk.

ing to a 10-fold reduction). The effects of heat shock on

Role of HSF3 in stress response

g ——HSF3 +/+
UE_, —=—HSF3 -
pl —5—HSF3 +/+ TT
g —%—HSF3 -~ TT

Time at 46°C (min)

Fig. 4. Reduced thermotolerance HSF3'~ cells. (A) Wild-type
(HSF3'*) and homozygous HSF3-deficiei$F37) cells grown at
37°C were incubated at 46°C for the indicated periods. The numbers
of surviving cells were counted by colony formation assay, and
percentage survival is shown. Some cells were pre-treated at 45°C for
20 min and allowed to recover at 37°Crfd h (HSF3+/+ TT and
HSF3—/- TT). This treatment did not affect cell survival (data not
shown). All experiments were performed in triplicate. The percentage
survivals at the 60 min time point were 45, 3, 2 and 1.5% in
HSF3+/+TT, HSF3—/-TT, HSF3-/+ and HSF3-/- cells, respectively.

response, sodium arsenite and the proline analogue
L-azetidine-2-carboxylic acid, were used, and the levels
of HSP70 mRNA in wild-type and mutant cells were
examined. Relative to the robust induction of HSP70
MRNA obtained following exposure to either chemical
stress in wild-type cells, very little if any HSP70 mRNA
was induced itHSF37cells (Figure 2F). HSF3, therefore,

is essential for the induction ¢1SPgenes in response to
diverse forms of stress.

HSF3-deficient cells neither accumulate heat shock
proteins nor acquire thermotolerance

The expression of HSPs in control and heat shocked
HSF3"* and HSF3' cells was compared by metabolic
labelling and two-dimensional gel electrophoresis (Figure

the expression of other heat shock genes was also3). In unshocked cells, the constitutive expression of

examined. The levels of HSP110, HSB9MSPI@ and
HSP40 mRNAs were essentially uninduced HISF37~

HSP90, HSC70 and HSP25 was detected (Figure 3A and
C, arrowheads a, ¢ and e, respectively). Following heat

cells exposed to heat shock (Figure 2C). An unexpectedshock at 45°C and recoveryrf@ h at37°C, the induced
observation was that comparison of the basal expressionsynthesis of HSP90, inducible HSP70, and constitutively

of the HSP9@, HSP9@ and HSP110genes revealed

expressed HSC70, HSP40 and HSP25 was readily detected

that the loss of HSF3 resulted in decreased constitutivein HSF3'* cells, whereas the synthesis of these HSPs
expression of these genes. These results reveal that HSF8vas severely diminished iHSF37 cells (Figure 3B and

has a significant role in the heat shock-induced expressionD, arrowheads a—e, respectively). These results indicate
of heat shock genes and on basal or constitutive expressionthat the induced synthesis of the HSPs correlates closely

In contrast to the effects of a 45°C heat shock in which

with the lack of heat shock-induced mRNAs resulting

both HSF1 and HSF3 are activated, exposure of wild-type from the absence of HSF3 iHSF37 cells.

cells to an intermediate heat shock condition of 41°C
leads to the selective activation of HSF1 DNA-binding
activity, with little or no effect on HSF3 (Tanabet al,
1997). Comparison of wild-type and HSF3 null cells at
41°C revealed an even more striking requirement for
HSF3 in the heat shock response. Exposuréi8F3/+
cells to 41°C led to a 9-fold induction of HSP70 mRNA,
whereas irHSF37 cells little, if any, HSP70 mRNA was

HSPs have an essential protective role for cell survival
following exposure to extreme stress. We therefore
examined whether the loss of HSF3 had deleterious
consequences on stress-induced survival. Exposure of cells
to 46°C heat shock, a condition which results in cell
death, was used as the extreme stress challenge as it led
to a substantial loss of cell viability (Figure 4). Pre-
treatment of wild-type cells at 45°C for 20 min, followed

induced (Figure 2D and E). These results reveal that at aby recovery at 37°C for 2 h, induced a thermotolerant
range of heat shock temperatures, HSF3 is essential forstate which resulted in a 10-fold increase in viability

the induction of normal levels of HSP70 mRNA.

relative to cells which were not pre-treated (Figure 4). In

We next addressed whether HSF3 is essential solely forcontrast to the ability oHSF3"* cells to survive the
heat shock stress or is required more broadly for the lethal challenge, essentially none of thSF37- cells
response to other forms of chemical and environmental survived exposure to the 46°C stress challenge (Figure 4).
stress. Two other classical inducers of the heat shockThe loss of HSF3, which results in a diminished heat
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) o a0 - This trimeric HSF1 exhibits DNA-binding activity as
demonstrated by the gel shift assay (Figure 5B). However,
+ + 4‘ despite activation of HSF1, the heat shock response was
fractions 15 16 7 1 19 2 21 2 2 % 3 % 27 28 29 deficient as shown by the poor induction of heat shock
gene expression (Figure 2A-C). At 41°C, however, HSF1
37oC - - a remained as a monomer in HSF3-deficient cells, whereas

a significant fraction of HSF1 was converted to the trimer
in wild-type cells (Figure 5A, panels b and e). The lack

;W TN = 8 of HSF1 activation in HSF3-deficient cells at 41°C (Figure
2D and E) offers an explanation for the poor inducibility
4500 —_——— c of HSP70 and other heat shock genes.

Restoration of the heat shock response by
reintroduction of the HSF3 gene into
37°C = d HSF3-deficient cells
To establish rigorously that the lack of heat shock gene
expression was due principally to the loss of HSF3, we
reintroduced theHSF3 gene into HSF3-deficient d131
cells. Two stable lines, Z1 and Z11, were generated and
45°C e f characterized (Figure 6A). Western blot analysis of HSF3
null cells expressing integrated copies of tH8F3gene
4y 4 4 revealed the expression of the 65 kDa HSF3 which
timer  dimer  monomer corresponds in size to HSF3 expresseditro in rabbit
reticulocyte lysates (Nakai and Morimoto, 1993) and the
B expression of the 85 kDa band which correspond to
++ -/ endogenous HSF3. The difference between these two
37 41 45 37 M 45 (°C) bands was not known. The level of the 85 kDa form of
o s HSF3 in Z1 cells was less than in wild-tyg¢SF3/*,
whereas in Z11 cells the level was higher than in wild-
type cells.
. o The heat shock-induced expression of HSP70 mRNA
under mild and severe conditions HSF37- cells was
Fig. 5. (A) Analysis of the oligomeric form of HSF1 in the absence of examined (Figure 6B). Northern blot analysis was per-
a2 Wholo cal extracts ofgwild—type+(/+) (@ b and c) and formed using total RNA from cells heat shocked at 41 or
homozygous HSF3-deficient (—/-) cells (d, e and f) before (aand d) ~ 45°C for 30 min. The level of HSP70 mRNA expression
and after heat shock at 41°C (b and e) or at 45°C for 20 min (c and f) in Z11 cells was nearly equivalent to that observed in
were fractionated on a Superdex HR200 column (Pharmacia) and wild-type cells (Figure 6B).
Western blot analysis of each fraction was performed using antiserum We next examined the oligomeric state of HSF1 in Z11
against HSF1. The predicted elution positions of monomeric, dimeric - .
and trimeric forms of HSFs are indicated at the bottom of the figure. cells EXposed tf_’ both intermediate and extreme heat shock
The approximate elution positions of protein standards are indicated ~ temperature (Figure 6C). In control cells, HSF1 was an
on the top: 669 kDa, thyroglobulin; 440 kDa, ferritin; 158 kDa, inert monomer and, after 45°C heat shock, formed a DNA-
Whole cell extracts used in (A) were mixed with anti-HSF2 serum and wild-type cells). At 41°C, nearly 50% of the HSF1 was

32p-labelled HSE oligonucleotide. These mixtures were run on a 4% . - . - .
native polyacrylamide gel at 140 V for 1.5 h. Autoradiography was converted to the trimeric form in Z11 cells (Figure 6C;

-/- 410C - —— e

performed. also see Figure 5). These results suggest a role for a
common negative regulator of HSF1 and HSF3 trimer
formation.

shock response, has the consequence that HSF3 null cells
do not survive exposure to extreme stress. Discussion

HSF1 activation in HSF3-deficient cells Since the discovery of a family of HSFs, we have learned
The surprisingly low level of induction dfiSP genes in that, in vertebrates, HSF1 is the predominant stress-
HSF3-deficient cells led us to consider that the loss of activated factor and that other members of the HSF
HSF3 negatively affected the activity of HSF1. One of family function under restricted conditions to ensure the
the characteristic features of HSF1 is the heat shock- coordinate transcriptional regulation of genes encoding
induced transition of the non-DNA-binding monomer to heat shock proteins and molecular chaperones (Morimoto
a DNA-binding trimer (Baleret al, 1993; Sargeet al, et al, 1994; Wu, 1995). HSF3 has unusual features and
1993; Nakaiet al, 1995). The biochemical properties of functions both as a stress-activated factor (Nakaal.,
HSF1 in bothHSF3"* andHSF37 cells were examined.  1995; Tanabeet al, 1997) and in the myb-mediated
Under control conditions, HSF1 exists as a monomer growth response (Kanei-Ishét al, 1997). As a stress-
(Figure 5A, panels a and d) and, upon incubation at 45°C, responsive factor, HSF3 is activated by the same stress
the trimeric form of HSF1 was detected in both wild-type conditions which induce HSF1, although the profile for
and HSF3-deficient cells (Figure 5A, panels ¢ and f). HSF3 activation is distinct and requires conditions of
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Fig. 6. Re-expression of HSF3 restored the stress respondSRS8"~
cells. A) Level of HSF3 expression. Cells grown at 37°C were
harvested and whole cell extracts were prepared. Aliquots qfg36f
extracts were subjected to 10% SDS-PAGE, transferred onto
nitrocellulose membranes and blotted with an antibody for HSF3.
Lane 1, wild-type cells; lane 24SF3"/cells; lane 3HSF3"cells;

lanes 4 and 5, independefSF37~ clones, Z1 and Z11, which carried

an HSF3 expression plasmid)(Expression of HSP70 mRNA after

heat shock. Cells grown at 37°C were heat shocked at 41 or 45°C for
30 min and Northern blot analysis was performed as in Figure 2A.

Expression of3-actin mRNA is shown as a controlCj Oligomeric

forms of HSF1 in Z11 cells. Control Z11 cells and those heat shocked
at 41 or 45°C for 20 min were harvested and whole cell extracts were

prepared. The oligomeric forms of HSF1 were determined by gel
filtration assay as shown in Figure 5A.

Role of HSF3 in stress response

here are unexpected as they show that HSF3 is not only
essential but perhaps even dominant relative to the activity
of HSF1 in this system. Cells lacking HSF3 are severely
hampered in their ability to activate HSF1, a result which
is reversed upon reintroduction of a functiort8F3gene.

The consequence of the loss of HSF3 expression in HSF3
null cells is a negative regulatory effect on HSF1 activity
such that HSF3 null cells do not exhibit stress tolerance
and consequently cannot survive exposure to severe stress.

HSF3 is an essential positive regulator
The HSFgene(s) is conserved among organisms; the gene
is essential in yeast, where it is a single copy gene, and
is required for a specific stage of embryonic development
in Drosophila (Sorger and Pelham, 1988; Wiederrecht
et al, 1988; Jakobsen and Pelham, 1991; Gaitoal,
1993; Jedlickaet al, 1997). In both organisms, HSF is
also essential for the stress-induced transcription of heat
shock genes. As the HSFs are highly conserved from
yeast to vertebrates, it is therefore not unexpected that a
knockout of a vertebrate HSF would also have deleterious
effects on the transcription of heat shock genes. However,
unlike invertebrates, higher eukaryotes encode multiple
HSFs; therefore, a knockout of one member of the HSF
family would not have been expected to have such a
dramatic effect. The loss of stress tolerance exhibited by
HSF3 null cells reveals that HSF-induced expression of
heat shock genes is essential for thermotolerance and
protection against stress-induced cell death (Figure 4).
Our results are consistent with observation®msophila
expressing a mutant temperature-sensitive HSF (Jedlicka
et al, 1997) which exhibits impaired survival following
exposure to severe heat stress. These observations demon-
strate that from insects to vertebrates, activation of HSFs
represents an essential component of cell survival after
physiological stress.

HSF1 and HSF3 are co-expressed in most cells and
tissues (Nakai and Morimoto, 1993; Nalketi al, 1995)
and activated by the same stimuli such as heat shock,
heavy metals, amino acid analogues, hydrogen peroxide,
osmotic shock and prostaglandins (Naki al., 1995;
Tanabeet al, 1997; Y.Kawazoe and A.Nakai, unpublished
data). The complex interplay between members of the
HSF family shares features with other transcription factor
gene families such as the myogenic basic helix—loop—
helix family of transcription factors composed of four
members including Myf-5 and MyoD which have a critical
role in myogenesis. Mice carrying null mutations in Myf-5
or MyoD have apparently normal skeletal muscle, whereas
mice lacking both Myf-5 and MyoD do not contain skeletal
muscle (Rudnickiet al, 1993). Myf-5 and MyoD have
largely functional redundancy in myogenesis. Despite the
expectation that either HSF1 or HSF3 would be required
for maximal levels of heat shock gene activation, our
studies show that this is not the case; HSF3 is essential
and its loss cannot be complemented by HSF1.

Molecular link between HSF1 and HSF3

extreme stress such as higher temperatures and elevateWhy does the loss of HSF3 have such dominant negative

concentrations of drugs, metals or inhibitors (Naggal.,

1995; Tanabeet al, 1997; Y.Kawazoe and A.Nakai,

effects on the heat shock response? To address this, we
examined the expression of many of the presumptive

unpublished observation). Given the apparently redundanttarget genes (Figures 2 and 3) to assess whether the loss
features exhibited by HSF3 and HSF1, the results presentecbf HSF3 has selective effects on a subset of the heat
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shock genes. Instead, we found that the expression of allCell culture, transfection and screening

; ; ; DT40 cells were cultured in Dulbecco’s modified Eagle’s medium
\(/)\Iili(:jhfygessgll\gas uninduced in HSF3 null celis relative to (DMEM; Gibco, BRL) supplemented with 18 M B-mercaptoethanol,

) . . 10% fetal bovine serum and 1% chicken serum (Buerstedde and Takeda,
We find the observation that the wild-type levels of 1991). Cells were incubated at 37°C with 5% £®or transfection, 10

HSF1 expressed in HSF3 null cells are insufficient for pellswerewashedtwicewith phosphate-buffel_‘ed saline_(EBS),suspended
the stress-induced activation of heat shock genes ratheff 7.t ¢ B\ LEE 200 G B 0o e on i for 30 i, cell
perplexmg. UHEXpECtedly’ we found that the I_evels of were electroporated with a Gene Pulser apparatus (Bio-Rad) at' 550 V
heat shock mRNAs were _redUCEd by ~50% in HSF3 and 25uF, and then incubated on ice for 10 min. After suspension in
heterozygotes and by 90% in HSF3 nulls by extreme heat20 ml of fresh medium, cells were divided into two 96-well plates and
shock, despite the continued expression of HSF1 (Figure incubated for 20 h. The medium containing G418 or hygromycin was
2). The lack of HSF1 activity is puzzling as we detect the g‘e” added to alf'”a' drug Concen"gt'g” Ofdl's mg/ml. Sfl\tg 10-14 df‘ys'd
. . rug-resistant clones were expanded and genomic was isolate
presence of HSF1 trimers in heat shocked HSF3 null cells fom each clone. Target integration was examined by Southern blotting
(Figure 5). These results reveal a complex interdependencyanalysis BarHl-digested genomic DNA (ig) was electrophoresed on
between HSF1 and HSF3 which may be reflected by 0.8% agarose gels and capillary transf_er%rzgd onto nitrocellulose mem-
common co-activators or co-regulators. Although we have Pranes. Membranes were hybridized witiv*&-labelled 1.2 kiKpni-
not detected mixed heterotrimgers of HSF1 ar?d HSF3. it BarH| fragment of theHSF3gene as a probe as shown in Figure 1A.
L . L The HSF3 expression vector pZeo-HSF3 was constructed by inserting
IS ||ke|Y_ that heat shock promoters _COUld bind to mixed the full-length HSF3 cDNA into the pZeoSV2 vector (Invitrogen).
populations of HSF1 and HSF3 trimers (Naketi al, Twenty fivepg of DNA was transfected intelSF37~ cells by electropor-
1995). By itself, HSF1 in mammals is a potent transcrip- ation using the same conditions as for targeting vectors. Stable trans-
tional activator (Greeret al. 1995 Shiet al. 1995 Zuo formants were isolated in medium containing 300/ml of zeocine
et al, 1995). Likewise a,nalysis, of the 'Eransaétivation (Invitrogen) and the levels of HSF3 expression were determined by
" : ’ ! ) Western blotting using antiserum for HSF3.

domains of HSF3 have shown it to be a potent activator,
with activity comparable with that of HSF1 (Naketi al.,
1997; Tanabet al, 1997). Cells were washed twice with PBS, frozen in liquid nitrogen and stored

The depende.nce. of HSF1 on co-expressmn of HSF3 at —80°C until use. The preparation’ of whole cell extracts, estimation of
reveals that activation of these factors is not an absol_ute protein concentration, Western blotting and gel shift assay were performed
response to a specific heat shock temperature. Comparisons described previously (Tanabeal, 1997).
of wild-type and HSF3 null cells reveals that the regulation Isolation of chicken HSP cDNA

_hindi Nty ; solation of chicken c clones

Of.lgShFl DEA Emdmg activity Jl:c,h_negatl\{gly affgcted g't Chicken HSP110 and chicken HSP25 cDNAs were isolated from a
mi eat S oc temp_erapure. IS pro_w esin eper_1 ent)\ZAPII chicken red blood cell cDNA library (a gift from Dr D.Engel,
corroboration that activation of HSF1 is not determined Northwestern University) and agt1l chicken embryo cDNA library
solely by the absolute temperature of heat shock (Abravaya(Clontech) using a mouse HSP105 cDNA (3.28txRI-Xhd fragment
etal, 1992; Closet al, 1993; Treuteet al, 1993). Rather, ~ ©of PB105-2) (Yasudat al, 1995) and human HSP27 cDNA (0.4 kb

. : . Pst fragment of pHS208, a gift from Dr L.A.Weber, South Florida
the existence of a titratable transregulatory factor which University) (Hickeyet al, 1986) as probes, respectively. Chicken HDJ2

affec_ts the activity of HSF has beeﬁ implicated._ One as obtained by RT-PCR using the total RNA from heat shocked DT40
candidate for such a regulatory factor is HSP70 (Craig and cells. Degenerate primers used for the RT-PCR were designed according

Gross, 1991; Morimoto, 1993). Biochemical experiments to the highly conserved region of the J domain (M.Tanabe and A.Nakai,

Preparation of whole cell extracts, Western blotting and
gel shift assay

have revealed the physical association of HSF1 with Unpublished data).
HSP70 (Abravayeet al, 1992; Baleret al, 1992), and

Northern blot analysis

these results are supported by genetic observations thaiorthern blot analysis was performed as described previously (Tanabe
HSP70 is involved in regulation of the heat shock response et al,, 1997). cDNAs for chicken HSP70 (0.5 Ktindlll-Sma fragment

(see references in Craig and Gross, 1991). Activation of
HSF1 by heat shockn vitro was suppressed in the
presence of excess amounts of HSP70 (Abrawetyal,,
1992); likewise, overexpression of HSP70 impaired the
activation of HSF1lin vivo (Mosseret al, 1993). The
mechanism by which HSP70 negatively regulates HSF1
involves direct interaction within the transcriptional trans-
activation domain of HSF1, thus leading to autoregulation
of the heat shock response (S#ti al, 1998). Whether

of pC1.8) (Morimotoet al,, 1986), chicken HSP®0and HSP9f (1.6 kb
Ndd—Hincll fragment of pSP90S and BlueK®0B:p9, kind gifts from
Dr M.G.Catelli, INSERM, France) (Menet al,, 1993), chicken HSP110
(1.9 kb Xba-Hindlll fragment of pG105-4), chicken HDJ2 (0.3 kb
EcoRl fragment of pJ3), chicken HSP25 (0.8 lxaR| fragment of
pGc27-5) and humaiB-actin (2.0 kbBanHI fragment of pHIBA-1)
(Gunninget al,, 1983) were used as probes.

Metabolic labelling and two-dimensional gel electrophoresis
A total of 0.8x10 cells were harvested in 1.5 ml tubes and resuspended
in 1 ml of methionine-free DMEM containing 5% dialysed fetal calf

HSP70 also negatively regulates HSFE3 remains an interest-serum and 0.1 mCi/ml ofPS]methionine. After incubation for 60 min,

ing possibility.

Materials and methods

Construction of targeting vectors

A chicken HSF3 genomic clone was isolated by screening an EMBL3
SP6/T7 library of genomic DNA from the liver of adult male Leghorn
chicken (Clontech) using a 1.2 kBanHI fragment of pCHSF3-13
(Nakai et al, 1993) as a probe by standard procedures. As shown in
Figure 1A, a 1.8 kiBarrHI fragment and a 4.6 kiXhd—Kpnl fragment
were inserted into a targeting vector by the linker ligation method,
creatingSal or BanHl sites, respectively. The targeting vectors had a
neomycin or a hygromycin resistance gene under the control of the
B-actin promoter in the Bluescript KS plasmid (Stratagene).
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cells were washed with PBS and suspended in 206f lysis buffer

(1% NP-40, 0.15 M NaCl, 50 mM Tris—HCI, pH 8.0, and 5 mM EDTA).
After keeping on ice for 20 min, the cells were centrifuged at 14 000
r.p.m. for 5 min. The supernatant was removed and kept at —20 °C until
use, after addition of an equal volume of glycerol. Non-equilibrium pH
gradient gel electrophoresis (NEPHGE) was performed in the first
dimension using pH 3.5-10 ampholine (O’'Farretlal, 1977). In the
second dimension, 10% SDS—PAGE was performed. Equal amounts of
trichloroacetic acid (TCA)-precipitable radioactivity were applied. The
gel was fixed in 50% TCA, soaked in 1 M sodium salicylate and dried.
Fluorography was performed on Fuji X-ray film.

Soft agar colony formation assay
Aliquots of 2 ml of cell cultures were suspended in 1 ml of DT40
medium (2 DMEM supplemented with 20% fetal calf serum, 2%
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chicken serum and 210°> M B-mercaptoethanol) and 1 ml of 1.2% factor 1 transcriptional activation domain is modulated by constitutive

pre-warmed agarose solution. Immediately after mixing by pipetting, phosphorylationMol. Cell. Biol, 17, 2107-2115.

1 ml aliquots of these mixtures were poured onto 35 mm dishes pre- Knauf,U., Newton,E.M., Kyriakis,J. and Kingston,R.E. (1996)

coated with DT40 medium containing 0.5% agarose. After 7 days, the  Repression of human heat shock factor 1 activity at control temperature

numbers of colonies were counted under a light microscope. All by phosphorylationGenes Dey 10, 2782-2793.

experiments were performed in triplicate. Larson,J.S., Schuetz,T.J. and Kingston,R.E. (1988) Activatiowitro

of sequence-specific DNA binding by a human regulatory factor.
Naturg 335 372-375.
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