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SUMMARY

Activation of the mouse embryonic genome at the 2-cell
stage is characterized by the synthesis of several a-
amanitin-sensitive polypeptides, some of which belong to
the multigenic hsp 70 family. In the present work we show
that a member of this family, the HSP 70.1 gene, is highly
transcribed at the onset of zygotic genomeactivation. Tran-
scription of this gene began as early as the 1-cell stage.
Expression of the gene continued through the early 2-cell
stage but wasr epressed beforethe completion of the second

round of DNA replication. During this period we observed
that the level of transcription was modulated by in vitro
culture conditions. The coincidence of repression of
HSP70.1transcription with the second round of DNA repli-
cation was not found for other transcription-dependent
polypeptides synthesized at the 2-cell stage.
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INTRODUCTION

In the mouse embryo, activation of the zygotic genome (ZGA)
has been described as a succession of two phases of transcrip-
tional activity leading to the transition from maternal to zygotic
control during the late 2-cell stage (Flach et al., 1982 ; Bolton
et a., 1984). The first phase is tightly coupled to the appear-
ance of a large complex of 70x103 M polypeptides (Flach et
al., 1982; Bensaude et al., 1983; Bolton et al., 1984; Conover
et a., 1991; Latham et al., 1991a,b, 1992) and is independent
of the first replication (Flach et al., 1982; Bolton et al., 1984;
Howlett, 1986; Schultz, 1993). It follows the acquisition of a
transcriptionally permissive state that occurs during the 1-cell
stage, apparently under the control of the cAMP (Latham et
al., 19914, 1992). Thisfirst phase, also termed the ‘minor’ acti-
vation of the zygotic genome (Vernet et al., 1992; Schultz,
1993), precedes a second phase of transcriptional activity char-
acterized by a marked transition in polypeptide synthesis,
described as the ‘major’ activation of the zygotic genome
(Flach et a., 1982; Howlett, 1986; Vernet et al., 1992; Schultz,
1993). In contrast to the minor activation, the major activation
is dependent on the first round of DNA replication (Howlett,
1986).

The description of a two-phase activation of the zygotic
genome has generated the idea that this event could be
regulated by two different mechanisms. Minor activation
would depend on post-trandational modifications of mater-
nally derived proteins, for example, phosphorylation, (Howlett,
1986; Van Blerkom, 1981) that may regulate, either directly or
indirectly, the onset of RNA polymerase activity and thus the
first transcriptional burst (Latham et al., 1992; Poueymirou and
Schultz, 1987, 1989; Schwartz and Schultz, 1992; Schultz,

1993). Thus, this phase depends on time elapsed from fertil-
ization (‘ zygotic clock’) and may correspond to a widely per-
missive genomic state (Martinez-Salas et al., 1989; Vernet et
al., 1992). Thisidea is supported by the expression of along
list of genesin transient assay experiments (Ueno et al., 1987,
Bonnerot et al., 1991) and by the drastic drop in the level of
bulk genomic methylation (Monk et al., 1987; Kafri et d.,
1992). When major activation occurs, regulatory events that
govern the selectiveness of RNA polymerase Il appear to
operate, as evidenced by both the requirement of enhancer
sequences in transient expression experiments, and the occur-
rence of stage-specific gene expression (Martinez-Salas et al.,
1989; Wiekowski et a., 1991; Majumder et a., 1993;
Rothstein et al., 1992). How the sel ectiveness of the RNA poly-
merase |1 isinitiated remains to be elucidated.

It is striking that different profiles of gene expression are
observed as early asthe onset of ZGA. The transcription of the
cognate heat shock gene, hsc 70 begins with the ZGA and
appears to continue beyond this stage (Bensaude et al., 1983;
Manejwala et a., 1991). However, a large group of polypep-
tides, the TRC or ‘transcription requiring complex’, is only
transiently expressed in the 2-cell mouse embryo, reflecting the
switching on and off of RNA polymerase activity aong the
corresponding genes (Conover et a., 1991; Latham et a.,
1991b). The gene(s) involved in the synthesis of this complex
of 73, 70 and 68x103 M, proteins remain unknown at present,
despite some biochemical characterization (Conover et al.,
1991). In contrast, a quantitatively less important group of
zygotic polypeptides, also transiently expressed during the 2-
cell stage were long ago identified as members of the muilti-
genic family of inducible hsp 70 proteins (also termed hsp68,
HSP72; Bensaude et al., 1983). Surprisingly, no further char-
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acterization of the specific member(s) of thisfamily (Lowe and
Moran, 1986) that are expressed at the 2-cell stage has been
undertaken, perhaps partly because of contradictory reports on
whether or not there is constitutive expression of such genes
during the onset of ZGA (Wittig et al., 1983; Hahnel et a.,
1986; Schultz, 1993). Since hsp 70 is a widely used model in
the study of gene regulation, its early embryonic expression
represents a unique opportunity to further investigate mecha-
nisms of transcriptional control acting at the onset of
embryonic development.

In this paper, we use both RT-PCR analysis, and transgenic
lines of mice to demonstrate that HSP70.1, one member of the
inducible heat-shock family (Hunt and Calderwood, 1990) is
congtitutively expressed at the first burst of ZGA. Our results
show that HSP 70.1 promoter directed transcription begins at
the 1-cell stage. It is highly expressed early in the 2-cell stage
before rapid repression, coincident with completion of the
second round of DNA replication. To our knowledge, HSP
70.1 is the earliest gene truly identified to be expressed at the
onset of ZGA and only during the first burst of transcription.
These features indicate that well-defined regulatory mecha-
nisms are involved in the control of genes expressed as soon
as transcriptional competence is acquired.

MATERIALS AND METHODS

DNA constructs

The plasmid HSP70.1 Luc was obtained in two steps. The EcoRlI
fragment containing the promoter sequence (HSP70.1) was cloned
into the Hincll site of Bluescript plasmid (PBS K S+, Stratagene). This
construct was then further cut by Hindll1-BamHI to insert the Hindl I1-
BamHI fragment corresponding to the cDNA of the firefly luciferase
gene linked to the SV40 small-t intron and polyadenylation signa
(DeWet et a., 1987). The different elements of the constructs
described above were generous gifts from O. Bensaude. A schematic
map of the construct is shown in Fig. 2A.

Microinjection of embryos and generation of transgenic
mice and embryos

F1 hybrid (C57BL6%CBA) females, superovulated by injection of 10
IU pregnant mare serum gonadotrophin (PMSG, Intervet) followed
46-48 hours later by 5 U human chorionic gonadotrophin (hCG,
Intervet, were mated with F1 hybrid (C57BL6XCBA) males. One-cell
zygotes were collected 22-24 hours post hCG and then they were
injected into one pronucleus with 1-2 pl of the 7.2 kb Scal linearized
HSP70.1Luc plasmid DNA solution at a concentration of 2-3 ng/pl.
Immediately after micromanipulation embryos were transferred to
pseudopregnant recipients (Hogan et a., 1986).

Transgenic offspring were identified by dot blot hybridization or
using the polymerase chain reaction (PCR) with primers specific to
the firefly luciferase transgene. Copy number was determined by den+
sitometric analysis of quantitative Southern blots. After identification
of founder transgenic mice, breeding was carried out to establish the
transgene in the homozygous condition.

Preimplantation transgenic embryos were obtained by mating
superovulated F1 hybrid (C57BL6xCBA) females with transgenic
homozygous F> to Fs4 hybrid (C57BL6XCBA) males. One-cell
embryoswererecovered at 22-24 hours post hCG. They were cultured
in small drops of M16 medium (Hogan et a., 1986) under oil (light
paraffin oil, BDH) and maintained in an incubator in 8% CO2 and at
37°C until frozen prior to luciferase assay. In vivo transgenic embryos
were recovered directly from females at the times indicated and were
immediately frozen.

Inhibitors and enzyme

A concentrated stock solution of a-amanitin (A 2263 Sigma Chemical
Co) was dissolved in phosphate-buffered saline (PBS complete,
described by Hogan et a., 1986) at 1 mg/ml and stored at —20°C.
Transcription was inhibited in normal embryos by incubating them
from 30 hours post hCG in M16 medium supplemented with a-
amanitin (0.1 mg/ml) (Kidder et a., 1985). The same medium was
used to inhibit transcription in transgenic embryos with the varying
times of inhibitor addition shown in Fig. 4A. Incubation in the
presence of a-amanitin was carried out until the embryos were frozen
for subsequent analysis.

A concentrated stock solution of aphidicolin (A0781 Sigma
Chemica Co) was prepared in pure DMSO at 1 pg/ul and stored at
—20°C. Replication was inhibited by incubating embryos in M16
medium supplemented with aphidicolin (2 pg/ml). Incubation with the
inhibitor was initiated at 24, 30, 50 hours post hCG in order to arrest
embryosin thefirst, second, or third round of DNA replication respec-
tively. Embryos blocked at the 1-cell stage were frozen at 42 hours
post hCG as were 2-cell control embryos, those that were blocked at
the 2-cell stage were frozen at 65 hours post hCG as were 4-cell
control embryos and those blocked at the 4-cell stage were frozen at
72 hours post hCG as were morula control embryos. The luciferase
assay was then performed.

CuzZn-superoxide dismutase (CuzZn-SOD, S 2515 Sigma Chemical
Co) was diluted in M16 medium to a final concentration of 6000
IU/ml. The effect of this enzyme on HSP70.1Luc transgene
expression was tested by culturing the embryos from the 1-cell stage
(24 hours post hCG) to the 2-cell stage (42 hours post hCG).

Luciferase assay

At the indicated times, individual embryos were extracted and frozen
in 50 pl of reaction buffer (25 mM HszPO4, 10 mM MgClz, 1 mM
EDTA, 1% Triton X-100, 15% glycerol, 1 mg/ml BSA, 1 mM DTT,
and 0.2 mM PMSF) and stored at —80°C. The 50 ul extracts were
diluted 1:1 with distilled H20. The assay mixture (100 pl of 1 mM
firefly luciferin (SIGMA L 9504) and 20 mM ATP in the same
reaction buffer) was automatically injected, and light emission was
integrated for 10 seconds at 18°C in a photometer (Lumat LB 9501,
Berthold). Background levels measured on reaction buffer never
exceeded 150+20 RLUs (relative light units). Therefore 170 RLUs
were substracted from all sample measurements before cal culating the
mean luciferase activity. Under our conditions, 1 RLU corresponded
to 1.5 fg of purified luciferase (SigmaL9009). The stability of purified
luciferase was determined by injecting a small amount (10-13 pl,
volume of cytoplasmic injection estimated by Brinster et al., 1985) of
a 0.1 mg/ml solution into the cytoplasm of 1-cell zygotes in order to
obtain a level of luciferase activity comparable to the maximum
obtained in transgenic embryos. Under these conditions, the half life
of luciferase was less than 2 hours as the mean activity dropped from
3600+1254 RLUs to 1162 RLUs, 2 to 4 hours post injection.

RT-PCR experiments

Eggs (ovulated oocytes) were produced as described above from
superovulated F1 hybrid (C57BL6xCBA) females. One-cell embryos
were obtained after mating superovulated females with norma F1
hybrid (C57BL6xCBA) males and cultured in vitro until analysis. In
vivo 2-cell embryos were directly recovered from females at 42 hours
post hCG. Batches of 100 eggs or embryos were frozen and stored at
—80°C until assayed.

To limit loss of RNA, no purification was undertaken, and batches
of eggs or embryos were simply lysed by heating them at 100°C for
1 minute in 0.4% NP-40, 1.5x MMLV-RT buffer (Gibco/BRL). To
detect specifically HSP70.1 transcripts it was necessary to overcome
the following difficulties: the high nucleotide sequence homology of
the hsp 70 family, and the absence of introns that increases the prob-
ability of amplifying contaminating DNA. Therefore we performed
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RS-PCR (RNA Template-Specific PCR, Shuldiner et a., 1991), in
which a tagging primer of poly T plus a linker sequence (5'-18xT-
GCGGCCGCGGCGC-3) was utilized to synthesize the cDNA, and
the primers added in the PCR mix were a5’ primer specific to the 3'
non coding region of the HSP70.1 gene (5-AGCAGCGTGCACTGT-
3') and a 3' primer corresponding to this linker (5-GCGCCGCGGC-
CGC-3'). Egg or embryo lysates were divided into two parts and one
part was supplemented with 100 ng of oligo dT primer, 0.2 mM dNTP,
1U RNasin and 100 U of MMLV reverse transcriptase (Gibco/BRL)
in afinal volume of 10 pl to synthesize the cDNA. After 30 minutes
of incubation at 37°C, a further 100 U of reverse transcriptase was
added and the reaction was terminated by a 10 minute incubation at
95°C. The same reaction was carried out on the other part of the lysate
but in the absence of the MMLV enzyme to control for false positive
PCR amplification of contaminating DNA. The 10 pl reaction mixture
containing the synthesized cDNA was then PCR amplified in a final
volume of 50 pl (1x Tag polymerase reaction buffer, 0.1 mM dNTP)
in which 50 pmol of the 5 HSP70.1 specific primer, 50 pmol of the
3' primer complementary to the linker coupled to the oligo dT and 0.9
U of Tag polymerase (Bioprobe) were present. Samples were
denatured at 94°C for 7 minutes and then subjected to a series of
amplification cycles (94°C, 30 seconds; 60°C, 30 seconds; 72°C, 1
minute) inaDNA Thermal Cycler 480 (Perkin Elmer Cetus). Aliquots
of the amplified mixture corresponding to 10 eggs or embryos were
run on 2% agarose gels and blotted to Hybond N+ membranes
(Amersham). Hybridization was carried out overnight using a 32P-
labelled HSP70.1 DNA probe and autoradiographic exposure was for
1 hour at —80°C. Quantitation analysis was performed using a Phos-
phorlmager system (Molecular Dynamics) and the supplied software
(ImageQuant, Molecular Dynamics). Signal intensity was estimated
by the volume integration method, subtracting the background level
surrounding the appropriate position.

Radiolabelling of embryos and two-dimensional gel
electrophoresis

Non-transgenic  embryos  obtained  from  superovulated
F1(C57BL6%CBA) females were cultured until the indicated stage,
when groups of 20-30 embryos were radiol abelled by incubating them
in microdrops of medium containing 1.5 mCi/ml [35S]methionine for
3 hours at 37°C. At the end of the radiolabelling period, they were
rinsed in a 0.9% NaCl solution supplemented with 0.4%
polyvinylpyrrolidone and stored with a minimum of medium in
Eppendorf tubes at —20°C.

Between 105 and 185x103 c.p.m. were applied to each gel. Non-
equilibrium pH gradient electrophoresis (NEPHGE) was performed
according to a modification of the protocol described by O’ Farrell et
al. (1977) (Richoux et a., 1991; Vernet et a., 1993). The resulting
gels were fixed, dried and exposed to Hyperfilm-TM (Amersham) for
5-15 days.

Signal intensity was estimated by the volume integration method,
subtracting the background level surrounding the appropriate position.
To take into account the level of [33S]methionine incorporation in
embryos, the volume (in pixels) measured for each polypeptide was
divided by the number of c.p.m. loaded on the gel. This was the
resulting value we used to compare the patterns of protein synthesis
obtained with the different types of embryos.

RESULTS

Transcriptional activity of the HSP70.1 promoter
during preimplantation development

RT-PCR experiments were carried out to demonstrate that the
regulatory region of the HSP70.1 gene is activated at the
beginning of development, in particular, at the 2-cell stage. We

first examined the transcriptional activity of the endogenous
gene by examining the presence of HSP 70.1 mRNA in
embryos at different preimplantation stages and in eggs (Fig.
1A,B). Twenty-five amplification cycles were sufficient to
detect HSP 70.1 cDNA corresponding to the transcripts from
the equivalent of 10 eggs or embryos. To verify that the
different signals observed between stages were not due to
amplification artefacts, egg, 2-cell embryo, and blastocyst
extracts were each subjected to 20, 25, and 30 cycles of ampli-
fication (Fig. 1C). The signal given by 2-cell embryos was
severa orders of magnitude higher than those obtained from
other stages and this result was reproduced in each replicate.
A faint signa was obtained with embryos at the 4-cell (Fig.
1A), 8-cell, morula (datanot shown) and blastocyst stages (Fig.
1B), and a strong signal was produced by blastocysts (Fig. 1B)
that had been heat shocked.

To confirm that the marked burst of transcriptional activity
observed at the 2-cell stage was dependent on zygotic tran-
scription, embryos were cultured in the presence of a-amanitin
from the 1-cell stage (30 hours post hCG) under conditions that
have been shown to inhibit zygotic transcription (Kidder et al.,
1985). Under those conditions, 2-cell embryos displayed a
signal comparable to that observed in eggs (Fig. 1A,C). To
assess whether HSP70.1 transcriptional activity was an artefact
of in vitro culture, in vivo 2-cell embryos were collected
directly from females. These embryos gave a 5 times higher
signal than that found in eggs (Fig. 1A,C) though this was 15
times lower than the signal generated by embryos cultured in
vitro from the 1-cell stage. These results show that although in
vitro culture modulates the level of HSP70.1 expression, the
geneis transcribed in vivo.

From these data, we conclude that the HSP70.1 gene
exhibited a profile of expression similar to that described for
the hsp 70 family of proteins as determined by two-dimen-
sional electrophoretic analysis (Bensaude et a., 1983;
Morange et al., 1984). This strongly suggested that HSP70.1
was one of the genes expressed in vivo at the onset of zygotic
genome activity.

Profile of HSP 70.1 Luc expression in transgenic
embryos during the preimplantation period
We then established three lines of transgenic mice from
C57BL6xXCBA F1 embryos using the 7.2 kb Scal linearised
Bluescript plasmid HSP70.1 Luc (Fig. 2A). These lines, which
contained 2 to 3 copies of the transgene per haploid genome,
were bred to homozygocity. They all presented a profile of
expression (Table 1) that clearly reproduced that of the hsp 70
family during mouse preimplantation development, that is, a
marked constitutive expression at the 2-cell stage and inducible
expression from the blastocyst stage onwards. Quantitative
measurements of luciferase activity in (C57BL6xXCBA) F1
eggs fertilized by F2-F4 transgenic males showed that mean
constitutive expression was at least 9 to 27 times higher at the
2-cell stage than at the 4-cell stage (lines nos. 1 and 30) and
either nonexistent or very low at the blastocyst stage. A
dramatic increase was obtained at the blastocyst stage
following heat shock (857, 1293 and 60 fold for lines nos. 1,
14 and 30, respectively). Since the main characteristics of
HSP70.1Luc expression were similar in each of the 3 lines,
only results obtained with line no. 1 are further presented.
The expression profile from the end of the 1-cell stage (30
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Fig. 1. Preimplantation profile of HSP70.1 mRNA transcripts. Preimplantation mouse embryos or eggs (ovulated oocytes) were obtained in
groups of 100 from superovulated females and cultured in vitro until the indicated stages, or obtained directly from females at 42 hours post
hCG. RT-PCR experiments were performed as described in the Materials and Methods. (A) Constitutive expression of HSP70.1: ovulated
oocytes (Eggs, 30 hours post hCG); in vitro 2-cell stage (42 hours post hCG); 4-cell stage (65 hours post hCG); blastocyst stage (Blasto, 96
hours post hCG); in vivo 2-cell stage (42 hours post hCG); a-amanitin 2-cell stage (42 hours post hCG). Each lane represents the signal
obtained from 10 eggs or embryos. (B) Blastocyst stage: constitutive expression (N); heat induced expression (HS: 43°C, 30 minutes) after a5
hour recovery period (37°C). Each lane represents the signal obtained from 8 embryos. (C) Signal volume obtained following hybridization of
RT-PCR products (equivalent to 10 eggs or embryos) as determined by phosphoimaging analysis. Data are plotted logarithmically for PCR
amplification of 20, 25, and 30 cycles following reverse transcription of transcripts contained in eggs, 2-cell embryos and blastocysts.

hours post hCG) to the blastocyst stage (112 hours post hCG)
is presented in Fig. 2B. At the 1-cell stage about 10% of the
embryos with fully developed pronuclei exhibited luciferase
activity (responders) above the background level (128+32
RLUs, n=8). When we proceed to a pick-off experiment where
luciferase assays were carried out on embryos that were at the

2-cell stage for lessthan 1 hour (in order to estimate luciferase
activity already present at the 1-cell stage), we found that these
few responders cleaved according to the normal timing (32-37
hours in our culture conditions) (data not shown). This
indicated that these embryos were not abnormal onesin which
cleavage could have been uncoupled from the cell cycle. Taken

Table 1. Expression of HSP70.1Luc transgene

Inducible

Constitutive expression expression

Line (no.) Number of copies 1-cell 2-cell 4-cell Blastocyst Blastocyst

1 homoz 3 15.6+6.4 501+23 25+78 8+1 6855+313
(65) (389) (203) (79) (218)

14 homoz 2 9+4.9 325+28 36+10 2.4+0.05 3104+317
(78) (102) (20) (22) (86)

30 homoz 3 40.3+23.2 721+42 26+10 91.8+15 5502+317
(40) (139) (37 (93) (86)

Transgenic embryos were cultured from the 1-cell stage (24 hours post hCG) and assayed at the 1-cell stage (30 hours post hCG), the 2-cell stage (42 hours
post hCG), the 4-cell stage (65 hours post hCG) and the blastocyst stage (112 hours post hCG) to measure the constitutive expression. The inducible expression
was determined from blastocysts that were exposed to heat shock (43°C, 30 minutes) and then allowed to recover at 37°C for 5 hours.

Values are: mean luciferase activity (RLUs + s.em.); numbers in parentheses, number of embryos measured.
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together these data clearly demonstrated that a zygotic tran-
scriptional activity is already turned on at the 1-cell stage.

The proportion of responders was high (up to 90-100%)
during the 2-cell stage, dropped back to 25% at the 4-cell stage
and to less than 10% at the blastocyst stage. The profile of
HSP70.1Luc increased from the end of the 1-cell stage (30
hours post hCG) to the 2-cell stage (41-44 hours post hCG)
where the maximal level of activity was attained (502 RLUS).
Thereafter, there was a continuous and rapid decrease leading
up to the 4-cell stage.

Similar expression profiles were observed with in vivo
collected embryos, though the level of luciferase activity was
reduced about 5-fold for each point analysed. In other words,
some parameters linked to our conditions of in vitro culture
seemed to induce the HSP70.1 tran-
scriptiona activity. One of these para
meters could be the oxidative stress  A.
phenomenon associated with in vitro
culture (Nasr-Esfahani et al., 1990)
because it is known to modify the
embryonic  transcriptional  activity  scar Xhol
(Vernet et d., 1993) and to affect the
expression of hsp 70 genes (Donati et
al., 1990). To test this hypothesis, we
used an antioxidant, CuZn-superoxide
dismutase (CuzZn-SOD), and compared
the hybrid gene expression in the B
presence and absence of the enzyme :
(Table 2). The level of luciferase
activity of transgenic 2-cell embryos 600

—@— in vitro

experimental conditions, repetitive pick-off of agiven batch of
embryos did not alter their expression.

During the first 10 hours post-cleavage (Fig. 3), luciferase
activity consistently increased, reaching alevel of 1200 RLUs.
As the 2-cell stage lasted about 30 hours, this suggested that
HSP70.1 transcription was restricted to the first third of this
stage. Because of the sensitivity and short half-life of the
reporter gene product (2 hours, see Materials and Methods),
we considered that the variations of luciferase activity corre-
sponded to the variation of transcriptional activity. We thus
decided to determine the length of this period of HSP70.1 tran-
scriptional activity at the 2-cell stage by adopting the following
procedure (Fig. 4A): groups of embryos were transferred into
culture medium containing a-amanitin at different times from
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the 10 th hour of the second cell cycle.
The mean level of activity calculated
from the pooled data (x=583+32 RLUS,
n=332) was not significantly different
from that obtained with asynchronous
embryos (x=501+23 RLUs, n=389,
Tablel) demonstrating that under our
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Fig. 2. Constitutive expression of the HSP70.1Luc transgene. (A) Structure of the
HSP70.1Luc construct. The different segments of the hybrid gene were as follows: plasmid
sequences from the Bluescript (PBS KS+, Stratagene) vector (stippled boxes); the HSP70.1
promoter containing 4 tandemly arranged heat shock elements (HSE) bound by specific heat
shock factors, an inverted CCAAT box, TATA box, 2 Spl binding sites, and one AP2 binding
site (Hunt and Calderwood, 1990); the cDNA for firefly luciferase; small-t intron, and SV40
polyadenylation signal (DeWet et al., 1987). (B) Heterozygous transgenic embryos were
cultured from the 1-cell stage (22-24 hours post hCG) until luciferase assay at the indicated
times, or collected directly from females at the corresponding time. The corresponding
developmental stages are noted. For each point, the number of responders and the total
number of embryos that were assayed for luciferase activity are shown in brackets. The level
of expression isgiven in relative light units (RLUS) as mean luciferase activity after deduction
of background. Error bars denote the standard error of the mean.
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Table 2. Effects of developmental conditions on
HSP70.1Luc expression in 2-cell transgenic embryos (42
hourspost hCG)

Expression of HSP70.1Luc transgene

Mean luciferase activity + sem. Percentage
Embryos devel oped (total number of embryos assayed) expression
invitro
M16 (control) 57657 100
M16 + CuzZn-SOD 440+39.3* 76.4
(600 1U/ml) (66)
in vivo 130+15.6** 17.4

(63)

t test: *P<0.05; **P<0.001.

cleavage, and luciferase activities were calculated relative to
those found in non a-amanitin treated (controls) embryos. The
following time groups were considered: 2 hours before
cleavage (when the pronuclei were no longer visible, group
designated -2 hours) or every 2 hours up to 8 hours after
cleavage (groups designated as 0, +2, +4, +6 and +8 hours post
division). To take into account variability in the timing of
cleavage among embryos, luciferase assays were performed at
42, 48 and 53 hours post hCG on groups of early, mid, and late
cleaving embryos. Since no differences were noticed between
the relative activities of these groups of embryos data were
subsequently pooled.

When embryos were exposed 2 hours before their first
cleavage, their luciferase activity was reduced to less than 15%
of controls (Fig. 4B). Increasing the time between first
cleavage and exposure to the drug resulted in a progressive
increase in the luciferase activity measured in the a-amanitin-
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Fig. 3. HSP70.1Luc expression versus time post first cleavage.
Transgenic 1-cell zygotes were produced, recovered and cultured as
described in the Materials and Methods. They were examined briefly
at 1-hour intervals from 31 hours post hCG to 37-38 hours post hCG.
Two-cell embryos formed within the previous hour were picked-off
and cultured separately until luciferase assay (42 hours post hCG).
The mean level of luciferase activity was determined relative to time
post cleavage from three replicate experiments. The number of
embryos assayed at each interval isindicated above each bar. Error
bars denote the standard error of the mean
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Fig. 4. Effect of timed transcriptional inhibition on transgene
expression. (A) Schema of the experimental procedure. Transgenic
embryos were collected, cultured in M 16 medium and synchronized
by pick-off. The period of culture in normal medium isindicated by
athick line. The time where cleavage and thus pick-off procedure
have occurred is shown as avertical arrow. At various intervals post
division, embryos were transferred to M 16 supplemented with 100
pg/ml a-amantin, cultured for 8 hours (stippled bars) and then
assayed for luciferase activity. The earliest exposure of embryosto
o-amanitin was at 31 hours post hCG when they were still at the 1-
cell stage. Control embryos were maintained in normal medium and
assayed according to the same schedule. (B) Mean luciferase
activity was calculated for treated and control embryos from pooled
data of five replicate experiments. Transgene expression in treated
embryos was plotted relative to that of control embryos as a
function of the time interval between first cleavage and exposure to
a-amanitin. The number of embryos assayed at each interval is
noted in parantheses.

treated group. When embryos began exposure to a-amanitin at
8 hours post cleavage, they exhibited the same level of
luciferase activity as the control ones. From these data we
concluded that under our culture conditions HSP70.1 tran-
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Fig. 5. Constitutive expression of the HSP70.1Luc transgenein
embryos blocked in S phase. Transgenic embryos were collected at
22-24 hours post hCG and cultured in the presence or absence of
aphidicolin until luciferase assay. One-cell blocked embryos were
cultured in aphidicolin (0.2 pg/ml) from 22 to 42 hours post hCG,
two-cell blocked embryos were incubated in aphidicolin from 30 to
65 hours post hCG, and 4-cell blocked embryos were treated with
aphidicolin from 53 to 89 hours post hCG. Control embryos, cultured
without aphidicolin were harvested at 42, 65, and 89 hours post hCG.

scriptional activity was restricted to the first 4-6 hours post
cleavage.

Effect of S phase arrest on the transcriptional
activity of HSP 70.1

When pronuclear embryos were blocked at the first S phase by
aphidicolin, (Fig. 5) the level of luciferase activity measured
42 hours post hCG was not markedly modified. When blocked
at the second S phase (following exposure to the drug starting
30 hours post hCG), luciferase activity was increased 16-fold
compared with controls that had progressed to the 4-cell stage
at the time of measurement (65 hours post hCG). This was not
observed at the third S phase, in which 4-cell embryos were
blocked following exposure to the drug beginning at 53 hours
post hCG. The significant effect obtained at the second S phase
was due to the action of aphidicolin and not to the solvent used
for the addition of the drug to the medium (0.4% DM SO), since
no stimulation was observed when embryos were exposed to
the same concentration of DMSO aone (data not shown).
Thus, in the absence of passage through the second S phase,
constitutive expression of HSP70.1Luc was not repressed as it
was when 2-cell stage embryos develop normally.

Two dimensional gel electrophoresis of 2-cell blocked and
control embryos (Fig. 6A,C) confirmed that blocking the
second round of replication also affected endogenous hsp 68-
70 gene(s) expression, which remained elevated in 2-cell
blocked but not in control 4-cell embryos (Fig. 6D). Relative
quantification of the different zygotic products (hsc 70, hsp 70,
TRC) synthesized at the 2-cell stage (Fig. 6B) indicated that
the link between repression of constitutive HSP70.1 expression
and the second round of replication is not applicable to the

TRC complex nor to the hsc 70 polypeptides, the expression
of which were only marginaly, or not at all, influenced by
aphidicolin incubation.

DISCUSSION

Identification of a specific inducible hsp during
preimplantation mouse development

Since the work of Flach et a. (1982) and Bensaude et a.
(1983), numerous studies have considered the synthesis of the
different 70x10° M, polypeptides as markers for the onset of
zygotic genome activity (Howlett, 1986; Howlett et al., 1987;
Wiekowski et al., 1991; Vernet et al., 1992). Various designa-
tions have been used to describe this synthesis such as putative
hsp, hsp-like or TRC for ‘transcription requiring complex’
(Schultz, 1986; Howlett, 1986; Poueymirou and Schultz, 1987,
Latham et al., 1991a,b, 1992). Moreover, contradictory data
were obtained concerning the constitutive synthesis of an
inducible hsp 70 protein since Hahnel et al. (1986), using in
vivo 2-cell stage embryos, found neither mMRNASs on northern
blots nor a 68x103 My protein band on one-dimensional gels,
and Kothary et a. (1989) were unabl e to detect lacZ expression
in transgenic (HSP68-lacZ) 2-cell embryos.

Our data clearly demonstrate that the onset of zygotic
genome activity is marked by the expression of the HSP70.1
gene, the major inducible heat shock gene (Hunt and Calder-
wood, 1990). This is supported by RT-PCR detection of
MRNA transcripts from the HSP70.1 endogene that show a
transient 6-fold a-amanitin-dependent increase over a basal
activity at the 2-cell stage, and a high inducible transcription
after a heat treatment at the blastocyst stage. This pattern is
similar to that obtained for polypeptides identified as hsp
proteins from peptide mapping analysis (Bensaude et al.,
1983; Morange et a., 1984). Further evidence was obtained
with the promoter sequence included in the HSP70.1Luc
hybrid gene used in transgenic lines. This promoter contained
the minimal regulatory sequences required to direct preim-
plantation expression since luciferase activity was constitu-
tively high at the 2-cell stage and strongly inducible at the
blastocyst stage. As three different transgenic lines have
displayed comparable expression profiles, the site of integra-
tion does not appear to be of major significance in our obser-
vations.

In contrast to the data of Hahnel et al. (1986), our results
show that the HSP 70.1 gene is actually expressed during
normal embryonic development and thus does not correspond
to an artefact linked to in vitro manipulation as hypothesized
by Johnson and Nasr-Esfahani (1994). The level of expression
obtained after in vitro culture from the 1-cell stage was,
however, about 5 times higher than that observed from in vivo
embryos, revealing that our conditions of in vitro culture exert
some inductive effect on the HSP70.1 promoter. Recently, in
vitro culture conditions were also shown to affect the tran-
scriptional activity of hybrid transgenes during early develop-
ment (Kothary et al., 1992; Vernet et a., 1993). Involvement
of oxidative stresswas clearly shown in the case of an HIVIacZ
transgene since the addition of a reducing agent (superoxide
dismutase, CuzZn-SOD) to the culture medium completely
abolished its expression (Vernet et al., 1993). In contrast, these
authors were unable to establish any correlation between such
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Fig. 6. Polypeptide expression in C57BL6xCBA embryos. (A) Two-cell embryos blocked in S phase (65 hours post hCG) by incubation in
aphidicolin from 30 hours post hCG. (B) Quantification of the protein synthesis level by phosphoimaging. Data are shown as the volume
(pixels) measured in 2-cell blocked embryos or 4-cell embryos relative to those measured in control embryos (see Materials and Methods). (C)
Control 2-cell embryos (42 hours post hCG) (D) Control 4-cell embryos (65 hours post hCG). Large arrow, TRC complex; small arrow, 35x103 M,

complex; open arrowhead, hsc 70; solid arrowhead, hsp 70.

an oxidative stress and the hsp 70 synthesis at the onset of
zygotic genome activation. Nevertheless their experimental
approach (2-D gel electrophoresis) did not allow them to
estimate a quantitative effect of such a stress. Using similar
culture conditions but a quantitative reporter gene approach,
we obtained a significant but not so drastic reduction of
HSP70.1Luc expression at the 2-cell stage. Thus our data show
that, during a short period of culture, the use of CuZn-SOD can
only modulate the expression of this gene. Since the ability of
CuZn-SOD to remove intracellular superoxides has not been
demonstrated (Johnson and Nasr-Esfahani, 1994) it could be
considered that the protective effect of CuzZn-SOD against
oxidative stress was only partial. Therefore our results suggest
that other mechanisms (e.g., damage induced by the presence
of free transition metals in culture medium) must be involved
in order to explain the stimulation of HSP70.1Luc hybrid gene
expression in embryos developed in vitro (Johnson and Nasr-
Esfahani, 1994 and references therein).

Constitutive expression of HSP 70.1 reveals the
onset of zygotic genome activity at the 1-cell stage

Our work demonstrates that transcriptional activity of the
HSP70.1 Luc hybrid gene begins during G2 of the first cell
cycle. In al transgenic lines, luciferase activity was detected
in pronuclear embryos (30 hours post hCG) obtained by mating
homozygous transgenic maleswith normal F1 (C57BL6xCBA)
females. Thus, the male pronucleus exhibits very early tran-
scriptional  capacity, following remodelling of the highly
condensed chromatin of the spermatozoa. Early zygotic
expression was first suspected by Clegg and Piko (1982, 1983).
It has been evidenced aso from transient reporter gene
expression (Vernet et al., 1992; Ram and Schultz, 1993).
However, these experiments are based on the injection of con-
structs directly into male pronuclei and thus the measured
activity resulted mainly from the transcription of non-inte-
grated sequences (Brinster et al., 1985). Furthermore, the rel-
atively large quantities of injected DNA delayed cleavage and
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resulted in lower rates of blastocyst formation. Recently acqui-
sition of atranscriptional state during the 1-cell stage has been
demonstrated by nuclear transplantation and analysis of ‘ TRC’
expression (Latham et al., 1992) but this approach involved
extensive manipulations of the embryos. In comparison, the
HSP70.1Luc transgenic embryos represent a particularly well
adapted tool for analysis of gene regulation during the earliest
phases of embryonic transcription.

Transcription of HSP 70.1 is repressed prior to
completion of the second round of replication

In agreement with qualitative analysis of hsp 68-70 protein
synthesis (Flach et al., 1982; Bolton et al., 1984), our results
in the presence and absence of a-amanitin show that active
zygotic synthesis of HSP70.1 Luc is restricted to the first 4-6
hours of the second cell cycle. This corresponds to the transi-
tion to S phase (Bolton et al., 1984) and suggests that the
second round of replication, or some concurrent event(s),
represses HSP70.1 expression. This repressive event would
mark the end of the first burst of zygotic transcription. This
conclusion is substantiated by the correlation we observed
between aphidicolin induced arrest in S phase and maintenance
of HSP70.1 expression. There is some evidence in the litera-
ture concerning modulation of hsp 70 gene expression in
relation to S phase during cell growth. Kao et al. (1985) and
Milarski and Morimoto (1986) have reported increased activity
of the human hsp 70 gene during, or at the end of S phase.
However it is apparent from our results that blockading in S
phase per se did not sustain high constitutive expression of the
HSP70.1Luc hybrid gene and that time elapsed from fertiliza-
tion (‘zygotic clock’) was not sufficient to define repression of
this gene.

When embryos are arrested in their second S phase, the
appearance of embryo-encoded late 2-cell polypeptides and the
disappearance of maternally coded early 2-cell polypeptides
areroughly maintained (Flach et al., 1982; Bolton et al ., 1984).
Reduced HSP70.1 expression at the 4-cell stage was probably
not due to the disappearance of maternally transcribed tran-
scription factors as microinjection of the HSP70.1Luc plasmid
at the 2-cell stage resulted in transient expression at the 4-cell
stage (data not shown). Alternative hypotheses to explain the
repression of HSP 70.1 expression during the 2-cell stage
would involve repressor trans-acting factors or the establish-
ment of a repressive chromatin structure. Our results of
transient expression at the 4-cell stage cannot distinguish
among these possibilities, as microinjection of the regulatory
region of HSP 70.1 gene might either saturate the repressor or
provide a template that escapes genomic chromatin structure.

The first burst of transcription: a regulated step in
zygotic genome activation

Our results suggest that the first burst of transcription could be
described as a period beginning at the 1-cell stage with the
acquisition of transcriptional competence and ending with the
second round of DNA replication. The narrow window of
intense expression exhibited by HSP 70.1 reveals the presence
of regulatory mechanisms during this early phase of the onset
of zygotic genome activity. The second round of DNA repli-
cation marks the end of this phase and the beginning of the
second major phase of zygotic genome activity (Rothstein et
al., 1992; Flach et ., 1982; Bolton et a., 1984). Whether other

members of the group of 38 polypeptides shown to be tran-
siently expressed during the 2-cell stage follow the same
pattern of regulation is at present unknown (Latham et d.,
1991b). Our preliminary data from 2-D gel analysis indicate
that this is not the case, suggesting that differential regulative
events controlling zygotic transcriptional activity are already
operative in the mouse embryo at the 2-cell stage.

We are indebted to O. Bensaude and N. Van Trung for their help
in initiating this work. We thank E. Legouy for advice and help in
preparing plasmid HSP 70.1 Luc PBS and for stimulating discussions
during the reported experiments. We are grateful to Marie-Georges
Stinnakre for expert assistance in generating transgenic mice. We also
thank M. Morange and V. Mezger for their constant interest in our
work and V. Duranthon for critical reading of the manuscript. E. C.
isarecipient of apredoctoral fellowship allocated by the EEC (Bridge
program, ref/ B/Biot-91-3025). This work was supported by grants
from the Ministére de la Recherche et de la Technologie, and Rhéne-
Merieux (contract Rhone-Mérieux-INRA-MRT no. 90T0968).

REFERENCES

Bensaude, O., Babinet, C., Morange, M. and Jacob, F. (1983). Heat shock
proteins, first major products of zygotic gene activity in mouse embryo.
Nature 305, 331-333.

Bolton, V. N., Oades P, J. and Johnson, M. H. (1984). The relationship
between cleavage, DNA replication and gene expression in the mouse 2-cell
embryo. J. Embryol. Exp. Morphal. 79, 139-163.

Bonnerot, C., Vernet, M., Grimber, G., Briand, P., and Nicolas, J. F.
(1991). Transcriptional selectivity in early mouse embryos: a qualitative
study. Nucl. Acid. Res. 19, 7251-7257.

Brinster,R.L.,Chen,H.Y., Trumbauer, M. E., Yagle, M. K. and Palmiter,
R. D. (1985). Factors affecting the efficiency of introducing DNA into mice
by microinjecting eggs. Proc. Natl Acad. Sci. USA 82, 4438-4442.

Clegg, K. B. and Piko, L. (1982). RNA synthesis and cytoplasmic
polyadenylation in the one-cell mouse embryo. Nature 295, 342-343.

Clegg, K. B. and Piko, L. (1983). Poly(A) length, cytoplasmic adenylation and
synthesis of poly(A)* RNA in early mouse embryos. Dev. Biol. 95, 331-341.

Conover,J.C., Temeles, G.L.,Zimmermann, J. W., Burke, B. and Schultz,
R. M. (1991). Stage-specific expression of afamily of proteinsthat are major
products of zygotic gene activation in the mouse embryo. Dev. Biol. 144,
392-404.

DeWet, J.R.,Wood, K. V., DeLuca, M., Helinski, D. R. and Subramani, S.
(1987). Firefly luciferase gene: Structure and expresson in mammalian cells.
Mol. Céell Biol. 7, 725-737.

Donati, Y.R. A., Slosman, D. O. and Poalla, B. S. (1990). Oxidativeinjury and
the heat shock response. Biochem. Pharm. 40, 2571-2577.

Flach, G., Johnson, M. H., Braude, P.R., Taylor, R. A. S. and Bolton, V. N.
(1982). The transition from maternal to embryonic control in the 2-cell
mouse embryo. EMBO J. 6, 681-686.

Hahnel, A. C., Gifford, D. J., Heikkila, J. J. and Schultz, G. A. (1986).
Expression of the major heat shock protein (hsp 70) family during early
mouse embryo development. Teratogenesis, Carcinogenesis and
Mutagenesis 6, 493-510.

Hogan, B., Constantini, F. and Lacy, E. (1986). In Manipulating the Mouse
Embryo: A Laboratory Manual. Cold Spring Harbor, NY:Cold Spring
Harbor Laboratory Press.

Howlett, S. K. (1986). The effect of inhibiting DNA replication in the one-cell
mouse embryo. Roux’ s Arch. Dev. Biol. 195, 499-505.

Howlett, S., Barton, S. C. and Surani, M. A. (1987). Nuclear cytoplasmic
interactions following nuclear transplantation in mouse embryos.
Development 101, 915-923.

Hunt, C. and Calderwood, S. (1990). Characterization and sequence of a
mouse hsp 70 gene and its expression in mouse cell lines. Gene 87, 199-204.

Johnson, M. H. and Nasr-Esfahani, M. H. (1994). Radical solutions and
cultural problems: Could free oxygen radical sberesponsiblefor theimpaired
development of preimplantation mammalian embryosin vitro. BioEssays 16,
31-38.

Kafri, T., Brandeis, M., Shemer, R., Urven, L., Mc Carrey, J., Cedar, H.



122 E. Christians and others

and Razin, A. (1992). Developmental pattern of gene-specific DNA
methylation in the mouse embryo and germ line. Genes Dev. 6, 705-714.

Kao, H., Capasso, O., Heintz, N. and Nevins, J. R. (1985). Cell cycle control
of the human HSP70 gene: implication for the role of a cellular E1A-like
function. Mol. Cell. Biol. 5, 628-633.

Kidder, G. M., Green, F. and Mc Lachlin, J. R. (1985). On the use of a-
amanitin as atranscriptional blocking agent in mouse embryos: a cautionary
note. J. Exp. Zool. 233, 155-159.

Kothary, R., Clapoff, S, Darling, S, Perry, M. D., Moran, L. A. and
Rossant, J. (1989). Inducible expression of an hsp68-lacZ hybrid gene in
transgenic mice. Development 105, 707-714.

Kothary, R.K., Allen,N. D., Barton, S.C., Norris,M. L. and Surani, M. A.
(1992). Factors affecting cellular mosaicism in the expression of a lacZ
transgene in two-cell stage mouse embryos. Biochem. Cell Biol. 70, 1097-
1104.

Latham, K. E., Solter, D. and Schultz, R. M. (19914). Activation of atwo-cell
stage-specific gene following transfer of heterologous nuclei into enucleated
mouse embryos. Mol. Reprod. Dev. 30, 182-186.

Latham, K. E., Garrels, J. 1., Chang, C. and Solter, D. (1991b). Quantitative
analysis of protein synthesisin mouse embryos. |. Extensive reprogramming
at the one- and two-cell stages. Development 112, 921-932.

Latham, K. E., Solter, D. and Schultz, R. M. (1992). Acquisition of a
transcriptionally permissive state during the 1-cell stage of mouse
embryogenesis. Dev. Biol. 149, 457-462.

Lowe,D.G.and Moran, L. A.(1986). Molecular cloning and analysisof DNA
complementary to three mouse My=68,000 heat shock protein mRNASs*. J.
Biol. Chem. 261, 2102-2112.

Majumder, S., Miranda, M. and DePamphilis, M. L. (1993). Analysis of
gene expression in mouse preimplantation embryos demonstrates that the
primary role of enhancers is to relieve repression promoters. EMBO J. 12,
1131-1140.

Manegjwala, F.M., Logan, C.Y.and Schultz, R. M. (1991). Regulation of hsp
70 mRNA levels during oocyte maturation and zygotic gene activation in the
mouse. Dev. Biol. 144, 301-308.

Martinez-Salas, E., Linney, E., Hassell, J. and DePamphilis, M. L. (1989).
The need for enhancers in gene expression first appears during mouse
development with formation of the zygotic nucleus. Genes Dev. 3, 1493-
1506.

Milarski, K. L. and Morimoto, R. |. (1986). Expression of human HSP70
during the synthetic phase of the cell cycle. Proc. Natl Acad. Sci. USA 83,
9517-9521.

Monk, M., Roubelik, M. and Lehnert, S. (1987). Tempora and regional
changes in DNA methylation in the embryonic, extraembryonic and germ
cell lineages during mouse embryo development. Development 99, 371-382.

Morange, M., Diu, A., Bensaude, O. and Babinet, C. (1984). Altered
expression of heat shock proteinsin embryonal carcinoma and mouse early
embryonic cells. Mal. Cell. Biol. 4, 730-735.

Nasr-Esfahani, M. H., Aitken, R. J. and Johnson, M. H. (1990). Hydrogen
peroxide levels in mouse oocytes and early cleavage stage embryos
developed in vitro or in vivo. Development 109, 501-507.

O'Farrell, P. Z., Goodman, H. M. and O’Farréll, P. H. (1977). High
resolution two-dimensional electrophoresis of basic as well as acidic
proteins. Cell 12, 1133-1142.

Poueymirou, W. T. and Schultz, R. M. (1987). Differentia effects of
activators of cAMP-dependent protein kinase and protein kinase C on
cleavage of onecell mouse embryos and protein synthesis and
phosphorylation in one- and two-cell embryos. Dev. Biol. 121, 489-498.

Poueymirou, W. T. and Schultz, R. M. (1989). Regulation of mouse
preimplantation development : inhibition of synthesis of proteinsin the two-
cell embryo that require transcription by inhibitors of cAMP-dependent
protein kinase. Dev. Biol. 133, 588-599.

Ram, P. T. and Schultz, R. M. (1993). Reporter gene expression in G2 of the
1-cell mouse embryo. Dev. Biol. 156, 552-556.

Richoux, V., Renard, J. P. and Babinet, C. (1991). Synthesis and
developmental regulation of an egg specific mouse protein translated from
maternal mRNA. Mol. Reprod. Dev. 28, 218-229.

Rothstein, J. L., Johnson, D., DeL oia, J. A., Skowronski, J., Solter, D. and
Knowles, B. (1992). Gene expression during preimplantation mouse
development. Genes Dev. 6, 1190-1201.

Schultz, R. M. (1986). Molecular aspects of mammalian oocyte growth and
maturation In Experimental Approaches to Mammalian Embryonic
Development. (ed. J. Rossant, R. A. Pedersen), pp. 195-227. Cambridge:
Cambridge University Press.

Schultz, R. M. (1993). Regulation of zygotic gene activation in the mouse.
BioEssays 15, 531-538.

Schwartz, D. A. and Schultz, R. M. (1992). Zygotic gene activation in the
mouse embryo: involvement of cyclic adenosine monophosphate-dependent
protein kinase and appearance of an AP-1-like activity. Mol. Reprod. Dev.
32, 209-216.

Shuldiner, A. R, Tanner, K., Moore, C. A. and Roth, J. (1991). RNA
templ ates-specific PCR: an improved method that dramatically reducesfalse
positivesin RT-PCR. Biotechniques 11, 760-764.

Ueno, K., Hiramoto, Y., Hayashi, S. and Kondoh, H. (1987). Introduction
and expression of recombinant (3-galactosidase genes in cleavage stage
mouse embryos. Dev. Growth Differ. 1, 61-73.

Van Blerkom, J. (1981). Structura relationship and post translational
modification of stage-specific proteins synthesized during early
preimplantation development in the mouse. Proc. Natl Acad. Sci. USA 78,
7629-7633.

Vernet, M., Bonnerot, C., Briand, P. and Nicolas, J. F. (1992). Changesin
permissiveness for the expression of microinjected DNA during the first
cleavages of mouse embryos. Mech. Dev. 36, 129-139.

Vernet, M., Cavard, C., Zider, A., Fergelot, P., Grimber, G. and Briand, P.
(1993). In vitro manipulation of early mouse embryo induces HIV1-
L TRIacZ transgene expression. Development 119, 1293-1300.

Wiekowski, M., Miranda, M. and DePamphilis, M. L. (1991). Regulation of
gene expression in preimplantation mouse embryos : Effects of the zygotic
clock and the first mitosis on promoter and enhancer activities. Dev. Biol.
147, 403-414.

Wittig, S., Hensse, S, Keitel, C., Elsner, C. and Wittig, B. (1983). Heat shock
gene expression is regulated during teratocarcinoma cell differentiation and
early embryonic development. Dev. Biol. 96, 507-514.

(Accepted 12 October 1994)



