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Yin Yang 1 (YY1) is a zinc finger-containing transcription factor and a target of viral oncoproteins. To
determine the biological role of YY1 in mammalian development, we generated mice deficient for YY1 by gene
targeting. Homozygosity for the mutated YY1 allele results in embryonic lethality in the mouse. YY1 mutants
undergo implantation and induce uterine decidualization but rapidly degenerate around the time of implan-
tation. A subset of YY1 heterozygote embryos are developmentally retarded and exhibit neurulation defects,
suggesting that YY1 may have additional roles during later stages of mouse embryogenesis. Our studies
demonstrate an essential function for YY1 in the development of the mouse embryo.

Yin Yang 1 (YY1) is a multifunctional transcription factor
that can act as a transcriptional repressor, an activator, or an
initiator element-binding protein that directs and initiates
transcription in vitro (8, 12, 22, 25, 27). Recent studies have
focused on mechanisms by which YY1 regulates transcription
and have identified repression and activation domains in YY1
(2,9, 17, 27) as well as interactions of YY1 with coactivators
and corepressors (16, 34). These findings have suggested po-
tential molecular mechanisms that may underlie the ability of
YY1 to regulate transcription but have not elucidated how
these molecular events contribute to the biological activities of
YY1.

Previous studies have shown that YY1 is a target of the
adenovirus E1A oncoprotein (27). Mutations that abrogate the
ability of E1A to induce oncogenic transformation also disrupt
the ability of E1A to regulate YY1 (16), suggesting that YY1
is likely to play a role in cell proliferation. Studies performed
with cell culture systems suggest that YY1 might also play a
role in differentiation in multiple cell types (reviewed in refer-
ences 26 and 28). In addition, although YY1 appears to regu-
late many genes that encode proteins with diverse biological
activities, the genes that have been shown to be repressed by
YY1 are largely associated with differentiation (reviewed in
references 26 and 28). Taken together, these in vitro studies
suggest a global role of YY1 in the regulation of differentiation
and cell proliferation, possibly in a variety of cell types. These
studies further predict that YY1 might play a crucial and ex-
citing role in the development of higher organisms such as the
mouse. However, the in vivo function of mammalian YY1
remains unclear to date.

To address the role of YY1 in vivo, we disrupted one YY1
allele in mouse embryonic stem (ES) cells by homologous
recombination and generated mice harboring the mutant YY1
allele. Homozygosity for the mutant YY1 allele results in em-
bryonic lethality in the mouse. By genotyping embryos at dif-
ferent gestational times, we identified YY1/~ embryos at the
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blastocyst stage. The YY1-deficient embryos were implanted in
the uterine tissue but failed to develop to the gastrulation
stage, resulting in embryonic death around the time of implan-
tation. These findings suggest that YY1 plays an indispensable
role in early mouse embryogenesis. In addition, a subset of
YY1 heterozygotes display growth retardation and neurulation
defects. Although YY1 is ubiquitously expressed, significantly
higher levels of YY1 mRNA are detected in the somites, limb
bud, and tail tip. The phenotype of these YY1 heterozygotes
and the enriched YY1 expression in selective tissues together
suggest that YY1 is likely to play a role in later stages of mouse
embryonic development, such as organogenesis. Our findings
demonstrate for the first time a critical role for YY1 at mul-
tiple stages during mouse embryogenesis.

MATERIALS AND METHODS

Disruption of the YY1 gene. An 18-kb mouse YY7 genomic DNA was isolated
by screening a 129/Sv mouse genomic library (Stratagene) with the murine YY7
cDNA (12). This fragment contains the entire YYI exon I as well as the se-
quences 11 and 6 kb 5" and 3’ to exon I, respectively. The targeting vector was
constructed by replacing the Xhol/HindIII fragment containing the entire exon I
and the promoter-proximal region important for YY7 transcription (24) with the
bacterial neomycin gene driven by the phosphoglycerate kinase 1 promoter
pgk-neo expression cassette. To disrupt the YY1 gene, the J1 ES cell line was
electroporated with the linearized targeting vector DNA and neomycin-resistant
colonies were selected in G418-containing medium (18). These colonies were
expanded and screened for homologous recombination at the YY7 locus by
Southern blot hybridization with an external YYI probe shown in Fig. 1A. Four
positive clones were identified from a total of 96 colonies and confirmed by
hybridization with a 600-bp PstI neo fragment isolated from the pgk-neo vector.
One such YY1*/~ ES clone was expanded and microinjected into C57BL/6
blastocysts to obtain chimeric mice as determined by agouti coat color. Male
chimeras with germ line transmission were subsequently bred either to 129/Sv
females to establish an inbred strain or to C57BL/6 females to establish hybrid F,
progeny. Tail biopsy specimens were obtained from pups 3 to 4 weeks of age for
genotyping.

As an alternative to genotyping by Southern hybridization, PCR was per-
formed on DNA isolated from early-stage embryos, blastocyst outgrowths, or tail
biopsy specimens. For instance, to genotype blastocysts, single, flushed blasto-
cysts were suspended in 20 pl of lysis buffer (50 mM Tris [pH 8.0], 0.5% Triton
X-100, and 200 pg of proteinase K per ml). DNA samples were incubated
overnight at 50°C and heated for 5 min at 95°C. PCR amplification with the neo
primers yielded a 500-bp fragment, and the YY1 primers yielded a 211-bp PCR
product. In some cases, visualization of the PCR products was aided by Southern
blot hybridization with [y-*?P]JATP-labeled neo (neo-forward) or YY1 probes.
Primers used for PCRs were the following: neo-forward, 5'-ATGAACTGCAG
GACGAGGCAGCG-3'; neo-reverse, 5'-GGCGATAGAAGGCGATGCGCT
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G-3'; YY1 forward, 5'-TCGCGCTGCAGCCGCTGGTGAC-3"; YY1 reverse,
5'-CGCCACGGTGACCAGCGTCTGC-3"; YY1 probe, 5'-CACCAGGATCA
CCTCCTGGTGGTGGTGCAC-3'".

Histological and immunohistochemical analysis of embryos. Uteri were ob-
tained from YY1 heterozygous intercrosses, resuspended in phosphate-buffered
saline, fixed overnight in 4% paraformaldehyde at 4°C, dehydrated, and embed-
ded in paraffin as described by Kaufman (14). Serial sections were cut at a 7-um
thickness and stained with hematoxylin and eosin.

Confocal analysis of preimplantation embryos. Preimplantation embryos were
obtained from wild-type, superovulated females crossed with wild-type males as
described below at 12, 36, and 93 h postcoitum to obtain 1-cell, 2-cell, and
blastocyst (60-cell)-stage embryos, respectively. A whole-mount immunofluores-
cence assay was performed as described by Palmieri et al. (21). Embryos were
fixed in freshly prepared 4% paraformaldehyde, permeabilized, blocked for
nonspecific antibody staining, and incubated with primary antibody. Primary
antibodies used were rabbit polyclonal anti-TATA-binding protein (TBP) (SI-1,
1:25 dilution; Santa Cruz), rabbit anti-Sp1 (PEP 2, 1:25 dilution; Santa Cruz),
monoclonal anti-YY1 1A12 (1:5 dilution, a gift from Anny Usheva), and affinity-
purified rabbit anti-YY1 (1:150 dilution) (16). Secondary antibodies used were
fluorescein 5-isothiocyanate (FITC)-conjugated goat anti-mouse immunoglobu-
lin G (IgG) (Cappel; 1:150 dilution), Texas red-conjugated goat anti-rabbit IgG
(1:100 dilution; Cappel), and FITC-conjugated goat anti-rabbit IgG (1:500 dilu-
tion; Cappel). DNA was visualized by propidium iodide-DAPCO (1,4-diazabi-
cyclo-[2,2,2]-octane). The embryos were analyzed on a Zeiss laser scanning
confocal microscope with an excitation wavelength of 568 nm from an argon-ion
laser for Texas red-conjugated antibodies and 488 nm from a helium-neon laser
for FITC-conjugated secondary antibodies.

‘Whole-mount in situ analysis of YY1 mRNA expression. The YY1 riboprobe
was constructed by digesting the murine YY1/8 cDNA with SacI (12) and reli-
gating this plasmid to generate YYldelSacl. This construct spans YY1 amino
acids 1 to 337. The antisense RNA probe was transcribed with the T7 polymerase
from the YY1delSacI plasmid linearized with EcoRI, while the sense RNA probe
was transcribed with the SP6 polymerase from the same template DNA linear-
ized with HindlIII. The above riboprobes were generated with digoxigenin-UTP
(Boehringer Mannheim). To obtain embryos of various developmental stages,
129/B6 mice were mated overnight and the morning of vaginal plug detection was
defined as 0.5 days of gestation. Embryos were dissected, fixed in 4% parafor-
maldehyde plus 0.1% Tween 20 in phosphate-buffered saline, and stored over-
night at 4°C. Whole-mount in situ hybridization with the digoxigenin-labeled
riboprobes (Boehringer Mannheim) was performed as described elsewhere (32).

RESULTS

Generation of mice lacking a functional YY1 gene. We iso-
lated a YYI genomic DNA clone from a mouse strain 129/Sv
genomic library. This YY7 genomic fragment contains the en-
tire exon I, which represents more than 50% of the YY7 coding
region (227 of 414 amino acids). As shown in Fig. 1A, exon I as
well as the proximal promoter region of YY7 essential for YY1
gene transcription (24, 35) was replaced by the bacterial neo-
mycin resistance (Neo") gene. The promoter and the transla-
tional start site of YY1 were removed to minimize the possi-
bility of residual transcription or translation that might yield a
truncated YY1 protein. The linearized targeting vector was
electroporated into J1 ES cells (18) and subjected to G418
selection. Of 96 G418-resistant ES colonies analyzed for ho-
mologous recombination, 4 displayed YY! gene replacement.
A representative Southern blot with both the external YY7 and
neo probes that detected YY1/~ ES cells is shown in Fig. 1B.
One of these YY1*/~ ES cells was expanded and microin-
jected into C57BL/6 female blastocysts. Chimeric mice ob-
tained were then bred to C57BL/6 and 129/Sv females to pro-
duce heterozygous mice. Male and female heterozygous
YY1"~ mice were fertile and appeared phenotypically normal
as observed over a year, with the exception of a small subset
(see below).

Disruption of YY1 results in early embryonic lethality. Het-
erozygous YY1 mice were mated, and genotypes of newborn
offspring were determined by Southern blot analysis or PCR
(detailed in Materials and Methods) of biopsied tail samples.
Of 58 newborn animals genotyped from 12 independent litters,
21 were YY1*/", 37 were YY1"/~, and none were YY1/~
(Table 1), indicating a Mendelian ratio typical for an embry-
onic lethal phenotype (1:2:0). To determine the time of death
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FIG. 1. Generation of a targeted mutation at the mouse YY1 locus and
identification of the YY1 mutant allele. (A) Genomic organization of the mouse
YY1 locus and design of the targeting construct. An 18-kb YY1 fragment was
obtained from a genomic library of the mouse strain 129/Sv. The YY1 fragment
targeted for gene replacement contains exon I and the sequences 11 kb 5" and 6
kb 3’ to exon I. A Xhol/HindIII fragment (approximately 2 kb) containing the
entire exon I including both the transcription and the translational start sites was
replaced with the neo cassette. The arrow marked “Txn start” denotes the
transcriptional start site. The arrow labeled “ATG” denotes the translational
start site. The probe used in Southern hybridization to detect homologous re-
combination is indicated by a thick bar and labeled as such. The size of a 1-kb
sequence is also indicated. B, BamHI; H, HindllI; K, Kpnl; RV, EcoRV; S, Sacl;
X, Xhol; RI, EcoRI; PGK, phosphoglycerate kinase. (B) Identification of ES
cells containing a mutant YY1 allele. The YY1 targeting vector was introduced
into ES cells and selected with G418. Southern blot hybridization was performed
on genomic DNA extracted from ES cells, digested with BarmHI, and hybridized
to a radioactively labeled neo and external YY1 probe as shown in panel A.
Wild-type (wt) ES cells contain a single 25-kb YY1 fragment, while YY1*/~ ES
cells contain the 25-kb and the mutant (mut) 19-kb YY1 fragment. The 6-kb
fragment containing the neo gene is detected for the YY1*/~ ES cells only. The
genotypes of the ES cells are indicated above the lanes. The size of the hybrid-
ized bands is indicated on the right.

during embryogenesis, embryos obtained from heterozygous
intercrosses were dissected at various gestational times, and
DNA was isolated and analyzed by Southern blot hybridization
(Fig. 1B) or PCR (data not shown). As shown in Table 1,
embryos at various developmental stages that could be geno-
typed were either wild type or heterozygous for the YY1 allele.
The resorbed embryos in the empty decidual sacs had little

TABLE 1. Genotyped offspring from YY1
heterozygous intercrosses

No. of No. of No. of No'e:gtth Ye_Yl
Age lit térs normal resorbed & ype:
embryos embryos T+ T/ /-
Postnatal 12 58 NA“? 21 37 0
E12.5 9 60 5 12 38 0
Ell1.5 5 28 4 8 20 0
E10.5 6 32 11 12 20 0
E9.5 7 42 18 10 32 0
E8.5 14 84 23 22 62 0
E3.5 12 116 23 72 21

“NA, not available.
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embryonic material for genotyping and therefore were as-
sumed to be YY1/~ based on the Mendelian distribution. For
instance, at embryonic day 8.5 (E8.5, mid-somite stage), all
decidua obtained from YY1 heterozygous matings were exter-
nally indistinguishable from those of wild-type littermates, but
dissection revealed that 23 of 107 (22%) implantation sites
lacked discernible embryos, yolk sacs, or ectoplacental cones,
suggesting that these defective embryos were likely to be
YY1~/~. Embryos from E7.5 to E5.0 were studied by histolog-
ical analysis. These results show that embryonic defects can be
detected as early as E5.0 (see below).

To determine whether we could identify YY1/~ embryos
prior to E5.0, we isolated E3.5 blastocysts directly from het-
erozygous intercrosses by flushing uteri. These blastocysts were
cultured in vitro for 5 to 7 days, and DNAs were isolated for
genotyping. As shown in Table 1, of a total of 116 blastocyst
outgrowths genotyped, 23 were YY1*'*, 72 were YY17/~, and
21 were YY1 /7. We also identified YY1/~ blastocysts gen-
erated from cultured, fertilized one-cell embryos in KSOM#4
medium supplemented with amino acids (15), a result consis-
tent with the examination of the blastocysts directly flushed
from the uteri (data not shown). Our ability to detect YY1/~
blastocysts isolated in utero suggests that zygotic YY1 is not
essential for preimplantation cell viability. The majority of the
cultured blastocysts were phenotypically normal with the for-
mation of inner cell mass and trophoblast giant cells (data not
shown). Taken together, these findings suggest that YY1/~
blastocysts are capable of implantation but die shortly there-
after.

Developmental deficiencies in YY1™/~ embryos occur at
peri-implantation. To examine the tissue defects and the ap-
pearance of the mutant embryos, in utero histological sections
were obtained from YY1 heterozygous crosses at E5.0, 5.5, 6.5,
and 7.5. As shown in Fig. 2, normal embryonic development at
E5.0 (Fig. 2A) and E5.5 (Fig. 2C) is demonstrated by the
proliferative expansion of the embryo. During the egg cylinder
stage at E6.5, growth and elongation of the embryo mark the
differentiation of the visceral and parietal endoderm and yolk
sac formation (Fig. 2E). Further embryonic differentiation is
observed at E7.5 as the formation of the primitive streak and
mesoderm (Fig. 2G). As shown in Fig. 2, in contrast to the
normal morphogenic events seen for YY1*/* and YY1/~
embryos, the presumptive YY1/~ embryos (12 of 46 embryos
examined) exhibit a decidual reaction (demonstrated by a
swollen and edematous endometrium as a result of implanta-
tion) but show a decreased proliferation, as evidenced by a
decreased number of cells and disorganized embryos (compare
Fig. 2B with A and 2D with C). These mutants fail to form a
distinctive egg cylinder (Fig. 2F; compare with 2E) and reach
nearly complete resorption by the time of gastrulation at E7.5
(Fig. 2H) and complete resorption at E8.5 and onwards (data
not shown). These results corroborate our above findings (Ta-
ble 1) that approximately 25% of dissected decidual swellings
have resorbed embryos. Therefore, YY1/~ embryos elicit a
decidual response and invade the uterine epithelium by attach-
ment to the basement membrane but fail to differentiate to
form egg cylinders prior to resorption.

YY1 expression in early mouse development. The peri-im-
plantation defects of the YY1/~ embryos prompted us to
examine YY1 protein expression in early mouse embryos by
confocal laser microscopy. Immunostaining was done with ei-
ther affinity-purified polyclonal YY1 antibodies (16) or a
monoclonal YY1 antibody (a gift from Anny Usheva), and
identical results were obtained. As negative controls, we ap-
plied either primary or secondary antibodies alone to the em-
bryos and found virtually no staining (data not shown). As
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shown in Fig. 3A, we found YY1 expression in the one-cell
unfertilized oocyte, suggesting that YY1 may be a maternally
derived protein. Figure 3C shows a superimposed image of
YY1 signal (green) and DNA staining by propidium iodide
(red). Note the DNA staining in the pronucleus and polar body
and the lack of YY1 signal in the nucleus. As a positive control,
we show that TBP is highly expressed in the one-cell, unfertil-
ized oocyte (Fig. 3D) as previously described (33). YY1 pro-
tein is also prominently expressed in the one-cell, fertilized
(Fig. 3G), two-cell (Fig. 3J), and blastocyst (Fig. 3M) embryos.
YY1 signal becomes detectable in the nucleus of the two-cell
embryos as shown by the yellow signal (Fig. 3L), which repre-
sents the coincidence of the YY1 signal (green) and the DNA
(red). Interestingly, the appearance of the YY1 signal in the
nucleus at the two-cell stage coincides with the onset of zygotic
transcription (reviewed in reference 20) (compare Fig. 31 and
L). In E3.5 blastocysts, YY1 protein is detected in both the
inner cell mass and the trophectoderm (Fig. 3M), which later
give rise to the embryo itself and contribute to the placental
tissue, respectively. YY1 protein shows nuclear (see superim-
position in Fig. 3L and O) as well as cytoplasmic expression in
both the inner cell mass and the trophectodermal cells similar
to that described for TBP (33). This is in contrast to cultured
cells in which YY1 shows a predominant nuclear staining pat-
tern. The significance of the cytoplasmic localization of YY1, if
any, is currently unclear. Sp1 expression is mainly restricted to
the nucleus, commencing at the two-cell embryonic stage and
in the blastocyst stage (Fig. 3P) as previously described (33).
Interestingly, while Sp1l seems uniformly distributed in the
nuclei, YY1 staining in the nuclei of the blastocysts appears
punctate. These results show that YY1 is expressed at the
earliest stage of mouse development, in both the inner cell
mass and the trophectoderm of the blastocyst.

We analyzed YY1 expression in later embryogenesis be-
tween E7.5 and E12.5 by whole-mount in situ hybridization.
Wild-type mouse embryos were obtained at different embry-
onic days. With a YY1 antisense riboprobe, we find YY1
mRNA ubiquitously expressed at gestational stages E7.5, E8.5,
E9.5, and E12.5 with a relatively elevated expression in the
ectoplacental cone (Fig. 4A), somites, limb bud, and tail tip
(Fig. 4B, C, and D). As a negative control, a YY1 sense ribo-
probe did not hybridize to the embryos. The results of a rep-
resentative negative control experiment are shown in Fig. 4E,
where an E12.5 embryo was probed with a YY1 sense ribo-
probe. The ubiquitous expression of YY1 in early mouse em-
bryos is consistent with a critical role for YY1 at the time
around implantation.

A subset of YY1 heterozygous embryos demonstrate growth
defects and exencephaly. Although the majority of YY1 het-
erozygous embryos are phenotypically normal, a small subset
of heterozygous embryos are developmentally retarded in
growth and exhibit neurulation defects. In a mixed-strain back-
ground (129/Sv X C57BL/6), we observed growth retardation
or a phenotype resembling exencephaly (3, 4) in 6 of 63 total
embryos (9.5%). These six embryos are genotypically YY1
heterozygous and represent 16.7% of the total YY1 heterozy-
gotes analyzed (6 of 36). Examples of an E13.5 exencephalic
YY1/~ embryo and its phenotypically normal YY1*/* litter-
mate are shown in Fig. 5A. The YY1/~ embryo is on the right
(Fig. 5A) and is exencenphalic with an open brain. A coronal
histological section of the head region of this abnormal embryo
is shown in Fig. 5B, demonstrating asymmetry and the pres-
ence of pseudoventricles consistent with exencephaly. Midges-
tational embryo sections immunostained with anti-YY1 anti-
bodies exhibit increased YY1 protein expression in the
developing midbrain, hindbrain, and cerebellar primordia con-
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FIG. 2. Histological examination of in utero embryos obtained from YY1 heterozygous matings. The uteri of female YY1*/~ mice were dissected between 5.0 and
7.5 days after intercross mating as described in Materials and Methods. All uterine decidua (wild-type and mutant) were sectioned transversely at a 7-um thickness and
stained with hematoxylin and eosin. Wild-type or heterozygous embryos are shown in the column labeled wt, and presumptive YY1/~ mutants are shown in the column
labeled mut. (A and B) E5.0, early egg cylinder stage; (C and D) E5.5, egg cylinder stage; (E and F) E6.5, late egg cylinder stage; (G and H) E7.5, late primitive streak
stage. The wild-type embryos show a differentiating early egg cylinder stage embryo at E5.0 (A) and E5.5 (C), whereas the mutant embryos show decreased proliferation
and a lack of organized embryos (B and D) at these embryonic stages. Note the appearance of a proamniotic cavity in the E6.5 elongated late-egg-cylinder wild-type
embryo (E) including the formation of the embryonic ectoderm (ee) and extraembryonic ectoderm (eee) and the lack of these clearly differentiated tissues in the mutant
embryos (F). Wild-type embryos at the late primitive streak stage (G) show clearly defined yolk sac (ys), ectoplacental cavity (ec), extraembryonic coelomic cavity (eec),
amniotic cavities (ac), and allantois (al). In contrast, the presumptive YY1~/ mutant at E7.5 is nearly completely resorbed as shown by the appearance of an empty

uterine crypt (H).

sistent with a role for YY1 in neural development (5a). When
backcrossed onto the inbred C57BL/6 genetic background, 7 of
29 YY1 heterozygotes (approximately 24%) displayed re-
tarded development and neurulation defects. Figure 5C shows

a representative litter of E10.5 embryos obtained from a
YY1"'~ heterozygote crossed to the YY1*'* wild type on an
inbred C57BL/6 genetic background. The two YY1/~ em-
bryos in the upper right-hand corner of Fig. 5C (indicated by
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FIG. 3. Expression of YY1 protein in wild-type murine preimplantation embryos. Immunofluorescent detection of YY1 protein was performed on wild-type
preimplantation embryos by confocal microscopy. Embryos were stained with monoclonal and polyclonal (not shown) anti-Y'Y1 antibodies and polyclonal anti-TBP and
anti-Sp1 antibodies. The leftmost column represents embryos stained with these primary antibodies and visualized with FITC-conjugated secondary antibodies. The
middle column represents the same embryos stained with propidium iodide that visualizes DNA. The rightmost column shows superimposed images of the antibody
and DNA staining. (A to C) YY1 expression in a one-cell unfertilized oocyte; (D to F) TBP expression in a one-cell unfertilized oocyte; (G to I) YY1 expression in
a one-cell fertilized embryo; (J to L) YY1 expression in a two-cell embryo. Note the pronounced YY1 expression in the nucleus as shown by the intense yellow signal
as a result of the colocalization of the YY1 signal (green) and the DNA signal (red) (L). (M to O) YY1 expression in the inner cell mass and trophoblast of an E3.5
blastocyst; (P to R) Sp1 expression in the nucleus of a blastocyst. Note the intense yellow signal as a result of colocalization of the Sp1 signal (green) with DNA signal
(red) (R).
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FIG. 4. YY1 has a widespread expression pattern in the developing embryo. Whole-mount in situ hybridization of E7.5 (A), E8.5 (B), E9.5 (C), and E12.5 (D)
wild-type embryos with a YY1 antisense riboprobe. Hybridization of an E12.5 embryo with a YY1 sense riboprobe was included as a negative control (E). The Brachyury

(T) riboprobe was used as a positive control (5a).

arrows) clearly show delayed development and alteration in
morphology compared with the other six embryos, which were
genotyped as either YY1™/~ or YY17/*. These observations
suggest that YY1 may play a role in later mouse embryogenesis
that is not revealed in the homozygotes due to the early em-
bryonic lethality. This possibility is consistent with our YY1
expression studies, which show a relatively high level of YY1
expression in the somites, limb bud, and tail tip of the mouse
embryo. These results being taken together, YY1 is likely to
play a critical role before as well as after gastrulation (i.e.,
organogenesis) and there may be a dosage effect of YY1 in the
developing mouse embryo.

DISCUSSION

In the present study, we have demonstrated a critical role for
YY1 in mouse embryonic development. Mouse embryos lack-
ing YY1 develop to the blastocyst stage and are implanted but
die shortly thereafter. These embryos show a severe defect in
the development of the embryonic and extraembryonic tissues
at a developmental stage that coincides with rapid cell prolif-
eration and differentiation. Our findings provide the first dem-
onstration of a pivotal role for YY1 in vertebrate development.

During mouse development, cleavage of the fertilized em-
bryo to the blastocyst-stage embryo (E3.5) marks the first dif-

N

FIG. 5. Exencephaly and growth retardation in a subset of YY1*/~ mice. (A) E13.5 littermates obtained from mixed-strain heterozygous intercrosses (129/Sv X
C57BL/6) genotyped as YY1"/* on the left and YY1*/~ on the right. The YY1*/~ embryo that is exencephalic with an open brain is shown on the right. (B) A coronal
histological section (4-pm thickness) of the exencephalic YY1%/~ embryo observed in panel A stained with hematoxylin and eosin as described in Materials and
Methods shows pseudoventricles and asymmetry. (C) An entire litter of E10.5 mice obtained from a YY1*/~ male crossed to a YY1*/* wild-type female on the inbred
C57BL/6 genetic background. The two smaller embryos in the right-hand corner indicated by arrows were genotyped as YY1*/~ whereas the other embryos were either
YY1~ or YY17/7.
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ferentiation event. This event is the first morphological asym-
metry observed in the embryo highlighted by the formation of
the blastocyst inner cell mass and the trophectoderm which
give rise to the embryo proper and contribute to the placental
tissue, respectively (reviewed in references 13 and 31). The
blastocyst-stage embryo prepares for uterine implantation by
generating two specialized tissues, the trophoblast and primi-
tive endoderm, which later contribute to the formation of the
placenta. At the time of implantation, proteolytic degradation
of the uterine epithelium and attachment of the hatched blas-
tocyst occur. Following blastocyst implantation and prior to
gastrulation, mouse embryos must achieve a rapid proliferative
expansion of the inner cell mass and its associated trophecto-
derm, resulting in the formation of the egg cylinder (E6.5),
which consists of the inner epiblast and the outer visceral
endoderm. This event marks the differentiation of the three
earliest cell types, the endoderm, the mesoderm, and the ec-
toderm. Embryos that lack a threshold number of epiblast cells
due to either proliferative defects or cell losses fail to gastru-
late and are arrested prior to the formation of the primitive
streak (reviewed in reference 31). The YY1 mutants fail prior
to the formation of the primitive streak, suggesting that YY1 is
likely to be necessary for epiblast proliferation or differentia-
tion events prior to gastrulation. Taken together, these findings
suggest that YY1 is a key molecule that is involved in regulat-
ing genes whose products are pivotal for differentiation and/or
proliferation during early embryogenesis. The fact that YY1 is
detected in both the inner cell mass and the trophectoderm of
the preimplantation blastocyst (Fig. 3M) is consistent with such
a role for YY1 in regulating genes for both embryonic and
extraembryonic tissues.

What might be the downstream target genes for YY1 during
early embryogenesis whose misregulation may account for the
observed defects in the YY1/~ embryos? The phenotypes of
the YY1 mutant embryos are reminiscent of those described
for the evx-1 (29), Fgf-4 (7), fug-1 (5), rad51 (19), and Bl
integrin (6, 30) mutant mice. These mice share a feature with
the YY1/~ embryos in which proliferative expansion of the
embryo does not allow the morphogenesis of the mutant em-
bryos to the pregastrulation stage. All of these genes are cru-
cial for the implanting embryo. Therefore, it is possible that
YY1 may be essential for regulating the expression of these or
other genes important for the formation of the pregastrulation
embryo (reviewed in reference 4).

Recently, a putative Drosophila YY1 homolog, pleio-
homeotic (Pho), has been described (1). Mutations in Pho
result in Drosophila embryonic lethality (10, 11). Pho and YY1
have extensive amino acid identity in the zinc finger region
(95% in the entire zinc finger region and 100% in zinc fingers
2 and 3), suggesting that they are likely to recognize similar (if
not identical) DNA sequences. Outside the zinc finger region,
there is very little sequence conservation except for a 22-ami-
no-acid region located in the central portion of the proteins
(1). The transcription activation domain situated at the N
terminus of YY1 (2, 17) appears to be absent in Pho. There-
fore, it is not clear whether the same molecular mechanism
underlies the biological functions of both proteins. Regardless,
our results indicate that murine YY1 may have a crucial role
similar to that of Drosophila Pho in early embryonic develop-
ment, suggesting an evolutionarily conserved function for YY1
prior to the separation of arthropods and vertebrates.

In summary, we have shown that mice lacking YY1 exhibit
early embryonic lethality at the time around implantation, re-
vealing a crucial role for YY1 in early mouse development. We
postulate that YY1 may regulate genes whose products are
essential for the rapid proliferation and differentiation of
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mouse embryos around the time of implantation. The expres-
sion pattern of YY1 and the phenotypes displayed by a subset
of the YY1 heterozygotes raise the additional possibility that
YY1 may also be required for later-stage embryogenesis. The
observation that a subset of YY1 heterozygotes is growth re-
tarded and has neurulation defects suggests that both alleles
of YY1 are necessary for normal embryonic growth and devel-
opment. Future experiments will focus on delineating YY1
function and the mechanism of action in later embryonic de-
velopment by selective inhibition of YY1 expression with con-
ditional knockout technology. These results being taken to-
gether, YY1 appears indispensable for mouse embryonic
development and is one of the few transcription factors char-
acterized to date that has such an early role in mouse embry-
ogenesis. Given the fact that YY1 is highly conserved among
human (22, 27), mouse (8, 12), avian (5a), and Xenopus (23)
species, it is likely that YY1 plays a crucial developmental role
in these organisms as well.
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