Multipotent cell lineages in early mouse
development depend on SOX2 function
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Each cell lineage specified in the preimplantation mammalian embryo depends on intrinsic factors for its
development, but there is also mutual interdependence between them. OCT4 is required for the ICM/epiblast
lineage, and at transient high levels for extraembryonic endoderm, but also indirectly through its role in
regulating Fgf4 expression, for the establishment and proliferation of extraembryonic ectoderm from polar
trophectoderm. The transcription factor SOX2 has also been implicated in the regulation of Fgf4 expression.
We have used gene targeting to inactivate Sox2, examining the phenotypic consequences in mutant embryos
and in chimeras in which the epiblast is rescued with wild-type ES cells. We find a cell-autonomous
requirement for the gene in both epiblast and extraembryonic ectoderm, the multipotent precursors of all
embryonic and trophoblast cell types, respectively. However, an earlier role within the ICM may be masked
by the persistence of maternal protein, whereas the lack of SOX2 only becomes critical in the chorion after
7.5 days postcoitum. Our data suggest that maternal components could be involved in establishing early cell

fate decisions and that a combinatorial code, requiring SOX2 and OCT4, specifies the first three lineages

present at implantation.
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Early embryonic development in mammals is character-
ized by a series of cell fate decisions that restrict devel-
opmental potential in an asymmetric fashion. There is,
however, no evidence that this is caused by differential
allocation of maternal cytoplasmic determinants as in
many other animals. Although the fertilized egg may
have a polarity that can predict the definitive axes of the
later postimplantation embryo, this at best confers a bias
to what is a very regulative system. Cell position seems
more important. Thus, the first restriction of develop-
mental potential to the trophectoderm lineage occurs in
blastomeres located on the outside of the morula,
whereas inside cells become inner cell mass (ICM). Sub-
sequently, the ICM is specified into two lineages, em-
bryonic ectoderm (epiblast), which gives rise to all cell
types of the embryo as well as to extraembryonic meso-
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derm, and extraembryonic (primitive) endoderm, which
is found on the surface of the ICM adjacent to the blas-
tocoel cavity and contributes to the yolk sac (Lu et al.
2001).

There is a dependence on each of these three early
distinct lineages for the survival, patterning, and differ-
entiation of each of the others during subsequent devel-
opment postimplantation. The polar trophectoderm re-
ceives signals from the underlying ICM, triggering its
proliferation and differentiation into extraembryonic ec-
toderm (ExE). This continues to proliferate and gives rise
to the various trophoblast cell types of the placenta and
to structures such as the chorion. Conversely, the mural
trophectoderm, which is not in contact with the ICM,
ceases to divide and terminally differentiates into pri-
mary trophoblast giant cells (Rossant and Cross 2001).
The primitive endoderm also forms two distinct cell
types around implantation: visceral endoderm (VE),
which covers the epiblast and ExE, and parietal endo-
derm (PE), which lies adjacent to the differentiated tro-
phoblast.

After implantation, rapid growth of the epiblast and
ExE leads to the formation of the egg cylinder, with the
dorsal-ventral axis of the future embryo already appar-
ent. Although cells of the epiblast remain uncommitted
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until around the time of gastrulation, their patterning
and differentiation are also specified by cell position
(Tam and Behringer 1997). This is partly dependent on
their location within the epiblast with respect to the
primitive streak, but also with respect to extraembry-
onic tissues. For example, mutations in nodal and
Smad?2 have shown the importance of VE in patterning
the epiblast; the anterior visceral endoderm playing a
critical role in repressing posterior and inducing anterior
properties and conferring neural fate to the underlying
epiblast. Similarly, EXE is important for patterning the
embryo as well as for its survival (Lu et al. 2001).

Because subsequent development depends so much on
the interactions between the three lineages present
within the peri-implantation embryo, it is crucial to un-
derstand the molecular mechanisms underlying their es-
tablishment. Fibroblast growth factor (FGF) signaling
conducted through FGF4 and the fibroblast growth factor
receptor 2 (FGFR2) is known to be essential (Rappolee
1999). Both are expressed in the blastocyst, with Fgf4
confined to the ICM and Fgfr2 to the trophectoderm
(Rappolee et al. 1994; Haffner-Krausz et al. 1999). After
implantation, Fgf4 is expressed throughout the epiblast
(Niswander and Martin 1992), while Fgfr2 is restricted to
the adjacent EXE (Orr-Urtreger et al. 1991). This differ-
ential expression pattern is consistent with the notion
that FGF4 acts as a paracrine signal for trophectoderm
proliferation or differentiation (Rossant and Cross 2001).
The phenotypes of the Fgf4 and Fgfr2 null mutants are
virtually identical: mutant embryos do not survive be-
yond implantation, and null blastocysts, which appear
normal, fail to outgrow in culture (Feldman et al. 1995;
Arman et al. 1998). The ICM degenerates, and, although
giant trophoblast cells form, there is no discernible ex-
traembryonic endoderm (ExEn). This suggests that FGF4
is also essential for the latter, which was verified with
Fgf4 null embryonic stem (ES) cells (Wilder et al. 1997).

Apart from signaling molecules, transcription factors
must act within each cell type to give them their char-
acteristic properties; for example, to maintain or protect
the pluripotent state of the ICM and to provide the para-
crine signals to adjacent cell lineages for their survival.
Two ideal candidates for this are the transcription fac-
tors OCT4 (encoded by the Pou5f1 locus, but referred to
here as Oct4) and SOX2, which have been shown to co-
operate in the transcriptional activation of Fgf4 in F9
embryonal carcinoma cells (Ambrosetti et al. 2000).

OCT4, a POU domain protein, is expressed in the
ICM, epiblast, and later in germ cells (Pesce and Scholer
2000). It is essential for establishing and maintaining
pluripotency of the ICM, which in its absence differen-
tiates into trophectoderm. Oct4 null embryos die around
the time of implantation and fail to outgrow in culture.
Interestingly, addition of FGF4 to Oct4 null blastocyst
outgrowths or ES cells, which do not express Fgf4, fails
to restore ICM pluripotency but rather promotes prolif-
eration of trophectoderm. This is consistent with the
involvement of OCT4 in Fgf4 regulation and in having
additional functions that maintain pluripotency (Nich-
ols et al. 1998; Niwa et al. 2000).

SOX2 function in early embryogenesis

Sox2 is a member of the Sox (SRY-related HMG box)
gene family that encode transcription factors with a
single HMG DNA-binding domain. SOX2 belongs to the
SOX B1 subgroup, which also includes SOX1 and SOX3,
based on homology within and outside the HMG box
(Kamachi et al. 2000). Several lines of evidence indicate
that SOX2 may act to maintain or preserve developmen-
tal potential. For example, Sox2 expression is associated
with uncommitted dividing stem and precursor cells of
the developing central nervous system (CNS) and indeed
can be used to isolate such cells (Li et al. 1998; Zappone
et al. 2000). We show here that Sox2 also marks the
pluripotent lineage of the early mouse embryo, so that
like Oct4 it is expressed in the ICM, epiblast, and germ
cells. Unlike Oct4, however, Sox2 is also expressed by
the multipotential cells of the EXE. In both lineages its
down-regulation correlates with a commitment to differ-
entiate, such that it is no longer expressed in cell types
with restricted developmental potential.

In light of the coexpression of all three factors in the
early embryo, and the similar phenotypes of Oct4 and
Fgf4 mutants, the same molecular hierarchy may exist in
vivo. To elucidate the role of SOX2 in these early cell
fate decisions, we have used gene targeting in ES cells to
generate mice harboring a disrupted Sox2 gene.

Results

Sox2 expression in multipotent embryonic
and extraembryonic lineages

Sox2 RNA is first detected in some cells at morula stages
[2.5 days postcoitum (dpc); data not shown], and in blas-
tocysts (3.5 dpc) it is seen specifically within the ICM
(Fig. 1A). Expression persists throughout the epiblast
(Fig. 1B), but by mid-late-streak stages (7.0-7.5 dpc), it
becomes restricted to presumptive neuroectoderm in the
anterior, while it is excluded from the posterior, includ-
ing cells ingressing through the primitive streak (Fig.
1C). A second site of expression initiates in the ectopla-
cental cone, and this is maintained in EXE at 6.5 dpc (Fig.
1B) and later in the EXE portion of the chorion (Fig. 1C-E;
Wood and Episkopou 1999). By 9.5 dpc, Sox2 RNA is
seen throughout the brain, neural tube, sensory placodes,
branchial arches, and gut endoderm (Fig. 1F). It is also
present in both male and female germ cells (data not
shown). Immunocytochemistry on adult ovary revealed
high levels of SOX2 protein in growing and mature oo-
cytes, primarily localized to the cytoplasm, and in some
surrounding stromal cells (Fig. 1G,I).

Targeted disruption of Sox2

We generated a loss-of-function mutation in ES cells by
replacing the Sox2 ORF with Bgeo (Friedrich and Soriano
1991) using homologous recombination (Fig. 2A). Al-
though Sox2 is expressed in ES cells, the vector alone
was not, therefore Bgeo will be driven by Sox2 regulatory
sequences only upon integration via homologous recom-
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Figure 1. Expression of Sox2 RNA in mouse embryos and SOX2 protein in
oocytes. (A—F) Whole-mount in situ hybridization in wild-type embryos. Sox2
RNA is seen in the ICM of the blastocyst (A), throughout the epiblast (Ep) and
extraembryonic ectoderm (ExXE) of a 6.5-dpc embryo (B), and in the chorion (c)
and anterior region of the presumptive neuroectoderm (Ne) of a 7.5-dpc (C) and
7.5-8.0-dpc (D) embryo. (E) At 8.5 dpc, Sox2 expression persists in the chorion,
headfolds (Hf), and neural tube. (F) By 9.5 dpc, it is seen throughout the nervous
system, sensory placodes, branchial arches, and gut. Anterior is to the left in
panels B-E. (G-]) SOX2 antibody staining in wild-type adult ovary. Sections
were incubated with SOX2 antiserum (G,I) or preimmune serum (PI; H,J).
Staining is observed in the cytoplasm of oocytes in a developing primary fol-
licle (G, thin arrow), an early antral follicle (G, thick arrow), and a mature
antral follicle (I, arrow). Bars: A, 25 um; B-D, 60 pm; E, 120 pm; F, 435 pm;
G,H, 20 pm; 1], 53 pm.

bination. After selection with G418, 40 resistant colo-
nies were analyzed by Southern blotting, and 7 were cor-
rectly targeted (Fig. 2B). After injection into C57BL/6]
blastocysts, two clones generated chimeric males that
transmitted the mutated allele through the germ line.
Chimeras were crossed with MF1 and 129/SvEv mice to
establish the mutation on both outbred and inbred ge-
netic backgrounds, respectively.

Sox2Pse° heterozygous mice appeared normal; how-
ever, there was a noticeable reduction in male fertility,
the extent of which correlated with genetic background,
being most severe on a 129/SvEv background and vari-
able when outbred. We also found similar effects on lacZ
expression, wherein only a minority of heterozygotes
gave embryos showing lacZ activity. Even in these, the
expression pattern was only partial at early stages (Fig.
2D-F). However, from 7.5 dpc, beginning with distally
located presumptive neuroepithelial cells, it came to pre-
cisely match that of endogenous Sox2 (Fig. 2G-I), with
the exception of the EXE. The most likely explanation for
the incomplete expression pattern is the loss of impor-
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tant regulatory elements within the 2.7-kb fragment 3’
to the Sox2 ORF that are deleted after homologous re-
combination. This is consistent with recent data show-
ing that an enhancer contained within the missing frag-
ment activates expression of a luciferase reporter gene in
ES cells (Tomioka et al. 2002).

Peri-implantation lethality of Sox2P&e°
homozygous embryos

Sox2Pse° heterozygotes were intercrossed, and their prog-
eny were analyzed by Southern blotting or PCR genotyp-
ing. No newborn homozygous mutants were seen (Fig.
2C; Table 1). We looked at when the mutant embryos
were dying, and found that although normal at blasto-
cyst stages, they failed to survive shortly after implanta-
tion (Tables 1, 2; Fig. 4A,E, below). Results obtained with
the two independent targeted clones are identical, and
genetic background effects have not been observed for
the homozygous phenotype.

Histological sections were prepared from whole de-
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Figure 2. Targeted disruption of Sox2. (A) Schematic diagram showing the Sox2 locus, B-geo targeting vector, and predicted fragment sizes of wild-type and disrupted clones.
The restriction sites are EcoRI (RI), Sall (S), and NotI (N). The thick solid bar in red shows the vector homology regions. (B,C) Analysis of DNA from ES cell clones and offspring
from Sox2P%¢° heterozygous matings. DNA was digested with EcoRI, and a 3’ probe outside of the homology region was used on Southern blots (see A). TA, targeted allele. (D-I)
LacZ activity in Sox2P¢?° heterozygous embryos. LacZ staining in a morula (2.5 dpc; D), blastocyst (3.5 dpc; E), 6.5-dpc embryo (F), 7.5-dpc embryo (G), 8.5-dpc embryo (H), and
9.5-dpc embryo (I). Bars: D,E, 25 um; F-H, 65 pm; I, 370 pm.
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Table 1. Analysis of Sox2P&° heterozygous intercross progeny

Phenotype Genotype
Stage Normal Abnormal +/+ +/- -/-
4 wk pp 135 0 53 (39%) 82 (61%) 0(0%)
9.5-11.5 dpc 44 15 12 (27%) 32 (73%) 0(0%)
5.5-7.5 dpc 34P 120 — — —
3.5 dpc 35 2¢ 11 (30%) 17 (46%) 9 (24%)

2Resorptions not genotyped.
PSamples not genotyped.
°One embryo was Sox2*/~, and the other Sox2~/~.

cidual swellings at ~6.0 dpc from Sox2P%°° heterozygous
intercrosses. Abnormal implants had no egg cylinder
structure and lacked epithelial cells typical of epiblast
(Fig. 3). However, many trophoblast giant cells could be
identified, as well as cells with characteristics of PE; the
latter often surrounded by a thick lamina secretion simi-
lar in appearance to Reichert’s membrane.

RNA in situ hybridization was used to further charac-
terize the cell types present in the abnormal decidua.
Oct4 (Pesce and Scholer 2000) gave a strong signal in the
epiblast on sections from wild-type or heterozygous em-
bryos (Fig. 3E), but was completely absent in the abnor-
mal decidua (Fig. 3F). H19 gives the reciprocal pattern of
expression to Oct4, being diagnostic for all extraembry-
onic cell types in the early postimplantation embryo
(Fig. 3C; Poirier et al. 1991). It was expressed throughout
the area corresponding to the implantation site in the
presumed homozygotes (Fig. 3D), clearly showing that
extraembryonic cell types were present, with many posi-
tive cells invading the uterine stroma (typical of tropho-
blast giant cells). However, no structure comparable to
the ectoplacental cone or to the extraembryonic part of
the egg cylinder was seen. The abnormal decidua contain
cells that express Evx1, a marker of VE (Dush and Martin
1992), but again in a disorganized pattern (Fig. 3H). These
results indicate that the Sox2P¢*° mutant blastocysts
contain a relatively normal ICM, able to give rise to its
earliest derivatives, but they fail to maintain an epiblast,

which is in turn required for the further differentiation,
growth, and integrity of extraembryonic tissues.

Outgrowths from homozygous Sox2P° blastocysts
and ICMs are abnormal

Because the peri-implantation lethality makes it diffi-
cult to study details of the phenotype, blastocysts from
Sox2P2e° heterozygous intercrosses were grown in cul-
ture. Homozygous mutants were initially indistinguish-
able from wild-type or heterozygous embryos (Fig. 4A,E):
They hatched from their zonae and attached to the plas-
tic substratum, and trophectoderm grew and extended in
an identical manner. However, by day 5 in culture none
of the homozygotes showed the typical well-developed
ICM-derived structures seen in the majority of wild-type
and heterozygous outgrowths (Fig. 4F-H and 4B-D, re-
spectively). Apart from trophectoderm, the only other
obvious cell type present in the mutants resembled PE
(Fig. 4F-H), which was confirmed by the expression of
tissue plasminogen activator (tPA; Fig. 4I; Table 2; Ma-
rotti et al. 1982).

The primary defect of the cultured mutant embryos
appeared to be in the epiblast, consistent with the in vivo
phenotype. As predicted, markers of epiblast, such as
Oct4 and Fgfd, are lost progressively and coordinately
from cultures of normal embryos as the ICM differenti-
ates into a variety of cell types (Fig. 4I; Table 2). The

Table 2. Expression of early embryonic markers in blastocysts and cultured outgrowths from Sox2P8° heterozygous intercrosses

RT-PCR

Sample Genotype Total no. Phenotype Sox2 RNA Oct4 RNA Fgf4 RNA tPA RNA
Blastocysts +/+ or +/- 19 Normal 18 nd? 16 nd
-/- 7 Normal 2b nd 6 nd
3 day o.g.c +/+ or +/- 3 Normal 3 2 1 3
+/+ or +/- 4 Abnormal 3 1 0 3
-/- 1 Normal 1P 1 0 1
-/- 2 Abnormal 2b 2 0 2
7 day o.g.¢ +/+ or +/- 5 Normal 5 4 3 5
+/+ or +/- 13 Abnormal 6 4 6 13
-/- 6 Abnormal 2b 1 0 5

and, not determined.

PTrace amounts detected, most likely from contamination from the polar body, supernumerary sperm, or serum.

€0.g., cultured blastocyst outgrowths.

dEmbryos were cultured with human recombinant FGF4 and heparin.
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Figure 3. Sox2P¢°° mutant embryos lack epiblast. (A-H) Histo-
logical and marker analysis of 6.0-dpc embryos from Sox2Fsec
intercrosses. (A,C,E,G) Normal embryos. (B,D,F,H) Mutant em-
bryos. Sections were stained with haemotoxylin and eosin (H &
E)in A and B. RNA in situ hybridization was performed for H19
(extraembryonic marker; C,D), Oct4 (epiblast marker; E,F), and
Evx1 (VE marker; G,H). 35S-UTP-labeled probes were used for
H19 and Oct4, and sections were counterstained with methyl
green. A DIG-labeled probe was used for EvxI. The arrows
shown in the main panel and inset of G refer to the same region.
Evx1 staining in the wild-type embryo is distal to the embry-
onic/extraembryonic border as expected (G) and appears more
punctate because the cells are flatter than those in the mutant
embryo (H). Sox2P¢°° null embryos form disorganized extraem-
bryonic tissues, but do not form epiblast. Bars: A,B, 50 um; C-F,
65 nm; G (inset), 75 nm; G,H, 30 pm.

homozygous mutants showed weak Oct4 expression at
day 3, but by day 7 all except one were negative. Fgf4
expression was, however, never seen in homozygote out-

SOX2 function in early embryogenesis

growths despite being present in blastocysts at 3.5 dpc. If
SOX2 does regulate Fgf4, and if it is the only critical
target gene, the Sox2 null embryos should be rescued by
adding FGF4, as shown for Fgf4 null mutant blastocysts
in vitro (Feldman et al. 1995). However, it had no effect
(Table 2; data not shown).

Oct4 mutant ICMs grown in culture aberrantly give
rise to trophoblast cells instead of epiblast or ExEn
(Nichols et al. 1998). We therefore looked at the fate of
ICMs isolated by immunosurgery (Solter and Knowles
1975) from Sox2P%¢° null blastocysts and found that they
could also divert into the trophoblast lineage (Fig. 4P,Q),
as seen by positive staining for the terminally differen-
tiated trophoblast primary giant cell marker, placental
lactogen 1 (PI1; Colosi et al. 1987). Predictably, wild-type
and Sox2Ps¢° heterozygous ICM outgrowths were unable
to form trophectoderm as shown by a failure to express
PI1 (RNA in situ, n =6 for each genotype) and were
mainly composed of round or flat fibroblast-like cells
indicative of PE and other presumably epiblast derived
cells (Fig. 4N,0). In the mutant outgrowth shown in Fig-
ure 4P, only Pli-positive cells are present; however,
other cell types were usually found (Fig. 4Q). The PI1-
negative cells resemble diploid trophoblast and PE. Con-
sistent with this, RT-PCR analysis showed that null
ICM outgrowths express Ascl?2 and tPA, typical of dip-
loid trophoblast and PE, respectively (data not shown).
All but one of the eight mutant ICM outgrowths ana-
lyzed expressed P11 (RNA in situ, n = 5; RT-PCR, n = 3).

Maternal SOX2 protein persists
throughout preimplantation development

SOX2 was found in the ICM at blastocyst stages (Fig.
5A-C), in which the protein was primarily nuclear as
shown by antibody staining on isolated ICMs (Fig. 5G-I).
The intact blastocysts also revealed the presence of
SOX2 in trophectoderm, but here the protein was only
cytoplasmic (Fig. 5B). Confocal microscopy using affin-
ity-purified antibody confirmed these results, as did ex-
periments with an independently derived anti-SOX2
peptide antibody (data not shown). Finding SOX2 in
trophectoderm was unexpected as transcripts were not
detected in these cells by RNA in situ hybridization (Fig.
1A). Confocal microscopy was also used to compare
SOX2 staining with that of OCT4 in fully expanded blas-
tocysts. As expected, OCT4 was exclusively nuclear in
the ICM, whereas SOX2 was mostly nuclear, but some
cytoplasmic staining was seen (Fig. 5]-L). As previously
reported, OCT4 was seen in the layer of cells adjacent to
the blastocoel, presumed to be primitive endoderm
(Palmieri et al. 1994; Nichols et al. 1998), and absent
from trophectoderm, unlike SOX2 (Fig. 5K,L).

These results suggest that much of the protein in a
blastocyst corresponds to long-lived maternal protein
laid down in the growing oocyte (Fig. 1G,I), rather than it
being a product of zygotic transcription. To explore this
further, antibody staining was carried out between the
1-cell and blastocyst stages. Confocal and conventional
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Figure 4. Sox2P¢°° null blastocysts show defective ICM development in culture. (A—H) Phase contrast microscopy of embryos from Sox2P¢%° intercrosses, with
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intercrosses were cultured for 5 d. BSC loading control refers to Bluescript RNA that was not added to an RNA preparation, but added directly to the subsequent RT
reaction. No DNA refers to the negative control used during the PCR reaction. (J-Q) PI1 RNA in situ hybridization on Sox2P%¢° null ICM outgrowths. Isolated ICMs
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fluorescence microscopy gave similar results, but only
the former are shown. SOX2 was found throughout the
fertilized egg (Fig. 5M,R), but its translocation into nu-
clei was clearly evident at the 2-cell stage (Fig. 5N,S). It
was primarily nuclear in all cells by the 6-8-cell stage,
although there was still some cytoplasmic staining (Fig.
50,T), and the same was true after compaction (Fig.
5P,U). In the late morula, however, the outer layer of
cells showed diffuse staining (Fig. 5Q,V), and in early
blastocysts SOX2 was uniquely cytoplasmic in trophec-
toderm cells, but mostly nuclear in the ICM (Fig. 5B;
data not shown). Additionally, SOX2 was absent from
the polar body (Fig. 5N,S).

We next looked for SOX2 in blastocysts from Sox2fs¢°
heterozygous intercrosses, of which 25% are expected to
be homozygous mutants and could not contain SOX2
unless it were maternally derived. However, among 27
embryos stained with horseradish peroxidase, all looked
identical within each of the three litters analyzed,
whereas controls with preimmune sera showed no stain-
ing (Fig. 5W, panels 1-3). Comparable results were ob-
tained using fluorescent antibody staining on isolated
ICMs (n = 30) and on whole blastocysts (n = 30), using an
affinity-purified antibody and confocal microscopy, in
which, again, similar patterns of nuclear and cytoplas-
mic staining were seen in all embryos (data not shown).
Collectively, these data are consistent with the notion
that SOX2 accumulates in the cytoplasm of growing oo-
cytes and persists in all cells at least until the blastocyst
stage, when it is exported from the nuclei of trophecto-
derm cells.

Early lethality of Sox2P&° mutants is rescued
by wild-type ES cells

From marker analysis in utero and in explant cultures, it
seems likely that the mutant embryos die because of a
defect of the epiblast shortly after implantation. How-
ever, at egg cylinder stages, Sox2 expression is not con-
fined to the epiblast, but also initiates in an adjacent
region of the EXE important for patterning the embryo
(Fig. 1B). The lack of Sox2 in the EXE could therefore be
partly or wholly responsible for the phenotype. We there-
fore asked whether the postimplantation lethality could
be rescued by the introduction of wild-type ES cells into
mutant blastocysts. ES cells will contribute to all epi-
blast derivatives, but are excluded from ExE (Beddington
and Robertson 1989).

CCE, ROSA26, or B5/EGFP ES cells were injected into
blastocysts from Sox2%¢°° intercrosses. To distinguish
retrospectively the genotype of the host blastocyst, in
situ hybridization was used to look for Sox2 transcripts
in resulting postimplantation embryos. Nine (19%) of 48
embryos analyzed between 7.5 and 8.0 dpc showed no
staining in the chorion and must correspond to Sox2Ps¢°
homozygous hosts (Fig. 6). Figure 6A shows an example
of such a 7.5-dpc chimeric embryo, beside one obtained
using a wild-type or heterozygous host. We conclude
that the ES cells rescue the Sox2P¢°° null phenotype by
contributing to the epiblast and thereby allowing sur-

SOX2 function in early embryogenesis

vival beyond implantation. Because ES cells only colo-
nize epiblast derivatives (as shown by the distribution of
EGFP-positive derivatives of B5 cells), it follows that the
defect in nonchimeric Sox2P%%° null embryos is in the
epiblast.

At later stages it was possible to genotype chimeras
directly from yolk sac endoderm. Of 40 embryos ana-
lyzed between 10.5 and 11.5 dpc, 24 (60%) were derived
from Sox2P#°° heterozygotes, whereas 16 (40%) were
from wild-type host blastocysts. No embryos obtained
from homozygous hosts were recovered at this time, nor
any at 8.5 dpc. However, embryonic development is nor-
mal to at least 12.5 dpc when tetraploid host embryos are
used to make chimeras with any of the three ES cell lines
we used (Hadjantonakis et al. 1998; data not shown). As
tetraploid cells are excluded from epiblast-derived tis-
sues, the latter are entirely ES-cell-derived. The failure of
the Sox2P¢“° homozygote <> ES cell chimeras to survive
after 7.5 dpc must therefore reflect either a subsequent
requirement for SOX2 in extraembryonic tissues, or a
later defect in the embryo itself, which might be ex-
pected if it contained a significant proportion of mutant
cells. To investigate the latter, the embryonic portion
was dissected from chimeras made with B5/EGFP ES
cells and stained for lacZ to reveal Sox2P$°°-expressing
cells (Fig. 6B,E,H), whereas EGFP expression showed the
degree of chimerism. The absence of Sox2 in the chorion
was used to identify mutant hosts (Fig. 6A,F,I), and Msg1,
a chorionic and VE marker (Dunwoodie et al. 1998), was
used as a control for intact RNA (Fig. 6D,G,]). About
50% of chimeras made with mutant host embryos ex-
hibited some cells positive for lacZ. An example is
shown in Figure 6E, in which there is faint staining in
the anterior region, corresponding to neuroectoderm.
Staining was also evident on the surface, in the proximal
anterior region, which represents expression of Sox2Ps¢°
within the VE layer. We have never seen expression of
the lacZ reporter in ExEn in any Sox28%°° heterozygous
embryos (Fig. 2), implying that in the complete absence
of SOX2, some homozygous Sox2P%°° cells within the
epiblast have differentiated into VE and still retain re-
sidual B-galactosidase activity. Chimeras with Sox2P%®°
heterozygous host embryos had a mixed epiblast with
varying proportions of GFP-positive cells and mottled
lacZ staining in neuroectoderm.

Only a few cells in the Sox2P%°° null chimeras ex-
pressed lacZ within prospective neuroectoderm. We do
not know if these cells truly correspond to neuroecto-
derm, but the null cells are clearly disadvantaged com-
pared with wild-type cells, and there are probably too
few to cause lethality after 7.5 dpc. Moreover, half the
chimeras showed no lacZ staining and widespread ex-
pression of EGFP, indicating that the epiblast was en-
tirely ES-cell-derived. These results indicate a cell-au-
tonomous requirement for SOX2 within cells of the epi-
blast. However, they also imply that the chimeras fail to
survive much beyond 7.5 dpc owing to an extraembry-
onic rather than embryonic defect.

ES cells are similar to epiblast, with high levels of
SOX2 protein in their nuclei (Fig. 6K,L), whereas tropho-
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blast stem (TS) cells represent a self-renewing population
of cells in the EXE that require FGF4 for survival and
maintenance (Tanaka et al. 1998). It is the rapidly divid-
ing cells in the chorion that express Sox2. Therefore, if
Sox?2 is required independently in both embryonic and
ExE lineages, then it should not be possible to derive
either ES or TS cell lines from homozygous Sox2P¢°° em-
bryos. Indeed, we were unable to derive homozygous
mutant ES cells either directly from blastocyst out-
growths (see above) or by selection of heterozygous ES
cells using high G418 concentrations (Mortensen et al.
1992). Similarly, we failed to obtain any homozygous
Sox2P¢e° TS cell lines from blastocyst outgrowths, yet
we were able to establish both wild-type (71%) and het-
erozygous lines (29%) that expressed appropriate mark-
ers, for example, Fgfr2 (Supplementary Fig. 1). Addition-
ally, we found that wild-type TS cells express Sox2 RNA
(Supplementary Fig. 1) and contain protein, which is
mostly nuclear (Fig. 6P). SOX2 is down-regulated upon
differentiation after FGF4 withdrawal, although the pro-
tein persists in some cells (Fig. 6P). The expression of
SOX2 in TS cells, EXE, and chorion, and the inability to
generate TS cells lacking the gene, provides further evi-
dence that it plays a critical role in the development of
the placenta.

Discussion

Early embryonic lethality of Sox2Ps<°
homozygous mutants

Essential requirement for Sox2 in epiblast development
Sox2 and Oct4 expression overlap during early embryo-
genesis in the morula, ICM, epiblast, and germ cells.
This suggests parallel roles for the two factors in the
maintenance of pluripotentiality (Pesce and Scholer
2000). The phenotypic consequences of the targeted dis-
ruption of Oct4 reveal that it is required for the first cell
fate decision, as all mutant ICM cells are diverted to a
trophectoderm fate (Nichols et al. 1998). The present
study shows that zygotic Sox2 expression is also required
for the ICM/epiblast lineage, but this is not revealed un-
til after implantation, presumably when maternal SOX2
protein becomes diluted out through the rapid growth of
the embryo. In the absence of SOX2, there is no equiva-
lent rapidly proliferating cell population, the only sur-
viving cells being trophoblast giant cells and ExEn. This

is seen with explants as well as in vivo. The primary
defect was in the epiblast as shown by rescue of mutant
embryos to 7.5 dpc by injection of wild-type ES cells. In
many of these chimeras the entire embryo was derived
from the ES cells, revealing the defect to be cell-autono-
mous to the epiblast. Consistent with this, we were un-
able to derive ES cells homozygous for Sox2Pse,

What is the fate of the mutant epiblast cells? We see
no increase in cell death (data not shown), but it is pos-
sible that SOX2 is required for their proliferation. A few
lacZ-positive cells were seen within the embryonic por-
tion of some of the ES-cell-rescued chimeras, which
could represent mutant cells that have failed to prolifer-
ate, surviving among an otherwise wild-type epiblast.
Alternatively, SOX2 could be essential for epiblast cell
identity, and in its absence the cells could differentiate
into another cell type. We favor this second alternative
for several reasons. In normal embryos, as shown by chi-
mera studies, lineage analysis, and in vitro culture, the
ability to form trophoblast is lost from the ICM by the
early blastocyst stages. However, ICMs isolated from
Sox2P¢°° homozygotes gave rise to trophoblast giant cells
in culture. This respecification into trophoblast also oc-
curs in blastocysts or ES cells lacking Oct4 (Nichols et
al. 1998; Niwa et al. 2000), but in contrast, in the pres-
ence of exogenous FGF4, Oct4 mutant trophectoderm
proliferates to produce TS cells, whereas FGF4 had no
discernible effect on trophoblast derived from Sox2fs¢°
null blastocysts.

Homozygous Sox2%¢°° embryos also differ from Oct4
mutants, in that they readily formed ExEn. This was
seen in cultures of isolated ICMs or whole blastocysts
and after implantation of mutant embryos or ES-cell-
rescued chimeras. ExEn is thought to be generated only
once in the blastocyst and not from later epiblast (Gard-
ner 1985). Cells of the ICM/epiblast lineage are therefore
likely to survive in the Sox2P%° mutants at least to the
stage when primitive endoderm normally differentiates,
presumably owing to the persistence of maternal pro-
tein. As shown by histology and marker analysis, epi-
blast cells were lost from mutant embryos after implan-
tation, although there was often a substantial mass of
ExEn in addition to some trophoblast giant cells. Al-
though VE (EvxI-positive) cells were present, the ExEn is
mostly parietal (tPA positive), which is expected, as this
will differentiate from VE in the absence of contact with
epiblast or EXE (Hendrey et al. 1995). The abundance of
ExEn implies that it has continued to be generated after

Figure 5. Nuclear and cytoplasmic staining of SOX2 protein in preimplantation embryos. (A-L) SOX2 antibody staining in wild-type
blastocysts. Embryos were incubated in SOX2 (B,H,L), preimmune (PI; E), or OCT4 (K) antiserum. Nuclei were stained with 7-AAD
(A,D,G) or DAPI (]). (C,F,I) Overlays of the antibody and 7-AAD staining to show colocalization in yellow. (A-F) Whole blastocysts.
(G-I) An ICM isolated by immunosurgery. (J-L) Confocal images, using an affinity-purified SOX2 antibody. SOX2 is observed through-
out the ICM in the nucleus (n) and cytoplasm (line) unlike OCT4, which is detected only in the nucleus. The arrowhead indicates the
layer of ExEn where OCT4 is present but SOX2 levels are low. (M-V) SOX2 antibody staining in wild-type embryos from 1-cell to late
morula (L-morula) stages. Embryos were stained for SOX2 using affinity-purified antibody (M-Q), and nuclei were visualized with
DAPI (R-V). All panels are confocal images. n, nuclear staining; ¢, cytoplasmic staining; pb, polar body. (W) SOX2 antibody staining
in blastocysts from Sox2P%°° heterozygous intercrosses. Three separate litters were analyzed (1-3) using horseradish peroxidase and
DAB staining. SOX2 is observed in all embryos. The last two embryos in each set are wild-type preimmune controls (*). Bars: A-F,J-L,

25 um; G-I, 30 pm; M-V, 25 nm; W, 80 pm.
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implantation. This is also suggested by finding cells posi- with the appearance of PE from mutant blastocyst out-
tive for lacZ in the VE layer of the ES-cell-rescued chi- growths, but not in heterozygotes. As B-galactosidase is
meras at 7.5 dpc, whereas this has never been seen in a quite stable, transcription of Bgeo in mutant epiblast
large number of heterozygous Sox2P¢°° embryos (Fig. 2; cells may well have given rise to lacZ activity in their
data not shown). We have also seen lacZ staining in cells differentiated derivatives.
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(Figure 5 legend on facing page)
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Sox2 RNA

Sox2/Msg1 RNA
D

Figure 6. Chimera rescue of Sox2P%¢° homozygotes and the presence of SOX2 protein in TS cells. (A) Sox2 RNA is absent in the
chorion of a 7.5-dpc Sox2P¢°° null homozygote rescued with wild-type ES cells (right) compared with a wild-type or heterozygote host
embryo with chorionic (c) staining (left). (B—]) Chimeras were dissected to separate the embryo/epiblast (ep) from the extraembryonic
region. The embryo was stained for lacZ (B,E,H), and extraembryonic tissue was first analyzed for Sox2 RNA by in situ hybridization
(C,F,I) and then for Msg1 as a positive control (D,G,]). (B-J) Chimeras corresponding to two rescued Sox2P¢°° homozygotes (E-J) and a
wild-type host (based on Sox2 chorionic expression and no lacZ staining; B-D). Arrows in E show Sox2P2¢° null cells expressing lacZ
in a rescued chimera. (K,L) SOX2 antibody staining in ES cells (L), and nuclear staining with DAPI (K). SOX2 is seen in the nucleus
of ES cells (L, arrows), and is absent in STO feeder cells (K, large nuclei). (M,N) Phase micrographs of TS cells (M) and differentiated
TS cells (N) grown in the absence of FGF4 for 4 d. (O-R) SOX2 antibody staining in TS cells. SOX2 (P), preimmune (R), and DAPI (O, Q)
staining. SOX2 is expressed in the nucleus of TS cells (round colony). In the surrounding differentiating cells, SOX2 remains nuclear
(line), nuclear and cytoplasmic (arrow), or is greatly reduced (arrowhead), depending on the degree of differentiation. Bars: A, 125 um;
B-J, 90 ym; K,L, 23 pm; M,N, 15 nm; O-R, 40 pm.

It seems likely, therefore, that SOX2 is required to
maintain cells of the epiblast in an undifferentiated
state, and in its absence they change their identity, be-
coming trophectoderm or ExEn. In contrast, early em-
bryo cells or ES cells lacking OCT4 can only form troph-
ectoderm derivatives (Niwa et al. 2000). It is possible
that SOX2 and OCT4 function together to maintain the
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pluripotent state throughout early development, but
Oct4 mutants fail earlier, prior to the generation of
ExEn, because maternal protein does not persist beyond
the two-cell stage (Palmieri et al. 1994).

Our observations can also be correlated with experi-
ments showing that overexpression of Oct4 results in
the differentiation of ES cells into ExEn (Niwa et al.



2000). Sox2%%°° homozygotes will theoretically have
higher levels of unassociated OCT4 than heterozygotes
or wild-type embryos, because SOX2 will not be present
to complex with OCT4. We propose that the presence of
both factors is required for epiblast, but the transient
up-regulation of OCT4 and accompanying down-regula-
tion of SOX2 leads to an altered set of target genes being
activated or repressed. It is this imbalance between the
two factors in favor of OCT4 that could be the normal
mechanism initiating ExEn differentiation.

A secondary essential requirement for Sox2 in extraem-
bryonic ectoderm Sox2 transcripts could not be de-
tected in trophectoderm at blastocyst stages, but shortly
after implantation Sox2 is expressed at high levels in a
ring of ExE adjacent to the epiblast. This develops into
chorionic ectoderm, which continues to express Sox2
and contains the progenitor cell population for all tro-
phoblast derivatives. Sox2 therefore marks these pro-
genitors as well as those of the epiblast that give rise to
the embryo. TS cells, which we show also express Sox2,
can be derived from ExE at these stages (Tanaka et al.
1998). In the absence of FGF4, TS cells differentiate into
mature trophoblast cell types, and as they do so, SOX2
becomes cytoplasmic or is lost altogether. We were un-
able to derive homozygous mutant TS cells, suggesting
that they have a cell-autonomous requirement for SOX2.
However, chimeras lacking Sox2 in the chorion did sur-
vive until 7.5 dpc. The most likely explanation for this is
functional redundancy with Sox3, which is coexpressed
with Sox2 in ExE from 5.5 dpc. However, Sox3 is lost
from the chorion by 8.0 dpc (Wood and Episkopou 1999),
the time at which the chimeras die.

There is accumulating evidence to indicate functional
redundancy among the Bl subgroup of Sox genes. The
phenotypes resulting from mutations in each of the three
genes is limited to those sites at which only the mutant
gene is expressed. For example, SoxI mice show lens
defects beginning precisely at the time when Sox2 is
turned off, whereas areas of the CNS where both are
expressed appear normal (Nishiguchi et al. 1998; Wood
and Episkopou 1999). Our data on mutations in Sox3 are
also consistent with redundancy. The strongest pheno-
types are specific to sites at which the others are not
expressed. Moreover, when gene targeting was used to
replace the ORF of Sox3 with that of Sox2, the resulting
mice were normal (M. Parsons, S. Brunelli, C. Wise, K.
Rizzoti, M. Cohen-Tannoudji, L. Pevny, and R. Lovell-
Badge, unpubl.; S. Brunelli, K. Rizzoti, and R. Lovell-
Badge, unpubl.). This notion of functional redundancy
between Bl Sox genes is also supported by experiments
in Xenopus and Drosophila (Kishi et al. 2000; Overton et
al. 2002). Because Sox?2 is the earliest of the subfamily to
be expressed in the mouse (Wood et al. 1998; A.A. Avil-
ion, unpubl.), no similar gene is active sufficiently early
in the epiblast to compensate for its loss, whereas Sox3
can do so transiently in EXE. However, the survival of a
few Sox2P2¢° null cells within the embryonic portion of
the ES-cell-rescued chimeras could be explained by re-
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dundancy with Sox3, which is expressed in epiblast from
6.0 dpc.

SOX2 and Fgf4 regulation

The phenotype of Sox2P¢°° homozygotes is reminiscent
of both Fgf4 and Fgfr2 mutant embryos, in that epiblast
derivatives are missing and the only cells remaining
from the trophectoderm lineage are trophoblast giant
cells. This is consistent with the proposal by Ambrosetti
et al. (2000) that SOX2. is required together with OCT4
for Fgf4 expression in early embryonic cells. However,
there are several discrepancies. Directly at odds with the
proposal is the presence of Fgf4 transcripts in almost all
Sox2P¢°° homozygous blastocysts. Moreover, the differ-
entiation of ExEn is thought to be dependent on FGF4
signaling, as shown by its absence from Fgf4 and Fgfr2
mutant embryos and from studies of Fgf4 null ES cells
(Wilder et al. 1997), yet Sox2 mutants readily give rise to
ExEn in explant cultures and after implantation. ExEn is
not seen in Oct4 mutants, although these fail at a stage
prior to primitive endoderm formation. Consequently,
the Sox2 mutants must express FGF4 at least to the
point where primitive endoderm is induced. This is most
likely owing to the persistence of maternal SOX2 pro-
tein.

The failure to rescue the ICM from Sox2P%°° homozy-
gous blastocysts by exogenous FGF4, or in chimeras by
wild-type ES cells, supports the argument that additional
targets for SOX2 are required within the ICM/epiblast
lineage. The same is true of OCT4 (Nichols et al. 1998),
and there is evidence that the two transcription factors
cooperate in the regulation of several other genes, such
as Utf1 and Osteopontin, and possibly the autoregula-
tion of Sox2 itself (Botquin et al. 1998; Nishimoto et al.
1999; Tomioka et al. 2002).

SOX2 protein localization and persistence throughout
preimplantation development

Our data show that SOX2 is shuttled between the cyto-
plasm and nucleus during early embryogenesis. The pro-
tein is placed in the cytoplasm of growing oocytes, pre-
sumably to prevent it from acting in the nucleus, but
this implies deliberate sequestration for its role postfer-
tilization. Maternal SOX2 actively enters the nucleus by
the 2-cell stage, but a mechanism for exporting it must
operate in trophectoderm cells, where it is exclusively
cytoplasmic. This all occurs independently of new Sox2
transcription, which begins in the late morula, as the
protein is distributed identically in wild-type and homo-
zygous mutant blastocysts. Recently a nuclear export
signal has been found within the HMG box of several
SOX proteins. SOX10 actively requires nucleocytoplas-
mic shuttling for transactivation of target genes in vitro
(Rehberg et al. 2002), whereas sex reversal can be in-
duced in cultured XX gonads using an inhibitor that re-
sults in nuclear sequestering of SOX9 (Gasca et al. 2002).
SOX2 contains a similar putative export signal, and fu-
ture experiments will address its function.
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Sox2P%°° homozygotes almost certainly survive as long
as they do because of the presence of maternal SOX2
protein. Most maternal gene products are destroyed at
the 2- or 8-cell stages (Howe and Solter 1979). However,
the persistence of a few proteins up to blastocyst stages
has been noted, including E-cadherin, B-catenin, the nu-
cleopore protein CAN/nup24, and the transcription fac-
tor Max (Larue et al. 1994; Haegel et al. 1995; van
Deursen et al. 1996; Shen-Li et al. 2000). As it is not
required in differentiated trophoblast or in ExEn, SOX2
is the first oocyte-derived transcription factor we are
aware of without a general housekeeping function that
persists until implantation. During this time it appears
to be involved in specifying the ICM/epiblast and ExE
lineages, which begs the question whether proteins laid
down in the oocyte, even if they are not localized asym-
metrically, are required for patterning early mammalian
development.

Conclusions

Our results on SOX2, together with those on OCT4
(Nichols et al. 1998; Niwa et al. 2000), suggest a simple
combinatorial model to explain the establishment of the
three cell lineages that arise in preimplantation develop-
ment (Supplementary Fig. 2). Thus, both factors are re-
quired in the lineage leading to epiblast formation, and
in their absence trophectoderm is formed. OCT4 alone is
required to initiate EXEn development, and SOX2 alone
is required for EXE. Because the EXxEn appears normal in
the chimeras rescued with wild-type ES cells, this sug-
gests that this is the only lineage for which there is no
cell-autonomous requirement for SOX2. Finally, we
have shown that SOX2 is required for two stem cell
types in the early embryo, and it also marks stem/pre-
cursor cell populations within the CNS. Comparing its
role in these cells will help elucidate the nature of the
stem cell state.

Materials and methods

Gene targeting

Sox2 genomic clones were isolated from a 129/SvEv library us-
ing as probe an Apal-HindIIl restriction fragment 5’ to the
HMG box of the cDNA (Collignon et al. 1996). The pSAB-geo
targeting vector (Friedrich and Soriano 1991) was modified by
removing the splice acceptor site at the 5’ end as an Spel/HindIII
fragment. A 12-kb NotI fragment 5’ of Sox2 was ligated to the 5’
end of the B-geo cassette, and a 2.5-kb Sall 3'-Sox2 fragment was
cloned adjacent to the polyadenylation sequence. The targeting
vector was linearized with Kpnl and electroporated into CCE ES
cells, and G418-resistant clones were isolated. Positive recom-
binants were identified by Southern blotting using a 3'-Sall/
EcoRI external probe on an EcoRI digest. Correct targeting and
single-copy integration were confirmed using both 5’ and neo
probes on a BamHI digest (data not shown). Clones 71 and 91
produced germ-line chimeras. Most experiments used the Bl
MF1 line from clone 71.

Expression studies

Procedures for RNA in situ hybridization on sections and whole
mounts (Wilkinson 1998) were modified for the chimera analy-
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sis to prevent sample loss (Avilion et al. 2000). Digoxigenin
(DIG)-labeled Sox2 antisense RNA probe was transcribed by T3
RNA polymerase from a 750-bp Accl/Xbal cDNA subclone (4C)
linearized with Xhol. Details of other probes are in cited publi-
cations.

For B-galactosidase staining, embryos were fixed for 20-45
min on ice in 2% paraformaldehyde (PFA) and 0.1% glutaralde-
hyde, or in 4% PFA for 20 min for the chimera rescue experi-
ment. Samples were rinsed 3 times in PBS and stained overnight
at 37°in 1 mg/mL X-Gal, following established protocols (Sanes
et al. 1986).

Cell and embryo culture

Morulae were collected by flushing oviducts with M2 medium
(Sigma) and cultured on gelatin-coated plastic chamber slides
(NUNC) in KSOM (Speciality Media) containing 100 U/mL
penicillin and 100 pg/mL streptomycin, until blastocyst stages,
when the medium was changed to Dulbecco’s modified Eagle’s
medium supplemented with 10% fetal calf serum (FCS), 2 mM
L-glutamine, 0.1 mM 2-mercaptoethanol, and antibiotics. The
medium was changed every 2 d. In the FGF4 rescue experiment,
embryos were cultured for a total of 3 or 7 d, with or without
100 ng/mL human recombinant FGF4 (Sigma) and 1 pg/mL hep-
arin (Sigma). ICMs were cultured for 4 d in Glasgow Minimum
Essential Medium (Sigma) supplemented with 20% FCS, LIF
(1000 U/mL), glutamine, mercaptoethanol, and antibiotics as
above. TS cell lines were established and differentiated accord-
ing to Tanaka et al. (1998).

Chimera rescue

CCE, ROSA26 (Varlet et al. 1997) or B5/EGFP (Hadjantonakis et
al. 1998) ES cells (12-15) were injected into blastocysts obtained
from Sox2Ps<° intercrosses. Following transfer into pseudopreg-
nant females, embryos were harvested between 7.5 and 11.5
dpc, and where possible visceral yolk sacs were dissected for
genotyping the VE layer (Beddington and Robertson 1989).

Immunocytochemistry

Polyclonal antibody FB46, made against the C-terminal domain
of SOX2 (Kamachi et al. 1995), was used at a dilution of 1:500
or 1:1000 if affinity-purified. OCT4 antiserum (Santa Cruz; sc-
5279) was used at 1:250. ICMs isolated according to Solter and
Knowles (1975) were spun at 300 rpm for 6 min in a Cytospin
centrifuge to attach them to poly-lysine-coated slides. Blasto-
cysts and ICMs were fixed in 4% PFA on ice for 10 min, whereas
ovaries were fixed for 1 h and embedded in wax. TS and ES cells
were fixed in MEMFA on ice for 1 h.

Stem cells and ICMs were blocked for 30 or 60 min in staining
solution (1% goat serum, 0.5% Triton X-100 in PBS) and incu-
bated overnight with SOX2 antibody at 4°. Samples were rinsed
and incubated for 1 h in secondary antibody using either fluo-
rescein-conjugated goat anti-rabbit anti-serum (Tago Immuno-
logicals) diluted at 1:200, or Cy3-conjugated goat anti-rabbit an-
tibody (Amersham) diluted 1:300. Nuclei were stained with
DAPI (Sigma; 200 pg/mL) or 7-aminoactinomycin D (7-AAD,
Molecular Probes; 10 ng/mL). Whole mounts on blastocysts
were processed similarly except that 10% goat serum and 2
mg/mL BSA were used in the buffer solution. Ovaries were
stained for SOX2 as previously described (Kamachi et al. 1995),
using a 1:250 dilution of horseradish peroxidase-conjugated
goat anti-rabbit IgG (Sigma) as secondary antibody. Samples
were visualized with 3'3’-diaminobenzidine tetrahydrochloride
(Sigma), and counterstained with haematoxylin. Confocal im-



ages were obtained using a Leica TCS SP microscope and
TCSNT software. Six 0.5-um digital images were merged to
form each panel shown.

RNA preparation, reverse transcription, and PCR

RNA was made according to the guanidinium thiocyanate pro-
cedure (Chomczynski and Sacchi 1987). As an internal control
for the RNA preparation, 10 fg of an in vitro transcribed RNA
derived from the polylinker of Bluescript SK (Stratagene) was
added to each sample at the start of the preparation. For blas-
tocyst RNA, the zona pellucida was removed with acid Tyrode’s
solution, and cells were lysed by heating at 90° for 10 min in 20
uL of water. RNA was reverse-transcribed with Superscript II
RNase H- Reverse Transcriptase (GIBCO-BRL) and primed with
1 pg of random hexanucleotides (Pharmacia). PCR reactions
were prepared using 0.2 U/uL Taq Polymerase, standard PCR
conditions, and 1 M betaine. For the RT-PCR blastocyst out-
growth marker analysis, 0.3 pL of [a-*?P]JdCTP (Amersham;
3000 Ci/mmole) was included in the reaction. Samples were
amplified in the linear range in a Hybaid OmniGene thermocy-
cler using one denaturation cycle at 94° for 3 min, followed by
25-40 amplification cycles, of one round at 94° for 45 sec, an-
nealing for 45 sec, and 72° for 1 min. A final extension step at
72° for 5 min was performed. (For details, see Supplementary
Material.)
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