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HSF1 Activation Occurs at Different Temperatures
in Somatic and Male Germ Cells in the Poikilotherm
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The heat shock factor 1 (HSF1) is the central actor of
the response to hyperthermia in eukaryotic cells. In
mammals, male germ cells are an exception among all
cellular populations for their HSF1 activation occurs
at low temperature. This feature was believed to be
specific of homeotherms whose testicular compart-
ment is located outside the main body cavity, where
temperature is lower. In the present study, we show
that in the poikilotherm rainbow trout, the maximal
heat shock response of male germ cells, that are lo-
cated in the same body compartment than the other
organs, occurs also at a significantly lower tempera-
ture (22°C) than for somatic cells (28°C), regardless of
culture conditions before heat shock. In addition, the
acquisition of the HSE-binding activity of HSF1 upon
heat shock is not associated with the classical hsp70
mMRNA accumulation. Taken together, these results
strongly suggest the existence of a particular mode of
heat shock response that could be specific of male
germ cells but not restricted to homeotherms. o 1999
Academic Press
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All cellular activities critically depend on the unique
three-dimensional structure of proteins. The acquisi-
tion of the correct protein folding is determined in part
by the amino-acid sequence of the proteins, but often
requires the assistance of protein chaperones (1). Un-
der protein-damaging conditions, these protein chap-
erones are also necessary for preventing protein aggre-
gation, refolding misfolded proteins in ATP-dependent
mechanisms, and driving irreversibly denatured pro-
teins to degradation machineries (2). The originally
discovered and one of the most potent protein-
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damaging treatment is hyperthermia, that leads to
protein aggregation by exposing normally buried hy-
drophobic protein domains.

In this respect, many protein chaperones capable of
preventing heat-denaturation of proteins and called
heat shock proteins (HSP), strongly accumulate after
heat shock, due to an increased transcription rate of
their genes, mediated by the ubiquitous transcription
factor heat shock factor 1 (HSF1). Several related HSF
have been identified but HSF1 has the unique ability to
bind to the heat shock DNA elements (HSE) (3) in a
heat shock-dependent manner (4, 5). The temperature
at which HSF1 is activated is finely tuned to the heat
sensitivity of the cellular protein machineries and gen-
erally fixed several degrees above the normal living
temperature. In plants and poikilotherm animals, this
set point strikingly depends on the environmental tem-
perature, and may be for example as low as 5°C for an
alga from antarctic (6). For homeotherm animals who
have acquired a relative independence of the external
temperature, it was admitted that the threshold tem-
perature for HSF1 activation is unique for all cellular
populations. However, it has thereafter been shown in
mammals that a particular cell type, namely male
germ cells, are an exception to this rule, since their
temperature of HSF1 activation is only 37°C, that is to
say more than 4°C below that observed in somatic cells.
This finding is likely to explain why mammalian testes
are generally located outside the main body cavity (7).
However, this altered heat shock response is not a
mere consequence of the presence of germ cells at lower
temperature in the scrotal compartment, since the
heat shock set point for somatic testicular cells re-
mains the same as for somatic cell of the organism
(41°C) (8).

To determine whether the lower HSF1 set point ob-
served in male germ cells is specific of mammals or a
general feature in the animal kingdom, we have com-
pared the temperature of HSF1 activation in somatic
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and male germ cells from a poikilotherm animal, whose
cells are all present at the same temperature. For this
purpose, we studied the rainbow trout (Onchorhynchus
mykiss) as a model system in which the testis compart-
ment sits at the same temperature than the other
tissue of the body. Moreover, this species can live only
in a limited temperature range, from 4°C to about 18°C
(stenotherm). We show that in this animal, the HSF1
activation temperature is also clearly different be-
tween male germ cells and somatic cells. Moreover, the
male germ cell specific HSF1 activation at very low
temperature is not associated with an increased tran-
scription of the hsp70 gene. This first observation ob-
tained with a poikilotherm species, allows to propose
that the lower set point of HSF1 activation in germ
cells is a unique property of this cell type, that is not
restricted to homeotherm species.

MATERIALS AND METHODS

Experimental animals. Male rainbow trouts, weighing 800 g in
average, were supplied by an experimental fish farm (Sizun, Finis-
tere, France) and kept in circulating fresh water tanks between
12-14°C. Trout were anaesthetised with 3% 2-phenoxyethanol and
killed by a blow to the head before liver perfusion or testis removal.

Cell culture and heat shocks. The trout embryonic fibroblastic
cell line STE (Steelhead Trout Embryo) was grown at 18°C in 75 cm?®
flasks in Dulbecco’s modified Eagle’s and Ham’s F-12 nutrient mix-
ture with L-glutamine (1:1), 15 mM Hepes, 15 mM N-tris (hydroxy-
methyl) methyl-2-aminoethanesulfonic acid, 12 mM NaHCO;, 1%
(v/v) antibiotics (penicillin, streptomycin and amphotericin B, Sigma,
St Quentin Fallavier, France) and supplemented with 10% foetal
bovine serum. Hepatocytes were obtained after dissociation with
collagenase A (Bcehringer) as previously described (9). 1-2 X 107
hepatocytes were seeded in 5 ml of the medium described above but
supplemented with 2% Ultroser SF (Biosepra) and cultured under
gyratory shaking at 55 rpm at 18°C (Novotron, INFORS AG, Swit-
zerland) to form aggregates. Hepatocyte functions are perfectly pre-
served under these culture conditions (9). Male germ cells were
obtained by mechanical dissociation, exactly as previously described
(10), of testes at mid spermatogenesis, with spermatogonia to sper-
matozoa i.e. stage 1V-V according to a classification adapted from
Billard and Escaffre (11). At all stages of the dissociation process,
testes or cells were maintained around 12°C. For the heat shock
experiments, flasks for STE cells or tubes containing hepatocyte
aggregates or germ cells were submerged for one hour in a water
bath at the indicated temperatures. When a recovery period was
necessary, cells were put back into the incubator for half an hour at
18°C for STE cells and 12°C for germ cells. STE cells were harvested
by scraping and centrifugation at 2000 rpm at 4°C for 5 min or by
centrifugation of hepatocytes or germ cells. Cell pellets were imme-
diately frozen and kept at —80°C.

Protein extracts and gel mobility shift assays. Whole cell extracts
were prepared as described in (12), from frozen pellet by adding 5
volumes of extraction solution, 10 mM Hepes pH 7.9, 0.4 M NacCl,
0.1 mM EGTA, 0.5 mM dithiothreithol (DTT), 5% glycerol, 0.5 mM
PMSF, vortexing and repetitive pipetting until the suspension
appeared homogeneous. The use of a Teflon glass homogeniser
was necessary to complete germ cell disruption. Homogenates
were spun at 25000 g at 4°C for 5 min. Supernatants were col-
lected, protein concentrations were measured, adjusted with ex-
traction buffer at 1 ug/ul for STE cells and hepatocytes or at 0.5
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ng/ul for germ cells, and kept at —80°C. For gel shift analyses 10
wnl of whole cell extract were incubated 30 min at 4°C in the
presence of 12.5 mM Tris-HCI pH 7.8, 62.5 mM NaCl, 1.25 mM
EDTA, 0.625 mM DTT, 6.25% glycerol, 1 ug of poly d1/dC, 10 ug of
BSA and about 5 ng of **P labeled HSE (60000 cpm) in a final
volume of 20 ul. The binding reactions were performed at 4°C for
30 min and loaded on a 4% polyacrylamide gel in 8.9 mM Tris
base, 8.9 mM boric acid, 0.2 mM EDTA, pH:8. Complex were
separated during 2 hours at 220 volts. Gels were dried, exposed
overnight to a X-ray film (Kodak X-omat). For supershift or com-
petition experiments 1 ul of anti-mouse HSF1 monoclonal anti-
body (kindly provided by Dr. Richard I. Morimoto, Northwestern
university, Evanston, Illinois) or the indicated amount of unla-
beled wild type or mutated HSE was mixed prior to adding the
labeled HSE. The wild type HSE was the double stranded DNA
fragment 5’-tcgagcGAAtgTTCtaGAAac-3’ with Xhol hanging ex-
tremities to allow the labeling with the Klenow fragment of
the DNA polymerase |I. Mutated HSE was the double stranded
fragment, 5'-cGAAtgGGAtaGAAa, devoid of the central TTC
trinucleotide.

Reverse transcriptase (RT)-PCR analyses. RNAs were extracted
from control or heat shock cells after a recovery period using the
TRIZOL reagent (Gibco BRL). RNAs were reverse transcribed into
cDNA using random primers as primers. hsp70 and Bactin cDNAs were
measured by RT-PCR using the following oligonucleotides as primers:
5'-ggACATCAgCCAgAACAAQC-3’; 5'-gTgTAgAAgTCgATgCCCTC-3’
(132 bp amplified fragment) for hsp70 and 5'-TTgCTgATCCACATCT-
gCTg-3'; 5-gACAggATgCAgAAQUAgAT-3’ (around 150 bp amplified
fragment) for Bactin, in the presence of deoxynucleotides at 50 um final
concentration. The amplification reactions were carried out using 25
cycles: 95°C 30s; 61°C 30s; 72°C 40s, the PCR products were analysed
on 3% agarose gel in the presence of ethidium bromide. The absence of
contaminating DNA was verified by PCR on non reverse transcribed
RNAs.

RESULTS

Heat-induction of the HSE binding activity in trout
cells. Previous heat shock experiments using trout
cells have only measured the accumulation of hsp tran-
scripts, and have defined that the maximal response is
obtained after 28°C heat shock (13). We wanted to
study the heat shock response at an upstream level, by
determining the heat shock temperature leading to
maximal HSE binding activity in trout cells. For this
purpose, nuclear extracts from two different trout so-
matic cell types: an embryonic cell line (STE) and
hepatocytes, were tested for their HSE binding activity
in electrophoretic mobility analyses, using a labeled
oligonucleotide probe containing the consensus HSE
binding site. Extracts were prepared from cells grown
at 18°C or after 1 hour incubation period at different
temperatures. In the two cell types, a weak HSE bind-
ing activity was observed in control extracts, which
was strongly enhanced after heat shock (Figures 1A
and 2A). In hepatocytes as well as in STE cells, the
maximal HSE-binding activity was observed after a
28°C heat shock. Since the retarded complex observed
in STE cells and hepatocytes were identical, we used
only the STE cells as a source of somatic cells in the
following experiments.
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FIG. 1. Heat induction of a HSF1 binding activity in STE cells,

hepatocytes and male germ cells. (A) Gel mobility shift analysis of
extract prepared from STE cells and hepatocytes grown at 18°C or
after a one hour heat shock at the indicated temperatures. (B) Gel
mobility shift analysis of extract prepared from STE cells or male
germ cells after a one hour heat shock at 28°C. Extracts were incu-
bated with the labeled oligonucleotide probe in absence (control), or
presence of a 30- 50- or 70-fold excess of unlabeled competitors
corresponding to wild type (WT) or mutated (MUT) HSE. For super-
shift experiments (right panels), a monoclonal antibody directed
against mouse HSF1 was added (+) or not (—), to the HSE-HSF
binding reaction.

Different thresholds for the activation of STE and
germ cell HSE binding activities. HSE gel shift
analyses using nuclear extracts from either STE
cells or freshly dissociated germ cells obtained from
mature males, were conducted in parallel. Cells were
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incubated for one hour at different incubation tem-
peratures prior to extracts preparation and gel shift
analyses. As shown in Figure 2, HSE-binding activ-
ity was barely detectable at 18°C in STE cells, in-
creased progressively to peak at 28°C and then de-
creased. In contrast, the maximal HSE-binding
activity was observed at a significantly lower tem-
perature in germ cells. A low level of binding was
observed from 12°C to 18°C, a maximum level at
22°C and decreasing levels from 25°C to 33°C (Figure
2C). It is worth noticing that the mechanical disso-
ciation process of the cells did not modify the HSE
binding activity, since the same band shift pattern
was observed when using extracts prepared from the
whole testis from trouts living at 12°C or freshly

A STE cells acclimated to 18 °C
Temp. (°C) 18 20 22 24 26 28 30 32
B STE cells acclimated to 12 °C
Temp.(°C) 12 15 18 22 24 26 28
- « ®ms e =
C Testis Germ cells

Temp.(°C) 12 12 15 18 22 25 28 30 33

b o Nl i

FIG. 2. HSF1 activation temperature profile in STE and male
germ cells. Gel mobility shift analysis of extracts prepared from STE
cells grown at 18°C (A) or 12°C (B) and from freshly dissociated male
germ cells (C) after one hour incubation period at the indicated
temperature. The temperature of maximal HSE binding activity is
obtained at approximately 6°C lower temperature in germ cells as
compared with STE cells.
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dissociated germ cells cultured at 12°C (Figure 2C,
lanes 1 and 2).

Molecular composition of the HSE complex. The
striking difference of HSE binding temperature activa-
tion observed between somatic and germ cells, might
reflect either different thresholds for the activation of
the same transcription factor, or the use of different
HSE-binding factors in the different cell types. Hence,
we wanted then to verify the identity of the protein
components from somatic and germ cells, responsible
for the HSE complex formation. We have first exam-
ined the effects of oligonucleotide competitors added in
the binding reactions with nuclear extracts from STE
cells and freshly dissociated male germ cells. As shown
in Figure 1B, the retarded complex was specific to the
HSE oligonucleotide, since it disappeared in the pres-
ence of an excess of wild type competitor but not of
mutated HSE where the successive nGAAN blocks are
not arranged in opposite orientations (see Materials
and Methods). This specificity for the canonical HSE
indicates that the HSE complex does contain a typical
HSF. Furthermore, co-incubation of the band shift re-
actions with an anti-mouse HSF1 antibody resulted in
the formation of a slower migrating ternary complex,
when starting from germ cell as well as STE cell ex-
tracts, indicating that the factor involved in HSE com-
plexes is likely to be the same in both cell types. Since
anti-HSF antibodies are currently used in mammals to
discriminate the different HSFs (8), the cross reactivity
of the anti HSF1 antibody with the trout HSF is a
strong indication that it is closely related to mamma-
lian HSF1. In addition, considering that HSF1 is the
only HSF whose DNA binding activity is strictly de-
pendent on heat shock, the possibility that the trout
HSF visualised in this study may correspond to an
immunologically related HSF other than HSF1 is im-
probable. Finally, the absence of residual normally mi-
grating complex in supershift lanes, strongly suggests
that the HSF DNA binding activity present in the two
trout cell types is mainly, if not exclusively, composed
of trout HSF1.

Acclimation to a lower temperature does not affect the
threshold temperature for HSF1 DNA binding activity.
Since the fishes used for the preparation of germ cells
were kept at 12°C, one may hypothesise that the dif-
ferent thresholds observed for the two cell types are a
consequence of the different starting temperature:
12°C for germ cells versus 18°C for STE cells. To test
this possibility, HSF1 binding activity was examined
in STE cells grown at 12°C. Figure 2 (panels A and B)
reveals that maximal HSF1 binding activity was not
affected by lowering the previous incubation tempera-
ture. If STE cells are acclimated to a lower tempera-
ture, one may observe HSE complex formation at 24°C,
but the maximal heat shock response still occurs at
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FIG. 3. Accumulation of hsp70 mRNAs in response to heat
shock. Male germ cells and STE cells were heat shocked for one
hour at the temperature leading to maximal HSE binding activity:
22°C or 28°C respectively and hsp70 and B-actin mRNA were
detected by RT-PCR 30 min after temperature shift down. RT-
PCR products were analyzed on a 3% agarose gel in presence of
ethidium bromide.

28°C. In addition, at the temperature responsible for
the maximum HSF1 DNA binding in germ cells (22°C),
the DNA binding activity observed was as low whether
the STE cells were cultured at 12°C or 18°C. These
results clearly show that in our conditions, the temper-
ature set point for maximal HSF1 activation is an
intrinsic property of each cell type which does not
depend on culture conditions.

Accumulation of hsp70 mRNA in STE and germ cells
after heat shock. In mammalian cells, heat activation
of HSF1 generally mediates the increased expression of
hsp70 gene (4). To examine this point in trout cells,
RNA was prepared from STE and germ cells, heat
shocked for one hour at 28°C or 22°C respectively and
then shifted back to 18°C or 12°C for 30 min. RNA were
then reverse transcribed using random primers, hsp70,
and Bactin cDNAs were measured by PCR. As shown in
Figure 3, hsp70 mRNA level increased after heat shock
in STE cells, but remained constant in germ cells in
despite of HSF1 activation.

DISCUSSION

The results presented here reveal surprising dif-
ferences between cell populations from a poikilo-
therm animal upon heat shock. The HSF1 activity
that we measured in trout somatic cells are in agree-
ment with previous reports. The heat shock temper-
ature inducing maximal HSF1 binding activity in
primary cultured hepatocytes as well as in STE cells
is 28°C. In these cells, the activation of HSF1 was
accompanied by a classical increase of hsp70 mRNA.
Accordingly, Mosser et al. (13) have shown that syn-
thesis of heat shock proteins in trout fibroblasts was
maximal at 28°C. In addition, we found that the
temperature activation profile of HSF1 remained un-
changed when the growth temperature of STE cells
was reduced from 18°C to 12°C, in agreement with
two previous studies on other poikilotherms. Hepa-
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tocytes prepared from channel catfish Ictalurus
punctatus acclimatised to 7°C or 25°C, exhibited a
maximum HSP synthesis around 40°C (14). Like-
wise, varying the growth temperature of Drosophila
cells between 19°C and 26°C had little effect on the
pattern of HSP synthesis (15). On the contrary, a
study from Abravaya et al (16) indicates that the
level of activated HSF1 was dramatically increased
in Hela cells, when grown at 35°C instead of 37°C
prior to a 42°C heat shock. It is thus tempting to
propose that in poikilotherm organisms whose cells
are commonly exposed to temperature fluctuations,
the heat shock response is not as tightly linked to
their growth temperature as seen in homeotherms.

More surprisingly, we found that the temperature
inducing maximal HSF1 DNA binding activity is 22°C
in freshly isolated male germ cells, that is 6°C below
the activation temperature of HSF1 in somatic cells.
This is the second report indicating a reduced HSF1
activation temperature in male germ cells. HSF1 acti-
vation was previously shown to occur at low tempera-
ture in mouse male germ cells, when compared to so-
matic cells (7). Indeed, HSF1 activation occurs at 37°C
in mouse germ cells, instead of 42°C for non testicular
as well as testicular mouse somatic cells (8). The
present data clearly indicates that male germ cells
isolated in the testis at a lower temperature than the
one observed for somatic cells in other tissues, possess
a high heat sensitivity which is not restricted to mam-
malian species as shown here in the trout. Therefore,
the observation of a lower threshold temperature of
heat shock activation in mammalian male germ cells is
probably not a consequence of the lower growth tem-
perature of these cells within the scrotal compartment,
but probably more a general property of animal male
germ cells.

The biological signification of the HSF1 activation at
low temperature in germ cells is puzzling. Since dam-
aged proteins have been suggested to be the triggering
signal of HSF1 activation (4, 17), one may hypothesise
that this lower set point for HSF1 activation may be
due to a particular thermosensitivity of certain male
germ cell specific protein components. However, this
explanation is not in agreement with the other obser-
vation presented in this report, that the transcription
of the protein chaperone hsp70 gene does not increase
after HSF1 activation in trout germ cells. On the con-
trary, a classical hsp70 induction upon heat shock, is
observed in trout somatic cells. Such a lack of corre-
spondence between DNA binding induction of HSF1
and hsp70 expression in germ cells may appear sur-
prising since these two molecular events are classically
associated (18). In fact, several cases of uncoupling
between HSF1 activation and HSP expression have
recently been reported. For example, a lack of induc-
tion of hsp70 after heat shock has also been observed in
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mouse testicular cells (19). Conversely, HSP are ex-
pressed at high level in 293 cells in absence of any
HSE-HSF binding activity (20). Interestingly, beside
male germ cells, a disconnection between the HSE
binding activity and the transcriptional activity of
HSF1 has also been demonstrated in Xenopus oocytes
(21).

From a physiological point of view, these observa-
tions are of particular interest in the reproduction
context. Indeed, male fertility is known for a long
time to decline after a rise in temperature. In this
respect, an increase of the scrotal temperature was
used as a method of human male contraception by
ancient romans. A particular sentitivity of male re-
productive functions has also been established in
rainbow trout (22, 23). It has been proposed that this
phenomenon could be linked to a particular heat
sensitivity of male germ cells. This assumption was
then strongly strengthened at the molecular level by
the recent observation that in mouse, HSF1 activa-
tion occurs in male germ cells at a temperature dra-
matically lower than in somatic cells (8). The present
report tends to support the idea that the heat shock
response at lower temperature is a general feature of
male germ cells whose origin remains to be eluci-
dated.
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