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ABSTRACT

To investigate the control of zygotic genome expression

in two-cell mouse embryos, we studied transcription
factors required for transient expression of micro-
injected DNA constructs driven by the promoter of one

of the earliest genes activated after fertilization in this
system, the heat shock gene hsp70. Cis-acting
elements required for hsp70 activation were first
investigated by mutational analysis. Mutation of the
TATA box and a proximal GC box strongly inhibited
construct expression, while that of a CCAAT box had
no effect. Transcription factors binding the wild-type
hsp70 promoter were then titrated  in vivo by coinjecting
the construct with double-stranded oligodeoxyribo-
nucleotides containing definite consensus sequences.
Wild-type GC box oligonucleotides strongly inhibited
construct expression, while those containing mutated
GC boxes, wild-type CCAAT boxes, and heat shock
elements had no effects. Finally, construct expression
was challenged by coinjecting antibodies to specific
transcription factors. Antibodies to factor Sp1 depressed
construct expression in a dose-dependent manner,
while those to Sp2, HSF1 and HSF2 were ineffective.
These results pinpoint the Sp1 transcription factor as
an absolute requirement for activation of the hsp70
gene promoter in two-cell mouse embryos, and make
this factor a candidate for a major regulator of the
onset of murine zygotic genome expression.

INTRODUCTION

Since standard biochemical techniques are made difficult in
mouse preimplantation embryos by the paucity of biological
material, molecular mechanisms activating zygotic genome
transcription following fertilization have been largely investigated
by transient expression analysis of microinjected DNA constructs
(8—-18). Suchtsidies have provided a wide body of information
on aspects such as, among others, the differential repression of
gene expression in the maternal versus the paternal pronucleus a
the one-cell stage (14,19), and the role played by basal promoter
and enhancer sequences in one-cell embryos versus that playec
at later preimplantation stag€42,17,20). However, direct
information on embryonic factors actually involved in the
regulation of early transcriptional activity is still scarce, except
for the demonstration that transcription factors Spl and TATA
box binding protein (TBP) accumulate in one- and two-cell
embryos (21), and that factorsnding the Spl consensus
sequence activate microinjected promoters in early cleaving
embryos (16,22).

Spontaneous developmental activatioinspf70n early mouse
embryos, together with its refractoriness to stress-induction until
the late morula stage (23)opides a unique model to study the
control of gene expression at these stages. In this paper, we have
pursued such a study by transient expression analysis of a
microinjected DNA construct driven by hep70gene promoter
(phsplacZ that is regulated in development according to the
pattern of spontaneous expression of endogérsmr)(15,18).

We have used this construct to analyze the role played by different
cisacting elements of thbsp70 proximal promoter and to
directly identify thetransactivating factor(s) that bind such
elements in intact embryos. This study was performed by the
different criteria of construct mutational analysis, vivo
transcription factor titration by injected double-stranded oligodeoxy-

Transcriptional activation of the zygotic genome in mammalgbonucleotides, anah vivo inhibition of specific transcription
occurs at very early developmental stages. In the mouse, the ffgtor activity by injected antibodies. The results obtained
major burst of transcription is observed at the eaglpi@se of indicate that the GC box proximal to the TATA box is a genetic
those encoding for a Complex of nuclear_associated protei%l as the tl’anSCI‘IptIOI’] factor reSponSIble for SUCh activation.
(TRC) (1) and several heat shock genedyiticg the heat shock
cognate 70 gen@,3),hsp80(4) and the major stregsducible
heat shock genlksp70(formerly hsp68 hsp70.1according to
Hunt and Calderwood, §2,6). The G phase of the one-cell
stage, however, is already transcriptionally competent (7), a@bnstruct pspPTlacZpAphsplac (24) contains aischerichia
hsp7Q among other genes, is activated at this time in the mabeli lacZgene driven by 620 bp of promoter sequences from the
pronucleus (6). murinehsp70.3yene (25,26). Nuctgide sequences of this gene

MATERIALS AND METHODS

DNA constructs and mutagenesis
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Figure 1. Proximal promoter region ohgplacZderived constructs used in the present study. Genetic elements, identified according to their consensus sequenct
were mutated as described in Material and Methods. Simian virus 40 polyadenylation signal is indicated by pA. Numbers indicate nucleotide positions relative t
transcriptional start site (arrow). Vector sequences (pUC19) are not represented.

are virtually identical to those bsp70.1which is expressed in  Embryo culture and intranuclear microinjection

early mouse embryos (6). In fasp70.Jandhsp70.have highly

conserved coding regions and identical proximal promote¥ertilized eggs were obtained from B6D2F1/Jico hybrid mice

sequences, including the TATA box (=30 bp from the transcriptiongCharles River Italia, Calco, Italy), using hormonally primed, 30-

start site), a GC box (-50), a CCAAT box (-70), and twao 40-day-old female§29). Fetilization time was considered

tetrameric heat shock elements (HSEs) (-110 and —190), whitddnight after mating. Eggs were collected 10-12 h post

divergencies between the two genes are found upstream of fbsilization (p.f.) as describgd8) and alturedin vitro at 37C

HSEs and in theé dintranslated region. Previous work performedunder a humidified atmosphere of 5% £i@ air until the

in our laboratory has shown that, when injected into one- anghpropriate developmental time. Construct injecti@yp{ DNA

two-cell mouse embryoshpplacZs developmentally expressed solution) was performed into the male pronucleus of one-cell

according to the pattern of transcription of endogehepg0.1  embryos (13-14 h p.f.), or the nucleus of a single blastomere of

and that construct activity at these stages depends on its proxinaab-cell embryos (32—-34 h p.f.), as previously descr{i&).

but not distal, promoter sequences (18). Following injection, embryos were culturgdvitro as needed,
Site-directed mutagenesis ohgplacZ proximal promoter and assayed f@-galactosidase activity 20 h following injection

consensus sequences of TATA box, GC box and CCAAT box was the one-cell stage, or 5 h following injection at the two-cell

performed by the overlapping recombinant PCR method a&fage. Biochemical enzymatic assays were performed on single

Higuchi(27), modified by the use of Vent DNA polymerase (Newembryos (18).

England Biolabs, Beverly, MA). The TATA box was mutated

from TTAAA to TCGAA (pmTATAhsplacy. the GC box from

GGGCGGGG to GGGTCAGG iiaGChsplacy, and the CCAAT |y yivo titration assays with double-stranded

box from GATTGG to GCTCGG (pCCAAThsplacZ Nucleo-  gjigodeoxyribonucleotides

tide sequences of the mutated constructs are reported in Figure 1g

For microinjections, constructs were dissolved in 10 mM Trisgomplementary oligodeoxyribonucleotide pairs carrying consensus
0.1 mM EDTA, pH 7.4 (TE) at afinal concentration of 1.&h9/  sequences for the appropriate wild-type/mutated genetic element
corresponding ta250 construct copies/pl. are reported in Table 1. Oligonucleotide pairs were annealed at a

concentration of 0.@g/ul in TE buffer containing 0.025 N NacCl,
Transient construct expression in L-cells giving origin to double-stranded oligonucleotides hafiagHl

cohesive ends. When needed, double-stranded oligonucleotides
L-cell monolayers were transfected with various constructs bhyere blunt-ended by treatment with Klenow enzyme prior to
standard calcium phosphate precipita(f), and heat-shocked microinjection. For microinjection, double-stranded oligonucleo-
at 44 C for 20 min, as previously describéB). Transfeion  tides were mixed with construchgplacZin TE (1.6 ngdl), to
efficiency was monitored by cotransfection with pCAT-Controlobtain molar ratios of the specific genetic element to construct of
Vector (Promega, Madison, WI). Biochemical assays of CAT angb:1, 50:1, and 75:1. Microinjection digplacZoligonucleotide
B-galactosidase activities were performed as previously describexktures and subsequdijalactosidase assays were carried out
(18). according to the schedules described above.
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Table 1.Sequences of oligodeoxyribonucleotide pairs usethfeivo titration of transcription factors binding the GC box, the
CCAAT box and the heat shock element in two-cell mouse embryos

Wild-type GC box sense: 5-GATCCGGATGGGCGGGGCCGGGGATGGGCGGGGCCG-3
antisense: BGATCCGGCCCCGCCCATCCCCGGCCCCGCCCATCCG-3
Mutated GC box sense: "-BATCCGGATGGTCAGGTCCGGGGATGGTCAGGGCCG-3
antisense: BGATCCGGCCCTGACCATCCCCGGACCTGACCATCCG-3
CCAAT box sense: 'SGATCCGCTGATTGGCCCAGCGGCTGATTGGCCACG-3
antisense: BGATCCGTGGCCAATCAGCCGCTGGGCCAATCAGCG-3
Heat shock element sense: "-GATCCAGAAACTTCTGGAAGATTCCTG-3
antisense: 5'-GATCCAGGAATCTTCCAGAAGTTTCTG-3

In vivo titration assays with antibodies

Affinity purified mouse monoclonal lgGreacting with amino 300
acids 520-538 of human Spl, and affinity purified rabbit 2
polyclonal IgG reacting with amino acids 4-23 of human Sp2, >
were purchased from Santa Cruz Biotechnology, Inc. (Heidelberg,o
Germany). Rabbit polyclonal antisera reacting with murine heat‘_’:
shock factor 1 (HSF1) and murine heat shock factor 2 (HSF2),
respectively(30) were a kind gift of Dr Vincenzo Zinmao. For
microinjection, antibodies were microdialized against TE
through MF filters (Millipore, Rome, Italy) and eventually
diluted to a final IgG concentration of 12.5-50uhgh TE wild-type mCCAAT  mGC mTATA
containing 1.6 ngl phsplacZ Final IgG concentrations of all

antibodies were comp_arable. _FOI’ control e_xperimt_ants, Spl antibod)éure 2. Transient expression of construttsplacZand its derivatives in
was preadsorbed with its immunogenic peptide (Santa Cruzansfected L-cells. L-cells were transfected withsgacZ (wild-type),
Biotechnology) at a molar ratio of 1:10. Microinjection of pmCCAAThsplacZmCCAAT), mnGChsplacZmGC), and mTATAhsplacZ
phsplacZantibody solutions an@-galactosidase assays were (mTATA), as indicated under the bars. Transfection efficiency was monitored

. p by cotransfection with pCAT-control vector. Following transfection, cells were
carried out accordlng to the schedules reported above. maintained at 37T (open bars) or subjected to heat shock (solid bars).

Transfection, heat shock, and biochemical assays of CAB-galdctosidase
Chemicals activities were performed as described in Materials and Methods. Values
represent arbitrary units Bfgalactosidase activity (mean SEM) normalized

Restriction enzymes were purchased from BRL (Gaithersbur ’rtransfection efficiency with CAT activity as the internal control, obtained in

- . . ree independent experiments. Open bars: cells were maintained under normal
Germany), Pharmacia (Milano, Italy) and Promega (Madison, Wl)t’emperature conditions; solid bars: cells were heat-shocked prior to the assay.

hyaluronidase from Boehringer Mannheim |ta"a. (Milano, Italy); Asterisks above bars indicate a significant difference with cells transfected with
hormones and other chemicals from Sigma Chemical Co. (St. Louisg wild-type construct, calculated by Studetest: *P <0.025; *P <0.001.

MO).

200

100

R-G
(arbitrary units)

RESULTS two-cell stage, as described in Materials and Methods. With both
injection schedules, mutation in the TATA box effectively
Construct mutational analysis inhibited construct expression, but its effect was less relevant than
) N . that previously observed in L-cells. The major difference with
Effects of site-specific mutations othgplacZ promoter on  somatic cells, however, was that in two-cell embryos, mutational
construct expression were first evaluated in transfected L-cel|gactivation of the GC box had a dramatic inhibitory effect,
both under normal temperature conditions and after heat shoginost suppressing construct expression. Finally, mutation of the
(Fig. 2). In these experiments, L-cell monolayers were cotransfecigd AAT box had no apparent effect. These resuits showed that in
with pCAT-Control Vector and wild-type/mutated constructs agyo-cell mouse embryos, the proximal GC box plays a major role
described in Materials and Metho@sGalactosidase activity in hsp70promoter activation, and that maximal transcription
produced by different constructs was then expressed in termsefficiency also depends on the presence of a functional TATA box,
the ratio to CAT aCthlty. Mutation of the TATA box had the while the proxima| CCAAT box appears dispensab|e_
strongest effect, withP0% inhibition of construct expression in
both unstressed and stressed cells. A less severe, but still highly,: - o & P ——
signif_k_:ant inhibiting effect (50—6_0% und(_ar both t_emperaturgl Iﬂﬁlbvl%_tlst{g[:?dnegfélr%r;zcgg;tﬁ%;?ﬁgreso%ér;jectlon of
conditions) was also observed with mutations of either the G
box or the CCAAT box. It was therefore concluded Hga70 In these experiments, transcription factors binding the microin-
promoter activity in L-cells strongly depends on the TATA boxjectedhsp70promoter in living embryos were titrated by using
and that proximal CCAAT and GC boxes play a positive role i27—40mer synthetic double-stranded oligodeoxyribonucleotides
its transcription both in stressed and unstressed cells. that contained CCAAT box, HSE, or wild-type/mutated GC box
Mutational analysis was then performed in mouse embrya@®nsensus sequences (Fig. 5). Oligonucleotides with mutated GC
(Fig. 3) by microinjecting constructagplacZ pmTATAhsplacZ boxes contained the same base substitutions of construct
pmGChsplacZand pnCCAAThsplacat either the one- or the pmGChsplacZ Wild-type ghsplacZ construct and increasing
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ngful concentration, but produced dose dependent degrees of
inhibition in construct expression in the range 25-5Qing/
Anti-Spl antibody preadsorbed with a 10-fold excess of the
immunogenic peptide showed no inhibiting activity. On the basis
of these results we concluded that transcriptional recruiting of the
hsp70promoter in two-cell embryos strictly depends on activity
of Sp1 transcription factor, and not on other factors possibly
present in early mouse blastomeres.

100

*%

DISCUSSION

B-Gal Activity
(% of control embryos)
w
o
T T T I T T

o

1- to 2-cell 2-to 2=cell In the present study we have investigated transcriptional regulation

Figure 3. Transient expression of constru¢isplacZand its derivatives in at the onset (.)f zyg.otlc gene expression in early mouse embryos
two-cell mouse embryos. Histograms indic@tgalactosidase activity of by use O,f a mlcromjected DN,A construdisplacZ that contains
embryos that received construcs@CAAThsplacZstippled), mGChsplacz ~ the coding region of ak.coli lacZ gene under control of the
(striped), or mTATAhsplacZsolid), expressed as percentage of the enzyme promoter region of the muritesp70.3gene. As shown previously,
activity of embryos injected with the wild-type construct (open). Injection and thjs construct is spontaneously activated in early cleaving
assay schedules were as follows: 1- to 2-cell, eggs were subjgcted to DNémbryos both in episomic form and after genomic integration in
injection 14 h p.f., cultured for 20 h to the two-cell stage and biochemically . . : . .
assayed fop-galactosidase activity; 2- to 2-cell, eggs were cultured for 22—24 htransgenic mice (15,18), and thus analysis of galation may
until the two-cell stage, subjected to DNA injection, cultured for additional 5 h, provide direct information on transcription factors involved in
and then biochemically assayed fiegalactosidase activity. Values represent embryonic transcriptional activation. Deletion analysis of this
fahfptr;rierig thD'\g L?gIioggt%reigl“(b;)l;%f;epgg'édiggﬁgt"’gs'za:it;r:‘{ﬁ;;‘f’g%ir:gi?construct has previously revealed that its developmental activation
(P <0.001) with embryos injected with the wild-type construct, calculated byefn early mous? embryos is independent of the prgsence (_)f HSEs,
Student-test. but only requires the presence of a 90 bp proximal region that
includes three major genetic elements: a CCAAT box, a GC box
and the TATA box (18). We have further intigated the
amounts of competing oligonucleotides were coinjected accordanscriptional regulation of such a construct in two-cell mouse
ing to the injection schedules followed in previous experimentembryos by analysis of molecular mechanisms acting on its
andB-galactosidase assays were carried out consequently.  proximal promoter region.

Oligonucleotides carrying canonical GC boxes effectively Mutational analysis ohsp70gene promoter in transfected
inhibited hsplacZ expression in two-cell embryos in a dose-L-cells produced results in substantial agreement with previous
dependent manner, regardless of the schedule of injectigihservations on the activity of the huntep70gene promoter
Construct expression was decreased to 15% of the normal valiredleLa cells (31). Murine and humdisp70are conserved
by a 75-fold molar excess of GC boxes. In contrast, no significagénes, sharing a very high degree of homology in their proximal
effect was observed with oligonucleotides carrying mutated G@omoter regions. Similarly to the human promoter, the murine
boxes, canonical CCAAT boxes, or HSEs, regardless of thdisp70gene promoter was virtually inactive when devoid of a
fold-excess. Similar results were obtained with either blunt- dunctional TATA box, confirming its strong need for TATA-binding
cohesive-end oligonucleotides (not shown), suggesting tharotein (TBP) and the basal transcription machinery for activity
possible concatemerization of these DNA fragments did nonder both normal temperature and stress conditions. CCAAT
influence transcription factor-binding activity, and/or that earlyand GC box mutations produced degrees of promoter inactivation
mouse embryos very efficiently concatemerize blunt-ended DNif both unstressed and stressed L-cells milder than those observec
fragments. In light of the excellent agreement between resultsfef the humanhsp70 gene promoter (31). However, this
titration experiments and those obtained by mutational analys@jservation is not surprising since it was previously found that
it was concluded that a transcription factor(s) binding the GC boksp70is subject to slightly different regulation by murine and
but not the CCAAT box nor the HSES, was the major activator dfuman cells (32).

the injectechsp70gene promoter in two-cell mouse embryos.  Experiments on early mouse embryos showed that the need for
a functional TATA box inhsp70promoter activation was also

observed at the two-cell stage. Presence of TBP at cleavage stage
has been previously shoy&il), dthough it was also found that
TATA-less promoters, including the Simian virus 40 (SV40) early
Since oligonucleotide titration of transcription factors could nopromoter (15,22) can be expressed in early mouse embryos (16).
identify the specific nature of the factors involved, we challengdll is interesting to note that levels Bfgalactosidase activity

the activity of possibleansactivators of psplacZby microinjec- expressed by the TATA-ledssp70 promoter here described
tion of antibodies raised to different transcription factors(pmTATAhsplacgwere found to be strikingly similar to those
including Spl, Sp2, HSF1 and HSF2. Wild-typesglacZ produced by construcefV40lacn previous observatioi($5).
construct and increasing amounts of antibodies were coinjecteéspression of @SV40lac4s controlled by the TATA-less SV40
according to the experimental protocols employed so far, amdrly promoter, whose activity is exclusively driven by GC boxes.
-galactosidase assays were carried out consequently. In thBsemoters of mTATAhsplaczand @SV40lacZthus represent
experiments (Fig. 5), while injection of antibodies to Sp2, HSFtery similar promoters, in which a GC box-binding factor(s) is
and HSF2 did not affect construct expression at any concentratsuificient to induce formation of the transcriptional initiation
used, injection of antibody to Sp1 had no apparent effect at 1Z6mplex (33,34). It therefore appears that at tlggnbeng of

In vivo identification of transcription factor activity by
microinjection of specific antibodies
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Figure 5. Effect of antibody injection onhgplacZexpression in two-cell

Figure 4.Effect of oligonucleotide injection otmgplacZexpression in two-cell mouse embryos. Symbols indicfitgalactosidase activity of embryos injected
mouse embryos. Symbols indicteyalactosidase activity of embryos that with 500 copies of construchgplacZand increasing amounts of antibodies,
received 500 copies of construtisplacZand increasing amounts of double- ~ €orresponding to IgG concentrations of 12.5in@//20 dilution), 25 ngdl (1/10
stranded oligonucleotides, equal to 12 500 copies (25-fold excess), 25 oodlilution) and 50 ngfl (1/5 dilution). @) Embryos were injected at the one-cell
copies (50-fold excess) and 37 500 copies (75-fold excess) of the appropriatétage and assayed fgalactosidase activity at the two-cell staBgHmbryos
genetic elementA) Embryos were injected at the one-cell stage and assayed Were injected and assayed at the two-cell stage. Symbols indicate the antibody
for B-galactosidase activity at the two-cell staBgEmbryos were injectedand  injected: @) Spl; O) Spl, preadsorbed with the immunogenic peptide;
assayed at the two-cell stage. Embryos received wild-@per(mutated Q) (A) Sp2; (J) HSFL; W) HSF2. Values represent the mearSEM of 20-40

GC box oligonucleotides, wild-type CCAAT box oligonucleotidas), (or embryos, pooled fro_m at Iee_ast thrge independent experiments. Significance of
wild-type HSE oligonucleotidedl). Values represent the mean SEM of the effect of Sp1 antibodies in the interval 1/20—1/5r ¢A)-0.586P <0.0001;

20-40 embryos, pooled from at least three independent experiments. Effect ofB) r =-0.661P <0.0001.

wild-type Sp1 oligonucleotides: (A= —0.753P <0.0001; (By = -0.786P

<0.0001.

and observed a strong reduction of expressionGfilda-CAT

fusion transgene, although expression of endogétylila was
mouse development, such a factor(s) alone is capable of inducimgt affected. More recently, a GC box-binding factor was titrated
transcription of a TATA-less promoter, and that its cooperativim early mouse embryos by coinjecting a reporter construct that
interaction with TBP on a TATA box-containing promotercarried two such genetic elements, with competing amounts of
increases transcriptional efficiency 2- to 3-fold (compare hist@nother plasmid with 12 tandem copies of the same el¢h@nt
grams of Fig. 3). The dependenchsp70gene promoter activity ~ The novelty of our approach was the use of purified, double-
on the TATA box confirms previous observations indicating thagtranded, 27—40mer oligodeoxyribonucleotides, instead of entire
factors of the basal transcription apparatus in early mougdasmids or full-length promoters (Fig. 4). In our experiments, we
embryos are in common with those of somatic cells (16). have coinjectedhsplacZwith increasing amounts of oligonucleo-

A substantial difference with L-cells, however, was foundides containing canonical/mutated GC box, canonical CCAAT
analyzing the effects of mutations in the CCAAT and GC boxdsox or HSE sequences. Canonical GC box oligonucleotides
on activation of thésp70promoter in two-cell embryos. In fact, effectively inhibited expression ohgplacZin a dose-dependent
while the presence of the CCAAT box was dispensable, threanner and regardless of the injection schedule. In addition,
presence of the GC box was essential for activation at the two-dalttor binding was strongly specific for canonical GC box
stage. This result identified the proximal GC box as the maisligonucleotides, since no effects were observed with either
controlling element of théxsp70 promoter in early mouse mutated GC box or canonical CCAAT box, or HSE sequences.
embryos. Since other promoters active at the earliest stagesadigonucleotide titration experiments fully confirmed results of
mouse development have been found to depend on GC boxasitational analysis, pinpointing the proximal GC box as the
including those for the herpes simplex virus (HSV) thymidingienetic element of thesp70gene promoter essential for its
kinase gené€l6) and the SV40 early genes (15,22,35), it appeadevelopmental activation pattern. Dispensability of the proximal
that a factor(s) binding such genetic elements is among tRCAAT box for expression at the two-cell stage was not
earliest transcription factors active after fertilization. surprising, being in agreement with our previous finding that

In order to demonstrate presence of the GC box-bindingxpression of an episomécZgene driven by the hum@ractin
activity, expression of microinjectechgplacZ construct was promoter, which is mainly controlled by a CCAAT box, is
competed with increasing amounts of displacing genetic elemeintgtiated in mouse embryos only at the four-cell stdg¢ These
in intact embryoslin vivo titration of transcription factors by observations may suggest that CCAAT box binding activities
specific genetic sequences was originally developed in cleaviagpear in early mouse embryos only after transcription is
sea urchin embryos by Livant and coworkers (36), who injectdditiated. Absence of effects by HSE oligonucleotides was also
the 9.3 kb promoter of theyllla gene into transgenic embryos expected on the basis of our previous observation$spa0
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