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Large-scale gene expression profiling was performed on embryo-derived stem cell lines to identify molecular
signatures of pluripotency and lineage specificity. Analysis of pluripotent embryonic stem (ES) cells,
extraembryonic-restricted trophoblast stem (TS) cells, and terminally-differentiated mouse embryo fibroblast
(MEF) cells identified expression profiles unique to each cell type, as well as genes common only to ES and TS
cells. Whereas most of the MEF-specific genes had been characterized previously, the majority (67%) of the
ES-specific genes were novel and did not include known differentiated cell markers. Comparison with microarray
data from embryonic material demonstrated that ES-specific genes were underrepresented in all stages sampled,
whereas TS-specific genes included known placental markers. Investigation of four novel TS-specific genes
showed trophoblast-restricted expression in cell lines and in vivo, whereas one uncharacterized ES-specific gene,
Esg-1, was found to be exclusively associated with pluripotency. We suggest that pluripotency requires a set of
genes not expressed in other cell types, whereas lineage-restricted stem cells, like TS cells, express genes
predictive of their differentiated lineage.

[Supplemental material is available online at www.genome.org and http://lgsun.grc.nia.nih.gov/microarray/data.
html]

Fertilized eggs are the ultimate totipotent cells, giving rise to
all cell types. Animal development can therefore be described
as a progressive loss of totipotency, then of pluripotency, and
ultimately differentiation into specific cell types. In mam-
mals, the initial loss of totipotency occurs during preimplan-
tation development, marked by the segregation of two dis-
tinct cell lineages in the blastocyst: the inner cell mass (ICM),
which gives rise to the embryo proper, and the trophectoderm
(TE), which contributes exclusively to the trophoblast portion
of the placenta. Representative stem cell lines have been es-
tablished from these two cell types: embryonic stem (ES) cells
derived from the ICM (Evans and Kaufman 1981; Martin
1981) and trophoblast stem (TS) cells derived from the TE
(Tanaka et al. 1998). ES cells are pluripotent and can differ-
entiate into all embryonic cell lineages and some extraembry-
onic ones, whereas TS cells can differentiate into multiple cell
types, but only of the trophoblast lineage.

The undifferentiated, pluripotent state of ES cells is
maintained by Leukemia Inhibitory Factor (LIF) and JAK/
STAT signaling (for review, see Smith 2001). On withdrawal of
LIF, ES cells differentiate into various cell types (Shen and
Leder 1992). In chimeric embryos, ES cells are able to contrib-

ute to various cell types, including the germ line (Nagy et al.
1993) but excluding trophoblast lineages (Beddington and
Robertson 1989). In contrast, the undifferentiated, multipo-
tent state of TS cells is maintained by Fibroblast Growth Fac-
tor 4 (FGF4) signaling (for review, see Kunath et al. 2001). On
withdrawal of FGF4, TS cells differentiate into several tropho-
blast subtypes, including trophoblast giant cells. Therefore,
although both ES and TS cells originate from the blastocyst
and possess characteristics of stem cells, they differ in their
differentiation potential, with ES cells being more pluripotent
than TS cells.

Pluripotency has been defined experimentally by assess-
ing whether cells can differentiate into multiple lineages. Sev-
eral key genes, such as Eomes and Cdx2, have been identified
to regulate the differentiation of TE (for review, see Rossant
and Cross 2001) and the POU-domain transcription factor
Oct3/4 (Scholer et al. 1989; Rosner et al. 1990; Okazawa et al.
1991) has been demonstrated to be essential for the mainte-
nance of pluripotency of both the ICM (Nichols et al. 1998)
and ES cells (Niwa et al. 2000). Expression profiling with
cDNA microarray technology has been used to discover genes
that are differentially expressed in developmental processes
(Tanaka et al. 2000; Hemberger et al. 2001; Kim et al. 2001). In
this study, we used the NIA mouse 15K cDNA microarray to
profile ES cells, TS cells, and mouse embryo fibroblast (MEF)
cells to identify genes specific to the earliest cell lineages (ICM
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and TE) that arise during development and to investigate the
differences and similarities of a pluripotent stem cell and a
lineage-restricted stem cell.

RESULTS AND DISCUSSION

Expression Profiling of Stem Cell Lines
by cDNA Microarrays
Gene expression profiles were obtained from ES cells, TS3.5
cells (derived from E3.5 blastocysts), TS6.5 cells (derived from
E6.5 trophoblast tissue), and mouse embryo fibroblast (MEF)
cells from E12.5 embryos (Fig. 1A) using the NIA mouse 15K
cDNA microarray. This clone set consists of ∼ 12,000 unique
mouse genes and is enriched for genes expressed in placental
tissue and early mouse embryos, including preimplantation
stages; it is therefore well suited to this study (Tanaka et al.
2000; Kargul et al. 2001). Approximately half of the genes are
novel, and ∼ 90% are sequence-verified (Kargul et al. 2001).
Each hybridization experiment was performed in triplicate,
and the data were globally normalized after background sub-
traction. Both pair-wise and multiple comparisons were per-
formed on the data sets to identify candidate stem cell-
specific, lineage-specific, and differentiation-specific clusters.
For example, a pair-wise comparison between ES and TS6.5
cells identified 2,150 differentially expressed genes, as deter-
mined by the Student’s t-test (P < 0.05). Among these genes,
1,526 genes were more highly expressed in ES cells and 624
genes were more highly expressed in TS6.5 cells (Fig. 1B;
Supplemental Table 1). Analysis of known genes within these
lists agreed well with expected expression patterns. The TS cell
profile showed characteristic features of the trophoblast lin-
eage, expressing known placental-specific genes such as
EndoA, EndoB, eHand/Hand1, Transglutaminase, Pem, Secretin,
Tbx1, and Psx1 (Tanaka et al. 2000). Also, genes known to
function in ES cells, such as Rex-1 (Hosler et al. 1989) and
Oct3/4 were included in the ES cell list (Fig. 1B). In addition,
many novel, uncharacterized genes were present in each list.

Identification of Signature Genes
The pair-wise comparisons revealed many differentially-
expressed genes, but multiple comparisons can reveal clusters
of genes that are unique to a particular cell type or cell state,
which are of particular interest here. To identify such genes,
we first analyzed the four triplicate data sets by a statistical
analysis of variance (ANOVA) at a 5% level of significance,
and identified 3,910 genes differentially expressed among the
four cell types. Of these genes, 2,969 sequence-verified genes
were analyzed further. First, the number of gene clusters was
estimated to be 15 by Partek program. We then performed
k-means clustering to group the 2,969 genes into 15 distinc-
tive clusters based on the similarities of their expression pat-
terns (Chen et al. 2002). The average expression levels for
each cluster of genes were plotted (Fig. 1C). We identified
clusters representative of particular cell types, and further fo-
cused on genes that showed greater than twofold expression
difference among ES, TS3.5, TS6.5, and MEF cells. We obtained
124 ES-specific genes in cluster 4, 94 TS-specific genes in clus-
ter 7, and 77 MEF-specific genes in cluster 14. The 51 genes in
clusters 12 and 13 were expressed in both ES and TS cells, but
not in MEF cells, and are therefore designated as potential
“stem cell-specific” genes. A total of 346 genes were therefore
identified as signature genes that are characteristic of one or

another cell type and investigated further below (lists of genes
are available in Supplemental Tables 2 and 3). Although the
ES/TS cluster is small, and half of the genes are novel, we did
observe two genes involved in the inositol phospholipid sig-
naling pathway, myo-inositol 1-phosphate synthase A1 and dia-
cylglycerol kinase a (Szebenyi and Fallon 1999). Furthermore,
an in vivo comparison clustered these two genes into a pre-
implantation embryo-specific cluster (Fig. 2, cluster D). These
results indicate that a common signal transduction pathway,
working in both ES and TS cells (and the preimplantation
embryo), may have a common function such as self-renewal.

Based on gene annotation (Kargul et al. 2001), these sig-
nature genes were classified into functional categories. Sur-
prisingly, ES cells expressed many uncharacterized genes
(67%), whereas the TS and ES/TS clusters exhibited fewer un-
characterized genes (51% and 48%, respectively) and differ-
entiated MEF cells showed the lowest representation of novel
genes (34%; Fig. 1D). Well-characterized differentiation mark-
ers for mesoderm and endoderm were not found in the ES cell
signature gene list (Supplemental Table 3) and many genes
uniquely expressed in ES cells have not been studied thus far
and remain uncharacterized. In contrast, TS cell signature
genes included transcription factors and other genes with
well-defined roles in placental differentiation, such as eHand/
Hand1, Pem, and Psx1. This indicates that one of the conspicu-
ous features of lineage-committed TS cells is the expression of
marker genes for differentiated trophoblast lineages.

Cell Culture and In Vivo cDNA
Microarray Comparisons
To determine whether there is any relationship between clus-
ters identified from the cell culture lines and clusters identi-
fied from their in vivo counterparts, we compared the present
results with microarray data obtained from the following in
vivo tissues: morulae, blastocysts, E8.5 embryo, E8.5 placenta,
E12.5 embryo, and E12.5 placenta (Fig. 1A) (Tanaka et al.
2000). The comparison was performed by selecting the 346
signature genes and hierarchically clustering them based on
their expression in vivo (Eisen et al. 1998).

Gene clusters with related expression patterns were easily
discernable. First, genes with relatively high expression in
E8.5 and E12.5 placentas were grouped in clusters A and E
(Fig. 2; lists of genes available at http://lgsun.grc.nia.nih.gov/
microarray/data.html). Most of these genes fell into the TS-
specific k-means cluster (7), and therefore support the notion
that TS cells already express marker genes for differentiated
trophoblast lineages, including eHand/Hand1, EndoA, EndoB,
Transglutaminase, and Psx1. Second, two stage-specific clusters
were apparent. Genes with relatively high expression levels in
morula and blastocyst and lower expression levels in other
tissue types were grouped in cluster D and genes with high
expression in both the E8.5 embryo and placenta were
grouped in cluster B (Fig. 2). Mapping the cell line-derived
k-means clusters onto these stage-specific clusters revealed a
random distribution. This indicated that the cell lines were
not representative of a particular stage of development. Third,
genes with relatively low expression levels in essentially all
tissues examined were grouped into cluster C. This group in-
cluded many genes that were identified as ES-specific genes
(k-means cluster 4), indicating that this cluster contains genes
that are truly unique to ES cells and may be critically involved
in the pluripotency of ES cells. This cluster included genes
such as zinc finger protein 57, secretory carrier membrane protein
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(SCAMP) 37, EH-domain containing protein 2, Cdk inhibitor-
related protein P15RS, and five uncharacterized genes, includ-
ing embryonal stem cell specific gene 1 (Esg-1) (Fig. 2). It is no-
table that analysis of in vivo embryonic tissues alone would

not have focused on many of these pluripotency-associated
genes; the use of purified, established stem cells identified
genes, such as Esg-1, that are apparently associated with plu-
ripotency.

Figure 1 (A) Schematic representation of tissues and cell lines used for microarray hybridization experiments and Northern analysis. Embryos,
tissue types, and cell lines in the rectangle were used in this study. (B) Scatter-plot analysis of ES versus TS6.5 cells microarray experiment. Average
expression levels (arbitrary units) of each gene were calculated from three independent hybridizations. Genes that show significantly different
expression levels between ES and TS6.5 cells at the 5% significance level (P < 0.05) with expression levels above the background are displayed as
colored spots, and the other genes are displayed as dark blue spots. For genes that are expressed higher in ES cells than in TS6.5 cells, blue indicates
genes expressed greater than 10-fold, green indicates those expressed between two- and 10-fold, and yellow indicates those expressed less than
twofold. For genes that are expressed higher in TS6.5 cells than in ES cells, red indicates genes expressed greater than 10-fold, pink indicates those
expressed between two- and 10-fold, and orange indicates those expressed less than twofold. Several examples of genes are indicated. (C) k-means
cluster-analysis of differentially expressed genes among ES, TS3.5, TS6.5, and MEF at a 5% significance level (P < 0.05). By using the k-means
algorithm, 2,969 genes were grouped into 15 distinct clusters based on their similarities of expression patterns among ES, TS3.5, TS6.5, and MEF.
The name of individual clusters is indicated, followed in parentheses with the number of genes in each cluster. Only statistically significant,
sequence-validated genes are represented here. (D) Functional classifications of ES-, TS-, MEF-, and stem cell-specific genes. The number of genes
identified as specific to the cell type is indicated within parentheses. Annotated genes were classified by their function (Kargul et al. 2001), and
are indicated on the right with its color co-ordinate. The unknown category includes sequences that are in the database but have yet to be
characterized, as well as completely novel sequences.
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Examples of TS-Specific Genes
The expression and localization of several uncharacterized
genes that are TS-specific by pair-wise comparisons were ana-
lyzed further by Northern blotting and in situ hybridization.
Three clones, H3005B12, H3052E12, and H3138C09, all ex-
hibited expression in TS6.5 cells and were undetectable in ES
cells, in agreement with the microarray data. H3138C09 was
found to be expressed in E9.5 placenta (data not shown) and
E12.5 placenta, but not in the embryo at these stages (Fig. 3A).
This novel, trophoblast-restricted gene encodes a putative
428-amino-acid protein with a RING zinc finger domain, a
protease-associating (PA) domain, a signal peptide, and a
single transmembrane domain. A fourth TS-specific gene,
H3001A06, was highly expressed in the E9.5 placenta and

decreased in later stage placental tis-
sues. Similar to H3138C09, it was un-
detectable in embryos at the same
stages. In situ hybridization at E9.5
revealed its expression in all tropho-
blast lineages, but not in allantoic
mesoderm or decidua. By E11.5, its
expression was weak, though still de-
tectable in the labyrinth and spon-
giotrophoblast (Fig. 3B).

Although only four genes from
the TS cell signature genes were ex-
amined, these results already indicate
a trend—lineage-committed TS cells
already express genes of the later pla-
centa. This again contrasts with the
ES cell signature genes. There may
still be genes, however, that are
unique to TS cells but are not ex-
pressed in mature trophoblast cells.
An FGF-inducible 13 gene is such an
example, as it was expressed in a TS-
specific manner and grouped in clus-
ter 12 (Fig. 1C), but was not ex-
pressed in E8.5 and E12.5 placentas
(Fig. 2). Further analysis of the micro-
array data may provide candidates
for such genes.

Coexpression of the ES-Specific
Gene Esg-1 and Oct3/4
Among the many novel ES-specific
genes, we selected Esg-1 for further
study, because the gene showed the
greatest expression difference in
ES:TS comparisons (Fig. 1B). It was
originally described as a gene down-
regulated during retinoic acid-
induced differentiation of embryonic
carcinoma (EC) cells (Astigiano et al.
1991), and later as a gene expressed
uniquely in ES cells and preimplan-
tation embryos (Bierbaum et al.
1994). We confirmed the previous re-
port by showing specific expression
in ES and EC cells with no detectable
expression in a variety of other cell
lines (Fig. 4A). We also found no ex-
pression in adult tissues such as
heart, brain, spleen, lung, liver, skel-

etal muscle, kidney, and testis, and in postimplantation em-
bryos at E7, E11, E15, and E17 (data not shown). Semi-
quantitative RT-PCR analysis also showed that Esg-1 tran-
scripts were present at low levels in the unfertilized egg, but
increased dramatically by the zygotic genome activation at
the two-cell stage, and continued throughout preimplanta-
tion stages to the blastocyst (Fig. 4B). This behavior is slightly
different from that of Oct3/4, which is present in oocytes but
is not zygotically activated until the eight-cell stage (for re-
view, see Pesce et al. 1998). The inference of early zygotic
formation of Esg-1 was supported further by showing that its
expression was moderately sensitive to �-amanitin, rather like
the Hsp70.1 gene, the earliest known marker gene for zygotic
genome activation (Christians et al. 1995), and unlike

Figure 2 List of genes showing unique cluster-patterns. Based on hierarchical clustering of 346 genes
expressed specifically in either ES, TS, MEF, or in stem cells, we could identify five distinct clusters:
Clusters A and E are for extraembryonic cell-lineage-specific clusters; B is for an E8.5 stage-specific
cluster; C is a low expression cluster; D is for preimplantation embryo-specific cluster. Lists of genes in
these clusters are shown. Cluster 4 in k-means analysis indicates that the gene is ES cell-specific, number
7 is for TS cell-specific, 14 is for MEF-specific, and 12 is for genes commonly expressed in both ES and
TS cells.

Tanaka et al.

1924 Genome Research
www.genome.org



the Oct3/4 gene, which is insensitive (Pesce et al. 1998)
(Fig. 4C).

Several lines of evidence further support the notion that
Esg-1 expression is restricted to pluripotent cell types (Pesce et
al. 1998). A BLAST search against dbEST (Boguski et al. 1993)
detected Esg-1 only in cDNA libraries made from preimplan-
tation embryos, ES cells, and EC cells (though one EST each
was recovered from bone marrow and testis). BLAST searches
against the Orthologous Gene Database (Lee et al. 2002) re-
vealed an Esg-1 ortholog only in human and pig, indicating
that, like the Oct3/4 gene, Esg-1 seems to occur only in mam-
mals. In addition, the ESTs representing the human Esg-1 or-
tholog were all from germ-line tumors. Four ESTs for Esg-1
were also found among 1,973 ESTs from E13.5 male primor-
dial germ cells (Abe et al. 1998), indicating a relatively high
expression in the germ line (data not shown). cDNA micro-
array analysis showed that compared with adult stem cells
such as hematopoietic stem cells, neural stem cells, and mes-
enchymal stem cells, ES cells are the only stem cells that ex-

press Esg-1 at a high level (data not shown). Taken together,
these data establish a remarkable similarity of gene expression
patterns between Esg-1 and Oct3/4.

Location of Esg-1 in a Regulatory Pathway
To obtain further insight into a possible involvement of Esg-1
in the well-established Oct3/4 and LIF–Stat3 pluripotency
pathways (for review, see Niwa 2001), we performed real-time
RT-PCR analysis using RNA from two ES cell lines manipu-
lated genetically in vitro.

First, we measured the expression levels of Esg-1 in ES
cells carrying a 4HT-inducible Stat3 expression construct, as
Stat3 has been shown to be the key downstream effector of
the LIF receptor complex. The presence of constitutively ac-
tive Stat3 expression has been shown to be sufficient to main-
tain ES cells in an undifferentiated state even in the absence of
LIF. The absence of constitutively active Stat3 expression in
LIF-depleted ES cells results in differentiation of ES cells into
mainly primitive endoderm-like cells by 5 d (Matsuda et al.
1999). As shown in Figure 4E, the expression levels of both
Esg-1 and Oct3/4were maintained in the Stat3+ ES cells. In the
Stat3� ES cells, however, Esg-1 was dramatically down-
regulated, whereas Oct3/4 only exhibited a modest decrease in
expression. This clearly associates the expression of Esg-1with
the undifferentiated state of ES cells, and indicates that the
LIF effector, Stat3, may regulate Esg-1 expression directly or
indirectly.

We then followed the temporal expression profile of
Esg-1 after suppression of Oct3/4 in ES cells, using a tetracy-
cline-inducible system (Niwa et al. 2000). When the expres-
sion level of Oct3/4 was completely shut down at 24 h, ex-
pression of Esg-1 was already down-regulated (Fig. 4E).
Prompt initiation of Esg-1 down-regulation by the forced re-
duction of Oct3/4 indicates that Esg-1 is one of the early re-
sponse genes to Oct3/4 suppression. Complete down-
regulation of Esg-1 was slow, however, reaching a 10-fold re-
duction only after 94 h (Fig. 4E). This is consistent with the
delayed down-regulation of Esg-1 in TE cells in vivo; the ex-
pression level of Esg-1 showed no significant difference be-
tween ICM and TE by semi-quantitative RT-PCR analysis (Fig.
4D), with FGF4, Oct3/4, and EndoA showing the specific ex-
pression patterns expected from previous reports (Niswander
and Martin 1992; Palmieri et al. 1994). This discrepancy of
Esg-1 expression between TE and TS cells indicates that the
two types of cells are not equivalent, although TS cells are a
direct in vitro derivative of TE.

Taken together, these data indicate that Esg-1 lies down-
stream of both Oct3/4 and LIF–Stat3 pathways. Although the
actual binding and transcriptional activation of Esg-1 by
Oct3/4 and Stat3 remains to be tested, analysis of mouse (En-
sembl) and human (Ensembl, NCBI) genomic DNA sequences
revealed potential binding sites for Oct3/4, Stat3, and Sox2 (a
coactivator of Oct3/4) within 10 kb upstream and down-
stream of the Esg-1 gene (data not shown).

Esg-1 contains a KH-domain, which is conserved among
RNA-binding proteins such as the Fragile X mental retarda-
tion gene (FMR1), Bicaudal C in Drosophila, and mex-3 and
gld-1 in Caenorhabditis elegans (for review, see Adinolfi et al.
1999). The genemay therefore function post-transcriptionally
as an RNA-binding protein. This would give Esg-1 a unique
position in the Oct3/4 and Stat3 pathways, in which all other
known participants are transcription factors. It is notable that
the MEX-3 is a component of P-granules, germ-line determi-

Figure 3 (A, top) Three previously uncharacterized clones showing
statistically significant high expression in TS6.5 cells were used as
probes for Northern blots. The probe for �-actin was used as a con-
trol. (Middle) DNA probe for H3138C09 showed E12.5 placenta-
specific signal by Northern hybridization. The probe for �-actin was
used as a control. (Bottom) Schematic representation of one novel
TS-specific gene, TC527107, from the TIGR Gene Index (Quacken-
bush et al. 2001). The cDNA clone H3138C09 is localized to the
3�UTR of this gene. See text for details. (B, top) Total RNA was ex-
tracted from extraembryonic and embryonic parts at the different
stages indicated and transferred onto nylon membranes, which were
probed with either H3001A06 or �-actin and exposed for 8 d to a
Phosphorscreen. (Middle) DIG-labeled RNA probe for H3001A06 was
hybridized in situ to a section of E9.5 conceptus. (Bottom left) HE-
staining shows three different layers of the placenta at E11.5. Bottom
right: DIG-labeled RNA probe for H3001A06 was hybridized in situ to
a section of E11.5 placenta. The signals were weak, but detectable in
the spongiotrophoblast and labyrinthine trophoblast layers, but un-
detectable in surrounding decidua. (TG2) Secondary trophoblast gi-
ant cells; (De) decidua; (P1) placenta; (A1) allantois; (Ex) exocoelom;
(vYS) visceral yolk sac; (Sp) spongiotrophoblast layer; (La) labyrin-
thine trophoblast layer.
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nants in C. elegans (Draper et al. 1996). Esg-1 is the first mam-
malian RNA-binding protein that shows a potential function
in pluripotent stem cells and the germ-line.

Toward a Molecular Definition of “Stemness”
The commitment of totipotent embryonic cells to an extra-
embryonic lineage is unique to mammals and is critical to
create the placenta that supports the development of the
mammalian embryo. This analysis describes for the first time
the global differences between expression profiles of the two
stem cell lineages derived from the early embryo, and also
identifies genes expressed specifically in TS and ES cells. The

signature genes for ES cells are not
detected as signature genes of any
particular stage of in vivo develop-
ment. In contrast, the signature
genes for TS cells clearly show that
this lineage-committed stem cell al-
ready expresses lineage-specific
genes, in this case for placenta. This
indicates that the pluripotent stem
cell state may have special at-
tributes not found in lineage-
specific stem cells. Further compari-
son of other pluripotent and re-
stricted stem cells should reveal
whether this is a general rule and
help define both “stemness” and
pluripotency.

METHODS

RNA
Using the QIAGEN RNeasy midi kit
(QIAGEN Inc., Santa Clarita, CA),
total RNA was extracted from the
R1 ES cell line (Nagy et al. 1993),
derived originally from F1 hybrid
mouse between 129X1 and 129S1,
cultured on gelatin with LIF; from
diploid-sorted TS cell lines (Tanaka
et al. 1998) derived from ICR E3.5
blastocysts (TS3.5) and the extraem-
bryonic ectoderm of E6.5 embryos
(TS6.5), cultured in the presence of
feeder-conditioned medium with
FGF4 (Tanaka et al. 1998); and from
mouse embryonic fibroblasts (MEF)
derived from C57BL/6 (Hogan et al.
1994). The passage numbers of cells
at the time of RNA extraction were
as follows: 12 for ES, 40 for TS3.5, 28
for TS6.5, and two for MEF. Total
RNA was similarly extracted from
dissected embryonic and extraem-
bryonic portions of E8.5, E9.5,
E12.5, and E16.5 whole embryos
from naturally-mated C57BL/6 fe-
males.

Hybridization
Microarray hybridization and
Northern hybridization were per-
formed essentially as described
(Tanaka et al. 2000). Briefly, for mi-
croarray hybridization, 150 µg of
each total RNA from ES, TS3.5, TS6.5,

and MEF cells, and 10 µg of each total RNA from E8.5 embry-
onic and extraembryonic parts were primed with oli-
go(dT)12–18 primers (Amersham Biosciences, Piscataway, NJ).
First strand cDNAs were synthesized with 33P-dCTP (Amer-
sham Biosciences) and used as a probe. Prehybridization was
carried out at 65°C for 4 h with MicroHyb solution (Invitro-
gen, Carlsbad, CA) supplemented with yeast tRNA and PolyA
RNA, followed by hybridization at 65°C for 20 h with the
same hybridization solution plus mouse Cot1 DNA, 8% Dex-
tran Sulfate, and heat-denatured probe. Membranes were
washed twice with 2✕SSC, 0.1% SDS at room temperature for
30 min, then twice with 2✕SSC, 0.1% SDS at 65°C for 30 min,
and then twice with 0.1✕SSC, 1%SDS at 65°C for 30 min.

Figure 4 (A) Northern hybridization of Esg-1. (Left) Total RNA from ES, TS3.5, TS6.5, and MEF cells
were blotted onto a nylon membrane. The image of ribosomal RNA is shown as a loading control.
(Right) poly(A)+ RNA from multiple cell-lines were blotted onto a nylon membrane (Clontech). Cell
lines used for this blot are (1) neuroblastoma NB41A3; (2) mastocytoma P815; (3) lymphoma P388D1;
(4) lymphocytic leukemia L1210; (5) lymphoma R1.1; (6) hepatoma Hepa1–6; (7) embryonic carci-
noma P19; (8) subcutaneous connective tissue-type L-M; (9) fibroblast M-MSVBALB/3T3; (10) fibro-
blast k-BALB; (11) Abelson murine leukemia virus-induced tumor RAW264.7; (12) lymphoid tumor
PU5–1.8. (B–D) Semi-quantitative RT-PCR analysis in preimplantation embryos. Primer pair for EF1�
was used as a loading control. (B) Expression patterns of Esg-1 and Oct3/4 were examined in unfer-
tilized eggs (UN; 278 eggs), fertilized eggs (1; 248 zygotes), and preimplantation embryos at stages
of 2-, 4-, and 8-cells (289, 312, and 181 embryos, respectively), morula (M; 144 embryos), and
blastocyst (B; 175 embryos). It was confirmed that RT negative controls of each sample gave no PCR
products. Only RT negative control of blastocyst (�) is shown. Each cDNA was first adjusted to one egg
or one embryo-equivalent and then serially diluted as indicated to the right. (C) Early zygotic tran-
scription-dependent expression of Esg-1 was confirmed by �-amanitin treatment of fertilized eggs.
Fertilized eggs with a polar body were collected at 27 h post-hCG injection and either uncultured (1;
313 zygotes), or cultured for 18 h in M16 with (+; 207 embryos) or without (�; 230 embryos) 100
µg/mL �-amanitin. Two-cell stage embryos (vivo; 226 embryos) were also collected directly from
oviducts in parallel. Serially-diluted cDNAs were used as indicated to the right. Embryos were pooled
from four series of experiments. Hsp70.1 was used as a positive control. On average, 75% and 67% of
the fertilized eggs developed to two-cell stage embryos in the absence and presence of �-amanitin,
respectively. (D) Expression level of Esg-1 in the ICM and TE was investigated by direct isolation of the
ICM and TE by immunosurgery and FITC-ConA labeling followed by trypsinization, respectively. A
combination of serial dilution of cDNAs and different PCR-cycles were indicated. Fgf4 and Oct3/4 were
known to be expressed in the ICM, whereas EndoA is a marker of the TE (Brulet and Jacob 1982). (E)
Real-time RT-PCR analysis of Esg-1 and Oct3/4 in manipulated ES cells. Two manipulated ES cell-lines
either expressing active Stat3 conditionally, or suppressing Oct3/4 conditionally were used as sources
of RNA. MEF cells were used as a negative control. The expression level of Oct3/4 was also measured
as a marker of pluripotency. The expression levels of Esg-1 and Oct3/4 were normalized to those of
EF1�, whose constant expression levels over different conditions were verified (data not shown). The
levels of Esg-1 and Oct3/4 in the manipulated cell lines were compared with those of nonmanipulated
ES cells grown under standard conditions.
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Dried membranes were exposed to a PhosphorScreen for 10 d
at room temperature. Each probe hybridization was per-
formed three times.

For Northern hybridization, 3 µg of each total RNA from
ES, TS3.5, and TS6.5 cells, and embryonic fibroblasts, and 10 µg
each from dissected embryos and placentas at E9.5, E12.5, and
E16.5 were loaded on a formamide-gel and then blotted onto
nylon membranes (Oncor, Gaithersburg, MD). For the detec-
tion of Esg-1, a multiple cell-line blot containing 1 µg each
polyA+ RNA was purchased from Clontech (Clontech, Palo
Alto, CA). Expresshyb solution (Clontech) was used for both
prehybridization and hybridization. A radiolabeled SalI–NotI
fragment containing full-length Esg-1 cDNA from plasmid
DNA was used as a probe. After hybridization at 65°C for 20 h,
bothmembranes were washed twice with 2✕SSC at room tem-
perature for 30 min, twice with 2✕SSC at 65°C for 30 min, and
then with 0.1✕SSC at 65°C for 30 min, followed by exposure
to a PhosphorScreen.

For in situ hybridization, digoxigenin (DIG)-labeled
sense and antisense riboprobes were synthesized from linear-
lized plasmid DNA of H3001A06 and hybridized to paraffin
sections of placentas at E9.5 and E11.5 as described earlier
(Tanaka et al. 2000).

Data Analysis
Signal intensities of single spots were quantified by Imag-
eQuant V. 5.1 (Amersham Biosciences). Other calculations,
including statistical analysis, were done using Microsoft Ex-
cel. After subtraction of global background, normalization of
microarray hybridization experiments was done by adjusting
the total sum of signal intensities for all individual clones to
1010. Statistical analysis allowed us to distinguish signals with
significantly higher intensities than background (P < 0.05).
Expression levels of individual clones within the same condi-
tion were averaged, followed by either pair-wise comparisons
between two conditions based on Student’s t-test, or compari-
sons across particular sets of conditions based on analysis of
variance (ANOVA) tests. Scatter plots were drawn by Spotfire
DecisionSite 6.1 (Spotfire, Somerville, MA) to see the global
expression profiles for each probe. Within the statistically sig-
nificant, sequence-verified clones, averaged expression levels
of each clone for individual conditions were divided by aver-
age expression level among all the conditions to calculate the
relative expression levels of clones (expression ratio). These
levels were further log-transformed and normalized to per-
form k-means cluster analysis by J-Express (Dysvik and Jonas-
sen 2001). Cluster number was predicted by the Partek Pro 5.0
program (Partek, St. Charles, MO). Centered data sets of 346
signature genes described above were further grouped by a
hierarchical clustering method (Eisen et al. 1998). All of the
expression data are available at the National Institute on Ag-
ing Web site (http://lgsun.grc.nia.nih.gov/microarray/
data.html).

Semi-Quantitative RT-PCR
Embryos were collected at preimplantation stages and mRNA
extraction was followed by semi-quantitative RT-PCR analysis
as described below. Treatment of fertilized eggs with �-amani-
tin (Sigma, St. Louis, MO) was performed essentially as de-
scribed previously (Christians et al. 1995). ICM and TE were
isolated by immunosurgery (Solter and Knowles 1975), and
FITC-ConA (Sigma) labeling was followed by trypsinization
(Collins and Fleming 1995). Briefly, pooled embryos were
lysed with extraction buffer containing yeast tRNA as a car-
rier, followed by mRNA extraction using a MicroPrep mRNA
kit (Amersham Biosciences). First-strand cDNA synthesis was
carried out by priming with oligo(dT) (Amersham Biosci-
ences), followed by an extension reaction with Superscript II
reverse transcriptase (Invitrogen). Half of the mRNA for indi-
vidual samples was used in each case for an RT-negative reac-

tion. Reaction mixtures for PCR, including Taq polymerase
(Invitrogen), were prepared as suggested by the manufacturer.
Unless noted, PCR conditions were as follows: first, denatur-
ing at 95°C for 1 min, 40 cycles of denaturing at 94°C for 30
s, annealing at 55°C for 30 s, and extension at 72°C for 1 min,
followed by a final extension reaction at 72°C for 3 min.
Primer pairs used in this study have been described: Oct3/4
and Fgf4 (Nichols et al. 1998) and EF1� (Chambers et al.
1998), except for Esg-1 (501-bp product, forward ATAAGCT
TGATCTCGTCTTCC, reverse CTTGCTAGGATGTAACAAA
GC); EndoA (289-bp product, forward AAAGGCCAGAGG
GCATCGTTGG, reverse TCAGTCCTCCTGAGTAGCCGCT);
Hsp70.1 (564-bp product, forward AAGAACGCGCTCG
AGTCCTATGC, reverse CTGGTACAGTGCACAGTGCTGCT).

Real-Time RT-PCR
Quantitative real-time PCR (Q-PCR) was performed on total
RNA from two different ES cell lines. (1) ES cells expressing
active Stat3 conditionally in the presence of 4-hy-
droxytamoxifen (4-HT), a ligand for the modified estrogen
receptor whose ligand-binding domain was fused to the entire
coding sequence of Stat3 (Matsuda et al. 1999). Cells were
cultured for 5 d without LIF in the presence or absence of
4-HT; and (2) ES cells repressing Oct3/4 conditionally in the
presence of tetracycline (Tet) (Niwa et al. 2000). Cells were
cultured with LIF in the presence of Tet for 0, 24, 48, and 96
h. RNA from each cell line was treated with RNase-free DNase
(Ambion, Inc., Austin, TX) to remove genomic DNA contami-
nation, and the concentration of total RNA was determined
using an Agilent Labchip Bioanalyzer (Agilent Technologies,
Palo Alto, CA). cDNA was synthesized from 2 µg of total RNA
with Retroscript reverse transcriptase (Ambion) using random
decamer primers. Q-PCR was performed on an ABI Prism 7700
sequence detection system (Applied Biosystems, Foster City,
CA) using SYBR green chemistry. Gene expression was nor-
malized relative to the endogenous gene EF1� and expressed
relative to untreated controls using the comparative CT
method (Applied Biosystems User Bulletin #2, P/N 4303859).
The sequences of primers are as follows: (1) EF1�, forward
primer ONO44F CGTCGTTCTGGTAAGAAGCTGGAAG, re-
verse primer ONO43R AACAGCAAAGCGACCAAGTGGAG;
(2) Oct3/4, forward primer Oct3/4F GGCGTTCTCTTTGGA
AAGGTGTTC, reverse primer Oct 3/4R CTCGAACCACAT
CCTTCTCT; and (3) Esg-1 (175-bp product), forward primer
GCCGTGCGTGGTGGATAAGC, reverse primer GCCAAACA
GATATTTCAGCACCAGC.
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