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ABSTRACT Insights have emerged concerning insulin
function during development, from the finding that apoptosis
during chicken embryo neurulation is prevented by prepan-
creatic (pro)insulin. While characterizing the molecules in-
volved in this survival effect of insulin, we found insulin-
dependent regulation of the molecular chaperone heat shock
cognate 70 kDa (Hsc70), whose cloning in chicken is reported
here. This chaperone, generally considered constitutively ex-
pressed, showed regulation of its mRNA and protein levels in
unstressed embryos during early development. More impor-
tant, Hsc70 levels were found to depend on endogenous
(pro)insulin, as shown by using antisense oligodeoxynucleoti-
des against (pro)insulin mRNA in cultured neurulating em-
bryos. Further, in the cultured embryos, apoptosis affected
mainly cells with the lowest level of Hsc70, as shown by
simultaneous Hsc70 immunostaining and terminal de-
oxynucleotidyltransferase-mediated UTP nick end labeling.
These results argue in favor of Hsc70 involvement, modulated
by embryonic (pro)insulin, in the prevention of apoptosis
during early development and suggest a role for a molecular
chaperone in normal embryogenesis.

Programmed cell death, a process recognized increasingly in
development (1), and the factors modulating survival/death of
embryonic cells are characterized poorly in the critical periods of
gastrulation and neurulation. Apoptosis, as well as other devel-
opmental processes, is likely to be regulated by a complex,
changing combination of growth factors (2, 3). Some of these
factors are well known for their actions in adult organisms, as is
the case with the pancreatic hormone insulin. Preproinsulin
mRNA is also expressed in the early prepancreatic embryo, even
before insulin-like growth factor I (IGF-I), at least in chicken (4,
5) and Xenopus (6). The widespread distribution of preproinsulin
mRNA during gastrulation and neurulation, as well as the similar
broad distribution of the insulin receptor mRNA (5) and protein
(7), potentially implicates (pro)insulin in the regulation of cellular
events in early development. Indeed, we demonstrated previously
that insulin is an autocrine/paracrine survival signal (5). Inter-
ference with embryonic (pro)insulin and insulin receptor expres-
sion using antisense oligodeoxynucleotides (ODNs) thus in-
creased apoptosis, both in culture and in ovo (5), supporting the
involvement of insulin signaling in the regulation of programmed
cell death. In addition, exogenous insulin suppresses apoptosis of
chicken embryo lens cells (8) and maintains the survival of
migratory neural crest precursors (9), among other effects on
neural cells (reviewed in ref. 10). Although another member of
this family, IGF-I, is widely recognized as a survival factor for
many cell types (10-12), and its possible mechanism of action
through the pI3 kinase/Akt pathway is beginning to be elucidated
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(13, 14), the physiological survival effect of (pro)insulin has
received less attention.

Molecular chaperones assist folding, translocation, and as-
sembly of newly synthesized proteins (reviewed in refs. 15 and
16) and also protect the cell from heat shock and other
physiological or environmental stresses, increasing cell sur-
vival after stress (17, 18). The specific mechanisms involved in
the cell survival effect of some chaperones have nonetheless
been approached only recently (19-21). How extracellular
survival factors might modulate these chaperones and whether
these molecules mediate the factors’ antiapoptotic function
have not been elucidated.

We have reported recently that a putative chicken heat
shock cognate (Hsc)70, a noninducible member of the heat
shock 70-kDa protein family, is the antigen recognized by the
monoclonal antibody PM1 (22, 23). The PM1-positive cells in
the chicken embryonic retina in culture depend on exogenous
insulin and IGF-1 (24). Because insulin prevents apoptosis and
maintains the PM1/Hsc70-expressing cells, we have begun to
explore a possible relationship between these phenomena that
could prove to be part of the apoptosis prevention mechanism
by embryonic (pro)insulin. We report here the isolation and
characterization of the chicken ssc70 cDNA and its mRNA
and protein expression from gastrulation to early organogen-
esis. As hypothesized, endogenous (pro)insulin maintained
embryonic Hsc70 protein levels, and the apoptosis induced by
growth factor deprivation, which is attenuated by insulin, was
prevalent in cells with low Hsc70 levels.

EXPERIMENTAL PROCEDURES

Chicken Embryos and Treatments in Culture. Fertilized
White Leghorn eggs (Granja Rodriguez-Serrano, Salamanca,
Spain) were incubated at 38.4°C, 60-90% relative humidity.
The embryos were staged according to Hamburger and Ham-
ilton (25). Embryos at 1.5 days of development (E1.5) were
cultured in chemically defined medium as described (4, 26).
Where indicated, embryos were treated with purified chicken
insulin (Litron Lab, Rochester, NY), recombinant human
insulin (a kind gift from Eli Lilly), or 12.5 nmol of the indicated
ODN as described (see refs. 5 and 26 for extensive details and
controls). All ODNs were synthesized as phosphorothioate
derivatives by Oligos Etc. (Wilsonville, OR). Sequences were
ASA, 5'-GAGAGCCATGATGAG-3"; ASB, 5'-GCTCGA-
CATCCCGTC-3"; RAN, 5'-TAACGGTAACGGAGG-3';

Abbreviations: Hsc70, heat shock cognate, 70 kDa; IGF, insulin-like
growth factor; ODN, oligodeoxynucleotide; En, embryonic day n;
TUNEL, terminal deoxynucleotidyltransferase-mediated UTP nick
end labeling.
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deposited in the GenBank database (accession no. AJ004940).
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SS, 5'-CTCATCATGGCTCTC-3'; ASIGF-1 5'-TTTTTC-
CATTGCTTC-3"). The inhibitors Ac-YVAD-CHO (for
caspase 1) and Ac-DEVD-CHO (for caspase 3) or a control
peptide inhibitor, Ac-LLR-CHO (leupeptin), were also used
(Bachem). The inhibitors were added to the agarose under the
embryo and to the medium at the indicated concentrations.
After 5 h, a second dose was added to the medium.

Reverse Transcription PCR Cloning, cDNA Library Screen-
ing and Sequence Analysis. Total RNA was extracted from the
brain of embryos at 4.5 days of development (E4.5) by the
RNAzol method (Biotecx Laboratories Inc., Houston). The
RNA was reverse-transcribed using the First-Strand cDNA
Synthesis Kit (Pharmacia), with the antisense primer 5'-
GGIGGIGAIGA(C/T)TT(C/T)GA(C/T)AA-3'. The re-
verse transcription product was subjected to PCR amplifica-
tion using 10 mM Tris, 50 mM KCI, 200 uM each dNTP, 1 mM
MgCl,, 0.5 nM antisense primer, and 0.5 nM sense primer
5'-CCICCIACIA(A/G)IACIAT(A/G)TC(A/G)TG-3';
primers were derived from the known peptides sequence (23).
The 309-bp amplified product was sequenced automatically by
the dideoxynucleotide method (Perkin-Elmer) and cloned
into a pGEM-T (Promega) vector. The sequence was com-
pared by using the GCG software package and showed the
highest identity with the human Asc70 gene. This fragment was
labeled with digoxigenin-dUTP (Boehringer Mannheim) by
random priming and was used as probe. An E1.5 chicken
embryo cDNA library (kindly provided by R. M. Grainger,
University of Virginia, Charlottesville) was screened by using
standard methods. Of 13 positive plaques identified initially
from 250,000 phages plated, 4 were subjected to three addi-
tional rounds of screening before purifying A phage DNA with
affinity columns (Wizard Lambda Preps, Promega). The four
inserts were subcloned into the EcoRI site of pBluescript
(Stratagene). Recombinant plasmids were subjected to restric-
tion analysis and sequenced, resulting in a unique clone of 2120
bp.
Northern Blot Analysis. Total RNA was extracted from
whole embryos and 10 pg was electrophoresed, transferred,
and crosslinked to filters by standard methods. The 309-bp
hsc70 cDNA fragment used for the library screening and a
1.8-kb chicken hsp70 cDNA probe (a kind gift of R. L
Morimoto, Northwestern University, Evanston, IL) were used
for hybridization of the same filters. Methylene blue staining
of the membranes allowed control of loading.

Immunoblotting. Crude embryonic extracts (solubilized at
25 mg of wet weight per ml of SDS-PAGE sample buffer) were
fractionated and transferred to nitrocellulose membranes as
described (22, 23). Blots were incubated with one of the
following primary antibodies: mouse mAb PM1 (mouse as-
cites, 1/5,000 dilution), mouse mAb anti-Hsp70 (SPA-810,
1/1,000, StressGen Biotechnologies, Victoria, Canada), rat
mAD anti-Hsc70 (SPA-815, 1/1,000, StressGen Biotechnolo-
gies, Victoria, Canada); mouse antiserum anti-Hsc70PP (1/
3,000; generated against a synthetic polypeptide comprising
amino acids 617-635 of the chicken Hsc70; see ref. 23 for
details), or mouse mAb anti-B-tubulin (1/5,000, Sigma). Sec-
ondary antibodies were peroxidase-conjugated goat anti-
mouse Ig (1/30,000, Jackson ImmunoResearch) or goat anti-
rat Ig (1/6,000, Southern Biotechnology Associates). Incuba-
tion and washing steps were as described (22). Immunoblots
were developed by using the ECL system (Amersham). Den-
sitometric analysis was performed by using IMAGEQUANT
software (Molecular Dynamics).

Cell Dissociation and Nuclear Staining. Cultured embryos
were fixed in 4% (wt/vol) paraformaldehyde for 2 h and
washed twice with PBS containing 3 mg/ml BSA. Embryos
were then dissociated to single-cell suspension, deposited on a
slide by using a cytospin, and stained as described (5, 27). Cells
were stained and mounted with 4 ug/ml 4',6-diamidino-2-
phenylindole (Sigma), and 1 mg/ml o-phenylenediamine (Sig-
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ma) in glycerol:PBS (9:1). Pyknotic nuclei were observed
under epifluorescence illumination in a Zeiss Axioscop.

Terminal Deoxynucleotidyltransferase-Mediated UTP Nick
End Labeling (TUNEL) and Hsc70 Staining and Flow Cytom-
etry. Cultured embryos were processed as above. Aliquots of
the cell suspension, typically 50,000 cells, were stained with rat
mAD anti-Hsc70 (1.7 pg/ml) or with Igs as negative control,
followed by biotinylated goat anti-mouse Ig (1/200 dilution,
Amersham) and then with Cy2-streptavidin (1/200 dilution,
Amersham). Fragmented DNA was stained by the TUNEL
method in the same cell suspensions and was permeated with
0.6% (wt/vol) Triton X-100 in 2X SSPE. Samples were
incubated 1 h at 37°C with 50 ul of a solution containing
biotin-16-dUTP and terminal-deoxynucleotidyl-transferase, as
indicated by the manufacturer (Boehringer Mannheim). The
reaction was terminated by a 2-h incubation in 2X SSPE at
65°C. The end-labeling with biotin-16-dUTP was visualized
with Cy3-streptavidin (1/100, Amersham). Flow cytometry
data collection and multiparameter analysis were done in an
EPICS XL Coulter Cytometer, as described (28).

RESULTS

Cloning of Chicken hsc70 ¢cDNA. The biochemical data
indicating that the antigen recognized by mAb PM1 was the
chaperone Hsc70 (23) were confirmed by the isolation of a full
length 2,120-bp cDNA clone. The deduced amino acid se-
quence (Fig. 1) showed the highest homology with human
Hsc70 (98% identity) among the nine members of the 70-kDa
heat shock protein family cloned in humans and less with the
other two members of the family known in chicken (86% with
Hsp70 and 79% with Grp78).

Hsc70 Expression Is Regulated During Early Chicken De-
velopment. The chaperone Hsc70, generally considered con-
stitutive, showed a developmentally regulated pattern of ex-
pression at both the mRNA and protein levels (Fig. 2). As early
as gastrulation (E0.5), isc70 mRNA was found in the embryo
as a single 2.2-kb transcript, which increased 2.8-fold from
gastrulation to early organogenesis (E2.5; Fig. 2A4). In situ
hybridization showed not a simple general increase in the sc70
mRNA levels but a dynamic pattern with changing distribution
as development proceeds (unpublished results). Rehybridiza-
tion of the Northern blot with a chicken /sp70 probe gave no
signal at any of these stages (data not shown). At the protein
level (Fig. 2B), Hsc70 also revealed a developmentally regu-
lated expression in parallel to that of its mRNA. Again, antigen
distribution presented very elaborated patterns (unpublished
results). Hsp70 was detected only at EQ.5 and with much longer
exposure time.

Embryonic Apoptosis Attenuated by Insulin Involves
Caspases. E1.5 embryos in growth factor-deprived culture
undergo apoptosis, which is attenuated by insulin as the only
exogenous growth factor (5). To approach the mechanisms of
this apoptotic process and of insulin action, we used peptide
inhibitors of the caspases, the main executors of apoptotic
death (29). Apoptosis induced in neurulating embryos by
growth factor deprivation was rescued up to 50% by the
addition of two caspase inhibitors (Fig. 3), demonstrating the
involvement of caspases in this embryonic cell death. Exoge-
nous insulin, as described, also attenuated apoptotic cell death
in a dose-dependent manner, with a maximal effect of 70%
rescue at 10~7 M. The simultaneous addition of both caspase
inhibitors and insulin at their respective maximal effective
concentrations did not produce additive effects, suggesting
that insulin prevented the death program executed by caspases
in the early embryo. When caspase activity was measured,
however, there was still some activity inhibitable by caspase
inhibitors in the presence of insulin (data not shown).

Hsc70 Level Is Modulated by Embryonic (Pro)insulin. We
tested whether (pro)insulin was able to maintain higher levels
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FiG. 1. Predicted amino acid sequence of chicken Hsc70 (¢cHSC70), compared with chicken Hsp70 (cHSP70), Grp78 (¢cGRP78), and human
Hsc70 (hHSC70). The amino acids conserved in all sequences are in black boxes, those conserved only in some of the sequences are in gray boxes.
European Molecular Biology Laboratory nucleotide sequence database accession number for chicken Hsc70 is AJ004940.

of Hsc70 in addition to preventing apoptotic cell death.
Exogenous insulin added to cultured embryos, however, in-
creased Hsc70 mRNA and protein only modestly (Fig. 4). This
low stimulation, borderline significant, could be in part sec-
ondary to the upregulation of the embryonic endogenous
(pro)insulin mRNA expression observed in the cultured em-
bryos (4), which attempts to overcome growth-factor depriva-
tion. Therefore, we inhibited the biosynthesis of embryonic
(pro)insulin by antisense ODN:S, a strategy used successfully in
this system (5, 26). Antisense ODNs complementary to the
chicken (pro)insulin mRNA were applied to E1.5 embryos in
culture and Hsc70 was analyzed by immunoblotting using mAb
PM1 and antiserum anti-Hsc70P°P (Fig. 5). As hypothesized,
endogenous (pro)insulin was involved in maintaining Hsc70
levels. The antisense ODNs (ASA and ASB) reduced the level
of Hsc70 by 40%, a significant decrease when compared with
control ODNs (RAN and SS). Antisense ODN complemen-
tary to chicken IGF-I (ASIGF-I) had no effect on Hsc70 levels,
supporting previous data showing that IGF-I signaling through
its receptor is less relevant than (pro)insulin signaling in the
neurulating embryo (5). Consequently, 10~7 M chicken insulin
added to the culture medium together with ASB recovered
Hsc70 level, confirming the specificity of the (pro)insulin
antisense ODN effect, and further increased Hsc70 levels by
32% with respect to control embryos. These results are fully
concordant with the reported effects of (pro)insulin antisense
ODN treatment on apoptosis. ASA and ASB increased apo-
ptosis by 40% in cultured embryos (5). Additionally, in parallel
with Hsc70 modulation, B-actin, which is transcriptionally
regulated by exogenous insulin in proliferating cells (30),
increased in the presence of insulin and decreased with ASB
(data not shown), whereas B-tubulin showed no significant
changes on similar treatments (Fig. 5).

Prevalence of Apoptotic Death in Embryonic Cells with Low
Hsc70 Content. Because embryonic (pro)insulin prevented
apoptosis and maintained overall embryo Hsc70, we sought a
relationship between cell survival and Hsc70 expression. A
highly sensitive detection and quantitation by flow cytometry
demonstrated that there was graded Hsc70 expression in the
dispersed E1.5 embryo cells, with up to 85% of the cells
containing levels measurable above background (Fig. 64). This
graded expression is also reflected in immunohistochemistry
(unpublished results). In embryos cultured for a short time (6
h), apoptotic cell death could be detected by TUNEL staining
simultaneously with Hsc70 staining. The TUNEL-stained cells
presented low Hsc70 immunofluorescence signal (Fig. 6B);
conversely, the proportion of dead cells was higher among the
cells with low Hsc70 levels (data not shown).

DISCUSSION

This study supports the involvement of embryonic (pro)insulin
in early developmental processes, in particular in the regula-
tion of cell survival/death, through attenuation of caspase-
executed cell death, possibly by maintaining Hsc70 levels. In
addition, the developmental and growth factor-dependent
regulation of the generally considered constitutive chaperone
Hsc70 in unstressed embryos has been demonstrated.
Cloning of chicken Hsc70 has confirmed further the bio-
chemical nature of the antigen recognized by mAb PM1 (22,
23). As expected, chicken Hsc70 presented higher homology
with Hsc70s cloned in vertebrates than with other members of
the 70-kDa heat shock protein family, such as Hsp70, a
heat-inducible chaperone already described in chicken (31).
Hsc70 mRNA and protein were relatively abundant in early
unstressed chicken embryos, whereas Hsp70 was demonstrable
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F1G. 2. Expression of Hsc70 mRNA and protein in early embryos.
(A) Northern blot analysis of 4sc70 mRNA in whole chicken embryos
at the indicated ages. A single 2.2-kb transcript was revealed. Meth-
ylene blue staining of the 18S rRNA in the same blot (Lower) allowed
for loading correction. The relative densitometric values (mean of
three blots) after 18S correction were: 1 (E0.5), 1 (E1), 2 (E1.5), and
2.8 (E2.5). (B) Embryonic extracts of the indicated ages were subjected
to SDS-PAGE and immunoblotting. Staining with antiserum anti-
Hsc70p¢P revealed a 73-kDa band at all ages. In a parallel blot stained
with mAb anti-Hsp70, only a faint band was observed at E0.5, despite
the fact that the blot was exposed 8-fold longer than that stained for
Hsc70. All the blots were restained for tubulin to allow for loading
correction. The relative Hsc70 densitometric values (mean of four
blots) after tubulin correction were: 1 (E0.5), 1 (E1), 1.3 (E1.5), and
1.8 (E2.5).

only at very low protein levels in the E0.5 embryo. Hsc70
presented not only a distinctive developmental pattern but also
graded expression in the neurulating embryo, as visualized by
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F1G.3. Protection from apoptosis by caspase inhibitors and insulin.
E1.5 embryos were cultured in basal medium alone (Med) or with the
indicated concentrations of leupeptin (Leup), caspase 1 and 3 inhib-
itors (C-Inh), chicken insulin (Ins), or 100 nM insulin and 0.5 mM each
caspase inhibitors together. After 10 h of culture, apoptosis was
quantified in dissociated cells. Six hundred cells were counted per
experimental point. The values represent the mean = SEM of three to
five cultured embryos in each of two to eight different experiments and
are expressed relative to the embryos cultured in medium alone. *, P <
0.001 with respect to the medium alone.
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FiG. 4. Exogenous insulin increases Hsc70 mRNA and protein
levels in cultured embryos. (4) Northern blot analysis of 4s¢70 mRNA
in whole chicken embryos cultured in basal medium (M) or in the
presence of insulin (Ins) for 12 h. The single 2.2-kb transcript was
quantified relative to methylene blue-stained 18S rRNA (Lower). The
relative densitometric values (mean of two blots) were 1 (M), 1.3 (108
M insulin) and 1.2 (10~7 M insulin). (B) Extracts of embryos cultured
in basal medium or in the presence of insulin for 12 h were subjected
to SDS-PAGE and immunoblotting. The staining with antiserum
anti-Hsc70P¢P revealed a 73-kDa band that was quantified relative to
tubulin (Lower). The relative Hsc70 densitometric values (mean of
four blots) were 1 (M), 1.16 (10~° M insulin), 1.25 (1078 insulin).

flow cytometry (Fig. 6) and by in situ hybridization and
immunofluorescence (unpublished results). Hsc70 cellular lev-
els are modulated also in the developing neuroretina, where
Hsc70 is restricted to proliferating neuroepithelial cell sub-
populations and to ganglion cell neurons (22, 23). The precise
regulation and the extreme differences found in Hsc70 cell
content in developmental systems are difficult to relate directly
to a generalized role such as a molecular chaperone assisting
protein folding and preventing misfolding, both in normal and
stressed conditions (15, 16).

Arole for the various chaperone families in the development
of different species is indeed suspected, based on observations
of their expression in embryos, but their specific function in
developmental processes is undefined. The initial recognition
of Hsc70 proteins distinct from Hsp70 in Drosophila was
already suggestive of their developmental importance, because
transcript levels for Hscl, Hsc2, and Hsc4 varied from embryos
to larvae to adult flies (32). In mouse, the synthesis of cognate
and inducible members of the chaperone/heat shock 70-kDa
protein family was demonstrated in the two-cell embryo at the
time of onset of zygotic genome activation (33). Hsp70 ex-
pression, which occurs here in the absence of experimental
stress, is repressed subsequently and does not exhibit a stress
response until the blastocyst stage. In contrast, Hsc70 synthesis
has been reported in all developmental stages of mouse
embryogenesis from E8.5 (neurulation) and in all tissues
examined, with no significant variations (34, 35), a pattern
distinct from that described here for early chicken embryo-
genesis. Other authors, however, have found that Hsc70 ex-
pression occurs in early mouse development at the blastula
stage and is down-regulated toward the end of embryogenesis
in almost all tissues except for nervous tissue, which retains
high expression (36, 37). Similarly, Xenopus Hsc70.1 is ex-
pressed from cleavage to tadpole stages, showing a significant
increase after the blastula stage that correlates with activation
of the embryonic genome at the midblastula transition (38). In
addition, Hsp70 is constitutively expressed during amphibian
oogenesis, increasing in oocytes from stage II to stage VI under
physiological conditions (39-41). In the chicken embryo,
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F1G. 5. Hsc70 levels decrease after treatment with (pro)insulin
antisense oligonucleotides. (4) Two representative blots, illustrating
the different treatments, with extracts from cultured E1.5 embryos
treated with the indicated insulin antisense (ASA, ASB), IGF-I
antisense (ASIGF-I), or control (RAN, SS) ODNs, and 1077 M
chicken insulin where indicated. After 10 h in culture, the extracts from
individual embryos were subjected to SDS-PAGE and immunoblotting
with mAb PM1 or with antiserum anti-Hsc70P¢P. Blots were restained
for tubulin for loading correction and quantified by densitometry. (B)
Quantitation of ODN effect on Hsc70 levels. Values represent the
mean * SEM of two to three replicate immunoblots from each of two
to three embryos treated per point in each of two to three independent
experiments and are expressed relative to control RAN ODN treated
embryos in the same experiment. *, P < 0.025 relative to the RAN
treatment; #, P < 0.025, relative to the ASB treatment.

Hsp70 expression has been described in the lens at E6, E14,
and E19, with increasing levels that appeared associated with
differentiated fiber cell formation (42). In contrast, in matur-
ing erythrocytes, Hsp70 level decreased from E3 to E8 (43). In

A Totalcells | B Tunel* cells

i

Cell number

! ' " 1024 1 1024
Hsc70 immunofluorescence intensity

F1G. 6. Flow cytometric analysis of Hsc70- and TUNEL-stained
cells from E1.5 embryos cultured for 6 h in basal medium. Double
TUNEL and Hsc70 immunostaining was performed in dissociated
cells. (4) One representative Hsc70 staining (continuous line) of total
cells (of 15 embryos in five independent experiments). Nonimmune Ig
was used as a control (dotted line). (B) Hsc70 immunofluorescence
levels were also analyzed in the TUNEL-stained cells. Note that 45%
of apoptotic cells coincided with the area considered negative for
Hsc70 (dotted line) and 90% of the TUNEL-stained cells showed an
Hsc70 immunofluorescence signal below the mean signal of the total
cell population. The profiles were similar for embryos cultured with
insulin, but the proportion of apoptotic cells was lower.
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some of the above studies, however, the results may have been
misinterpreted, because of the lack of specificity of the anti-
bodies which could crossreact with Hsp70, Hsc70 and, possibly,
with other members of the family. A direct developmental
function for one member of the vertebrate 70-kDa chaperone
protein family members was described recently in mouse.
Hsp70-2 is a spermatocyte-specific chaperone, whose disrup-
tion provokes a lack of postmeiotic spermatids and mature
sperm and, as a consequence, male infertility. The failure in
meiosis in Hsp70-2 null mutant animals was coincident with
a dramatic increase in spermatocyte apoptosis (44).

Some additional clues to the developmental roles of chap-
erones can be derived from our observations here of Hsc70
modulation by embryonic (pro)insulin in parallel to the pre-
vention of apoptosis. An antisense ODN treatment that de-
creases embryonic (pro)insulin biosynthesis and induces apo-
ptosis (5) also decreases the Hsc70 levels. Our data suggest that
cells with low Hsc70 levels are more vulnerable to apoptosis
induced by growth factor deprivation. Although it has been
difficult to evaluate the changing Hsc70 levels during the
process of cell death induced in culture, possibly because of the
progressive loss of the cytosolic proteins, we labeled both DNA
fragmentation by TUNEL and Hsc70 cell content at short
culture times. This approach was, unfortunately, insufficiently
discriminatory to determine which event occurred first, loss of
Hsc70 or initiation of apoptotic cell death. Published evidence
favors the interpretation of increased sensitivity to apoptosis
by loss of Hsc70 (19-21). Overexpression of Hsp72 in neurons
using viral vectors, in turn, reduced the number of neurons that
died after stroke (45). The inhibition mechanism of stress-
induced apoptosis by Hsp70/Hsc70 has been recently reported
to reside at various levels, including inhibition of the activity
of the stress-activated protein kinase SAPK/JNK, as well as
prevention of caspase 3 processing (20). In addition, the
antiapoptotic protein BAG-1 modulates the chaperone activity
of both Hsc70 and Hsp70 (19, 21). Other points of chaperone
interaction with death/survival pathways have implicated the
tumor suppressor protein p53. In ras-transformed cell lines,
Hsc70, and not Hsp70, is the chaperone that forms a stable
association with p53 (46). In addition to their chaperone
function, these proteins may have other roles in signal trans-
duction, for instance by means of association with steroid
receptors (47).

Further work will be needed to establish a direct link
between insulin, Hsc70 expression, and cell survival. We know
that (pro)insulin prevents apoptosis in the embryo acting
through its own receptor, but we do not know whether Hsc70
levels are modified by insulin receptor activity. Indeed, insulin
activation of the pathways leading to increased transcription
through the SRE and the AP-1 sites of several genes is well
established (reviewed in ref. 48). There is a 7-bp sequence
(TGAGTGC) located at position —198 of the human Asc70
promoter (49), relatively similar to the TRE element
(TGCGTCA), which acts as the AP-1 complex-binding site
mediating insulin effect on the collagenase promoter (50).
Work with IGF-I implicates the phosphatidylinositol-kinase
pathway and the phosphorylation of BAD induced by Akt as
the main apoptosis protective mechanism (13, 14); this path-
way is also triggered by insulin receptor activation (reviewed in
ref. 51). Regulation of embryonic chaperone/heat shock pro-
teins by extracellular signals has not been addressed in detail.
In a hepatoma cell line, insulin induced Asp70 mRNA, whereas
epidermal growth factor, platelet-derived growth factor, glu-
cocorticoids, and other factors did not (52). During amphibian
metamorphosis, several Hsp40, Hsp60, Hsp90, and Grp78
homologues were found to be regulated by T3 (53). During
labor in mammals, another “physiological stress,” estradiol,
increases Hsp70 and Hsp90 in the myometrium (54). Early
work in cell lines found that Hsp70 was induced by serum (55),
and growth factors were generally presented as inducers of
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stress proteins (56). In the early chicken embryo, it is possible
that other factors of the insulin family cooperate, maintaining
survival pathways and chaperone expression. During neuru-
lation, IGF-I is not expressed (4, 5), but IGF-II mRNA and
protein are present (J.S., unpublished observations). As far as
the protein form, (pro)insulin or insulin, actually present in the
prepancreatic embryo, we hypothesize that it is unprocessed
(pro)insulin, rapidly secreted through a constitutive pathway.
Later in development, we have evidence that in neuroretina
and liver, in contrast with pancreas, (pro)insulin is secreted
largely unprocessed (unpublished observation).

The modulation of Hsc70 by embryonic insulin and its
decrease in apoptotic cells reported here provide insight into
the molecules involved in the control of cell survival/death by
growth factors and encourages further analysis of the biochem-
ical and cellular specificity of chaperone function during early
vertebrate development.
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