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Summary

The oocyte to embryo transition in metazoans depends on per se is not essential in the early cleavage stage embryos,
maternal proteins and transcripts to ensure the successful that embryos develop normally if compaction does not
initiation of development, and the correct and timely occur until the morula stage, and that the zona pellucida
activation of the embryonic genome. We conditionally suffices to maintain blastomere proximity. Although
eliminated the maternal gene encoding the cell adhesion maternal E-cadherin is not essential for the completion of
molecule E-cadherin and patrtially eliminated the3-catenin ~ the oocyte-to-embryo transition, absence of wild-type-
gene from the mouse oocyte. Oocytes lacking E-cadherin, catenin in oocytes does statistically compromise
or expressing a truncated allele oB-catenin without the N-  developmental success rates. This developmental deficit is
terminal part of the protein, give rise to embryos whose alleviated by the simultaneous absence of maternal E-
blastomeres do not adhere. Blastomere adhesion is restored cadherin, suggesting that E-cadherin regulates nucleds-
after translation of protein from the wild-type paternal catenin availability during embryonic genome activation.
alleles: at the morula stage in embryos lacking maternal E-

cadherin, and at the late four-cell stage in embryos Key words: Mouse, Maternal, E-cadheifiagatenin, Embryonic
expressing truncated3-catenin. This suggests that adhesion genome, Adhesion, Compaction

Introduction adhesion molecules, plays a central role in cell adhesion and

ngtermination of cell shape (Kemler et al.,, 1977; Yagi and
akeichi, 2000). E-cadherin has an extracellular domain that

g‘lc_)ws homophilic interaction with E-cadherin molecules on

RNASs are either translated and degraded (Huarte et al., 198 A¢/9hboring cells. Stable and functional adherens junctions are
or deadenylated and stored for later translation (Oh et a\)\'/irtrr?e%ebycg:(t;ri?;tlO\r/]vhci)(f:hth(ien C%/li(r)r?laiﬁglr(;ct?"vv(i)tL E{ﬁgdgg{m
2000). In the pre-implantation mammalian embryo the '

enomes of two differentiated cells, the sperm and e ar toskeleton _(Nagafuchi, 2001). E-cadherin ~mediates
9 ’ P 99, ag mpaction of the individual blastomeres in the 8-cell stage

combined and re'pr_ogrammed' to give rise o a hew tOtipOter(1_\trnbryo, and this adhesion triggers the development of the
embryo. Once this is accomplished, cleavage divisions redu? phectoderm and other epithelial cell layers at later

the size of each cell until the blastomeres become polariz velopmental stages (Gumbiner, 1996). In embryos, mutation
and flatten against each other maximizing intercellular contac E-cadherin, perturbation of ’the function of mblecules
which in mice occurs at the 8-cell stage (Fleming and JohNSOpyeracting with E-cadherin, or disturbance of the compaction
1988; Johnson, 1996). _ _ . process, all lead to the relocation of E-cadherin, and of the
Null mutants of both E-cadherin arfidcatenin exhibit an mojecules interacting with it (Clayton et al., 1999; Ohsugi et
early embryonic lethal phenotype. E-cadherin null embryos fay;  1997; pey et al., 1998).
to form an intact trophectoderm cell layer (Larue et al., 1994). g_catenin is one of several intracellular mediators necessary
Lack of-catenin results in early gastrulation lethality, with nofor the maintenance and function of E-cadherin in cell-cell
mesoderm formation and a block in anterior-posterior axigteractions, as well as being a central player in the WNT
formation and head development (Haegel et al, 199%jgnal transduction pathway (Kemler et al., 1989). This dual
Huelsken et al., 2000). It was postulated that these nujble is defined by its cellular localization and protein-binding
embryos developed as far as they did because stable residgaltners (Gottardi and Gumbiner, 2001; Miller and Moon,
maternal proteins or new synthesis from maternal transcriptsn96).
could partially rescue the phenotype. However, these studies-catenin binds to the cytoplasmic domain of E-cadherin
did not query the outcome of embryo development in th€Nagafuchi and Takeichi, 1989; Ozawa et al., 1989), awd to
absence of the maternal protein. catenin, which connects the E-cadherin-catenin adhesion
E-cadherin (uvomorulin), the prototype and foundingcomplex with the actin filament networB-catenin is also
member of the cadherin superfamily of calcium-dependent celiound by dynein and may thus tether microtubules at adherens

In metazoans, the first phase of embryonic development occ
during a period of transcriptional silence when the embryo i
dependent on stored maternal RNAs and proteins. Matern



4436 Development 131 (18) Research article

junctions, ensuring the interactions between microtubule anidom tail snips of 21-day-old mice using a MasterPur@NA
actin networks thought to be crucial for mechanical angburification kit (Epicentre, catalog number MCD85201). To determine
signaling events in the cell cortex (Ligon et al., 2001). the presence of thép3-cretransgene, a primer pair specific for-cre
In somatic cellsp-catenin is the central component of theecombinase was used:-BGATGAGGTTCGCAAGAACC-3/S'-
WNT/B-catenin signal-transduction pathway. Upon WNT CCATGAGTGAACGAACCTGG-3. Primer pairs used to detect the

. g : . different alleles ofB-catenin and E-cadherin were as described
receptor-ligand binding and several intermediate st@ps, . )
catenin translocates to the nucleus, and, in association Wi{ﬁoussad'a etal,, 2002; Brault et al., 2001).
transcription factors of the TCF/LEF1 family, controls theEmbryo isolation
expression of target genes. In the absence of a WNT signal embryos were obtained from timed matings of four-week old
cytosolic B-catenin associates with a multimeric proteinfemales, as described (Evsikov et al., 2004), ensuring collection of
complex, consisting of APC (adenomatous polyposis coli)embryos as synchronized in their development as possible.
GSK3B (glycogen synthase kinas@)3CSNK1Al (casein )
kinase &) and AXIN, in which it is phosphorylated and Yhole-mountimmunofluorescence .
(Gottardi and Gumbiner, 2001; Liu et al., 200@)catenin is vsikov et al., 2004). The primary antibodies were: a monoclonal

. . S antibody that recognizes an epitope in the N-terminal p@-catenin
,‘?IS? key m. a;.nurrllber of |tr_1tra;celluIardp?thwdyszatenln btlndfs th catalog number 610153, BD Transduction Laboratories); a rabbit
0 transcripional co-activators and 1o a component o olyclonalf-catenin antibody raised against the C-terminal part of the
SWI/SNF  chromatin-remodeling complex to activatepgtein (Sigma catalog number C-2206); and polyclonal rabbit

transcription either by recruiting general transcription factorantiserum against E-cadherin (GP84) (Vestweber and Kemler, 1984).

to target gene promoters, or by changing chromatin structuSecondary antibodies were: @g-conjugated donkey anti-rabbit and

(Barker et al., 2001; Hecht et al., 2000; Miyagishi et al., 2000Cy(] 3-conjugated AffiniPure donkey anti-mouse 1gG (Jackson

Nielsen et al., 2002; Takemaru and Moon, 2000). ImmunoResearch Laboratories, catalog numbers 711-165-152 and
To determine the role of E-cadherin gdatenin during the ~ 715-165-150, respectively).

oocyte to embryo transition, we used the oocyte spefjifd: L

cre transgene (de Vries et al.,, 2000), in combination Withl:roteasome Inhibition

wo-cell embryos from mutant E-cadherin and control females were
pr%\;]enl_oxﬁ tagdgeﬂ (;‘IO)r(]ed) S”eles Oféhtesz n:olec_:ulefh Thel EfI shed 24 hours after mating. Some of the embryos were immediately
cadnerin Tloxed allele has been used 1o aetermine the role flqy 5ng processed for whole-mount immunofluorescence. The rest

E-cadherin in the lactating mammary gland, the adherens ihe embryos were cultured in vitro in M16 medium, with or without
junctions in the epidermis, hair follicle formation and thes M N-CBZ-LEU-LEU-AL (MG132; Sigma, catalog number C-
peripheral nervous system (Boussadia et al., 2002; Young 2211; stock solution was 5 mM in DMSO), a membrane permeable
al., 2002; Young et al., 2003). The flox@atatenin allele has inhibitor of the proteinase activity of the 20S proteasome subunit, at
been successfully used to delineate a rol@foatenin in brain  a concentration known to inhibit polar body extrusion (Josefsberg et
development, in development of the ectodermal ridge andl., 2000; Mellgren, 1997). After 10 hours of culture at 37°C, 5% CO
neural crest, in vascular development, and in the embryonffe embryos were fixed and processed for immunodetectidh of
endoderm (Barrow et al., 2003; Brault et al., 2001; Cattelin§atenin using the monoclon@icatenin antibody.

et al., 2003; Hari et al., 2002; Lickert et al., 2002; Machon egna purification and RT-PCR

al., 2003). we now report that deletlop of this floﬁect'aten.ln RNA purification was performed as described (Oh et al., 2000). For
allele only partially deletes th-catenin gene, resulting in & RT.pCR, RNA was resuspended in water containing 40U rRNasin
truncated protein without its N-terminal part. (Promega), and DNA removed using the DNA-fie&it (Ambion,
Using combinations of th&p3-cre transgene and floxed catalog number 1906). Reverse transcriptase reactions were carried
alleles, we found that these molecules are crucial foout using the SuperScript Preamplification System (Invitrogen,
maintaining blastomere adhesion, but that such cell contact ¢atalog number 11904-018) according to the supplier’s instructions.
not essential for initiation of development. These results also Primer pairs for bottg-catenin and E-cadherin were designed to
suggest that the WN[B/catenin signaling pathway is probably SPan an intron-exon boundary: ,
not functional at this time in development. Interestingly, the P-catenin, SAAGGAAGCTTCCAGACATGC-3/5-AGCTTGC-

P PR - CTCTTGATTGCC-3; and
absence of maternal E-cadherin in combination with th E-cadherin, SAAGTGACCGATGATGATGCC-3/5-CTTCTCT-
partially deleted3-catenin allele results in rescue of the 10SS-51ccaTCTCAGCG-2

of-embryo phenotype found in females whose oocytes expresspcR reactions were carried out using aliquots of cDNA containing

truncated B-catenin. A role for E-cadhericatenin  equal amounts of RNA, determined by a preceding control PCR on

interaction during the oocyte to embryo transition is suggeste@vo embryo equivalents of cDNA using mitochondrial ATP synthase
(Mt-Atp§ primers (5TTCCACTATGAGCTGGAGCC-35-GGTA-

Materials and methods GCTGTTGGTGGGCTAA-3. PCR products were usually detected
) ) using ethidium bromide staining of agarose gels. However, to ensure
Mice and genotyping that PCR products were detected when a given transcript was at its

B6.129Catndm2Kemmice (Brault et al., 2001) containing the floxed lowest level, Southern hybridization (Sambrook et al., 1989) was

B-catenin allele §F), as well as B6.12@dh1Im2Kemmjce (Boussadia carried out using E-cadherin d@-catenin a-[32P]-dCTP labeled

et al,, 2002) containing the floxed E-cadherin alleB&),( were  cDNA probes.

backcrossed to C57BL/6J for ten generations and intercrossed toTo determine whether or not the C-terminal coding sequend®s of

generate mice homozygous for each floxed allele. To generatatenin were expressed in embryos lacking the N-terminal p@rt of

embryos lacking either materngicatenin or E-cadherin, or both, catenin, a primer pair situated in these sequences was used: 5

mice were crossed as described in Fig. 1. GAACAGGGTGCTATTCCACG-35-GAAAGCCGCTTCTTGTA-
Genotyping of all mice was done by PCR using DNA extractedATCC-3.



Embryo development without maternal Cdhl1 and Catnb 4437

Primer pairs used to determine the presence of transcripts pfotease inhibitors (Calpain Inhibitor I, catalog number 1086090;
proteins that interact witf-catenin were as follows: Calpain Inhibitor I, catalog number 1086103; Bestatin, catalog
Apc 5-AGTCCTTCCACGTCGAAGAC-35-AAGCGTGTTC- number 874515; Pefabloc SC Plus, catalog number 1873601; Roche
TGAATCTGGC-3; Applied Science), at concentrations according to the manufacturer’s
Gsk3h 5-ACCGAGAACCACCTCCTTTG-35-TCACAGGGA- instructions. One hundred and fifty micrograms of extract was
GTGTCTGCTTG-3; separated on an 8% SDS-PAGE gel, transferred to a Hybond™ ECL™
Smarca4(Brgl), 5-TCTCTACGGCAGTGTGATCG-35-CACT- nitrocellulose membrane (Amersham, Catalog number RPN2020D),
GCTTCCCTCCTTCTTC-3 and incubated in Tris buffered saline (TBS, pH 7.6) containing 5%
Sdccag33l5-ATCCACTGGCGATGCTTTAC-35-TTCTGCTG- non-fat dried milk (NFDM; Carnation brand) and 0.1% Tween 20 for
TCTCTCGAAGGC-3; 1 hour at room temperature. All subsequent steps were carried out
Ruvbl1(Pontin52), 5GTCATCTTTGCATCCAACCG-35-AGC- using TBS containing 5% NFDM and 0.1% Tween 20. The blotted
TGCACCGAATACCTCAG-3; and membrane was incubated with the rabbit polyclofatatenin
Tcf3 5-GTCAACGAATCGGAGAATCAG-3/5-ACAGCTCAG- antibody for 16 hours at 4°C. After multiple washes at room
ATGGATGAGGG-3. temperature, the membrane was incubated with a secondary antibody
All PCR conditions were optimized using the Epicentre FailSafe™supplied with the ECL™ Western Blotting Analysis System
PCR Premix Selection Kit (catalog number FS99060), according tfAmersham, catalog number RPN2108) for 1 hour at room
the manufacturer’s instructions. temperature. Protein was detected using the ECL™ Western Blotting
Analysis System.
Western blotting
Livers were dissected from 6-week-old male mice that were eithdPevelopment of embryos containing a maternal and
heterozygous for th@-catenin floxed allele/p) or thep-catenin ~ Paternal “N-B-catenin allele
deleted allele §-9¢YB), and immediately homogenized in chilled BF/SF;cre/@ (mutant) ang3™/fF;@/@ (control) females were crossed
RIPA buffer [25 mM Tris (pH 8.0), 150 mM NaCl, 0.5% with F9¢/3./@ males. Females and males were either caged
deoxycholate, 0.1% SDS, 1% IGEPAL, 1 mM EDTA] containing together overnight (natural matings), or for 2 hours 13 hours after

injection of human  chorion  gonadotropin
Floxed/Floxed —l— crelcre

(superovulation). Embryos were flushed at the 2-cell
stage, and cultured to the blastocyst stage. Experiments

Floxed/Floxed j— Floxed/+;cre/@
| 1 | 1

with embryos from natural matings were repeated three
Floxed/+;cre/@ Floxed/+;0/0 Floxed/Floxed;cre/@ Floxed/Floxed;3/@

times, whereas those from superovulation were only
done once.
I—l— J +/+,0/8 I—I— G ++,0/0

Statistical methods

Analysis of variance (ANOVA) was used to test the
difference among the mean number of pups per litter

Experimental Control from the mutant -catenin and control females
embryos embryos ([BFI B ;creld), [BFIBcreld], and BB ;cre/d]). Raw
Genotype: Genotype: data were used in the ANOVA, as they appeared to meet
Floxed®®'/+ Floxed/+ the assumptions of normality and homogeneous

variances. Where the null hypothesis was rejected,
Fig. 1. Mating scheme used to generate embryos lacking either maternal E- Tukey’s W was used to determine which groups were
cadherin of3-catenin. To generate females whose oocytes would be deficient in significantly different from each other. Significance
eitherf-catenin or E-cadherin, homozygous floxed females (Floxed/Floxed: tests were performed at=0.05. Thex? and proportion
[B71B7] or [EF/EF]) of each line were crossed with homozygous C57BL/6-Tg(Zp3-tests were done as described (Devore and Peck, 2001).
cre)93Knw males (cre/cre) containingra-recombinase transgene under control
of theZp3promoter. Males hemizygous for tAp3-cretransgene and
heterozygous for either floxed allele (Floxed/+;cre@1;cre/d] or

[EF/E;cre/@]), were backcrossed to females homozygous fo-tatenin or E- Results
cadherin floxed alleles (Floxed/Floxe@[37] or [EF/EF]). This generated Oocyte specific deletion of the floxed
females homozygous for either floxed allele and heterozygoZp&cre alleles

(Floxed/Floxed;cre/@:/ 3 ;cre/@] or [EF/EF;cre/d]) that produced oocytes

deficient in eithep-catenin or E-cadherin. These females were crossed to wild-

type C57BL/6J males to generate embryos lacking mat@roatenin or E-

cadherin, but with a wild-type paternal allele (Flg¥¥a; del=deleted floxed).
Control females homozygous for either floxed allele, but not carryingpBere

transgene (Floxed/+B/3";@/D] or [EF/EF;@/2]) were mated to wild-type

To determine the effect of the loss of mateifial

catenin or E-cadherin on pre-implantation embryo
development, we used the zona pellucida
glycoprotein 3 promoter to express cre-
recombinase early in the oocyte growth cycle (de

C57BL/6J males (+/+; @;d) to generate control embryos. To determine whether Vries et al., 2000). In this mating scheme (Fig. 1),

presence of th&p3-cretransgene would influence the outcome of embryo

females homozygous for either fBeatenin or E-

development, control females heterozygous for either floxed allele and hemizygagigdherin floxed allele, and hemizygous for the
for Zp3-cre(Floxed/+;cre/d: B/ B;cre/d] or [EF/E;cre/d]) were also mated to Zp3-cre  transgene (/3 ;cre/d] or
wild-type C57BL/6J males. Mice homozygous for both E-cadherirBecatenin [EF/EF:.cre/@]), were Crossed, to  wild-type
floxed alleles were bred by intercrossing mice homozygous for @tb&tenin or C57BL,/6J mélles Embryos derived from such

E-cadherin floxed allelesff/3] or [EF/EF]), and crossing their offspring inter.se devoid of th ¢ |
To obtain females homozygous for both floxed alleles and hemizygous #€p3he oocytes are devoid 0O € maternal sequences

cretransgene, females homozygous for both floxed alleles were crossed to male§Ncompassed by tHexP sites, and give rise to
homozygous for both floxed alleles, and hemizygous foZ (i#ecretransgene embryos of the genotypggTde/p] or [EF-9eVE],

[ 87137 EF/EF;cre/@]. This cross producef/[F;EF/EF;cre/d] females that gave having inherited a wild-type allele from the male.
rise to oocytes deficient in bofhcatenin and E-cadherin. As controls, females containing the homozygous
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A 3 B v
Genotype of pups  w E Genotype of pups =
g —— -
e Ernﬂe&d s
—Floxed (324 bp)
=Internal control (180 bp) LWiId type (221 bp)
C 0 Z e I; 1,57 8 M B D X
@
fp-catenin X ¥
pFIBF;Cre/@ N
L e oo o o o o o o o P
92kD — - [i-catenin
BFIF.@/0
APC
Ebi
| p— |
p-Trcp e TCFILEF____ o _____ " ICAT SDCCAG33
i 3— o—B—0 —iKa
f . L " L "
o-catenin E-cadherin CBP/p300
gsk-3p Axin
+ CKla . .
Reptin 52; Pontin 52 BRG1

Fig. 2. Effective elimination of E-cadherin affidcatenin sequences encompasselbkl sites in oocytes, and characteristics of the floxed

allele of3-catenin. (A) Genotypes of some pups from females producing oocytes lacking E-cadherin. The PCR product characterizing the
floxed-deleted E-cadherin allele inherited from the mother is indicated. The internal control is an unrelated wild-typegeddscin

indicator of successful PCR reactions. Genotypes of the control DNA are indicated at the top of each lane. (B) Genotyppsps om
females producing oocytes lackifigcatenin. The upper, floxed-delef@datenin allele inherited from the female is indicated, as well as the
lower wild-type-catenin allele inherited from the male. The middle product representing the floxed allele is clearly absent in the DNA of the
pups analyzed. Genotypes of control DNA are indicated at top of each lane. (C) RT-PCR using primers specificcéaubecgs ¢3-

catenin encoding the C-terminal part of the protein. A PCR replicon is detectable in all the embryos ostensibly lackinoatenia(i.e.

0, Z ande2; BF/F; cre/@; top panel), as well as in the control embry@3#f; @/D; bottom panel). Mitochondrial ATP synthas®-Atp§

primers were used as a control in both cases. O, ovulated oocyte; Z, $9getely two-cell embryd2, late two-cell embryd, late four-cell
embryo; 5/7, five- to seven-cell embryo; 8, eight-cell embryo; M, morula; B, blastocyst. (D) Western blot analysis usiggldinalfisl

catenin antibody recognizing the C-terminal part of the progEir. indicates extract obtained from a control animal containing one flbxed
catenin allele and one wild-type allef5-9¢}/+ indicates extract from a heterozygous animal containing a deleted-floxed allele and a wild-type
allele.-catenin, wild-type3-catenin;"N-B-catenin, 52 kDa protein recognized by the polycl@eatenin antibody. (E) Schematic
representation of the interaction®tatenin with different binding partners (not to scale). The N-terminal and C-terminal are depicted by
rectangular black boxes with an N or C, respectively. The 12 armadillo repeats are depicted by square, numbered blaekregixes Th

where specific proteins interact wihcatenin are depicted by brackets, with the name of the protein indicated. The large gray box indicates the
part of-catenin absent in the flox@dcatenin {N-f-catenin or truncated) allele. Ebi, EBtTrcp, B-transducin repeat containing protein;

Gsk33, glycogen synthase kinasp;LKla, casein kinaseal; APC, adenomatous polyposis coli; BRG1, SMARCA4; XSox3Xehopus

Sox3 or 17; ICAT, CATNBIP1, catenin beta interacting protein 1; CBP/p300, CREBBP, CREB binding protein/E1A binding profein p300
SDCCAG33, serologically defined colon cancer antigen 33.

floxed allele, but not th&p3-cretransgene (§F/37;@/@] or  embryos lacking maternal E-cadherin contained the deleted-

[EF/EF;@/@)), as well as females heterozygous for either floxedloxed E-cadherin alleleEf-9¢!) (Fig. 2A), and DNA from 116

allele and hemizygous for ti#p3-cretransgene -/ S3;cre/d] pups derived from embryos lacking matern@icatenin

or [EF/E;cre/@]), were mated to wild-type males. Femalescontained the deleted-flox@dcatenin allele §-d¢) (Fig. 2B).

homozygous for floxed alleles of bofBcatenin and E- These and subsequent data demonstrate complete and effective

cadherin, and hemizygous for thp3-cretransgene, were also elimination of floxed sequences by t&ig3-cretransgene.

mated with wild-type males. Oocytes produced by these ) ]

females are devoid of maternal floxed sequencgsoaitenin ~ Partial deletion of the floxed  B-catenin allele

and E-cadherin, and give rise to embryos of the genotyp#&s live born pups were obtained in spite of the effective

[BF-delB.EF-delE], elimination of the floxed sequences, we reexamined the
Live-born pups were obtained from embryos lackingconstructs and found that the flox@atatenin allele contains

maternal B-catenin or E-cadherin. To confirm that the an in-frame ATG contained within a Kozak consensus in exon

intervening sequences between taxP sites in floxed alleles 7, the first exon following deleted exons 2 to 6. RT-PCR using

were removed, PCR analysis was performed on DNA extractqatimers situated in the' 3equences of thf-catenin gene,

from these progeny. Tail DNA from 122 pups derived fromcoding for the C-terminal part of the protein, revealed that a
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Fig. 3.(A) No B-catenin is A
found in embryos expressing
truncated3-catenin, using an
N-terminal specific antibody,
until the paternal allele is
activated. A monoclondg-
catenin antibody that
recognizes an epitope in the
N-terminal part of the proteir
was used. Cre/d indicates
embryos expressing truncat
B-catenin; +/+ indicates
control embryosf-catenin
synthesized from the patern.
allele is first detected on the
surface of embryos expressi
truncated3-catenin at the 4- 1
8-cell stage transition (6/8-c
stage). (B) E-cadherin is
absent in embryos prior to 2-cell 6/8-cell Morula

activation of the paternal

allele. A polyclonal antibody against E-cadherin was used. E-cadherin is first detected on the surface of embryos lackirify cadtesria at
the late morula stage. Cre/d indicates embryos lacking maternal E-cadherin; +/+ indicates control embryos. The stageiof embryon
development is indicated below the figure; fluorescent (FL) or Nomarski Differential Interference Contrast (DIC) imagestae amdibe
left. Scale bar: 1Qm.

- - - Mutant Embryo: [-‘Fde!_.‘li

+/+

+/+ Cre/@ +/+ Cre/@ Cre/@
= ==

Mutant Embryo: EF-del/E

transcript is indeed present in oocytes and embryos containifacking maternally derived protein revealed that there was no
the floxedB-catenin allele (Fig. 2C). Western blot analysisdetectable E-cadherin at the surface of 2- or 6- to 8-cell stage
using a polyclonal antibody recognizing the C-terminal part oEmbryos. The first pinpoints of E-cadherin from the paternal
the B-catenin protein showed that a truncated protein of thallele were only demonstrable at the morula stage (Fig. 3B).
predicted size is translated from the transcript originating fronRemoving the zona pellucida from these cleavage stage
the -N-B-catenin allele (Fig. 2D). The truncated proteinembryos, as in the case of the embryos expressing trurfzated
contains armadillo repeats 6 to 12 as well as the C terminusatenin, resulted in immediate dissociation of individual
thus retaining the binding sites for CATNBP1 (ICAT), blastomeres of embryos up to the 8-cell stage. Adhesion of the
SMARCA4 (BRG1), SDCCAG33 and CREBBP/p300, as wellmaternal E-cadherin-deficient embryos did not occur until the
as a portion of the binding sites for APC, E-cadherin andnorula stage, coinciding with the first detectable protein (Fig.

TCF/LEF (Fig. 2E). 3B). The levels of fluorescence indicated that less E-cadherin
) o . was present in morulae that lacked maternal E-cadherin.
B-catenin and E-cadherin in blastomere adhesion Nonetheless, compaction occurred in these embryos, albeit an

The N-terminal part op-catenin contains the binding site for entire cell division later than in normal embryos.
o-catenin and some part of the binding site for E-cadherin

(armadillo repeats 3-5). Immunofluorescent analysisB-of B-catenin-E-cadherin interaction and effects on

catenin in embryos expressing truncafedatenin, using a Protein localization

monoclonal antibody reacting with the N-terminal part of theE-cadherin localization in embryos expressing truncated
protein, was carried out. Althoudhcatenin was detected at (-catenin

the surface of control blastomeres, the N-terminal part of thgg determine whether absence of intatatenin influenced
protein is not present at the surface of 2-cell stage blastomergsealization of E-cadherin on the blastomere surface, 2-, 4- and
Intact B-Catenin translated from paternal transcripts was fil’Sg_CQH stage embryos expressing truncaﬂada{enin were
demonstrated at the 4- to 8-cell stage transition (Fig. 3A). examined using E-cadherin antibody (Fig. 4A). E-cadherin is
Removing the zona pellucida from these cleavage staggmmunodetected at the surface of 2- and 4-cell stage embryos
embryos resulted in a compelling functional assay: individuaéxpressing truncatetcatenin, although the zone of detection
blastomeres of 2-cell stage embryos from the experimentd not as sharply demarcated as in wild-type embryos, and
group immediately dissociated (Fig. 3A), but by the 4- to 8adhesion does not occur. Interestingly, E-cadherin could also
cell stagep-catenin, translated from the activated paternabe detected in the cytoplasm of 2- and 4-cell stage embryos
allele, was detected and rescued blastomere adhesion (Figpressing truncate@-catenin. In 8-cell stage embryos
3A). The levels of fluorescence suggest that the amous of containing truncated and intadd-catenin, E-cadherin is

catenin on the blastomere surface of morulae was similar ifletectable at the cell surface in a normal pattern (Fig. 4A).
control embryos and those heterozygous for-catenin

allele. This result clearly demonstrates that trunc@tedtenin ~ Nuclear localization of B-catenin in embryos lacking

is not capable of supporting adhesion. However, such embry#aternal E-cadherin

do survive until protein synthesized from the paternal allel@o determine whether absence of E-cadherin influences the

reaches the blastomere surface. localization of B-catenin, zygotes, and 2- and 8-cell stage
Immunofluorescent detection of E-cadherin in embryogembryos, were examined using a polyclonal antibody that
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detects epitopes on truncafgédatenin. In control embryoB;  able to translocate to the nucleus, we made use of embryos
catenin was detected at the surface and in the pronuclei sbm EF/EF;3F/37;cre/@ females. These embryos, which lack
zygotes, and at the surface of 2- and 8-cell stage embryasaternal E-cadherin and express truncdlechtenin, were
However, in embryos lacking maternal E-cadhefitatenin analyzed by immunofluorescence using the polyclonal
was detected solely in the pronuclei and nuclei of zygotes arahtibody tof-catenin. This showed that truncafgdatenin is
2-cell stage embryos, respectively. This result demonstratésund in the pronuclei and nuclei of zygotes and 2-cell stage
that detectable quantities Bfcatenin are present in the nuclei embryos (Fig. 4C). This result was confirmed using another
of 2-cell stage embryos that lack E-cadherin. polyclonal antibody (AbCam, catalog number ab6302), which
To determine whether the truncafedatenin protein is also recognizes the C-terminal part of the protein. Comparison of

A +/+ Crel@ ++ Crel/@ +/+ Crel/@

Mutant Embryo: pF-del/g
Ab: E-cadherin

B +[+ Crel@ ++ Crel/@ +/+ Cre/@

FL

Mutant Embryo: EF-del/E
Ab: B-catenin

DIC

Zygote 2-cell 5/8-cell

C +/+ Crel@ +[+ Crel/@ +/+ Crel/@

FL

Mutant Embryo: jF-del/3; gF-del/g
Ab: B-catenin

DIC

Zygote 2-cell 5/8-cell

Fig. 4. Localization of E-cadherin arféicatenin in embryos lacking the binding partner. (A) E-cadherin is detectable on the blastomere surface
of embryos expressing truncat@aatenin. E-cadherin is visible on the surface of the blastomeres of both the control embryos (+/+) and the
embryos expressing truncat@eatenin (Cre/d). E-cadherin is also detectable in the cytoplasm of 2-cell and 4-cell stage embryos expressing
truncated3-catenin. (B)3-catenin is present in the nucleus of early embryos lacking maternal E-cafikeatanin was detected in control
embryos (+/+) and embryos lacking maternal E-cadherin (Cre/@), using the poly&katahin antibody recognizing the C terminus of the
protein.-catenin is visible on the blastomere surface of control zygotes, 2-cell stage embryos and 8-cell stage embryos Paititesime

also visible in the cytoplasm of control zygotes and 2-cell stage embryos. By cdhtaishin is visible in the pronuclei and cytoplasm of
zygotes, as well as in the nuclei and cytoplasm of 2-cell stage embryos lacking maternal E-cadherin. Only a smallfxoadantrofs

detectable in 8-cell embryos lacking maternal E-cadherin. (C) Trun@ataténin is present in the nucleus of embryos lacking maternal E-
cadherin-catenin was detected in control embryos (+/+), and in embryos expressing tr@catedin and lacking maternal E-cadherin

(double mutant) embryos (Cre/@), using the polycl@eatenin antibody that detects the C-terminal part of the pr@eaiatenin is detected

in the pronuclei of control and double-mutant zygotes, on the surface and in the cytoplasm of control 2-cell stage ermbrmyaslginand
cytoplasm of double-mutant 2-cell stage embryos, and on the surface of 4 to 8-cell stage control and double-mutant emboy&ahbiC,
blastomeres of 8-cell stage embryos lacking maternal E-cadherin do not adhere to each other. Consequently all manijndgtiens dur
immunostaining process were carried out with extreme caution to maintain blastomeres of embryos in a clump. No fluoredetectedvars
embryos where the primary antibody was omitted (data not shown). Scale hars: 10
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the pattern of staining between embryos lacking maternal E-Table 1. Development of embryos derived from females
cadherin and expressing wild-tyd&catenin, and that of expressing truncatedB-catenin in their oocytes crossed to
embryos lacking both maternal E-cadherin and expressingnales heterozygous for the deleted-floxetcatenin allele

truncatedB-catenin reveals a similar staining pattern.

2-cell stage Expanded/hatched
. . . . embryos blastocysts

Regulation of B-catenin levels in embryonic Natural matings

blastomeres o . Mutant(B7/BF; cre/@x (F-de/p) 52 43 (83%)
Degradation of 3-catenin via the proteasome in pre- Control (BF/BF; @@ x BF-delp) 30 28 (93%)
implantation embryos Superovulatioh

To determine whether3-catenin concentration in early Mutant(BFF/BFF: cre/@x BE';""VB) 79 71 (90%)
embryos could be controlled by the same mechanism as inControl(B7/pF; @ /@x g=e/p) 20 19 (95%)

somatic cells, we made use of embryos lacking maternal E-.,2_; g5.p-0 173, Proportion test: z=—4.81.
cadherin. As the somatic mechanism involves the proteasomejy2=0.508:p=0.476. Proportion test: z=-7.0.
2-cell stage embryos were incubated with the proteasome
inhibitor MG132 and (-catenin was detected using the
monoclonalf-catenin antibody (Fig. 5A3-catenin is visible molecules interacting witlfg-catenin in early embryos, RT-

at the cell surface and in the cytoplasm of a control embryBPCR was performed (Fig. 5B). These assays revealed that
(Fig. 5A, first panel)3-catenin protein is detectable in the transcripts of at least two molecul&sk3bandApc which are
cytoplasm and especially the nucleus, but not at the surface iof/olved in regulating intracellular levels of the molecule, are
the blastomeres, of an embryo lacking maternal E-cadherin thatesent from the full-grown oocyte to the 4- to 8-cell stage.
was incubated in the proteasome inhibitor (Fig. 5A, secondranscripts of a number of molecules capable of interacting
panel). Low levels of8-catenin, slightly more than background with (-catenin in the nucleus to influence transcription by
staining, are visible in the nucleus and cytoplasm of amcting as co-activators, or by changing chromatin structure, are
MG132-free, control embryo lacking maternal E-cadherimalso present from the full-grown oocyte to the blastocyst stage:

(Fig. 5A, compare panels three and four). Smarca4(Brgl), Sdccag33Tsh, Ruvbl1(Pontin52) and'cf3
Are the components regulating B-catenin levels present Expression of truncated [-catenin influences
in the early embryo? embryo development

The results obtained above suggest that the multimerito determine whether embryo development was adversely
cytoplasmic protein complex, which assures degradati@ of affected by the expression of a maternal and patehi-
catenin in somatic cells, not only exists, but is also functionatatenin allele, we crosse8/fF;cre/@ females withgr-del

at this stage. To determine whether these molecules, as well g&/@ males, giving rise to embryos of the genotyb&e/
other molecules interacting wiflcatenin, are present in early gFdel and gF-d¢/B. As controls, B/ ;@/@ females were
embryos, we initially turned to the annotated 2-cell stagerossed with3 9¢/B.@/@ males. Embryo development to the
library (Evsikov et al., 2004). Expressed sequence tags (ESTllastocyst stage was monitored (Table 1). Using the chi-
for two molecules involved in the regulation @catenin are  squared ¥?) test, we determined that embryos obtained from
present in the 2-cell stage librapc and casein kinasenl  S7/f3F;cre/@ females developed less efficiently than those from
(Csnkla). ESTs for other molecules interacting wifla  control females. Hypothetically, if the expression of two
catenin were also foun&marca4Brgl), Sdccag33Tsh, and  deleted-floxedB-catenin alleles is lethal, at least 50% of
Catnbip1(ICAT). To confirm the presence of these, and otheembryos should die. This hypothesis was rejected using a

A E-cadherinmat: + - - - B o & O . B
MG132*: + + % + P 8RR &§ 23 2 8
p-catenin Ab:

gsk3b

Apc [ e

Fig. 5. The level off3-catenin in 2-cell stage embryos is controlled by the same mechanism as in somatic cells. (A) Involvement of the
proteasome. The presence (+) or absence (-) of maternal E-cadherin (E-B@bliwetime embryos analyzed is indicated, as is the presence (+)
or absence (-) of the proteasome inhibitor MG132N®. The monoclonaB-catenin antibody@-catenin Ab) was used for staining (+), except
where it was omitted (-) to determine background levels of staining. Secondary antibody was used in every staining18¢afe bar:

(B) Transcripts for proteins interacting wiBhcatenin in the cytoplasm or nucleus are present in oocytes and early embryos. Names of the
transcripts are indicated to the left of the figure.
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proportion test, and therefore the loss of embryos fromvas rescued by the absence of maternal E-cadherin in embryos
BF16;cre/l@ females cannot be ascribed to the expression @xpressing truncate@-catenin. No difference was found
two deleted-floxed3-catenin alleles. These data suggest thabetween the number of pups per litter obtained from females
full-length 3-catenin is not a requirement for pre-implantationlacking both maternal E-cadherin and expressing trungated
development to blastocyst in vitro. catenin in their oocytesEf/EF;B7/3F;cre/@), and control

To determine the effect of the absence of maternal Hemales EF/EF;BF/37;@/@). These results suggest that E-
cadherin or the expression of truncafiedatenin on embryo cadherin, in its role as regulator of cytoplasfHcatenin, may
development, the number of live born and weaned pupglay a role in embryo development.
obtained from females producing oocytes lacking E-cadherin, The whole-mount immunofluorescence staining suggested
or expressing truncatefsicatenin, was recorded. No loss of that the paternal allele ¢#-catenin is expressed earlier than
embryos was indicated in females producing oocytes lackintpat of E-cadherin (Fig. 3). To accurately determine the time
maternal E-cadherin: the mean number of pups per litter bowwf activation of the respective paternal alleles, RNA was
to these females was the same as for control females (6.0 pypgpared from control embryos, and embryos lacking maternal
per litter in both cases). However, loss of embryos wag&-cadherin or expressing truncatBetatenin. RT-PCR was
indicated in females producing oocytes expressing trun@ated performed using primers situated within the sequences
catenin, as the mean number of pups per litter from thessncompassed by tHexP sites. In contrast to controls where
females was less than the mean number of pups per litter frommaternal transcripts of botB-catenin and E-cadherin are
control females (Fig. 6A). Females producing oocyteslearly detectable at all time points (Fig. 6B,C; lower panels),
expressing truncatefl-catenin had a mean of 5.0 pups perthe RT-PCR product foB-catenin is not seen until 34 hours
litter, significantly smaller than the 6.8 pups per litter fromafter mating, at the late 2-cell stage, whereas the RT-PCR
BFIB;@1D control females, and the 6.5 pups per litter fromproduct for E-cadherin is not seen until 48 hours after mating,
BFIB,creld control females (Tukey's W=1.64; 0.(8<0.05).  at the late 4-cell stage (Fig. 6B,C; top panels). This clearly
Progeny derived from oocytes expressing truncfitedtenin  demonstrates tha3-catenin mRNA produced from the
were phenotypically normal, and lived the normal expected lifactivated paternal allele is available for translation at least 14
span of a C57BL/6J mouse without any signs of diseaséours prior to that of paternal E-cadherin.
Taking the size of the data set and the results in Table 1 into
account, embryos are probably lost before or during thf)iscussion

blastocyst stage. Interestingly, the loss-of-embryo phenotype i . .
E-cadherin and [(-catenin are required for

blastomere adhesion

In normal embryos compaction starts at the late 8-cell stage,
continues in the morula, and is accompanied by changes in cell
polarity that lead to the formation of the first differentiated
tissue in the embryo, the trophectoderm epithelium (Fleming
and Johnson, 1988). The distribution of E-cadherin on the
surface of blastomeres changes throughout this process
(Ohsugi et al., 1996; Vestweber et al., 1987). Remodeling of
the E-cadherir-catenine-catenin complexes is required for

Mean number
of pups per litter
= L] £ [-] -]

BFIBF  pFip;crei@ BFIPF;crel@

HIE i M the rearranging of cadherin-mediated cell-cell adhesion, the
B : E-cadherin paternal : grouping of cells into appropriate structures, and cell migration
0 Z e I, I, 57 8 M B (McNeill, 2000; Ozawa et al., 1989). Interestingly, E-cadherin-
E-cadherin ._
Fig. 6.(A) Embryos expressing truncatBetatenin do not develop
E-cadherin control optimally, as indicated by fewer pups per litter. Bar graph depicting
e I T, the mean number of pups per litter obtained from females producing
R —.. * oocytes expressing truncat@aatenin g7/ 57;cre/@) and control

females /3F andF/B;cre/@). The number of litters recordet {n

each group is indicated at the bottom of the graph. (B,C) The

paternal alleles d8-catenin and E-cadherin are activated

sequentially. (B) Expression of E-cadherin in embryos lacking

maternal E-cadherin (top) and control embryos (bottom).

(C) Expression of wild-typ@-catenin in embryos expressing

truncated3-catenin (top) and control embryos (bottom). The

[FIRF;Cre/@ expression of both genes was monitored by RT-PCR and subsequent
Southern blot analysis of the PCR products usif@Pdabeled E-
cadherin cDNA probe. Wild-typR-catenin was monitored using

p-catenin control primers situated in sequences coding for the N-terminal part of the

=P Y= protein. The gene product monitored is indicated on top of the figure;

I the genotype of the females from which the embryos were isolated is

s (FIpF 01 indicated on the right. Mitochondrial ATP synthase-Atp§ was

il used as a control for the RT-PCR, and was detected by ethidium

bromide staining. Embryo stages are the same as in Fig. 2.

EFIEF;0/0

mt-Atp6

C p-catenin paternal
ez eSS

[i-catenin

mt-Atp6

|

mt-Atp6



Embryo development without maternal Cdhl1 and Catnb 4443

specific morpholino oligonucleotides arrest embryos at the 2 A E/L2C: Wild type
cell stage (Kanzler et al., 2003), leading these authors 1
postulate that 2-cell arrest is caused by an altered distributic

of B-catenin, resulting in an aberrant transcription of genes thi

can be activated bf-catenin. However, we find that genetic

ablation of all maternal E-cadherin allows translocatiof-of

catenin to the nucleus but does not result in 2-cell arres

Indeed, the only effect of the loss is that adhesion o
blastomeres is ablated until the late morula stage (Fig. 7A,B

The fact that compaction can occur a cell division later than i B
normal embryos indicates that confinement within the zon
pellucida enables adequate blastomere contact for compacti

to ensue once paternal E-cadherin reaches the blastom:
surface. Understanding the function of specific genes ar
dynamic interactions at the initiation of mammalian
development thus rests on the knowledge of in vivo analysis «

the phenotype of mice bearing null and hypomorphic alleles ¢ C
specific genes.

Our results further show that removal in the oocyte of the
N-terminal part of3-catenin, containing the binding site fior
catenin and a part of the binding site for E-cadherin, eliminate
blastomere adhesion (Fig. 7C). Although E-cadherin is prese
at the blastomere surface of embryos expressing trunfated
catenin, these blastomeres do not adhere to each oth
apparently as a result of the inability to form an adhesiol
complex. Furthermore, E-cadherin is mislocalized to the D
cytoplasm in 2- and 4-cell stage embryos, a likely result of th
inability of truncated-catenin to bind E-cadherin. This
mislocalization is reversed during the 4- to 8-cell transition
when B-catenin synthesized from the paternal allele interact
with E-cadherin, reaches the blastomere surface, and enab
blastomere adhesion. Embryos remain intact from fertilizatiol
to the 8-cell stage because their blastomeres are kept in clc
proximity to each other by the zona pellucida. This resul
underscores the importance of interaction of E-cadherin wit E Lc:Ne Mt Pty Yo osnd Matermal
the catenins and other members of the adhesion complex
maintain cell-cell adhesion.

Although maternal E-cadherin was previously found to be
present in the E-cadherin null embryos, the membran
localization ofa-catenin,3-catenin and ZO-1 (TJP1 — Mouse
Genome Informatics), all of which are involved in interacting
with E-cadherin to establish proper cell-cell interaction ana
organize the cortical actin filament, was abnormal (Ohsugi €tig. 7. Schematic representation of the phenotypes obtained for
al., 1997). E-cadherin null embryos, while containing materngfmpryos either expressing truncafedatenin, lacking maternal E-
E-cadherin, are not able to maintain compaction and form agdnerin, or expressing truncafedatenin as well as lacking

. aternal E-cadherin. (A) A control early/late 2-cell stage embryo
mta(_:t trophectoderm layer (_Larue et al., 1994). _Embryo E/L2C) where interaction d§-catenin (yellow and blue rectangles)
lacking maternal E-cadherin undergo compaction an

> c'fand E-cadherin (blue zig-zag lines) ensures adhesion of the two
subsequent cavitation as soon as the paternal protein ygsiomeres. (B) In early 2-cell stage embryos (E2C) lacking
expressed. E-cadherin is thus not required for early embry@aternal E-cadherin, the adhesion complex cannot form, resulting in
development, but synthesis and post-translational modificatiaslastomeres that are not able to adhere. Consequently larger amounts
of E-cadherin, translated from the newly activated embryoniof B-catenin translocate to the nucleus. (C) In early 2-cell embryos
genome, as well as its interaction witkcatenin, is required —expressing truncatetcatenin (yellow squares), the blastomeres fail
for the dynamic changes necessary for blastomere-blastoméfeadhere, even though E-cadherin is present on the blastomere
adhesion during compaction and trophectoderm formation. Surface. (D) In late 2-cell embryos expressing truncieatenin,

the wild-type paterngd-catenin allele is activated. Protein translated
B-catenin and pre-implantation embryo development from this allele is sequestered by E-cadherin to form the adhesion

. . . cpomplex (yellow and blue rectangles with blue zig-zag lines
The floxed3-catenin allele we used in this study has been use&ftached), and a lesser amount is translocated to the nucleus. (E) By

to delineate the role di-catenin and the WNT pathway in contrast, in late 2-cell stage embryos expressing trunfatetenin
development of the brain, neural crest and embryonignd also lacking maternal E-cadherin, all newly synthegized
endoderm (Brault et al., 2001; Hari et al., 2002; Lickert et al.catenin is able to translocate to the nucleus because no E-cadherin is
2002; Machon et al., 2003). Our analysis revealed that excisigmesent to sequester it to the adhesion complex.
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of the floxed sequences removes the N-terminal part of thembryos can therefore be seen as a system that is both robust
protein, leaving the C-terminal part intact. The N-terminal pareind able to tolerate quite large changes, while at the same time
contains binding sites foo-catenin, GSKB, CSNK1A1, being dependent on the meticulous timing of new transcription
Reptin52 and RUVBL1 (Pontin52). From the best estimates iand translation.

the literature, the binding sites for E-cadherin, TCF/LEF, APC

and AXIN are partially removed, but in the cases cited above This work was supported by research grants HD37102 (B.B.K.),
the WNTp-catenin signaling pathway is non-functional. COBRE 1 P20 RR018789 (W.N.d.V.), CORE Grant CA34196-20

Because oocytes expressing truncaf@datenin undergo from thg National Institutes of Health (B.B.K.), and The Lalor
normal maturation, fertilization and early 2-cell StageFoundatlon (A.V.E.). We thank Drs Sue Ackerman, Kenn Albrecht

LT ; and Tim O’Brien for critical reading of the manuscript. We would also
development, we suggest that the WRFatenin signaling like to thank Greg Martin of the Biological Imaging Service for help

pathway is not functional at this time in development. Furthefiit, the confocal microscopy images, Dr Jason Stockwell of
support for this is gained from the fact th@tcatenin  computational Biology Resource for statistical analysis of the data,
translocates to the nucleus in embryos lacking maternal Bennifer Smith of Multi Media Services for help with the figures, and
cadherin, in essence mimicking an overexpressionB-of Letitia Jordan for excellent mouse care.
catenin, which in systems responsive to the WiNJdtenin
pathway causes detrimental effects. Nonetheless,
embryos develop normally. o _ _

However, it cannot be ignored that the C-terminal part of th&2rker, N., Hurlstone, A., Musisi, H., Miles, A., Bienz, M. and Clevers, H.
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