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Research

Examination of transcriptional networks reveals
an important role for TCFAP2C, SMARCA4,
and EOMES in trophoblast stem cell maintenance

Benjamin L. Kidder' and Stephen Palmer
EMD Serono Research Institute, Inc., Rockland, Massachusetts 02370, USA

Trophoblast stem cells (TS cells), derived from the trophectoderm (TE) of blastocysts, require transcription factors (TFs)
and external signals (FGF4, INHBA /NODAL/TGFBI) for self-renewal. While many reports have focused on TF networks
that regulate embryonic stem cell (ES cell) self-renewal and pluripotency, little is know about TF networks that regulate
self-renewal in TS cells. To further understand transcriptional networks in TS cells, we used chromatin immunoprecip-
itation with DNA microarray hybridization (ChIP-chip) analysis to investigate targets of the TFs—TCFAP2C, EOMES,
ETS2, and GATA3—and a chromatin remodeling factor, SMARCA4. We then evaluated the transcriptional states of
target genes using transcriptome analysis and genome-wide analysis of histone H3 acetylation (AcH3). Our results de-
scribe previously unknown transcriptional networks in TS cells, including TF occupancy of genes involved in ES cell self-
renewal and pluripotency, co-occupancy of TCFAP2C, SMARCA4, and EOMES at a significant number of genes, and
transcriptional regulatory circuitry within the five factors. Moreover, RNAIi depletion of Tcfap2c, Smarca4, and Eomes
transcripts resulted in a loss of normal colony morphology and down-regulation of TS cell-specific genes, suggesting an
important role for TCFAP2C, SMARCA4, and EOMES in TS cell self-renewal. Through genome-wide mapping and global
expression analysis of five TF target genes, our data provide a comprehensive analysis of transcriptional networks that
regulate TS cell self-renewal.

[Supplemental material is available online at http://www.genome.org. The microarray data from this study have been
submitted to the NCBI Gene Expression Omnibus (GEO) (http://www.ncbi.nlm.nih.gov/geo) under accession no.

GSEI8507.]

The trophoblast is the first cell lineage to emerge during mam-
malian development. Originating from a thin layer of trophecto-
derm surrounding the inner cell mass (ICM) of the blastocyst,
trophoblast cells differentiate into epithelial cells types of the
placenta. Trophoblast stem (TS) cells are derived from preim-
plantation stage embryos and are capable of self-renewing indef-
initely in the presence of external signals, including FGF4 (Tanaka
et al. 1998), INHBA, NODAL, and TGFB1 (Tanaka et al. 1998;
Erlebacher et al. 2004), and of differentiating into fetal tissues of
the placenta, including trophoblast giant cells, spongiotropho-
blasts, glycogen trophoblast cells, and syncytiotrophoblasts (Cross
et al. 2003). Removal of these external signals results in decreased
proliferation and trophoblast cell differentiation, whereas targeted
disruption of Fgf4 or Fgfr2 results in post-implantation lethality
due to insufficient trophoblast proliferation (Feldman et al. 1995;
Arman et al. 1998; Goldin and Papaioannou 2003).

TS cells, in contrast to pluripotent embryonic stem (ES) cells,
are multipotent and are therefore only capable of differentiating
into cells represented in the trophoblast lineage. TS cells and ES
cells both share the capacity to self-renew indefinitely in vitro in
the presence of appropriate external signals and transcriptional
machinery. ES cell self-renewal and pluripotency requires core
transcription factors (TFs) POUSF1 (formerly known as OCT4),
SOX2, and NANOG (Nichols et al. 1998; Avilion et al. 2003;
Chambers et al. 2003), while TS cell self-renewal and multipotency
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require TFs such as TCFAP2C, CDX2, EOMES, ESRRB, ETS2, SOX2,
and TEAD4 (Chawengsaksophak et al. 1997; Luo et al. 1997; Russ
et al. 2000; Auman et al. 2002; Avilion et al. 2003; Wen et al. 2007;
Nishioka et al. 2008). Recently, it has been shown that forced ex-
pression of Pou5f1, Sox2, Kif4, and Myc (formerly known as c-Myc)
is sufficient to reprogram mouse and human fibroblasts into plu-
ripotent cells (Takahashi et al. 2007a,b; Wernig et al. 2007). It has
also been demonstrated that Mycn and Esrrb aid in inducing plu-
ripotency (Blelloch et al. 2007; Feng et al. 2009). While TS cells do
not express Pou5f1 or Kif4 at significant levels, TS cells express high
levels of the reprogramming factors Sox2, Myc, Mycn, and Esrrb,
suggesting that common factors may promote self-renewal in both
TS cells and ES cells. While these studies provide a foundation for
understanding mechanisms of self-renewal, additional work is
necessary to further understand transcriptional networks and
epigenetic phenomena that contribute to TS cell self-renewal and
induce pluripotency in somatic cells.

To further understand transcriptional networks that promote
self-renewal in TS cells, we evaluated global promoter binding
of five factors in TS cells TCFAP2C (formerly known as Ap-2vy),
SMARCA4 (formerly known as BRG1), EOMES, ETS2, and GATA3
using genome-wide chromatin immunoprecipitation with DNA
microarray hybridization (ChIP-chip) analysis. These factors have
important roles in regulating TS cell self-renewal and placental
development. TCFAP2C, SMARCA4, EOMES, ETS2, and GATA3
have been implicated in maintaining TS cell self-renewal and pla-
cental development (Ma et al. 1997; Bultman et al. 2000; Russ et al.
2000; Auman et al. 2002; Werling and Schorle 2002; Wen et al.
2007; Kidder et al. 2009). TCFAP2C is expressed in the TE of im-
plantation stage embryos, and Tcfap2c-null embryos, which have
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reduced expression of CDX2 and EOMES, die around embryonic
day (E) 8.5 (Werling and Schorle 2002). Moreover, Tcfap2c-null
blastocysts are unable to form outgrowths in vitro (Werling and
Schorle 2002), demonstrating that TCFAP2C is important in TS cell
self-renewal and placental development. EOMES has also been
shown to be essential for mouse trophoblast formation, where
Eomes-null embryos arrest at the blastocyst stage, and TE from
these embryos fails to differentiate into trophoblast cells, sug-
gesting that EOMES is necessary for TS cell self-renew or differen-
tiation (Russ et al. 2000). The ETS2 TF is also essential for placental
development and TS cell self-renewal, where a conditional knock-
out of Ets2 promotes TS cell differentiation and a loss of self-
renewal (Wen et al. 2007). GATA3 and SMARCA4 are also impor-
tant in TS cell maintenance and differentiation. Recently, it was
shown that GATA3 is expressed in the TE but not the ICM of pre-
implantation embryos, and RNAi depletion of Gata3 transcripts
inhibits morula to blastocyst development, demonstrating that
GATA3 is also important in TS cell self-renewal and differentiation
(Home et al. 2009). SMARCA4 may also be important in TS cell self-
renewal, where Smarca4-null embryos die around the implantation
stage and fail to form outgrowths (Bultman et al. 2000; Kidder
et al. 2009). By mapping global targets of five factors TCFAP2C,
SMARCA4, EOMES, ETS2, and GATA3, we aim to evaluate tran-
scriptional networks that contribute to TS cell self-renewal. Our
results describe previously unknown global maps of transcriptional
networks in TS cells. TFs occupied genes uniquely expressed in TS
cells, and genes involved in ES cell self-renewal and pluripotency.
We also observed co-occupancy of multiple TFs at target genes
and transcriptional regulatory circuitry within the five factors. In-
terestingly, TCFAP2C, SMARCA4, and EOMES co-occupied a sig-
nificant number of genes. In addition, RNAi depletion of Tcfap2c,
Smarca4, and Eomes transcripts resulted in a loss of self-renewal and
down-regulation of TS cell- and ES cell-enriched genes, suggesting
an important role for TCFAP2C, SMARCA4, and EOMES in main-
tenance of TS cell self-renewal. By comparing TF target genes with
transcriptome data generated from undifferentiated and differen-
tiated TS cells and with genome-wide AcH3 marks, we found that
TF-bound genes are mainly active in TS cells, suggesting that the
investigated TFs may support transcription of target genes. By
mapping genome-wide targets of five TFs, our data provide insight
into transcriptional networks that regulate TS cell self-renewal.

Results

Genome-wide mapping of TF binding profiles in TS cells

We used ChIP-chip analysis to interrogate whole-genome pro-
moter binding of four TFs, TCFAP2C, EOMES, ETS2, and GATA3,
and one chromatin remodeling factor, SMARCA4, in TS cells using
antibodies specific to five proteins to enrich for factor bound DNA
sequences. DNA-enriched sequences were amplified and hybrid-
ized to whole-genome promoter tiling arrays covering 28,000
mouse promoter regions (Affymetrix mouse promoter 1.0R tiling
arrays; see methods). Binding peaks were analyzed using Tilemap
(Ji and Wong 2005) and annotated to the nearest transcriptional
start site (TSS) using CisGenome (see Methods) (Ji et al. 2008).
The majority of regions bound by the five factors are distal to
the TSS of target genes (Fig. 1A). The number of promoters occu-
pied by each gene can be found in Figure 1B, and the locations of
annotated bound regions can be found in Supplemental Tables S1
through 5. The factors occupied varying numbers of promoters:
TCFAP2C occupied more promoters (10% of 28,000 promoters)

than the other four factors, while SMARCA4, EOMES, and GATA3
occupied a relatively similar number of promoters and ETS2
occupied a fewer number of promoters. Only a small number of
bound regions are found within proximal promoter regions (<300
bp upstream or downstream of TSS; TCFAP2C [43 genes], SMARCA4
[24 genes], EOMES [34 genes], ETS2 [four genes], and GATA3 [18
genes]), while the majority of bound regions occupy distal regula-
tory regions (>300 bp upstream or downstream of TSS). To deter-
mine consensus sequences bound by the five factors, we performed
de novo motif discovery using CisFinder (Sharov and Ko 2009)
software. Using this approach, we obtained consensus-binding
motifs for TCFAP2C (McPherson and Weigel 1999) and GATA3 (Fig.
1C; Merika and Orkin 1993) and overrepresented DNA motifs for
SMARCA4, EOMES, and ETS2 (data not shown). TCFAP2C binds
predominantly to the palindrome motif (GCCNNNGGC), and
GATA3 binds mainly to the motif (GATA) (Fig. 1D).

Next, we functionally annotated genes bound by the five
factors using ingenuity pathway analysis (IPA). For each factor
(TCFAP2C, SMARCA4, EOMES, ETS2, and GATA3), IPA identified
several biological processes overrepresented in the list of bound
genes such as gene expression, cell cycle, and cellular, organismal,
or tissue development (data not shown). Additionally, for all
factors, proteins encoded by bound genes are located with simi-
lar frequencies in cellular compartments, including extracel-
lular space, plasma membrane, nucleus, and cytoplasm (Fig. 1E).
Moreover, the five factors occupied genes encoding a similar per-
centage of protein types (e.g., ligand-dependent nuclear receptors,
cytokines, and transcription regulator) (Fig. 1F). The DAVID tool
(Dennis et al. 2003) was used to further functionally annotate
genes bound by each factor. Similar to IPA analysis, we observed
target genes encoding proteins with TF activity (data not shown).
Additionally, TCFAP2C, SMARCA4, and EOMES bound genes
shared enrichment of many Gene Ontology (GO) terms, suggest-
ing that potential targets of these three factors may be more
functionally related to one another than they are to potential
targets of ETS2 and GATA3.

Multiple TF occupancy at target genes

Recent reports have shown that multiple pluripotency-related
factors, including POUSF1, SOX2, and NANOG, co-occupy many
target genes in ES cells (Boyer et al. 2005; Chen et al. 2008; Kim
et al. 2008). To investigate whether multiple multipotency-related
and self-renewal factors co-occupy target genes in TS cells, we
evaluated the number of target promoters occupied by multiple
TFs. The five factors were found to bind a total of 4319 genes (Fig.
2A). Interestingly, cobinding of multiple factors occurred at many
target genes. We observed two TFs bound at 955 genes, three TFs
bound at 458 genes, and four TFs bound at 126 genes (Fig. 2A).
Moreover, the genomic binding patterns of genes with multiple
TF occupancy are similar, suggesting that protein complexes may
potentially act in concert to transcriptionally regulate target genes.
To further investigate the relatedness of TF binding at common
targets, we analyzed multiple factor co-occupancy at target gene
loci (Fig. 2B). Among the five factors, TCFAP2C and EOMES
co-occupied the greatest number of target genes. Additionally,
TCFAP2C, SMARCA4, and EOMES cobound a significant number
of promoters (432 genes) (Fig. 2B,C), with the number of genes
bound by TCFAP2C/SMARCA4/EOMES accounting for 73% of the
total genes bound by any three TFs examined in this study. Other
pairwise associations of TF cobinding, including less frequent co-
occupancy of 2-TF combinations, can be found in Figure 2B.
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Analysis of TF binding in TS cells. (A) Distance of binding regions relative to the nearest transcriptional start site (TSS). (B) Number of target

genes occupied by each TF or transcriptional regulator. (C) Enriched DNA binding motifs for TCFAP2C and GATAS3 identified using CisFinder software
(http://Igsun.grc.nia.nih.gov/CisFinder/). (D) TCFAP2C and GATA3 binding motifs are overrepresented in ChIP-enriched regions. Genomic sequences
(10,000 bp) centered on ChlIP-enriched TCFAP2C or GATA3 binding regions were extracted from the genome and evaluated for the number of TCFAP2C
and GATA3 motifs. CisFinder software was used to generate position-frequency matrices (PFM) for TCFAP2C and GATA3 binding motifs. We assumed five
false-positives per 10 kb of random sequence. (E) Gene Ontology (GO) functional annotation of bound genes was performed using ingenuity pathway
analysis (IPA). GO terms for cellular location include extracellular space (EC), plasma membrane (PM), nucleus, unknown, and cytoplasm. (F) GO terms for

biological function identified using IPA.

Binding of multiple TFs to common targets suggests potential
synergistic regulation of target gene expression.

To investigate a relationship between peak binding intensity at
enriched loci and occupancy of multiple factors, we clustered peak
TF binding intensities at target genes according to occupancy by
single or multiple factors (Fig. 2D). While peak binding intensities
were not identical at all target genes, we observed similar binding
intensities between single and multiple factors at target genes. To

further analyze binding intensities of genes bound by TCFAP2C,
SMARCA4, EOMES, ETS2, and GATA3, we clustered binding profiles
of the five factors using a 4-kbp window around the bound en-
richment peak, and we found that the overall binding profiles for
each factor were similar in overall intensity and length of binding
(Fig. 2E). Next, we clustered binding profiles of genes cobound by
TCFAP2C, SMARCA4, and EOMES (Fig. 2F). For genes bound by
TCFAP2C, SMARCA4, and EOMES, binding profiles were stronger
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Figure 2. Multiple transcription factor occupancy at target genes. (A) Number of target genes occupied by multiple factors. X-axis represents the
number of factors per target gene, and the y-axis represents the number of genes occupied by multiple factors. (Black dots) Total targets occupied by at
least N-factors. (B) Factor co-occupancy. Heat map colors reflect co-occurrence of factor pairs, where red indicates a higher and yellow indicates a lower
number of genes. One major cluster includes factors TCFAP2C, SMARCA4, and EOMES. (C) Venn diagram showing the relationship between TCFAP2C,
SMARCA4, and EOMES bound genes. (D) Max fold-change binding profiles for accumulated target genes of all factors were clustered to reveal binding
patterns. Representative binding profiles of 3-TF and 4-TF target genes were centered on enrichment peaks [-500 bp, +500 bp] and clustered using
Spotfire. (£) TF binding profiles were centered on enrichment peaks [—2 kb, +2 kb] and clustered using Spotfire. Average binding profiles of 5-TFs are also
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TCFAP2C, SMARCA4, and EOMES relative to ETS2 (ET) and GATA3 (G) at target loci. Average binding profiles of TCFAP2C, SMARCA4, and EOMES at

common target loci are also shown.

compared with ETS2 and GATA3 binding at the same genes, dem-
onstrating enriched binding at factor-occupied target gene loci.
Representative binding profiles of 4-TF, 3-TE, 2-TFE, and 1-TF occu-
pied target genes can be found in Figure 2.

TFs bind pluripotency and self-renewal related genes in TS cells

Strikingly, our genome-wide promoter analysis revealed that TFs
occupy genes important in ES cell self-renewal and pluripotency,
including Bmp4, Esrrb, KIf5, KIf6/7/9, Lif, Liftr, Rest, Sall4, Stat3, and

Tert (Fig. 3; Supplemental Tables S1-S5). TFs also occupied genes
highly expressed in ES cells whose role in promoting self-renewal
is less clear, such as Fbxo15 and Zfp42 (formerly known as Rex1).
Moreover, TFs occupied epigenetic regulators, including the de
novo DNA methyltransferase Dnmt3b, Dnmt3l, and histone deace-
tylases (Hdac6/9/10) (Supplemental Tables S1-S5). Binding of TFs to
epigenetic regulators may contribute to regulation of chromatin
structure in TS cells. Furthermore, by occupying genes involved in
ES cell self-renewal, these TFs may control TS cell self-renewal
through shared mechanisms with ES cells to promote transcription
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of target genes. For example, ESRRB is highly expressed and is es-
sential for maintaining self-renewal in both ES cells and TS cells
(Luo et al. 1997; Zhang et al. 2008). While it is surprising that TFs
occupy pluripotency-related genes in TS cells, it is noteworthy to
mention that three TFs investigated in this study, including Tcfap2c,
Smarca4, and Ets2, are highly expressed at the mRNA level in both
TS cells and ES cells (Sharova et al. 2007), which lends support to the
idea that these TFs may have common self-renewal functions in TS
cells to promote multipotency and in ES cells to promote pluri-
potency. The remaining TFs, Eomes and Gata3, are expressed at el-
evated levels in TS cells compared with ES cells, suggesting that
these TFs have unique functions in TS cell maintenance and dif-
ferentiation. Expression of Gata3 in TS cells and trophoblast cells
is consistent with TH2 dominance that prevails at the placental-
decidual interface (Yang et al. 1994).

TF binding was also found at additional genes enriched in
TS cells, important in TS cell self-renewal and differentiation,
such as Acvr2a, EIf5, Fgfr2, Fgfr4, Bmprla, Bmp4, Bmp8b, Cdh1/3,
Cited2, Handl, Hesl, Notchl-4, Smad2-7, Tead4, Transforming
growth factor-beta receptors (Tgfbr1/3), and Wnt signaling genes
(Wnt2b/3a/5a/7a/7b/9a, and Smo) (Fig. 3; Supplemental Tables
$1-S5). Canonical WNT-CTNNBI signaling has been suggested to
play a role in TS cell self-renewal versus differentiation (Xie et al.
2008), where inhibition of WNT signaling perturbs normal blas-
tocyst implantation and TS cell differentiation. NOTCH signal-
ing components such as Notchi-4, Jag2, DIl1, Dtx2/3, and Rbpj,
bound by at least one factor in this study, have been shown to be
expressed during mouse preimplantation and in ES cells and TS
cells (Cormier et al. 2004). In human ES cells, NOTCH signaling is
required for differentiation into the three germ layers but is dis-
pensable for trophoblast commitment (Yu et al. 2008), suggesting
that NOTCH signaling, while not necessary for differentiation,
may be involved in TS cell self-renewal. Disruption of NOTCH
signaling genes is lethal around midgestation or results in no ob-
served phenotype possibly due to functional redundancy or ma-
ternal expression (Swiatek et al. 1994; Conlon et al. 1995; de la
Pompa et al. 1997). FGF4/INHBA/NODAL/TGFB1 signals are suf-
ficient to maintain TS cell self-renewal. TF occupancy of FGF and
TGFB signaling genes suggests a positive-feedback loop where TFs
occupy FGF receptors (Fgfr2/4), Bmprla, TGFB receptors (Tgfbr1/3),
Activin receptor (Acvr2a), and SMAD genes (Smad2-7), which
transduce external signals (FGF4/INHBA/NODAL) that are re-
quired to maintain TS cell self-renewal. These results suggest that
multiple signaling pathways are involved in maintaining the TS
cell phenotype.

We also observed transcriptional regulatory and autoreg-
ulatory circuitry within the five factors. Four factors were found to
bind at least one promoter of the other three genes (Supplemental
Tables S1-S5). For example, TCFAP2C bound its own promoter
in addition to the Gata3 promoter, while EOMES exhibited self-
promoter binding and also bound Tcfap2c, Ets2, and Gata3 pro-
moters. These results that showed self-promoter binding are con-
sistent with previous reports in ES cells where POUSF1, SOX2, and
NANOG have been shown to bind to their own promoter (Boyer
etal. 2005). Self-promoter binding may serve to reinforce expression
of genes that are important in maintaining TS cells self-renewal.

Transcriptome analysis of undifferentiated and time-course
differentiated TS cells

To evaluate the expression state of target genes of the investigated
five TFs, we performed whole-genome expression analysis of un-

differentiated and differentiated TS cells through a time-course of
14 d (Fig. 4A). Total RNA was harvested at several time points from
TS cells cultured without FGF4 over 2 wk for transcriptome analysis
using Affymetrix Mouse 430 v2.0 microarrays. Genes whose ex-
pression differed by at least twofold between any two groups with
a false discovery rate (FDR) adjusted P-value < 5% were considered
differentially expressed. We used hierarchical clustering analysis
(HCA) to identify major patterns of gene expression variability
during TS cell differentiation (Fig. 4B). We further refined patterns
of gene expression variability using k-means clustering analysis
(KMC) (Fig. 4C). KMC2/5/7/9 include genes whose expression is
down-regulated during TS cell differentiation, while KMC4/6/8/10
include genes whose expression is up-regulated during TS cell
differentiation; KMC1/3 includes additional patterns of gene
expression observed during differentiation (Fig. 4C,D). These
patterns of gene expression variability are distinctly visible on
a landscape plot (Fig. 4E). Genes whose expression was down-
regulated during differentiation include TS cell-enriched genes
such as Cdx2, EIf5, and Eomes and pluripotency-related genes such
as Dnmt3l, Dppa2/4, Esrrb, Lin28, Sall4, Sox2, Utf1, and Thx3. Genes
whose expression was up-regulated include genes enriched in
differentiated trophoblast and placenta tissue such as Arnt, Cdknlc,
Cited1/2, Hand1, Kitl, PIf, Plfr, PrI3b1, Prl8a6, and Tpbpa. Inter-
estingly, we observed up-regulation of pluripotency-related genes
such as KIf4 and Rest and genes enriched in TS cells such as Ets2,
suggesting that these genes may function in self-renewal and dif-
ferentiation. Expression of Egfr and Gecm1 was up-regulated early
during differentiation and then down-regulated later during TS
cell differentiation. Gem1 expression demonstrates initiation of
differentiation into the labyrinthine/syncytiotrophoblast lineage
(Cross 2005). Our transcriptome data recapitulates the in vivo
expression profile of Gem1, where Gem1 expression is enriched
beginning at E7.5 in the chorion (Cross 2005) and peaks around
E13.5 in mid-gestation placentas (Knox and Baker 2008).

Next, we used principal component analysis (PCA) to reduce
the dimensionality of the data set to a two-dimensional space. PCA
revealed a stepwise progression within the first two components
along the PC1 axis beginning with TS cells undergoing differen-
tiation at O h through 14 d (Fig. 4F). Genes plotted in the first two
components and clustered according to k-means include genes
that are enriched in either TS cells or differentiated cells (Fig. 4G).
Examples of genes that are enriched in undifferentiated TS cells
include Eomes, Esrrb, Lin28, and Sox2, while genes that are enriched
in differentiated TS cells include Kitl, Pfn2, Pri3b1, Pri4al, and
Pri8a6 (Fig. 4G,H).

gRT-PCR was used to confirm the expression of a subset of
differentially expressed genes. TS cells cultured in the absence
of FGF4 down-regulated expression of Cdx2 and other TS cell-
enriched genes, also occupied by TFs, including EIf5, Eomes, Esrrb,
Fgfr2, Mmp9, and Sox2 (Fig. 41,K). We also observed up-regulation
of genes expressed in differentiated giant cells and placental tissue,
including Ascl2, Cd9, CdknlIc, Kitl, Pri3b1, Prl8a6, and Tpbpa, and
additional placental enriched genes, also bound by TFs, including
Ets2, Gata2, Gem1, Hand1, and Rest (Fig. 4], K). Interestingly, several
TS cell-enriched genes were up-regulated upon differentiation,
including Ets2 and Rest, while other TS cell-enriched genes were
expressed at relatively similar levels in undifferentiated and dif-
ferentiated TS cells such as Tcfap2c, Smarca4, and Gata3 (Fig. 4K),
suggesting that these genes may support both TS cell self-renewal
and differentiation. To further evaluate differences in gene ex-
pression during differentiation, we performed PCA using data
obtained from qRT-PCR (Fig. 4L). PriI3b1 was removed from this
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Transcriptional networks in TS cells

analysis because its change in expression was much greater than
any other gene analyzed. PCA demonstrated that gene expression
profiles move in a step-wise fashion during differentiation, which
is consistent with our microarray expression data. Confocal im-
munofluorescence analysis showed that TCFAP2C, SMARCA4, and
EOMES protein is expressed in undifferentiated TS cells while
TCFAP2C, SMARCA4, and HAND1 protein is expressed in differ-
entiated TS cells (Fig. 4M), which suggests that TCFAP2C and
SMARCA4 may be involved in TS cell self-renewal and differenti-
ation.

Expression of TF occupied genes in TS cells and ES cells

Our results demonstrate that the investigated five TFs occupy
a subset of genes that are implicated in self-renewal in both TS cells
and ES cells. However, to further understand the expression states
of other factor-occupied genes, we compared these genes with
transcriptome data from this study and public data sets, including
expression data from induction of Cdx2, Eomes, and Gata3 in ES
cells (Nishiyama et al. 2009) and TS cells and ES cells (Sharova et al.
2007), using gene set enrichment analysis (GSEA) (Subramanian
et al. 2005). We first compared factor-occupied genes with time-
course transcriptome data generated in this study. With the ex-
ception of ETS2 target genes, which are active and inactive in TS
cells, these GSEA results show that the expression of the majority
of factor-occupied genes is enriched in undifferentiated TS cells.
We did, however, observe enrichment of a subset of TCFAP2C,
SMARCA4, EOMES, and GATA3 target genes in differentiated TS
cells, suggesting that TFs occupy some inactive genes in TS cells
(Fig. 5A). Next, by comparing factor-occupied genes identified in
this study with global expression data generated from induction
of Cdx2, Eomes, and Gata3 in ES cells (Nishiyama et al. 2009), we
found that the majority of TF occupied genes are active following
overexpression of the TE-specific genes Cdx2, Eomes, and Gata3
(Fig. 5B-D). Moreover, target gene expression is enriched in TS cells
compared with ES cells (Fig. 5SE). While TFs occupy several genes
that promote self-renewal in ES cells and TS cells as described
earlier, these results demonstrate that expression of the majority of
occupied genes is enriched in TS cells compared with ES cells.
Previous reports have suggested that multiple-factor occu-
pancy at target genes is correlated with gene activity, while genes
bound by fewer or single factors are less active (Kim et al. 2008).
Binding of single factors may support repression of target genes,
possibly in association with corepressor complexes, while pro-
moter binding of multiple TFs may drive expression of target
genes. To investigate a relationship between multiple factor oc-

cupancy and the expression state of target genes, we categorized
genes based on the number of factors occupied at their promoters.
Due to the low number of genes occupied by four and five factors,
these data were excluded from this analysis. GSEA was then used to
evaluate the expression states of genes in undifferentiated and
time-course-differentiated TS cells (Fig. SF), ES cells overexpressing
TE-specific genes Cdx2, Eomes, and Gata3 (Fig. 5G-I), and TS cells
and ES cells (Fig. 5]). We found that genes occupied by multiple
factors were more highly expressed in TS cells relative to differ-
entiated TS cells or ES cells, compared with genes occupied by
single factors (Fig. 5F-O). Binding of multiple factors may support
active transcription through the cumulative function of each fac-
tor or through cooperation with other cofactors, while binding
of single factors may be less supportive of active transcription
through association with repressive cofactors.

Genome-wide histone H3 acetylation in TS cells

Chromatin modifications play important roles in regulating mam-
malian gene expression (Kouzarides 2007). For example, histone
H3 acetylation (AcH3) is associated with actively transcribed re-
gions. To evaluate genes with acetylated histone H3 marks in TS
cells also bound by TCFAP2C, SMARCA4, EOMES, ETS2, or GATA3,
we performed ChIP-chip analysis in TS cells using an antibody
specific to AcH3 (see Methods). GSEA was then used to evaluate the
expression state of target genes in undifferentiated and differen-
tiated TS cells (Fig. 5P). Genes associated with AcH3 marks were
enriched in TS cells (Fig. 5P). By evaluating AcH3 enrichment near
promoter regions occupied by TCFAP2C, SMARCA4, EOMES,
ETS2, or GATA3, we found that TCFAP2C, SMARCA4, and EOMES
bound regions were more associated with AcH3 marks than ETS2
and GATA3 bound regions (Fig. 5Q). Moreover, SMARCA4 bound
regions were more associated with AcH3 marks than the other four
TFs. This result is supported by the known role of SMARCA4 in
associating through its bromodomain with acetylated lysine resi-
dues on histone H3 and H4 tails (Chandrasekaran and Thompson
2007; Shen et al. 2007). We then evaluated AcH3 profiles near TSSs
(Fig. SR), sorted gene expression data from undifferentiated TS cells
to identify low and high expression genes (Fig. 5S), and analyzed
AcH3 states of genes with high and low enrichment in TS cells. We
did not observe significant AcH3 enrichment near promoters of
genes with low expression in TS cells such as Gata2, Hand1, and
Fzd8 (Fig. ST). However, we observed AcH3 enrichment near pro-
moters of genes highly expressed in TS cells, including Eed, EIfS,
and KIf5 (Fig. 5U), thus supporting our findings that the in-
vestigated TFs occupy active and inactive genes in TS cells.

Figure 4. Microarray expression analysis of undifferentiated and time-course differentiated TS cells. (A) Experimental design. TS cells were cultured in
MEF-conditioned medium in the presence of FGF4. TS cell differentiation proceeded in the absence of FGF4 over 14 d. RNA was collected from TS cells at
0 h, 24 h, 48 h, and 72 h and on day 6, day 10, and day 14. (B) Hierarchical clustering analysis (HCA) of differentially expressed genes (greater than
twofold). (C) HCA of k-means-clustered differentially expressed genes. (D) Patterns of gene expression identified using k-means clustering. (E) Landscape
view of k-means-clustered genes. (F) PCA plot of the first two principal components describing most of the data variability. (G) PCA plot of differentially
expressed genes clustered according to k-means. (H) Log, adjusted expression values of genes expressed in TS cells and differentiated cells. (/) Genes
expressed in TS cells were down-regulated during differentiation. qRT-PCR expression analysis of genes enriched in undifferentiated TS cells or bound by at
least one factor (Cdx2, EIf5, Eomes, Esrrb, Fgfr2, Mmp9, and Sox2). Data was normalized to Gapdh and then to the expression of TS cells cultured in the
presence of FGF4 at 0 h. (/) Genes expressed in differentiated trophoblast and placental cells were up-regulated during TS cell differentiation. qRT-PCR
expression analysis of trophoblast lineage-specific genes (Ascl2, Cd9, Cdknlc, Ets2, Gata2, Gem1, Hand1, Kitl, Pri3b1, Pri8a6, Rest, and Tpbpa), including
genes also bound by at least one factor (Ets2, Gata2, Gem1, Hand1, and Rest). (K) HCA of qRT-PCR gene expression data. Fold-change expression values
were clustered with a green/black/red color scale. Expression values relative to Gapdh (Gene CT — Gapdh CT) were clustered with a red/orange/yellow
color scale. (L) PCA of fold-change gene expression data obtained from qRT-PCR. Data plotted in the first two components reveal a stepwise progression of
undifferentiated TS cells at 0 h to differentiated TS cells at day 14. (M) Confocal immunofluorescence analysis of TCFAP2C, SMARCA4, EOMES, and HAND!1
expression in undifferentiated and differentiated TS cells. TCFAP2C and SMARCA4 expression is enriched in both undifferentiated and differentiated TS
cells, EOMES expression is enriched in undifferentiated TS cells, and HAND1 expression is enriched in differentiated TS cells. TCFAP2C, SMARCA4, EOMES,
and HANDT1 are labeled in green, and Cytokeratin is labeled in red. Arrows indicate undifferentiated TS cells, and arrowheads indicate differentiated
trophoblast cells.

Genome Research 465
www.genome.org


http://genome.cshlp.org/
http://www.cshlpress.com

Downloaded from genome.cshlp.org on June 13, 2026 . Published by Cold Spring Harbor Laboratory Press

Kidder and Palmer

TCFAP2C, SMARCA4, and EOMES
are required for TS cell self-renewal

While TCFAP2C, SMARCA4, and EOMES
have previously been shown to have im-
portant roles in TE specification in vivo
(Bultman et al. 2000; Russ et al. 2000;
Auman et al. 2002; Kidder et al. 2009), their
loss-of-function phenotypes have not been
thoroughly evaluated in TS cells. Because
our ChIP-chip results show that TCFAP2C,
SMARCA4, and EOMES co-occupy many
genes in TS cells, we were interested in eval-
uating the roles of TCFAP2C, SMARCA4, and
EOMES in TS cell self-renewal. Therefore, we
used RNAI to deplete transcripts of Tcfap2c,
Smarca4, and Eomes in TS cells. TS cells were
nucleofected with pooled siRNAs, target-
ing multiple regions, or scrambled control
siRNAs, every 2 d for 6 d (Fig. 6A). Following
6 d of RNAi knockdown, we observed a loss
of normal colony morphology in Tcfap2c
siRNA, Smarca4 siRNA, and Eomes siRNA nu-
cleofected TS cells compared with control
siRNA nucleofected TS cells (Fig. 6B). Spe-
cifically, Tcfap2c siRNA, Smarca4 siRNA, and
Eomes siRNA nucleofected TS cells lost tight
cell contacts, indicative of differentiation.
Because TCFAP2C, SMARCA4, and EOMES co-
occupy many genes, we reasoned that com-
binatorial RNAi depletion of these genes may
have a greater impact on TS cell self-renewal
and gene expression compared with RNAi
depletion of individual genes. To this end,
we conucleofected Tcfap2c/Smarca4/Eomes
siRNA, Tcfap2c/Smarca4 siRNA, Tcfap2c/Eomes
siRNA, or Smarca4/Eomes siRNA in TS cells.
Following conucleofection of these siRNAs,
we observed a greater loss of normal colony
morphology relative to TS cells nucleofected
with siRNAs targeting individual genes or
control siRNAs (Fig. 6B,C). Immunofluores-
cence analysis revealed that protein levels
of TCFAP2C, SMARCA4, and EOMES were
down-regulated in Tcfap2c/Smarca4/Eomes
siRNA nucleofected TS cells relative to con-
trol-siRNA nucleofected TS cells (Fig. 6C). In
addition, we observed a down-regulation of
TS cell expressed genes (Cdx2, EIf5, Eomes,
and Fgfi2) and genes expressed in TS cells
and ES cells (Smarca4, Dppa$, Ets2, KIfS,
Rex1, Sox2, and Tcfap2c) (Fig. 6D,E) in Tcfap2c/
Smarca4//Eomes RNAi depleted TS cells.
EIf5, occupied by TCFAP2C, SMARCA4, and
EOMES (Fig. 3), was down-regulated more in
TS cells nucleofected with Smarca4 siRNA,
Eomes siRNA, or Smarca4/Eomes siRNA com-
pared with TS cells nucleofected with control
siRNA, suggesting that EIf5 may be a func-
tional target of SMARCA4 and EOMES.
While EIf5 was down-regulated in TS cells
conucleofected with Tcfap2c/Smarca4/Eomes

F K
4—— TS cell gene expression —*
0.4 §
g 14 day diff ® :;:;;:t:x';' g L
3 positively c 2 g2l
- correlated 2us correlated S 02
c - . 3
g £ 1 é 0.1
E
k] £ 00 5 00
£ 2 M s can 3
S = positively w.p.14
correlated
TCFAP2C  -0.2 P =
”l ‘ :gazgﬂa m srs 'ltl E E
T 3-res = “ o
ETS2
G L
“—— CDX2induced gene ~ — > 4+ CDXZinducedgene ~ —*
0.4 expression change expression change =
) 2 0.
3 o
[-]
8 a ES cell positively 0.31
@
- 2 corrolated 0.2
z :
o o
g E T 0.4
] k] o
= CDX2 induced = CDX2 induced .
s Positively & Positively 01
correlated corrolated g
TCFAP: 1-TF -0 T T T
E::]MESZ e 2-TFs E 3 E
SMARCA4 3.TFs - & &
ETS2
+—— EOMES induced gene —* +—— EOMES induced gene ——*
expression change
e 0.4
g ES cell positively £ ES cell positively
@ correlated G correlated
£ - 0.2
@ c T
£ g
G =
H EOMES induced 2 YT EomES inducea 0.01
w Positively £ Positively
correlated w correlated
A TCFAPZC  -0. P X - r
EOMES 2 = 5 =
| 2 S = =
SMARCA4 ZTEs - & &

3-TFs

“—— GATA3 induced gene — “+—— GATA3J induced gene H=;

0.4 expression change 0.4 expression change
g [ 0.4
H ES cell positively 5 ES cell positively
o =
2 0.2 correlated e correlated 0.3
c £ 3
& I l g 1 02
E 5 0.1
S 0 S -
H GATA3induced il £ GATA3 induced w 0.0
i} Positively 8 Positively

correlated correlated 0.1
2 TCFAPZC 1TF

2-TFs
3-TFs

EOMES
SMARCA4

ETS2

[ | J — | (o]

+— TS cell gene expression —*

1-TF 4

-TF 4
3-TF 4

g EScell 2 ES cell
8 positively 3 positively i
2 02 correlated ke correlated 04
H H
2 2 l 024
& i E
2 TS cell = - 0.04
= positively &8 TS cell positively \\;/
correlated correlated
0.2 TCFAPZC T H w w
EOMES 2.7Fs E E H
SMARCA4 | 3-TFs - & &
ETS2
Q W TCFAP2C
P C— A
W EOMES
+— TS cell gene expression ——* e
# B GATAZ Expression
03 E =
2 : 5
g oz 14 day differentiated »
] positively correlated AcH3 [
2 01 1 T !
H : :
£ T AcHI ol ¥ TV
E 0.4] TS cell positively e = T
I conelaind Gata? .g M-8~ EE Handl
] - o
L IR —— =
R AcH3  § — 3
K] Fzds IR
@
[
F3 =
k] 3
u ®
2 AcH3 AEPRIN | 1| Y ;..-_._.‘“
3 —e : —
H
& [} = Eed Kifts = -
2 Wea o eme ami !
H ]
2 AcH Y .
5 e
Z Elfs B - =
SEEEEES 5
20 Peak ez 2333333 -
—  CYFREEE
-4 4 ClC

Figure 5. (Legend on next page)

466 Genome Research
www.genome.org



http://genome.cshlp.org/
http://www.cshlpress.com

Downloaded from genome.cshlp.org on June 13, 2026 . Published by Cold Spring Harbor Laboratory Press

Transcriptional networks in TS cells

siRNA, the decrease in EIf5 expression was similar to that of TS cells
nucleofected with Smarca4 siRNA or Eomes siRNA alone, suggest-
ing that TCFAP2C, although bound to the EIf5 promoter, may not
regulate EIf5 expression. Other genes whose expression was down-
regulated following conucleofection of siRNAs compared with nu-
cleofection of individual siRNAs or control siRNA include Dppas$,
Eomes, and Sox2 (Fig. 6D,E). In summary, these results suggest an
important role for TCFAP2C, SMARCA4, and EOMES in main-
taining TS cell self-renewal.

Transcriptional regulation of the chromatin remodeling factor
SMARCA4 in TS cells and ES cells

Our studies and those of others have previously shown that
Smarca4 is required for normal blastocyst development in mice
(Bultman et al. 2000; Kidder et al. 2009), where Smarca4 siRNA
injected into one-cell embryos or a Smarca4-null mutation im-
pedes normal blastocyst development, hatching, and outgrowth.
SMARCA4 is expressed in both the TE and ICM of blastocysts, as
well as ES cells and TS cells, suggesting that SMARCA4 may regulate
transcription in these cell types. Previously, we showed that RNAi-
mediated depletion of Smarca4 resulted in a loss of ES cell self-
renewal (Kidder et al. 2009). Moreover, we showed that SMARCA4
occupied promoters of key pluripotency-related genes such as
Pou5f1, Sox2, Nanog, Sall4, and Rest, and epigenetic regulators in-
cluding polycomb group (PcG) proteins. Because SMARCA4 is
important in blastocyst development and ES cell self-renewal,
identifying downstream targets of SMARCA4 in TS cells and in-
vestigating the role of SMARCA4 in TS cell self-renewal, may pro-
vide insight into mechanisms of TS cell self-renewal. In this study
we found that RNAi-mediated depletion of Smarca4 transcripts
results in a loss of normal TS cell morphology and down-regulation
of TS cell-enriched genes, suggesting that SMARCAA4 is required for
TS cell self-renewal. We also found that SMARCA4 occupied the
promoters of genes expressed highly in TS cells such as Bmp8b,
Bmprla, EIf5, KIf5, Smad7, Rbpsuh, and Smo and genes expressed
highly during placental development such as Cited2, Gata2, and
Smad2 (Supplemental Table S2). To identify common targets of
SMARCA4 in TS cells and ES cells, we compared genes bound by
SMARCA4 in TS cells (this study) with genes bound by SMARCA4
in ES cells (Kidder et al. 2009). We found 282 common genes bound
by SMARCA4 in TS cells and ES cells including Hes1, KIf5, Phcl,
Serpine2, and Tcf4. By clustering the binding profiles of SMARCA4-

occupied genes in TS cells (this study) with SMARCA4 binding
profiles of the same genes in ES cells (Kidder et al. 2009), we found
that binding profiles of SMARCA4 are enriched at target gene loci
in TS cells compared with ES cells (data not shown), demonstrating
that while SMARCA4 binds a common subset of target genes in TS
cells and ES cells, SMARCA4 likely serves unique functions in the
two cell types. In other words, SMARCA4 binds more unique versus
common targets between TS cells and ES cells. Overall, SMARCA4
promoter binding to genes important for TS cell and ES cell self-
renewal suggests that SMARCA4 occupancy of common targets
may support self-renewal in both TS cells and ES cells, albeit
through mechanisms involving potentially different cofactors.

Discussion

The trophoblast, which differentiates into placental tissues, is the
first lineage to be specified during mammalian development. TS
cells, like ES cells, are derived from preimplantation stage embryos
in the presence of appropriate external signals. While recent efforts
have focused on TF networks in ES cells that regulate pluripotency,
little is know about transcriptional networks that maintain TS cell
self-renewal. To further understand transcriptional networks in TS
cells, we used genome-wide tiling array analysis (ChIP-chip) to
interrogate promoter binding of five factors (TCFAP2C, SMARCA4,
EOMES, ETS2, and GATA3). Our data show that TFs occupy genes
involved in self-renewal, pluripotency, and epigenetic regulation
of chromatin. To understand the expression state of these targets,
we performed transcriptome analysis of undifferentiated and dif-
ferentiated TS cells, and we showed that TFs occupy active and
inactive genes in TS cells, which is consistent with reported activity
of other TFs such as POUSF1, SOX2, and NANOG in ES cells (Boyer
et al. 2005). To gain insight into the role of TCFAP2C, SMARCA4,
and EOMES in TS cell self-renewal, we used RNAi to deplete
Tcfap2c, Smarca4, and Eomes transcripts in TS cells. Our results
show that Tcfap2c, Smarca4, and Eomes siRNA TS cells exhibit a loss
of normal colony morphology and down-regulate expression of
TS cell-enriched genes, suggesting that TCFAP2C, SMARCA4, and
EOMES are required for TS cell self-renewal. Overall, these data
offer a novel view into transcriptional regulatory mechanisms of
TS cells.

Multipotent TS cells share similar characteristics as pluripo-
tent ES cells, including their ability to self-renew for an extended
period of time in vitro and high expression of pluripotency-related

genes such as Esrrb, KIf5, Lin28, Rest, Sall4,

Sox2, Stat3, Thx3, and Tert. It is of interest to

Figure 5. GSEA analysis of TF occupied genes and histone H3 acetylation (AcH3) in TS cells. GSEA
analysis of TF target genes in undifferentiated and differentiated TS cells (A); Cdx2- (B), Eomes- (C),
and Gata3-overexpressing (D) ES cells; and TS cells and ES cells (E). The majority of target genes are
expressed higher in undifferentiated compared with differentiated TS cells, and Cdx2-, Eomes-, and
Gata3-overexpressing ES cells compared with control ES cells, and TS cells compared with ES cells.
The x-axis represents enrichment of gene expression in TS cells at 0 h through 14 d of differentiation
(A); Cdx2- (B), Eomes- (C), or Gata3-overexpressing (D) ES cells compared with control ES cells; or TS
cells compared with ES cells (E). Target genes are represented as a black and white heat map below
the plot. (F-/) GSEA analysis of multiple versus single factor-occupied genes in TS cells. Expression of
genes that are common targets of three and two factors is more enriched in TS cells (F); Cdx2- (G),
Eomes- (H), and Gata3-overexpressing (/) ES cells; and TS cells compared with genes occupied by
a single factor (/). (K-O) Distribution of enrichment scores of multiple factor-occupied genes in TS
cells (K); Cdx2- (L), Eomes- (M), and Gata3-overexpressing (N) ES cells; and TS cells (O). (P) GSEA of
AcH3 associated genes in undifferentiated and differentiated TS cells. Expression of AcH3 associated
genes is enriched in undifferentiated TS cells. The x-axis represents enrichment of gene expression in
TS cells at 0 h through 14 d of differentiation. Inset shows the distribution of enrichment scores of
AcH3 associated genes in TS cells. (Q) Association between AcH3 marks and binding of TFs. (R)
Profiles of AcH3 marks were centered on enrichment peaks [—2 kb, +2 kb] and clustered. (§) Heat map
of TS cell transcriptome data sorted by the level of gene expression in TS cells at 0-h genomic profiles
of AcH3 marks at genes expressed at low (T) and high (U) levels in undifferentiated versus differ-
entiated TS cells. MA enrichment values adjusted to log, and conservation are shown on the plot.

understand common and divergent mecha-
nisms of self-renewal in ES cells and TS cells
to further our understanding of pluripo-
tency and multipotency respectively. Using
ChIP-chip analysis to map protein-DNA in-
teractions of five TFs to promoters of all
genes in mouse TS cells, we identified novel
binding patterns of TFs at genes involved in
ES cell renewal such as Esrrb, KIf5, Rest, Sall4,
Stat3, and Tert (Fig. 3; Supplemental Tables
S1-S85). These genes are highly expressed in
TS cells and ES cells, suggesting that a subset
of factor-occupied genes may support self-
renewal in ES cells as well as TS cells.

While TS cells and ES cells coexpress
a number of self-renewal related genes, TS
cells do not express key pluripotency genes
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Pou5f1 and Nanog, and ES cells do not express Cdx2, a key de-
terminant of TE fate. Cdx2 and Pou5f1 play critical roles in speci-
fying TE and ICM and therefore determine TS cell and ES cell fates,
respectively. CDX2 and POUSF1 form transcriptional regulatory
networks that include reciprocal transcriptional repression of
Pou5f1 in the TE and Cdx2 in the ICM (Niwa et al. 2005). Moreover,
forced expression of CDX2 converts ES cells into trophoblast cells,
and reduced levels of POUSF1 promote trophectoderm differenti-
ation in ES cells (Niwa et al. 2000). TE fate also involves expression
of Eomes and EIf5, where EIf5 is activated through FGF-FGEFR sig-
naling (Metzger et al. 2007), subsequently leading to promoter
binding and activation of Cdx2 and Eomes expression (Ng et al.
2008). We showed that TCFAP2C, SMARCA4, and EOMES bind to
the EIf5 promoter (Fig. 3), and TCFAP2C and EOMES bind pro-
moters of genes involved in FGF signaling, including Fgfr2/4, im-
plying the possibility of a positive-feedback regulatory loop be-
tween ELF5 and EOMES in TS cells (Supplemental Tables S1-S3).
We also observed binding of EOMES to the promoter of Tcfap2c,
and TCFAP2C and EOMES self-promoter binding, suggesting fur-
ther potential feedback regulatory loops in TS cells. This functional
relationship between ELFS and EOMES is further strengthened by
our data, where RNAi depletion of Eomes in TS cells resulted in
down-regulation of EIf5 and Eomes expression (Fig. 6). In addition,
Tead4, a gene necessary for trophectoderm specification, that has
been shown to activate Eomes (Nishioka et al. 2008), was bound by
TCFAP2C and EOMES in this study (Supplemental Tables S1, S3).
In summary, these transcriptional regulatory loops in TS cells
provide a view into mechanisms of the first lineage specification in
mammals.

To investigate the expression state of factor-occupied genes,
we performed transcriptome analysis of TS cells differentiated
through 14 d in the absence of FGF4. KMC was used to identify
major patterns of gene expression variability during TS cell dif-
ferentiation (Fig. 4). Using this transcriptome data set and GSEA,
we evaluated expression of the transcriptional targets of TCFAP2C,
SMARCA4, EOMES, ETS2, and GATA3, and we found that these
five TFs bind mainly active genes in TS cells. Moreover, we ob-
served enriched expression of genes bound by multiple targets,
suggesting that multiple factors positively regulate expression
compared with single factors. We also observed differential ex-
pression of genes during TS cell differentiation that are involved
in multiple signaling pathways, including FGF, TGFB, NOTCH,
and WNT-signaling, also bound by at least one factor, suggest-
ing that TS cell self-renewal versus differentiation decisions may
involve transduction of external signals and downstream TF ac-
tivity.

Our genome-wide ChIP-chip and transcriptome data shown
here describe a novel view of transcriptional networks that may
regulate self-renewal in TS cells. We show that five factors (TCFAP2C,
SMARCA4, EOMES, ETS2, and GATA3) occupy genes involved in
maintaining the TS cell phenotype (Fig. 7A,B). We also demonstrate
transcriptional regulation within the factors, including auto-
regulation of TCFAP2C and EOMES through self promoter binding

(Fig. 7C). Moreover, we identified genes involved in self-renewal that
are coexpressed or uniquely expressed in TS cells and ES cells relative
to their differentiated progeny (Fig. 7D). These findings provide
a network for further evaluation of transcriptional regulatory
mechanisms of TS cells, ES cells, and preimplantation embryos.

Methods

TS cell derivation and culture

TS cells were derived and cultured as previously described (Tanaka
etal. 1998). Briefly, BI6D2/F1 male and female mice were mated, and
resulting blastocysts were flushed in M2 medium and transferred to
a 24-well dish containing gamma-irradiated MEFs and RPMI 1640
medium supplemented with 20% FBS (GIBCO), 1 mM sodium py-
ruvate (GIBCO), 100 pM B-mercaptoethanol (Chemicon), 2 mM
L-glutamine (GIBCO), 25 ng/mL recombinant human FGF4 (1X;
R&D Systems), and 1 pg/mL heparin (1X; Sigma). The TSC-BK12
cell line was used in subsequent experiments. For ChIP-chip ex-
periments, TS cells were transitioned to dishes containing TS cell
medium, 70% iMEF-conditioned medium, and 1.5X FGF4 and
heparin and were cultured at 37°C with 5% CO,. TS cells were
passed twice to remove iMEFs, fed every 2 d, and harvested for ChIP-
chip experiments. For differentiation experiments, TS cells were
cultured in feeder-free dishes containing TS cell medium without
FGF4 and heparin and were fed every 2-3 d for 14 d. Animals were
treated according to an approved Institution Animal Care and Use
Committee guidelines protocol for these studies at EMD Serono
Research Institute.

siRNA nucleofection

TS cells were harvested by trypsinizing with 0.05% trypsin (Invi-
trogen), inactivated with DMEM media containing 10% FCS, and
pelleted. TS cells were resuspended in 100 L of ES cell nucleofector
solution (Amaxa), and program A-23 on the Amaxa Nucleofector II
was used to nucleofect 100 nM control siRNA or Tcfap2c, Smarca, or
Eomes SMARTPool siRNA (Dharmacon). Immediately following
nucleofection, TS cells were added to prewarmed TS cell media and
incubated as described above. TS cells were nucleofected every 48 h
for 6 d.

qRT-PCR expression profiling of TS cells

RNA isolation and qRT-PCR were performed as previously de-
scribed with minor modifications (Kidder et al. 2009). TS cells were
harvested using 0.25% trypsin (Invitrogen) to dissociate cells. Total
RNA was extracted from TS cells using an RNeasy Mini Kit (Qiagen)
and DNase treated using Turbo DNA-free (Ambion) for 30 min at
37°C. Reverse transcription was performed using 1 wg of total RNA
and a Superscript III kit with random hexamer primers (Invi-
trogen). qPCR was performed using TagMan probes and TagMan
Universal PCR Master Mix reagents (Applied Biosystems) or non-
labeled primers and SYBR Green PCR Master Mix reagents (Applied

Figure 6. TCFAP2C, SMARCA4, and EOMES are required for TS cell self-renewal. (A) Tcfap2c, Smarca4, and Eomes siRNAs used to deplete Tcfap2c,
Smarca4, and Eomes mRNA in TS cells. Control siRNA, Tcfap2c siRNA, Smarca4 siRNA, Eomes siRNA, Tcfap2c/Smarca4/Eomes siRNA, Tcfap2c/Smarca4
siRNA, Tcfap2c/Eomes siRNA, or Smarca4/Eomes siRNA were nucleofected into TS cells every 2 d for 6 d. (B) Normal colony morphology was lost in TS
cells nucleofected with Tcfap2c siRNA, Smarca4 siRNA, Eomes siRNA, Tcfap2c/Smarca4/Eomes siRNA, Tcfap2c/Smarca4 siRNA, Tcfap2c/Eomes siRNA,
or Smarca4/Eomes siRNA compared with TS cells nucleofected with control siRNA. (C) Immunofluorescence analysis of TS cells conucleofected with
Tcfap2c/Smarca4/Eomes siRNA. TCFAP2C, SMARCA4, and EOMES expression was down-regulated in TS cells nucleofected with Tcfap2c/Smarca4/Eomes
siRNA compared with TS cells nucleofected with control siRNA. Cytoplasm was stained with an antibody specific to Cytokeratin (Cytok) and nuclei were stained
with Hoechst 33258. Scale bars, 100 wM. (D) qRT-PCR expression analysis of Tcfap2c, Smarca4, and Eomes siRNA TS cells with control TS cells. Expression of
TS cell enriched genes were down-regulated following nucleofection of Tcfap2c, Smarca4, and Eomes siRNA. (E) Heat map summary of gRT-PCR results.
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POUSF1, SLC7A3, TCL1, TDGF1,
WNT3A

BMP2, GATAZ2, PDGFRB, PITX2,
SNAI1, TGFBR1/2

BMP2, FOXC2, FGFR2, FZD2/5,
GATA4/6, HEY1, HOXB4, JUN,
PDGFC, SNAI2, SOX9/18, VEGFA,

CDX2, BMPR1A, ELF5, EOMES,
ETS2, FGFR2, GATA3, MMPS,
TEAD4, WNT6/7B

BMP4, DPPA2/4, DNMT3L, ESRRB,
KLF5, LIN28, NR6A1, REST, REX1,
SALL4, SMARCA4, SOX2, STAT3,
TBX3, TCFAP2C, TERT, UTF1

ASCL2, CD9, CITED1/2, CSH2,
ETS2, GCM1, HAND1, KITL, LIFR,
PDGFRA, REST, TPBPA

EOMES (ab23345) antibody was obtained
from Abcam, and the TCFAP2C (H-77,
SC-8977), SMARCA4 (H-88, SC-10768),
ETS2 (H-140, SC-22803), and GATA3
(D-16, SC-22206) antibodies were ob-
tained from Santa Cruz Biotechnology.
Briefly, 1 X 10® mouse TS cells (TSC-BK12)
(feeder-free) were harvested and chemi-
cally cross-linked with 1% formaldehyde
(Sigma) for 20 h at 4°C and subsequently
sonicated. Sonicated cell extracts equiva-
lent to 2 X 10° cells were used for immu-
noprecipitation assays. Five micrograms of
purified ChIP-enriched DNA (TCFAP2C-
chip, SMARCA4-chip, EOMES-chip, ETS2-
chip, GATA3-chip, and Input) was am-
plified, DNase treated, labeled, and hy-
bridized to Affymetrix mouse promoter
1.0R tiling arrays. Mouse promoter 1.0R
DNA tiling arrays contain 4.6 million
25-mer oligonucleotide probes spanning
a distance of —6 kb to +2.5 kb relative to
the TSS for 28,000 mouse promoter re-
gions, providing a resolution of 35 bp
with 10-bp gaps between probes. Some
genes have tiling array coverage exceed-
ing 8.5 kb (for more information, see
the Affymetrix bed file Mm_PromP_
NCBIv36.accession.bed). At least three
biological replicates were used for each
ChIP-chip analysis. Quantile normaliza-
tion, including probe intensity compu-

WNT4/11

3 germ layers ;I'fophoblast
Differentiated

Figure 7. Transcriptional regulation of target genes in TS cells. (A) Model for integration of TCFAP2C,
SMARCA4, and EOMES with core transcriptional machinery in TS cells. Colored circles represent the
investigated factors, and arrows represent direction of transcriptional regulation. (B) Extended tran-
scriptional network in TS cells integrating the investigated five factors with downstream target genes.
Open circles represent target genes. (C) Transcriptional regulation within the five factors, including
autoregulation of TCFAP2C and EOMES. (D) Summary of genes coexpressed or uniquely expressed in TS

cells, ES cells, and their differentiated progeny.

Biosystems). Primers used for Q-PCR with SYBR green reagents
were designed using Primer3 (http://frodo.wi.mit.edu/).

Immunofluorescence analysis of TS cells

TS cells were fixed with 4% paraformaldehyde for 15 min at room
temperature, washed three times with 0.1% Triton X-100 (Sigma),
and blocked in 1% BSA/0.01% Tween-20/PBS for 30 min. The fixed
cells were then incubated with a primary antibody (1:100) over-
night at 4°C in blocking buffer. The next day, the cells were washed
three times with blocking buffer for 15 min. Samples were then
incubated with Alexa Fluor 488 secondary antibodies (1:1000;
Molecular Probes) and Hoechst 33258 (1:2000) in 0.1% Triton
X-100/PBS for 1 h at room temperature, washed three times with
blocking buffer, and mounted in ProLong Gold anti-fade reagent
(Invitrogen) overnight at room temperature. For immunofluores-
cence captured using confocal miscroscopy, Hoechst 33258 was
omitted.

ChIP-chip analysis

ChIP-chip experiments were performed as previously described
with minor modifications (Kidder et al. 2009). The polyclonal

tation and log, adjustment, was applied
to the tiling array data using CisGenome
(Ji et al. 2008). Peak detection and gene
annotation were performed as previously
described (Kidder et al. 2008, 2009).
Briefly, peak detection was performed
using the TileMap (Ji and Wong 2005)
application in CisGenome (Ji et al. 2008).
MA statistics was applied to analyze the
tiling array data. Post-filtering included
discarding peaks if the total length was
<100 bp, or if there were less than three continuous probes passing
the cutoff, and merging two adjacent peaks if the gap between the
two peaks was <300 bp and if there were less than five probes that
did not pass the cutoff between the two peaks. Peaks with an FDR
of <0.2 were also discarded. Enrichment peaks were annotated
with the closest gene using build 36 of the mouse genome.

Clustering analysis of promoter binding data

Promoter binding patterns for the five TFs (TCFAP2C, SMARCA4,
EOMES, ETS2, and GATA3) were centered on enrichment peaks
[-2 kb, +2 kb] and visualized by HCA. Promoter regions where
greater than 25% of probes were absent were not included in this
analysis. Hierarchical clustering was performed using Spotfire
software.

Global expression profiling of undifferentiated
and differentiated TS cells
Total RNA was isolated at several time points from TS cells cultured

without FGF4 for 2 wk using an RNeasy Mini Kit (Qiagen). For each
duplicate biological replicate, 100 ng of RNA was amplified using
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a MessageAmp Premier RNA Amplification kit (Ambion), and
14 pg of fragmented aRNA was hybridized to Affymetrix mouse
430 v2.0 microarrays. Analysis was performed as previously de-
scribed with some modifications (Kidder et al. 2009). Briefly, CEL
files were loaded into ArrayAssist (Stratagene), and probes were
normalized using the GC-RMA algorithm. ANOVA was performed
on all groups using a Benjamini and Hochberg FDR correction.
Genes whose expression differed by at least twofold between any
two groups with a P-value < 5% were considered differentially
expressed. Validation of microarrays was performed using QRT-PCR
with TagMan probes as described above.

ChlIP-chip microarray processing

TF target genes were compared with transcriptome data generated
from this study and a published microarray data set to evaluate the
expression of bound genes in TS cells, ES cells, and their differ-
entiated progeny. Microarray expression data (Agilent) from TS
cells and ES cells (Sharova et al. 2007) was analyzed using the NIA
Array Analysis Tool software (Sharov et al. 2005). ANOVA and
log-transformation were performed. Differentially expressed genes
(FDR < 5%) were clustered using Spotfire software (Spotfire).
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