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HSP gene expression and HSF2 in mouse development
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Abstract. During the pre-implantation phase of development, the mouse embryo synthesizes HSC70, and HSP90a

and b at a very high rate. After implantation, the expression of HSPs appears non-coordinated and is not uniform
in the different tissues. The expression of inducible HSPs appears later in development than that of constitutive
members of the family. HSP25 is highly expressed early in heart and muscle development, but also in some
structure of the central nervous system. HSC70 and HSP90b are expressed ubiquitously, but their expression
reaches very high levels in the nervous system (neural tracks) and during bone morphogenesis (in the hypertrophic
chondrocytes). The mechanisms involved in HSP expression during mouse embryogenesis are probably diverse,
involving tissue-specific sequences. Although the DNA-binding activity and expression of the second heat shock
transcription factor, HSF2, seems to be developmentally regulated, becoming detectable at the blastocyst stage and
reaching a peak at day 10 of development, there is no obvious correlation between the level of this factor and the
expression of HSPs. HSF2 might be involved in the onset of expression of HSPs, regulate (inhibit) their expression,
or control the expression of other developmental genes yet to be discovered.
Key words. Chaperones; heat shock proteins; heat shock transcription factors; pre- and post-implantation develop-
ment.

The mouse is used as a model in the study of mammalian
(and human) organisms. This is particularly true in
developmental biology where the technique of knocking-
out gene function by homologous recombination has
recently provided a wealth of data, and made the mouse
the best known vertebrate in terms of development.
We will summarize what is known about the role and
expression of HSPs and chaperones in mouse embryoge-
nesis, reserving most space for more recent results not
incorporated in previous reviews [1]. First, we will briefly
add to previous articles in this multi-author review by
reviewing the specific features of the heat shock response
and of embryological development in the mouse.

HSPs, chaperones and HSFs in the mouse

The heat shock genes and proteins and the heat shock
response are not different in mouse than in other verte-
brates (see L. Nover and K.-D. Scharf in this multi-
author review for a characterization of the main HSPs
and chaperones). The major inducible HSP is HSP70,
while the major constitutive forms of HSPs are HSP90b

and HSC70 (see E. Christians in this review for a
precise description of the different genes forming the
HSP/HSC70 family). As in human cells, the inducible
form of HSP90, HSP90a, is expressed in all organs at a
constitutive level lower than that of HSP90b but is
highly inducible by stress, whereas HSP90b is only

weakly inducible [2]. In mouse fibroblast cell lines, in
contrast to human cells, HSP70 is only expressed at a
very low constitutive level and is not even detectable in
most cells. However, HSP70 is expressed in vivo in
different tissues and its expression increases with the age
of the animal [3].
Two families of HSPs have received special attention:
HSP/HSC70, additional members of which are ex-
pressed during spermatogenesis (K. D. Sarge and C.
Cullen, this issue), but are also found in brain [4, 5], and
the small HSP/a-crystallins. Initially, it was thought that
small HSP and a-crystallins were very different proteins,
the latter being specifically expressed in the lens whereas
the former is expressed in other tissues. In fact, small
HSP and a-crystallins are very similar (as similar as the
different HSPs of Drosophila), and a-crystallins are
present in many different tissues of the organism in
addition to the lens. These proteins are expressed at high
levels in the heart (and more generally in striated mus-
cle) but also in other tissues [6–14]. In the case of
aB-crystallin, thanks to the work of Joram Piatigorsky’s
group we have information on the sequences involved in
the developmental regulation of this gene, with a preci-
sion comparable to what is known about the same
family of genes in Drosophila. Small HSP expression is
controlled by steroid hormones in mammalian tissues
[15] (as it is by ecdysone in Drosophila).
Two heat shock factors (HSFs) have been described in
the mouse [16] and are able to bind to the same se-
quence, the heat shock element (HSE). HSF1 is in-* Corresponding author.
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volved in the heat-inducible synthesis of HSPs. HSF2,
which has been isolated from a cDNA library by ho-
mology, shares with HSF1 a very similar DNA-binding
and leucine zipper domain but is quite distinct in the
other domains. Both HSF1 and HSF2 polypeptides
exist in two forms (differing by 22 and 18 amino acids
respectively), resulting from an alternative splicing [17–
19]. These two forms have different transcriptional effi-
ciencies [19].
The mechanisms leading to the activation of HSF1 and
HSF2 are different. Upon activation by heat shock and
stress, HSF1 undergoes a monomer to trimer transition,
concomitant with modifications in its phosphorylation
state, and a nuclear translocation [20]. HSF2 is a dimer
when inactive and a trimer after activation [21]. HSF2
activity is not induced by heat and other stresses but
rather abolished by these treatments. Although both
factors in solution are inactivated by increasing temper-
ature, addition of the DNA target stabilizes mHSF1
whereas it destabilizes HSF2 (our own results). There-
fore, the thermosensitivity of HSF2 is not consistent
with a role for this factor in the response to stress. The
physiological signals responsible for the activation of
HSF2 are unknown. Perhaps these signals do not exist:
it has been proposed that the activity of HSF2 might be
simply related to its level of expression [17]. However,
this relation is not linear: HSF2 mRNA is present at a
low but significant level in many fibroblast cell lines, but
no HSE-binding activity is detected in the same cells.
Two other factors have been described in vertebrates:
HSF3 in avians [22, 23] and HSF4 in humans. HSF3 is
a thermoinducible factor (at least in an erythroblast cell
line), whereas the properties of HSF4 have not yet been
described. It is possible, but not yet demonstrated, that
similar factors exist in the mouse.
The DNA-binding properties of HSF1 and HSF2 are
slightly different [24], even though the same consensus
sequence (nGAAm motif repeated in inverted orienta-
tions) has been described for both of them. HSF1
binding is cooperative: this factor prefers four or five
repeats of the motif nGAAm whereas three such in-
verted motifs constitute an optimal binding site for
HSF2 [25]. The cooperativity of the thermoinducible
factor is well demonstrated for Drosophila HSF [26].
Some similar data have also been obtained on the
human factor produced in E. coli [27]. Since the proper-
ties of recombinant and cell-extracted heat shock fac-
tors are obviously different, these results have to be
considered with caution. In our hands, the binding of
mHSF1 partially purified from mouse cells is only
poorly cooperative, and this cooperativity is not signifi-
cantly increased by temperature. It has been demon-
strated by random oligonucleotide selection that sub-
stitutions in the constant motif or in the adjacent
nucleotides have different effects on the binding of
HSF1 and HSF2 [25]. Moreover, HSF2 binds to the

promoter of the hsp70.2 gene as shown by gel shift
assays, although the nucleotide sequence does not re-
veal any obvious HSE sequence in this promoter [28].
The precise nature of the binding site for HSF2 there-
fore remains an open question.
As for all mammals, the embryological development of
the mouse (21 days) can be subdivided in two phases:
the pre-implantation phase (4.5 days) which can be
reproduced in vitro, and the post-implantation phase
(16.5 days) which has been far less studied. In addition
to the developmental studies, some data have been
collected on the relative expression of the different
HSPs and chaperones in adult tissues and during the
differentiation processes which occur during adulthood
such as in the gonads [28]. The expression of HSPs and
chaperones during spermatogenesis in testes, the mecha-
nisms responsible for this expression and its physiologi-
cal significance will be documented in another article of
this multi-author review (K. D. Sarge and C. Cullen).

Expression of HSPs and chaperones during early mouse

embryogenesis (pre-implantation phase)

Growing oocytes spontaneously express HSC70 and
HSP90 at a high level [29]. High expression of HSPs
during oogenesis (and sporulation) seems to be an an-
cient form of developmental regulation [30]. Many stud-
ies have been devoted to the atypical expression of
HSP70 during early embryogenesis: its ‘spontaneous’
expression at the early two cell stage, its absence of
inductibility during the same period and the progressive
acquisition of this inducibility between fertilization and
the blastocyst stage (E. Christians et al., this multi-
author review [31, 32]). These modifications in expres-
sion and inducibility are correlated with the transition
from a maternal HSF1, abundant in the mature oocyte,
to a newly synthesized zygotic form of this factor.
Another characteristic feature of the early embryo is the
high level of synthesis of some of the HSPs, HSC70 and
HSP90a-b, at the eight cell and blastocyst stages [2, 33,
34]. This high level of expression is obvious at the
eight cell stage: the rate of synthesis of HSC70 and
HSP90a-b, detected by one- or two-dimensional gel
electrophoresis of the neo-synthesized proteins labelled
with 35S-methionine, is similar to the rate of synthesis of
actin, and far superior to the rate of synthesis of other
cellular proteins. This level of synthesis remains high at
the blastocyst stage. It leads to the progressive accumu-
lation of these proteins (in addition to HSP60) which
are revealed as strong protein spots by silver staining of
two-dimensional gels run with extracts of day 8.5 em-
bryos [35]. At the blastocyst stage, this high rate of
synthesis is observed in cells of the inner cell mass as
well as in the trophectoderm [33], demonstrating that,
at this stage of development, there is no obvious corre-
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lation between the rate of synthesis of these HSPs and
the differentiation state of the cells harbouring them.
Although these observations are well established, the
mechanisms involved and their physiological signifi-
cance remain obscure. The fact that this high level of
expression or at least a part of it is observed in all
embryonal carcinoma (EC) or embryonic stem (ES)
cells so far tested [34, 35] has opened the way to
approaches which are out of reach of experimenters
working directly on embryos. HSC70 overexpression
results from a stabilization of mRNA [36] as well as
from an increased rate of transcription of the gene [37].
HSP90a overexpression, which has not been reported in
all studies [38], was explained by an increased rate of
transcription [36]. A similar high level of HSP90b

mRNA has been described [39], but no experimental
data have so far been provided for HSP60. It has not
been demonstrated that the same mechanisms operate
in embryos. Moreover, the level of expression of small
HSP/a-crystallins, or of the cytosolic chaperonin CCT
(TRiC), in EC or ES cells or in the early embryo
remains unknown. However, both in the embryo and in
EC cells, the overexpression of HSPs is correlated with
the occurrence of a constitutive HSF-like activity,
which by supershifting the HSE-HSF complex with
specific antibodies has been shown to be due to HSF2
[38, 40–42]. HSF2 is absent from the oocyte and the
embryo immediately after fertilization and the levels of
HSF2 mRNA and protein increase during pre-implan-
tation development (Christians, unpublished data).
They are high at the blastocyst stage but increase fur-
ther after implantation, with peak levels reached at
about day 10 of development (our own data, see below).
It is an attractive hypothesis to correlate the high level
of expression of HSPs to the presence of this additional
transcription factor. However, this correlation remains
problematic: 1) the highest levels of HSP90a-b and
HSC70 synthesis are observed at the eight cell stage,
when the level of HSF2 is far from maximal; 2) the
form of HSF2 which is expressed during embryogenesis
is not the most transcriptionally active form (our own
data [19]); 3) in EC cells, HSF2 is not bound to the
hsp70 promoter [38]. The latter observation correlates
well with the absence of spontaneous expression of
HSP70 in these cells. It casts some doubt on the true
physiological activity of the HSF2 factor present at the
early stage of embryogenesis (see below).
The physiological significance of this high level of HSP
expression is also obscure. One must recall that what is
physiologically meaningful is the level of HSPs and
chaperones and not their rates of synthesis. The former
becomes significant only after implantation of the em-
bryo [35], while the latter is high as early as the eight
cell stage.
The explanations that can be proposed for the alter-
ations (increases) in HSP expression are not specific to

the pre-implantation phase of development. We shall
also refer to them when, later in this review, we discuss
the variations in hsp gene expression which occur after
implantation of the embryo. It is always possible to
argue that the high level of HSPs is linked to the high
rate of protein synthesis during this early phase of
development, and the profound modifications in cell
morphology and organelle structure which affect most
cells of the embryo. In particular, the cytoskeleton is
extensively reorganized during early development, and
it would be very useful to have some information on the
expression of the different polypeptides forming the
cytoplasmic chaperonin CCT [43], and on the small
HSPs which are involved respectively in the synthesis of
the cytoskeletal components (actin and tubulin) and in
the control of their structure [44, 45]. The two isoforms
of HSP90 might participate in the formation of active
transcription factors belonging to the steroid receptor
or HLH superfamilies (such as myoD), which would be
involved in the complex changes in transcriptional regu-
lation occurring during this early phase of development
[45, 46] (see [47] and the article by P. H. Krone et al. in
this multi-author review, who put forward the same
hypothesis to explain the high specific expression of
HSP90a in zebrafish muscle). HSP90 might also be
involved in the control of protein synthesis [48] or
participate in the protection of the embryo at these
stages of development. Another less frequently men-
tioned parameter which might also affect the expression
of HSPs is the modification in the energy sources and
metabolic pathways used by the embryos, which occurs
between the pre- and post-implantation phases of devel-
opment and later at the onset of vascularization of the
implanted embryo. The modification of stress protein
expression by metabolic conditions was described very
early [49]. Since then, there has been ample experimen-
tal support for the stress proteins localized in the endo-
plasmic reticulum, but this is also true for the stress
proteins localized in the cytosol. It has also been shown
that some HSPs are differentially expressed during the
different phases of the cell cycle (see D. Walsh et al. in
this multi-author review for results and a review of the
literature). Therefore some of the variations in HSP
levels during development might simply result from
modifications in the rate of cell division (and in the
duration of the different phases of the cell cycle). Fi-
nally, a collagen environment also stimulates HSP syn-
thesis [50]. This modulation of HSP synthesis by
collagen might play a major role, in particular at later
stages of development.

Expression of HSPs in the post-implantation phase of

mouse development

As mentioned previously, HSP levels vary in the differ-
ent tissues of an organism. Even within the same organ,
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different cells may have different levels of HSP synthesis
and a differential sensitivity to heat shock. For instance,
in the brain (especially in the hippocampus and in
Purkinje layer of the cerebellum), neurons exhibit a high
level of HSC70 synthesis but respond weakly to a stress,
whereas glial cells (oligodendrocytes and microglia)
have a weaker level of constitutive HSPs but respond
strongly to stress [51]. HSP90 is also abundant in neu-
rons and its expresson is low or absent in glial cells [52].
The highest level is found in the Purkinje layer of the
cerebellum. A correlation between the level of HSP90
and that of the steroid (glucocorticoid) receptor has
been demonstrated [53]. However, in contrast to what
has been described for members of the HSP70 family,
both forms of HSP90 are inducible in the neurons. The
contrast between the high level of HSC70 and the weak
inducibility of HSP70 in neurons can be easily explained
if the level of active HSF is directly controlled by the
level of HSP70 proteins, as proposed by Abravaya et al.
[54] and Mosser et al. [55], but questioned by
Rabindran et al. [56]. The inducibility of both forms of
HSP90 in the same cells is more difficult to explain in
this model. In fact, many data have been collected on
stress protein synthesis and induction in the brain [57]
and retina [58], in relation to the fact that the stress
response is induced in these organs in a wide variety of
physiological and pathophysiological situations and
that HSPs might have a protective effect against these
stresses. Many studies have also been devoted to the
expression of HSPs in testes during spermatogenesis
(see the article by K. D. Sarge and C. Cullen in this
multi-author review). One additional objective of a
study on the developmental expression of heat shock
genes is to understand how these adult characteristics
are progressively established during development.
We feel that the simplest organization of the data is to
present successively the main findings concerning the
expression of the different families of HSPs, before
turning our attention to the molecular mechanisms
which might be responsible for this expression. It
should be recalled that the existing data on HSP expres-
sion during mouse embryogenesis are heterogeneous
since they result from five different lines of research
which provide only partially complementary results.
First, the in vivo study of cell differentiation: interesting
results were obtained very early on muscle differentia-
tion [59] and hematopoeisis (see later). The second
group of studies involves the determination of the level
of mRNAs for different heat shock proteins during
development, either by Northern blots or, with a higher
resolution, by in situ hybridization. Additional studies
were devoted to the direct localization of the HSPs
during development by Western blots or immunocyto-
chemistry. The fourth approach has been the study of
transgenic animals, with reporter genes under the con-
trol of heat shock gene promoters: in so far as these

transgenic animals reproduce the normal pattern of
expression, they gave some clues to the expression of
HSPs. Finally, we have already mentioned that a spe-
cific form of a heat shock transcription factor, HSF2, is
expressed at a high level during most of embryogenesis.
Therefore, we directly measured the expression (at the
mRNA and protein level) and activity of this factor
during mouse embryogenesis. This latter approach must
be compared with the previous ones in order to assess
the physiological significance of this factor in the ex-
pression of HSPs and chaperones. This point will be
addressed at the end of this review.
These different approaches are far from providing a
complete description of HSP expression during mouse
embryogenesis. Moreover, the results obtained by these
different approaches are not equivalent, do not have the
same degree of resolution and are open to different
criticisms. The nomenclature adopted in some studies
(in particular in the older ones) for the different HSPs
makes the observations difficult to interpret. Moreover,
some of the molecular tools (antibodies or probes) used
in the different studies were specific for one form of
HSPs, whereas others recognized different members of
the same family.
However, some observations are common to the differ-
ent techniques used. As a general rule, the most interest-
ing results have been obtained with the HSPs expressed
at highly variable levels in different tissues or with the
stress proteins which are ‘normally’ inducible, but ex-
pressed at very low levels in the absence of stress. An
increased expression of such proteins 1) is easier to
observe and 2) suggests the existence of specific mecha-
nisms regulating their expression. The interest of the
different observations on the developmental expression
of HSPs also depends on what is presently known about
the functions of these proteins. A variation in the level
of a general chaperone involved in protein folding is less
informative than a variation in the level of a specialized
chaperone, such as HSP25 or HSP90, for which specific,
physiologically significant functions have recently been
proposed (see earlier).
The first observations concern HSP70. In addition to
the two cell stage, the inducible gene is spontaneously
expressed during embryogenesis, early in the extraem-
bryonic tissues (day 8.5 in the placenta and 11.5 in the
yolk sac) and later, after day 15.5, in the embryo itself
[60] (see also D. Walsh in this multi-author review).
Surprisingly, an initial experiment with an hsp68-lacZ
hybrid gene was unable to detect any spontaneous ac-
tivity of b-galactosidase [61]. Our results obtained with
a more sensitive reporter gene (luciferase) under the
control of a hsp70 promoter (the reporter of the hsp70.1
gene) do not fully corroborate these early data. A weak
reporter gene activity is found in the embryo, peaking
at day 11, whereas no activity is present in the yolk sac.
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The activity decreases very early in the anterior part of
the embryo while it increases progressively in the tail,
where it remains high even after birth [32]. We have
shown that the protein itself is synthesized at specific
locations in the embryo from day 15.5, at a low level in
the epidermis and mesenchyme and at a higher level in
the endothelium of the blood vessels. It is also ex-
pressed during bone formation and in the central ner-
vous system, where antibodies against this protein label
very specific structures in the telencephalon, mesen-
cephalon and diencephalon. In vitro studies have re-
vealed the transient expression of this protein during
differentiation of human erythroleukemia K562 cells by
hemin [62, 63]. This transient expression is a reflection
of what occurs in vivo during hematopoiesis [64]. It is
possible, although not yet demonstrated, that a similar
transient expression takes place in the mouse. In K562
cells, the transient expression of HSP70 is parallel to the
transient increase in the level of the HSF2 transcription
factor. This increase results from an increase in the level
of the corresponding mRNA, but other mechanisms
might be also involved. A factor is found constitutively
bound to the HSE sequences of the hsp70 gene pro-
moter during hemin-induced differentiation [62]: the
authors have reasonably assumed that this factor is
HSF2. These observations were reported before two
different forms of HSF2 were characterized [17–19].
Reexamination of the published data [21] suggests that
the increase in HSF2 activity might result mainly from
a variation in the ratio of the spliced forms of HSF2,
leading to an accumulation of the transcriptionally ac-
tive form.
From these heterogeneous and fragmentary data, it is
difficult to deduce a precise role for HSP70 in embryoge-
nesis. It is however possible to establish some firm
conclusions: 1) HSP70 is constitutively expressed in
some tissues; this result suggests that, although HSP70
and HSC70 are structurally and functionally very simi-
lar [65], they may each have some specific properties.
Their specificity may lie either in the different partners
with which they interact [66] (such as the DnaJ-like
proteins [67]) or in the differential recognition of their
substrates [68, 69]; 2) the expression of HSP70 is limited
to only some steps of embryogenesis. One possibility is
that the expression of HSP70 corresponds to some stress
situations, for instance to cell death which occurs during
embryogenesis. However, crucial experiments to confirm
this hypothesis are still lacking.
Similar observations have also been made on the in-
ducible member of the HSP90 family, HSP90a, which is
also transiently expressed during differentiation of hu-
man erythroleukemia cells by hemin [62]. Its expression
is detectable by immunochemistry as soon as day 9.5 of
development (our own data). Like HSP90b, HSP90a is
expressed ubiquitously. Previous analyses of RNA [70]
are in quite good agreement with the protein data:

HSP90a mRNA appears relatively late in development
(day 10.5), slightly earlier in the extraembryonic tissues,
and it remains relatively constant (see however Lee [71]
for contrasting results demonstrating higher expression
of HSP90a at early stages of embryogenesis).
The data concerning HSP90a therefore remain very
scarce: they show that the protein is spontaneously
expressed at a low level during early embryogenesis, and
its expression is largely parallel to the expression of
HSP90b (see later). These results are therefore disap-
pointing. The very interesting observation of Patrick
Krone’s group demonstrating a coexpression of myoD
and HSP90a during normal muscle development in
zebrafish [47] (P. H. Krone et al. this multi-author
review) cannot, on the basis of currently available infor-
mation, be extended to the mouse.
The expression of HSP90b is rather ubiquitous. In the
adult, the lowest RNA levels are observed in the spleen,
lung, intestine and pancreas [70, 71] while the gene is
highly expressed in the brain (see earlier).
Our own immunocytochemical studies during mid-em-
bryogenesis confirm the ubiquitous presence and abun-
dance of this protein. However, two tissues exhibit a
remarkably high level of labelling. The first is the cen-
tral nervous system where at day 12.5 or 15.5 the
protein is localized to the periphery of the neural tube
in derivatives of the marginal zone, an area relatively
poor in cell nuclei. In the medulla of the rhomben-
cephalon, antibodies against HSP90 decorate tracks of
nervous fibers. The second situation in which HSP90b

is highly expressed is bone morphogenesis, either in-
tramembraneous or endochondral. The cells which are
the most heavily labelled are the mature hypertrophic
chondrocytes (see later).
Expression of HSC70 also appears to vary only slightly
between different tissues, both in the adult [3] and in the
embryo (our own data). In the adult, the level of expres-
sion is particularly low in the skin and glial cells (see
earlier). In the embryo, HSC70 is highly expressed dur-
ing formation of the neural tube. The neural crest cells
during their migration are also heavily labelled (day
9.5). At a later stage of development, HSC70 remains
highly expressed in the nervous system, being more
abundant in the white matter and at the level of the
neuronal migratory pathways. It is also expressed in the
mesenchyme, epidermis, muscles and viscerae. During
bone morphogenesis, a high level of labelling is also
observed in the hypertrophic chrondrocytes, even
though only a fraction of this cell population is labelled
by antibodies directed against HSC70, in contrast to the
result obtained with HSP90b and HSP25.
The most complete results obtained so far concern the
small HSP/a-crystallin proteins. The variable expres-
sion of these proteins in different tissues was described
very early, even before their characterization as heat
shock proteins, and we now have good and reliable data
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Figure 1. HSP25 is expressed at the onset of the myogenic differentiation. Indirect immunoperoxidase labelling of HSP25 on sagittal
sections of day 9.5 (a) and day 12.5 (b) mouse embryos. HSP25 is localized (a) in the myocardium of the cardiac primordium (A:
atrium, SV: sinus venosus, V: ventricle, (b) in the differentiating myotomes (M) and neck muscles (NM). Scale bar: 100 mm.

on their expression during embryogenesis ([72] and our
own data). Moreover, as we shall see in the next section,
we have some clues to the mechanisms responsible for
their expression during embryogenesis. Therefore, these
proteins have three characteristics which make them
especially attractive for further studies: a specific pat-
tern of expression, along with some clues to their phys-
iological functions and to the mechanisms regulating
their expression.
All three proteins (small HSP itself, aA- and aB-crys-
tallins) share a common structural domain, called the
a-crystallin domain, and they are able to form hetero-
oligomers [72]. Both small HSP and aB-crystallin are
heat-inducible.
The level of expression of small HSP has been shown to
vary dramatically in many different in vitro differentia-
tion systems. The variation in the expression level is
linked to the nature of the differentiation pathway
followed since, in the same cells, the addition of differ-
ent inducers may or may not stimulate the expression of
this protein [73]. A change in the phosphorylation level
of this protein is frequently associated with a change in
its expression. The phosphorylation of small HSP is due
to MAPKAP kinase 2, which is activated by p38, a
MAP kinase-like enzyme [74].
Small HSP is highly expressed in muscle during differ-
entiation [59, 72]. We have observed that this expression
increases during embryogenesis. At day 9.5, HSP25 is
expressed in the mycocardium (fig. 1A). At day 12.5, it
begins to be expressed in the muscular masses of the
cervical region (fig. 1B). Later, at day 15.5, the labelling
of all muscles is very high. Atomi [75] has provided data

suggesting that HSP25 expression is controlled by the
innervation (and activity) of muscles [75].
Yet small HSP is also expressed in neural tissues, in the
spinal ganglia and within the neurons of the central
nervous system (although this expression remains lim-
ited to a small group of neurons [72]. At day 9.5, the
migration pathways of neural crest cells are decorated
by antibodies targeted against HSP25 (see also D. Walsh
et al. in this multi-author review for a description of
HSP25 expression during neural tube closure). At day
12.5, HSP25 is present in the central nervous system, in
the thalamus, as well as in different nuclei of the cranial
nerves (such as the hypoglossal nucleus). This neural
expression of HSP25 persists later in development,
where HSP25 is present in some, but not all, structures
of the central nervous system. HSP25 is also localized
during embryogenesis in the regressing notochord, as
well as in the lens [14, 72] (our own results).
Apart from its presence in the lens, in rat aA-crystallin
is expressed in non-lenticular tissues such as spleen and
thymus [13] aB-crystallin is also abundant in muscle
but, most of all, in heart [7, 12], with a low expression
in kidney and lung.
Recently, we have also obtained preliminary informa-
tion on one of the polypeptides forming the cytosolic
chaperonin CCT or TRiC (TCP1a). It is expressed in a
large spectrum of tissues during mouse embryogenesis,
with a pattern of expression reminiscent of that of
HSC70.
The general picture of HSP and chaperone expression
during mouse embryogenesis is still incomplete. We
have not mentioned either the glucose-regulated pro-
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teins GRP78 and GRP94, or HSP47 [76, 77], calnexin
[78] or calreticulin, which are all localized in the en-
doplasmic reticulum. So far few data have been ob-
tained on the expression of these proteins during
mammalian embryogenesis (see however for HSP47
D. Walsh et al. in this multi-author review). The same
is also true for the peptidyl-prolyl [79] and disulphide
isomerases, enzymes involved in protein folding.
We have also omitted the minor members of the HSP
families, or the as yet less extensively studied HSPs
such as ubiquitin [80], for which no information is
currently available on their expression during develop-
ment: TRAP-1 and TRAP-2 which are associated with
the tumor necrosis factor (TNF) receptor and which
are homologous to HSP90 [81]; another new member
of the HSP90 family [82]; HSP110 and HSP105,
which are distant members of the HSP70 family [83,
84]; the HSP100/Clp proteins [85]; the HSP70-specific
forms which would be present in the immune system
[86], or the mortalins [87]. The expression of the spe-
cific forms of HSP70, HSP70.2 [88–90] and HSC70t,
synthesized during spermatogenesis, is described in an-
other article of this multi-author review (K. D. Sarge
and C. Cullen). The case of HSP70.2 is very interest-
ing: transgenesis with hybrid constructions showed
that the expression of this protein was controlled at
the transcriptional level [91, 92], whereas knock-out of
the gene demonstrated its crucial involvement during
meiosis in male germ cells [93].
Finally, we will briefly mention what is presently
known about changes in the inducibility of the heat
shock genes during development or cell differentiation
(further information will be found in the articles of D.
Walsh et al. and K. D. Sarge et al. in this multi-
author review). As we saw previously, in the adult,
some cells are heat-uninducible or only weakly in-
ducible. This is the case for neurons. In some cell
lines as well, the heat shock response has been de-
scribed as partially defective. The hsp70 gene is non-
inducible in mouse erythroleukemia cells [94],
plasmacytoma, rat hepatoma, and in murine
lymphoma, as well as in some EC cell lines. This in-
ducibility can be partially restored by in vitro differ-
entiation in the case of EC cells [2, 33] or by growth
in tumor and in situ heating [95]. The group of
Benette Phillips has demonstrated that this uninduci-
bility is due to a decreased or abolished access of
transcription factors, associated with a CpG methyla-
tion [96]. Oocytes at their terminal differentiation
stage are also unresponsive to stress [29]. As men-
tioned previously, the early embryo is fully responsive
to stress only at the blastocyst stage. This uninducibil-
ity might be due to an ‘immaturity’ of the system
responsible for the activation of HSF1 or to the age-
ing of the maternal HSF1 factor which has been

stored in the oocyte, since the appearance of heat in-
ducibility is parallel to the synthesis of zygotic
mHSF1.
At later stages of development, D. Walsh et al. (this
multi-author review) clearly demonstrate the varia-
tions in the heat shock response occurring during em-
bryonic brain development (see also Mirkes et al. [97,
98] and Fischer et al. in the rat [99]). Despite these
studies, the data on HSP inducibility in different em-
bryonic structures are still scarce. In addition to the
identification of crucial lesions [100], such information
would be very useful in understanding the differential
sensitivity of embryonic tissues to hyperthermia and
other stresses.

Mechanisms involved in the expression of HSPs and

chaperones during the post-implantation phase of

embryonic development

The precise description of HSP and chaperone expres-
sion during embryogenesis outlined above does not
suggest a general mechanism of regulation during em-
bryogenesis but, on the contrary, a model analogous
to the one proposed for Drosophila where tissue-spe-
cific expression during development is due to regula-
tory sequencies specific for each gene (see Michaud et
al., this multi-author review).
Such seems to be the case for the best studied hsp
genes, a-crystallins, where sequences specific for ex-
pression in lens, lung and muscle have been described
[9–11, 101, 102]. In the lens, the master gene product
Pax-6 plays a major and direct role in crystallin ex-
pression [103]. The promoter of the mouse small hsp
gene has been also sequenced [104, 105], but tissue-
specific sequencies have not yet been sought. It is true
that the control of the expression of small HSPs is
atypical since the induction after a stress seems to be
partially independent of HSF1 [106]. Characterization
of the sequences responsible for the expression of aB-
crystallin gene in the heart provides a puzzling result
[11]: these sequences contain, but are not limited to,
an HSE sequence. The latter result opens the possibil-
ity that the tissue-specific expression of aB-crystallin
might be partially due to factors binding to this HSE
sequence [107].
Therefore HSP and chaperone gene expression during
embryogenesis might be dependent on a factor or fac-
tors binding to specific heat shock sequences. At the
onset of zygotic genome expression, this factor might be
simply the maternal factor HSF1 (see E. Christians et
al. in this multi-author review). At later stages of devel-
opment, HSF2 is a good candidate for such a role. In
uterus, HSF2 is activated in parallel with estrogen stim-
ulation of HSP90 expression [108]. We have shown that
HSF2 is expressed early in development and is very
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abundant and active (as a DNA-binding factor) until
day 15.5, with a maximum at about day 10.
As discussed previously for the role of this factor in
HSP expression at the blastocyst stage, a closer exami-
nation of the data casts some doubt on the physiologi-
cal meaning of the abundance of this factor: 1) during
embryogenesis, the most actively synthesized form is
that which is least transcriptionally active; 2) the tissues
with high HSF2 expression are not those with the
highest rate of HSP synthesis. For instance, in the
brain, where HSF2 activity persists longer than in other
embryo tissues (until day 15.5), HSF2 is found in the
ventricular layer of dividing neurons whereas HSC70
and HSP90b, which are also highly expressed in the
central nervous system, are present in the marginal zone
and concentrate in the tracks of neurofibers; 3) a com-
parison with the expression of a reporter gene under
control of an hsp70.1 heat shock promoter is also puz-
zling: it appears as if the decrease in HSF2 concentra-
tion is a prerequiste for a high rate of expression of the
heat shock genes.
These observations make a case for more ‘subtle’ func-
tions for HSF2. This factor might be responsible for the
onset of heat shock gene expression, for instance by
keeping the chromatin open. Conversely, it might have
an inhibitory effect, preventing full expression of heat
shock genes. Or, simply, it might act on different pro-
moters yet to be identified. As mentioned previously,
the precise nature of the promoter sequences to which
HSF2 binds and of the genes controlled by this factor
are currently unknown.

Future directions

We now have a wealth of data on the expression of some
HSPs and chaperones during embryogenesis, and pre-
liminary data on the expression of HSF2. It is obvious
that future research has to move from a simple descrip-
tion of the expression of HSPs and HSF2 to a more
mechanistic approach to determine the functions of
HSPs in the development and the mechanisms regulat-
ing their expression. Future studies will have to focus, as
a priority on: 1) HSPs for which specific functions have
been proposed and 2) differentiation processes in which
HSPs seem to be critically involved.
For the first requirement, small HSP/a-crystallins are
good candidates. As mentioned previously, they are
involved in the control of the cytoskeletal structure [44]
and have a specific chaperone function [109, 110] and a
protective action against oxidizing agents [111] by par-
ticipating in the control of the redox state. More gener-
ally, HSP25 might have an antiapoptotic role [112].
HSP90a and b also have specific roles in the maturation
of some transcription factors [45, 46] and interact with
the cytoskeleton [113]. HSP90 might also control trans-
lational efficiency by modulating the activity of eIF-2a

kinase [48]. HSP90s might contribute in general to the
regulation of signalling pathways [114].
HSP90s and small HSP/a-crystallins have many charac-
teristics in common. They are both regulated by steroid
hormones [15, 115, 116] (the variation of HSP90 synthe-
sis in murine mammary gland [117] might also be hor-
monally-controlled). The transcription of small hsp/
a-crystallin genes is controlled in some tissues such as
muscle or heart [11] by HLH proteins, which require
HSP90 to be fully functional.
One of the most informative systems might be muscle
differentiation, where small HSPs/a-crystallins are tran-
siently expressed at high level [59]. Good systems exist
by which the complete pathway of muscle cell differenti-
ation can be followed in vitro. By using anti-sense
oligonucleotides, it would be possible to block specifi-
cally the expression of HSPs in such systems and to
observe the consequences on muscle differentiation.
Moreover, embryos affected in genes (myoD, myf5)
essential for muscle differentiation are available. The
relationship between small HSP expression and the ac-
tivity of these master genes involved in muscle forma-
tion might be followed in these systems. It might also be
possible to test whether the expression of HSPs is nega-
tively correlated with the expression of HSF2, as previ-
ously suggested.
Two other differentiation processes in which HSPs
might play an important role have been revealed or
confirmed by our general study of HSP expression
during mouse embryogenesis. HSPs are highly ex-
pressed in neural crest cells and during bone morpho-
genesis. During migration, the neural crest cells are
heavily labelled by antibodies targeted against HSC70
and HSP25. The hypertrophic chondocytes which ap-
pear during cartilage formation are also heavily labelled
by antibodies, revealing a very high expression of
HSP90b, HSC70 and CCT. The same cells express a
transcription factor (Krox 20) whose deletion is repon-
sible for anomalies in bone morphogenesis [118]. Since
in vitro systems exist in which the formation of this
hypertrophic chondrocyte can be followed [119], it is
possible to test the role of HSPs in this differentiation
process and the relationship between krox20 and hsp
gene expression. This expression of HSPs during bone
morphogenesis is puzzling, since it was the expression of
the stress proteins localized in the endoplasmic reticu-
lum, not of the cytosolic HSPs and chaperones, which
was expected in these cells which are heavily engaged in
the secretion of proteins involved in the formation of
cartilage and of the bone matrix.
We can be certain that in the near future, the study of
HSP and chaperone expression during embryogenesis
will shift more and more towards a functional approach
and make HSPs no longer curiosities, but full players in
the developmental process.
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(1996) Human hsp27, Drosophila hsp27 and human aB-crys-
tallin expression-mediated increase in glutathione is essential
for the protective activity of these proteins against TNFa-in-
duced cell death. EMBO J. 15: 2695–2706

112 Mehlen P., Schulze-Osthoff K. and Arrigo A.-P. (1996) Small
stress proteins as novel regulators of apoptosis. J. Biol.
Chem. 271: 16510–16514

113 Koyasu S., Nishida E., Kadowaki T., Matsuzaki F., Iida K.,
Harada F., Kasuga M., Sakai H. and Yahara I. (1986) Two
mammalian heat shock proteins, HSP90 and HSP100, are
actin-binding proteins. Proc. Natl. Acad. Sci. USA 83: 8054–
8058

114 Rutherford, S. L. and Zuker C. S. (1994) Protein folding and
the regulation of signaling pathways. Cell 79: 1129–1132

115 Olazabal U. E., Pfaff D. W. and Mobbs C. V. (1992)
Estrogenic regulation of heat shock protein 90 kDa in the rat
ventromedial hypothalamus and uterus. Mol. Cell. Endocrin.
84: 175–183

116 Shyamala G., Gauthier Y., Moore S. K., Catelli M. G. and
Ullrich S. J. (1989) Estrogenic regulation of murine uterine
90-Kilodalton heat shock protein gene expression. Mol. Cell.
Biol. 9: 3567–3570

117 Catelli M. G., Ramachandran C., Gauthier Y., Legagneux
V., Quelard C., Baulieu E. E. et al. (1989) Developmental
regulation of murine mammary-gland 90 kDa heat-shock
proteins. Biochem. J. 258: 895–901
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