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POU transcription factor Pou5f1 (Oct3/4) is required to maintain ES cells in an undifferentiated state. Here we show that global
expression profiling of Oct3/4-manipulated ES cells delineates the downstream target genes of Oct3/4. Combined with data
from genome-wide chromatin-immunoprecipitation (ChIP) assays, this analysis identifies not only primary downstream targets
of Oct3/4, but also secondary or tertiary targets. Furthermore, the analysis also reveals that downstream target genes are
regulated either positively or negatively by Oct3/4. Identification of a group of genes that show both activation and repression
depending on Oct3/4 expression levels provides a possible mechanism for the requirement of appropriate Oct3/4 expression
to maintain undifferentiated ES cells. As a proof-of-principle study, one of the downstream genes, Tc/7, has been analyzed in
detail. We show that Oct3/4 binds to the promoter region of 7c/7 and activates its transcription. We also show that Tcl1 is
involved in the regulation of proliferation, but not differentiation, in ES cells. These findings suggest that the global expression
profiling of gene-manipulated ES cells can help to delineate the structure and dynamics of gene regulatory networks.
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INTRODUCTION

Mouse embryonic stem (ES) cells, derived from the inner cell mass
(ICM) of blastocysts [1,2], can be maintained indefinitely n vitro
[3] in an undifferentiated self-renewing state in the presence of
Leukemia Inhibitory Factor (LIF) [4,5] and Bone Morphogenetic
Proteins (BMPs) [6]. The cells in culture can also retain their
ability to differentiate into all three germ layers both i vitro and i
vivo, and are thus as highly pluripotent as their in vivo counterparts,
ICM cells. The mechanisms underlying these phenomena have
been extensively studied [7-11], but it is likely that many of the
genes and regulatory mechanisms involved have yet to be
identified.

Two transcription factors, Oct3/4 (Pousfl: POU domain class 5
transcription factor 1, also known as Oct5 and Oct4) [12-14], and
Nanog (variant homeobox protein) [15,16] are known to play
important roles in mouse ES cells. The expression of Oct3/4 is
restricted to pluripotent embryonic and germline cells [17]. In
blastocysts, Oct3/4 protein is more abundant in the ICM than in
trophectoderm cells, but in late blastocysts Oct3/4 protein is even
more abundant in primitive endoderm than in the ICM [18]. In
vitro, the reduction of Oct3/4 expression fosters differentiation of
ES cells into trophectoderm, i.e., placental lineage, whereas the
overexpression of Oct3/4 promotes differentiation into primitive
endoderm and mesoderm [19]. However, Oct3/4 cannot
maintain the undifferentiated state of ES cells without LIF.
Therefore, Oct3/4 1is required but not sufficient for the
maintenance of undifferentiated ES cells [19,20]. In contrast, the
recently identified Nanog gene can bypass LIF-pathways and
maintain ES cells undifferentiated in the culture media without
LIF. However, Oct3/4 is demonstrably required for Nanog
function, because forced repression of Oct3/4 will allow ES cells to
differentiate independent of Nanog levels [8].

A first step to understand the function of Oct3/4 is to identify
downstream target genes. Fgf4, Uifl, Sppl/Opn, Fbxol5/Fbx1),
Sox2, Pdgfa/PDGFa, Cga/o,BhCG, Ifngrl /TINF, and Zfp42/Rex]
have been identified [9,21-27]; and screening by ¢cDNA sub-
traction methods have also identified Owx2, Lefiyl, and Uppl/Upp
as potential downstream target genes [28]. Recently Dppas/Esgl
[29,30] and Nanog [31,32] have been added to the candidate gene
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list. Some of these target genes are expressed specifically in ES cells
as well as in the ICM of blastocysts. However, their functions are
largely unknown, and Oct3/4 has not yet been linked to or
associated with critical physiological pathways.

Recently, genome-wide surveys of Oct3/4-binding sites have
been performed on human ES cells by chromatin-immunoprecip-
itation (ChIP)-on-chip assays [33] and on mouse ES cells by ChIP-
PET assays [34]. In human ES cells 581 genes have been identified
as Oct3/4-target genes, whereas 963 genes have been identified in
mouse ES cells. These studies have provided a list of genes that are
primary downstream targets of Oct3/4, and demonstrated
physical associations between transcription factor proteins and
promoter sequences i vitro. On the other hand, ChIP-on-chip or
ChIP-PET assays do not provide information about whether these
primary target genes are activated or repressed by Oct3/4
binding. In addition, secondary downstream target genes, which
are regulated by the primary target genes, cannot be identified by
such studies.

We have manipulated Oct3/4 levels in ES cells and carried out
expression profiling by microarray analysis to identify new
candidate genes as downstream targets of Oct3/4. We then
followed up one of them, Tcll, as a pilot for systematic analyses,
and confirmed that it is indeed transcriptionally regulated by
Oct3/4 and involved in the control of ES cell proliferation.
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RESULTS
Global gene expression changes in Oct3/4-

manipulated ES cells

To study overexpression of Oct3/4, we used ZHTc6 ES cells, i.e.,
Pouf)'f]”* ES cells transfected with a Tetracycline (Tet)-regulated
Poudfl transgene [19]. In this @ vitro system, withdrawal of Tet
overexpresses Oct3/4 and differentiates ES cells into cells similar
to primitive endoderm and mesoderm. For Oct3/4 repression
studies, we used ZHBTc4 ES cells, which were made by disrupting
the remaining PoufI allele of ZH'T'c6 ES cells [19]. Although both
Poudf1 alleles were disrupted, the ZHBTc4 cells can be maintained
as undifferentiated by the continuous induction of an Oct3/4
transgene in the absence of Tet. Addition of Tet to the culture
media represses Oct3/4 and provokes differentiation of the ES
cells into cells similar to trophectoderm [19].

We carried out expression profiling of the ES cells in triplicate at
five time points (every 24 hrs: day 1, 2, 3, 4, and 5) after withdrawal
of Tet in ZHTc6 ES cells (for overexpression of Oct3/4) or after
addition of Tet in ZHBT'c4 ES cells (for repression of Oct3/4) using
a 22K 60-mer oligonucleotide microarray [35] (Figure 1A). As
expected, in ZHTc6 cells the Oct3/4 expression level was induced
by 1.2-fold at day 2 and 2-fold at day 3 after withdrawal of Tet.
In ZHBTc4 cells, the Oct3/4 expression level immediately fell
5-fold and was maintained from day 1 after adding Tet. These
results were consistent with a previous report [19] and were further
confirmed by real time Q-PCR (data not shown).

As a first step toward assessing global trends, we identified
changes in expression levels of individual genes by examining
20,251 genes that showed consistently-replicated expression levels
(Supplemental Table S1). The expression patterns of these genes
in ZHTc6 cells and ZHBTc4 cells were analyzed separately using
a k-means clustering algorithm and grouped into ten clusters
(Figure 1B, C). Upper panels show the expression changes of
individual genes in a 3D landscape map, whereas lower panels
show the pattern of averaged gene expression changes and the
number of genes grouped into each cluster. There were marked
differences in the expressions of many genes between ZHTc6 cells
and ZHBTc4 cells. In ZHBTc4 cells, genes showed relatively
consistent trends over 5 days, whereas in ZHTc6 cells, larger
numbers of genes responded rapidly, but were restored to original
levels by day 3 (Figure 1B, C). The transient alteration of large
numbers of genes in ZHTc6 cells could reflect the complexity of
gene expression regulation by Oct3/4, or may instead reflect the
presence of heterogeneous cell populations in ZHTc6 cultures, as
evidenced by the upregulation of markers for broader cell types,
including primitive/definitive endoderm (Gata6, Gata4 and Afp),
mesoderm (7, Gsc), and ectoderm (Cdh2, Mbp, Nefl) (Supplemental
Figure S1, Supplemental Table S4).

To further compare the gene expression changes between the
Oct3/4-repression condition (ZHBTc4) and Oct3/4-overexpres-
sion condition (ZHTc6), we plotted the fraction of genes in each
cluster of ZHTc6 cells present in each cluster of ZHBTc4 cells
(Figure 1D). Four major peaks were observed. In ZHBTc4 cells
nearly half the genes (69 genes out of 144 genes) in cluster 1 and
20% of the genes (143 out of 667 genes) in cluster 4 were grouped
in cluster 10 in ZHTc6 cells (Figure 1D, green arrow). This
indicates that genes downregulated under Oct3/4-repression
conditions tend to be also downregulated under Oct3/4-over-
expression conditions. This group of 212 genes (129 unique gene
symbols) included known direct targets of Oct3/4 such as Sppl/
Opn, Sox2, Fbxold, Otx2, and Zfp42/Rexl, as well as newly
identified direct targets of Oct3/4 by genome-wide chromatin
immunoprecipitation (ChIP) assays [33,34] (Figure 1E; Supple-
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mental Table S2). In ZHBTc4 cells, nearly half the genes (84 genes
out of 223 genes) in cluster 5 and 13% of the genes (122 out of 906
genes) in cluster 2 were grouped in cluster 1 in ZHTc6 cells
(Figure 1D, red arrow). Thus, genes upregulated under the Oct3/
4-repression conditions tend to be also upregulated under the
Oct3/4-overexpression conditions. This group of 206 genes (180
unique gene symbols) included Igf2, Kitl-18, and Krt2-8, which are
known for their high expression in differentiated cells (Figure 1E;
Supplemental Table S3).

The diagram in Figure 1E summarizes this unique mode of
gene expression regulation by Oct3/4. Some of the direct Oct3/4
target genes seem to be regulated by Oct3/4 in a bell-shaped dose-
response manner or in an inverse bell-shaped dose-response
manner. It is thus inappropriate to simply classify all Oct3/4-
downstream genes as positively or negatively regulated by Oct3/4.
Bell-shaped expression regulation by Oct3/4 has been first
demonstrated using tandem Octamer motif promoter constructs
[36]. It has also been demonstrated that both low and high levels
of Oct3/4 repress the Zfp42/Rex] promoter, whereas interme-
diate levels of Oct3/4 expression activate the Zfp42 promoter
[24]; Lower panel in Figure 1E). The current results have not only
confirmed these earlier works, but established that this is rather
common mode of expression regulation by Oct3/4, because many
other genes show similar expression patterns. Furthermore, the
current analysis has revealed that genes that show the inverse bell-
shaped expression pattern exist. That is, low and high levels of
Oct3/4 activate the promoter, but intermediate levels of Oct3/4
repress the gene promoter (upper panel in Figure 1E). These gene
regulation relationships perhaps underlie a unique mechanism of
Oct3/4 regulation, which is required to be maintained in a narrow
range of appropriate expression for maintenance of pluripotency:
either the increase or decrease of Oct3/4 levels from the
intermediate range leads to the differentiation of ES cells [19].

Identifying Oct3/4 downstream genes
To obtain a list of Oct3/4-downstream candidate genes, we first
used Principal Component Analysis (PCA). PCA can dissect multi-
dimensional data into a small number of major trends [37]. We
have focused here on the more tractable and uniformly-trending
microarray results for ZHBTc4 cells, although we have continued
the analyses of gene expression in both ZHBTc4 and ZHTc6 and
the results of parallel analysis of ZHTc6 cells are presented in
Supplementary materials (Supplemental Figure S1, Supplemental
Table S1). We concentrated on 3,079 genes that showed
statistically significant changes with time by ANOVA statistics
(FDR<0.05). Of these, 2,757 non-redundant genes were used for
PCA (Supplemental Table S4).

Figure 2A shows a 2D-plot of results for ZHBTc4 cells over
5 days in PC2(—) and PC3(—) coordinates. The expression
patterns of individual genes contributing to each PC are shown
in Figure 2B. PC2(—), a major component with Oct3/4 (an
exogenous copy), Nanog, and Ar2-8 genes, represented unidirec-
tional changes (653 genes showing a gradual increase and 390 with
a gradual decrease). In contrast, PC3(—), a minor component with
Dnmt3b and Gata6 genes, represented transient changes followed
by recovery of gene expression (Figure 2B). Genes contributing to
PC2(—) seemed to be strongly correlated with the differentiation of
ES cells into the trophoblast cell lineage. Our previous microarray
analysis comparing the expression patterns of ES cells and
Trophoblast Stem (TS) cells [38] identified 1,411 genes as
expressed predominantly in ES cells and 1,882 genes as expressed
predominantly in TS cells (FDR<0.01) [29,39]. As expected,
a large fraction of genes (373 out of 653) in ZHBTc4-Group I were
more highly expressed in TS cells than in ES cells (Figure 2B),
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Figure 1. Global gene expression analysis of Oct3/4 manipulated ES cells.(A) Experimental design of microarray analysis. Oct3/4-overexpressing ES
cells differentiate to primitive endoderm and mesoderm, whereas Oct3/4-repressed ES cells differentiate towards Trophectoderm. (B)(C) K-means
clusters of gene expression levels analyzed by TIGR MEV tool (http://www.tigr.org) and their landscape representations by MATLAB. (D) Comparison
of genes grouped in each cluster of ZHTc6 cells and ZHBTc4 cells. The arrows (red and green) show highly correlated clusters between two cell lines
(see Materials and Methods). (E) Diagram summarizing the unique mode of gene expression regulation by Oct3/4. Representative Genes identified as
the direct downstream targets of Oct3/4 by the ChIP-on-chip assay [33] or ChIP-PET assay [34] are shown. Spp1 and Zfp42 (marked with asterisk) were
not detected as a direct downstream target by either ChlIP-on-chip or ChIP-PET assays, but have already been shown as such by more direct

experimental methods (see the text).
doi:10.1371/journal.pone.0000026.g001
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Figure 2. Principal component analysis (PCA) and the expression pattern heatmap of known target genes for Oct3/4 and related genes. (A) 2D-views
of PCA for 2,757 genes that were identified as significantly differentially expressed during this time course. (B) The expression pattern and ES/TS
specificity of each component of PCA was classified into 4 groups (Group | ~ Group V). (C) Known target genes for Oct3/4 and related genes. (D) Top

30 up- and down-regulated genes from 0 h v 24 h.
doi:10.1371/journal.pone.0000026.g002

whereas a majority of genes (244 out of 390) in ZHBTc4-Group II
were more highly expressed in ES cells than in T'S cells (Figure 2B,
Supplemental Table S4).

Interestingly, most of the genes known to be downstream of
Oct3/4, such as Lefiyl, Otx2, Sppl/Opn, fp42, Uppl/Upp, and
Fbxol), as well as genes important for pluripotency, such as Nanog
and Sox2 (Figure 2C), were included in ZHBTc4-Group II
(Figure 2B). These genes were expressed in undifferentiated ES
cells and were progressively downregulated as the level of Oct3/4
was repressed (Figure 2B). These results suggests that genes in
ZHBTc4-Group II (390 genes) are reasonable candidates for genes
downstream of Oct3/4 (Figure 2C). On the other hand, con-
sidering the ability to Oct3/4 to activate or repress downstream
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genes, genes in ZHBTc4-Group I (653 genes) should also be
considered to be candidates for genes downstream of Oct3/4
(Figure 2B). These 1043 formed our “list 17 of Oct3/4-
downstream candidate genes (Supplemental Table S4).

As an alternative way to identify a list of Oct3/4-downstream
candidate genes, we looked for genes with an early response to the
repression of Oct3/4 by comparing the gene expression patterns
between ZHBTc4 ES cells at O hr and 24 hrs of Tet-induction. A
stringent statistical criterion (FDR<0.1) identified 2164 down-
regulated genes and 2464 up-regulated genes (Supplemental Table
S5). These 4628 genes formed our “list 27 of Oct3/4-downstream
candidate genes. Thirty genes that showed the highest-fold
expression changes are shown in Figure 2D.
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Separating primary target genes from secondary

target genes

It is reasonable to assume that the Oct3/4-downstream candidate
genes identified here include both primary target genes and the
secondary/tertiary target genes, which are regulated by the
primary target genes. To delineate Oct3/4-regulated gene
cascades or networks, it is important to distinguish primary target
genes from those which are indirectly regulated.

One approach is to analyze genomic sequence to search for
Oct3/4-binding motifs. However, it is generally difficult to identify
primary targets of Oct3/4 by searching for canonical octamer
motifs, 5'-ATTA/TGCAT-3’, because it has been shown that
Oct3/4 can bind to other similar sequence motifs such as 5'-
ACTAGCAT-3" and 5'-ATCAGCAT-3’ [34,40]. Furthermore,
binding at the octamer motif is not unique to Oct3/4, but
common to all Oct gene family members, e.g., Octl. To reduce
the large number of targets identified by the use of degenerate
consensus sequence motifs, we searched for clusters of multiple
OCT binding sites within —8 kb to +2 kb from transcription start
sites of all possible genes in the mouse genome. However, even the
secarch for genes carrying clusters of at least three sites with
sequence conservation (>50% compared to the human genome
sequence) identified 9326 target genes (Supplemental Table S6),
and the search for genes carrying the clusters of at least five sites
with the sequence conservation (>50%) and mismatch score
(<0.05) identified 4396 target genes (Supplemental Table S7).
Without experimental validations of individual Oct3/4-target
genes, the utility of genes identified by searching octamer-binding
motifs are limited at this point.

Another approach is to use a genome-wide chromatin
immunoprecipitation (ChIP) assay and to identify all promoter
sequences that are bound by Oct3/4. Recently, Boyer et al. have
conducted a large scale analysis of promoter binding for OC'T4
in human ES cells using ChIP-Chip technologies [33]. They
demonstrated that OCT4 was associated with 581 of the promoter
regions for known protein-coding genes in the —8 kb to +2 kb
region, relative to the transcription start site. Similarly, Loh et al.
have identified 963 genes as a direct downstream target of Oct3/4
in mouse ES cells using a ChIP-PET (paired-end ditag) assay [34].
We compared our Oct3/4 downstream gene lists with the data by
Loh et al and Boyer et al (Figure 3A). Only a small fraction of genes
(61 genes) overlap between human ES [33] and mouse ES cell data

Gene Symbol Alias Loh et al. Boyer et al.
Fgf4 Fgf4 No No
Utf1 Utf1 No No
Spp1 Opn No No

Fbxo15 Fbx15 Yes No
Sox2 Sox2 Yes Yes
Pdgfa PDGFAIlpha No No
Cga AlphaBetahCG No No
Ifngr1 INF No No
Zfp42 Rex1 No No
Otx2 Otx2 Yes No
Lefty1 Lefty1 Yes No
Upp1 Upp Yes No
Dppa5 Esgl Yes No
Nanog Nanog Yes Yes

Human ES, Chip-on-chip
(Boyer et al. 2005)

Pou5f1-Regulated Genes

[34] (Figure 3A). This is partially due to the biological differences
between mouse and human systems as discussed previously [34].
However, some of this effect may also be due to differences in
sensitivity and specificity between the techniques used in these
studies. In fact, genes that have been experimentally shown to be
direct downstream targets of Oct3/4, such as Zfp42/Rex1 [24],
were not detected in either Boyer et al. or Loh et al. (see Figure 3A
for a complete list). Thus, we have decided to include all genes that
have been shown by either Boyer et a/ or Loh et al to be primary
targets of Oct3/4 in our list of Oct3/4 target candidates. We
compared our combined list (list 1 and list2) with the gene list by
Boyer et al. and that of Loh et al. We found that 372 genes were
overlapping with ChIP-based assay results and considered them
primary Oct3/4-target genes (Figure 3B). Figure 4A shows gene
symbols of 377 primary target genes (372 genes plus five well-
known Oct3/4-target genes that were not included in the ChIP-
based assays; see Supplemental Table S8 for the details about
these genes). The remaining 4040 genes, which were included in
either list 1 or list 2 of our Oct3/4-downstream candidate genes,
but not included in Oct3/4-binding target by either ChIP-on-chip
or ChIP-PET studies, should be considered as the secondary or
tertiary targets of Oct3/4. These genes are most likely regulated by
the primary target genes of Oct3/4.

Unlike the informatic searching of Oct3/4-binding motifs or
ChIP-based assays, expression profiling data can also provide the
information about the direction of regulation, i.e., whether the
downstream genes are up-regulated or down-regulated by the
repression of Oct3/4 in ZHBTc4 ES cells. Out of 396 primary
target genes, 159 genes belong to the former category, whereas
213 genes belong to the latter category (Figure 3B, 4A). Out of
4040 secondary/tertiary target genes, 2238 genes belong to the
former category, whereas 1802 genes belong to the latter category
(Figure 3B). Therefore, the expression profiling of Oct3/4-
manipulated ES cells provides important insights into not only
the structure, but also the dynamics of Oct3/4-regulated gene
networks. The results clearly demonstrate that both ChIP-based
assays and expression profiling of Oct3/4-manipulated ES cells
are required to delineate the downstream cascades of Oct3/4-
regulated genes.

To gain insights into the functions of the 372 primary Oct3/4-
downstream candidate genes, we analyzed GO annotations of
these genes. Out of these genes, 287 genes had GO annotations

Mouse ES, Expression Profiling
(Matoba et al., this paper)
Both list 1 and 2

Mouse ES, Chip-PET
(Loh et al. 2006)

Figure 3. Delineation of Oct3/4-downstream target gene network. (A) A list of genes that have been experimentally demonstrated as the direct
downstream targets of Oct3/4. Yes: genes that were also detected by the global ChIP assays. No: genes that were not detected by the global ChIP
assays. Mouse homologues of human genes identified in Boyer et al. were generated using NCBI HomoloGene Build 49. (B) Comparison of gene lists
obtained by the expression profiling (list 1 plus list 2) and global ChIP assays.

doi:10.1371/journal.pone.0000026.g003

@ PLoS ONE | www.plosone.org

December 2006 | Issue 1 | €26



Pou5f1-Regulated Genes

A
In both mouse Only in mouse ChIP-PET study (249 genes) Only in Human ChlP-on-chip
ChIP-PET and study (96 genes)
human ChIP-on- AcotS Acp6 Aebp2 Aff1 AI790205 Akap2 Akr1b8 Anksib
chip study (27 Arhgef10l Arhgef18 Arid5b Asb4 B230215L15Rik BC026657 Brd2 Arid1b Atad2 Atpbvid
genes) Bri3 Btbd9 C230093N12Rik C330012HO3Rik Cdc3711 Chd9 Clstn1 Commd3 Csad Dpysi3 Dtna

Atbf1 Ephad
Fzd10 Jarid2
Jmjd1a Mkrn1

Cnot10 Cstf2t D11Bwg0280e D230012E17Rik Ddit4 Dhrs7 Dido1
Dppa5 Dinb Dusp4 Eif2c1 Eif4e2 Elovi6 Enah Epc1 Eps15/1
Esco1 Esrrb EtvS Ext1 Fath Fblim1 Fbxl17 Fbxo15 Fer1l3
Frmd4b Gatad2b Gnb2|1 Hes1 Hexb Hk2 It52 Inhbb Jag1

Dusp6 Fezl Frat2 Fus
G430041M01Rik Gent2
Hand2 Hn1 Ifi204 KIS
Lrrc2 Man2Zc1 Medi2

Nanog Ncoai Jmjdic Jmjd2c Kctd2 Leftyl Lifr LOC195531 LOC432825 Mgea5 MIit10 Mmp2 Mrg1
Pou5f1 Rest LOC544988 Lrba Lrig3 Map4k4 Mapk4 Mif Mgat3 Mid1 Msi2 Msc Mtbp Pax6 Pdcl
Rif1  Skil Mtf2 Myo10 Ndufs4 Nfatc2ip Nfib Nmnat2 Odz4 Otx2 Pcaf Pck2 Phf17 Phgdh Prkrip1
Smarcad1 Sox2 Pcsk6 Pdgfc Phel Phip Pikdca Pitpnc1 Plala Plekha5 Pmi Rbbp5 Rps3a Sfrp1 Sorbs1
Tbx3 Tcf3 Ppargcia Ppm1a Ppp2r2d Ppp2r5c Prkcb1 Ptch1 Ralb Ralgps2 Spag9 Ssbp2 Stmn2
Usp7 Zfp36I1 Ranbp17 Rara Rbpms Rpl14 Runxi1t1 Sars Scarb1 Sgk Sic23a2 Taldo1 Tef12 Tef4 Tnc

Slc25a36 Slc7a3 Socs2 Stk17b Sulf2 Suz12 Tcfep2l1 Tell Tdgf Tnrc6a Top2a Trps1
Bmp7 Cdh1 Tdh Tiam1 Tled Tmem131 Top1 Trh Trim24 Trp53 Ubglnd Uck2 Ube2d3 1110059G10Rik
Cdx2 Dkk1 Uhrf2 Upp1 Vash1 Wdrd4 X99384 Zc3havl Zfml Zfp218 Zfp623 5730406MO6Rik
Fgfr1 Gjal 1110059E24Rik 1700019D03Rik 1810026J23Rik 2010204K13Rik
Myf5 Pard3 2610019F03Rik 2610033HO7Rik 2610042L04Rik 4921513D23Rik Add3 Armcx5 ArpcS Ascl2
Taf12 4931406|20Rik 4933426K21Rik 9130011E15Rik AUO14645 B3galt4 Bagb

Car2 Car4d Cbx8 Cdc7

Known target Adss Agps Ankrd13a B3gnt7 B630005N14Rik Bad BC022623 Commd7 D_Bng1414e
Qates: bk tok BC048546 Brms1l Bst2 Btbd11 C80913 Ccnh Cdc27 Cdh5 Chd1 Dgx31 Dnajc9 Eftud1 _
include:d i Ches1 Ckb Cldn4 Col18a1 Ctnnall D10Uclal D930015E06Rik Eif2s1 Fgfr2 G43100110SRik
ChIP studies Dcpla Dher24 Dynlt1 Dysf Ehmt1_ Fbxo36 Fdxr Flt1 Frem2 Galnt3 Gata6 Gldc Gps1

Galk1 Gas8 Gpx4 Gtf2al Hdgf Hic2 Hs6st1 Igf2bp1 Igfbp3 Igsf3 Gtf3c4 Gtpbp3 Hand1
Utf1 Sppf lggap1 Jak2 Kif21a Kif6 Kpnad4 Kremen1 L3mbti3 Lats2 Ldir Hmgb2 Hod |d2 Kitl KIf7
lfingr1 Zfp42 Ldirap1 Lmnb1 Lpp Mast2 Mycn Pa2g4 Pbx3 Pdlim5 Pik3cd Nefl Nr6a1 NudtS Orcil
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GOid Annotation genes FDR

GO:0050789 regulation of biological process 105 0

CO:0019222 regulation of metabolism 81 0

GO:0006350 transcription 76 0

GO:0009653 morphogenesis 29 0

GO:0031974 membrane-enclosed lumen 25 0

GO:0005654 nucleoplasm 21 0

GO:0009790 embryonic development 15 0

GO:0008283 cell proliferation 14 0

GO:0048731 system development 14 0.019

GO:0007399 nervous system development 13 0.022

GO:0007389 pattern specification 12 0

GO:0007167 enzyme linked receptor protein signaling pathway 10 0.001

GO:0006066 alcohol metabolism 10 0.002

GO:0035295 tube development 9 0

GO:0006928 cell motility 9 0.011

GO:0051674 localization of cell 9 0.011

GO:0016791 phosphoric monoester hydrolase activity 9 0.027

GO:0016055 Wt receptor signaling pathway 8 0

GO:0007169 transmembrane receptor protein tyrosine kinase signaling pathway 8 0

GO:0004721 phosphoprotein phosphatase activity 8 0.004{

Figure 4. (A) Primary targets of Oct3/4. Genes are separated into four groups: Genes detected by the current expression profiling, mouse ChIP-PET
assay, and human ChlIP-on-chip assay; previously known target genes that were also detected by the current expression profiling; Genes detected by
the current expression profiling and mouse ChIP-PET assay; Genes detected by the current expression profiling and human ChIP-on-chip assay. Genes
classified as transcription factors by GO annotation were shown in bold. Genes that were down-regulated by the repression of Oct3/4 in ZHBTc4 cells
were shown in blue. Genes that were up-regulated by the repression of Oct3/4 in ZHBTc4 cells were shown in red. (B) Representative GO categories
that are enriched in the primary targets of Oct3/4 in a statistically significant manner (FDR>0.05).

doi:10.1371/journal.pone.0000026.g004
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representing 160 GO categories with a statistical significance
threshold of FDR>0.05 (Supplemental Table S9). Figure 4B
shows representative GO categories. Interestingly, one-fourth of
the 287 genes were involved in “transcription.” This indicates that
Oct3/4 can regulate a large number of genes by regulating many
transcription factors, which in turn regulate their downstream
genes. Other notable GO categories include “cell proliferation,”
which indicates the direct involvement of Oct3/4 in the regulation
of cell proliferation. A significant fraction of genes annotated as
“enzyme-linked receptor protein signaling pathway” and “Wnt
receptor signaling pathway” indicate that Oct3/4 directly
regulates key cellular signaling pathways in ES cells. Oct3/4 also
directly regulates genes involved in various “system development”
sub-categories, such as “nervous system development,”
genesis,” and “lung development.” The direct regulation of the
variety of cellular and developmental processes by Oct3/4 is
consistent with the profound and diverse effects of Oct3/4
expression levels in ES cells.

angio-

Validation of candidate genes for downstream

targets of Oct3/4

Global gene expression analyses of Oct3/4-manipulated ES cells
have provided an independent validation to the primary target
genes identified de novo by the ChIP-on-chip [33] or ChIP- PET
[34] analysis, so it stands to reason that the list of genes identified
by combining all three data sets, shown in Figure 3B and 4A, is the
most reliable at this point. However, to meet more rigorous
molecular biology standards, whether these genes are indeed
directly regulated by Oct3/4 have to be validated individually by
standard molecular biological techniques such as electrophoretic
mobility shift assays (EMSA) and luciferase reporter assays. Such
validations, however, are not straightforward. It is well-known that
genes can be regulated by cis-regulatory elements that are located
far from the transcription start sites. Isolating and assaying a few
kb upstream region of these target genes would not suffice to
conclude whether the genes can be directly regulated by Oct3/4
or not. Especially, it will be difficult to establish that genes cannot
be regulated by Oct3/4, because the cis-regulatory elements may
not be included in the genomic region assayed i vitro. Neverthe-
less, we tested this strategy to validate at least a gene from this
target gene list.

First, we selected four putative primary target genes in a rather
arbitrarily manner: 77, Tell, and 1d2 were selected from top 30
gene lists in Figure 2D and NMatc2ip was selected from a gene list in
Figure 4A. We also selected (fp42 as a positive control. We
amplified by PCR the ~2 kb upstream putative promoter regions
of these genes (Supplemental Figure S2). To investigate whether
Oct3/4 can indeed regulate the expression of these genes, we
constructed a luciferase reporter gene driven by the upstream
putative promoter region and cotransfected it with or without an
Oct3/4-expressing plasmid into 3T3 mouse fibroblast cells. Of 5
reporter constructs, the two constructs containing 7¢// and Jfp42
promoters were activated by Oct3/4, as judged by more than 2-
fold difference in luciferase activity (Figure 5A). To confirm
regulation in a more natural context, we transfected each reporter
construct into ZHBTc4 cells, where Oct3/4 levels can be
repressed by Tet. Constructs with Trh, Tell, and Jfp42 promoters
responded to Oct3/4, as judged by more than 2-fold difference of
luciferase activity in the presence or absence of Tet (Figure 5A).
Notably, T¢ll showed even a stronger response than Jfp42, a
well-known downstream target of Oct3/4 (Figure 5A). These
results identified at least 7¢//, along with Jfp42, as regulated by
Oct3/4.
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In order to identify Oct3/4 regulatory elements, a series of 5'-
deletion mutants of the 7¢// promoter were generated and
transfected into the ZHBTc4 cells. The luciferase reporter assay
revealed that deletion of two regions that cover —0.8 kb ~
—1.3 kb and —0.4 kb ~ —0.5 kb, where variant Octamer-binding
motifs were found, sharply reduced the responsiveness to Oct3/4
(Figure 5B). We further examined whether Oct3/4 binds to these
motifs by electrophoretic mobility shift assays (EMSA) (Figure 5C).
As a control, a cl-oligonucleotide that contains the established
Oct3/4-binding motif of fp42 was used. For the Oct3/4-binding
motifs of T¢ll, we used an sl oligonucleotide that contains an
AAAGGCAT motif and an s2 oligonucleotide that contains an
ATGTAGAT motif (Figure 5E). The s2 oligonucleotide, but not
the sl oligonucleotide, showed a distinctive band after incubation
with ES cell lysates. The band was shifted by Oct3/4 antibody and
disappeared when a 2-bp mutation was introduced into the Oct3/
4-binding motifs (Figure 5C). Thus, Oct3/4 present in ES cell
lysates binds to the s2 oligonucleotide. To further narrow the
region, a series of single-base mutant oligonucleotides were
generated and subjected to EMSA. The results clearly showed
that “ATGTAGAT,” located 410 bp upstream of the 7¢l/ gene, is
a functional Oct3/4 binding site (Supplemental Figure S3B, C).
To further confirm the binding of Oct3/4 in vivo, we performed
chromatin immunoprecipitation (ChIP) analysis and demonstrated
that Oct3/4 indeed binds to the s2 region, but not to the sl region
(Figure 5D). A luciferase assay using another series of finer deletion
mutants of the 7¢/l promoter further confirmed that the region s2
was indeed an Oct3/4-responsive element in ZHBTc4 cells
(Supplemental Figure S3A). Taken together, we conclude that
Oct3/4 binds to this variant Oct3/4-binding site (ATGTAGAT)
in the 7¢/l promoter region and directly activates its expression.
Interestingly, unlike other Oct3/4-binding sites, there is no Sox2-
binding site around this Oct3/4-binding site.

Functional analysis of Tcl1 in ES cells

To gain insights into the functional involvement of 7¢/l in the
Oct3/4 pathway in ES cells, 7¢/] expression was knocked down by
transfecting siRNA against 7¢ll (si7¢ll). The proliferation of ES
cells was significantly reduced in a dose-dependent manner
(Supplemental Figure S4A). Unlike the suppression of proliferation
when Oct3/4 expression is repressed in ZHTc4 cells, this
suppression of proliferation was not accompanied by any detect-
able morphological differentiation of ES cells (Supplemental
Figure S4A). However, it is conceivable that this rather general
proliferation suppression phenotype might be caused by either
non-specific or off-target effects of siRNA. To address this issue,
we first generated mouse ES cell clones (Tcll-ROSA) with a Tet-
controllable Tcll gene by integrating the ORF of 7¢// into
a ROSA locus [41]. We then established multiple ES cell clones,
where a plasmid expressing shRNA against the 3'-UTR of T¢lJ
(sh'T'cll) was stably transfected into the Tcll-ROSA ES cell clone.
In these mouse ES clones (named shTcll#2-1, shTcll#2-5,
shTcll#2-7, and shTcll#3-3), the expression of endogenous 7¢//
was constitutively repressed by shRNA, but the expression of
exogenous 7¢/l was repressed only when Tet was added to the cell
culture medium. Consistent with the transient siRNA results, the
repression of 7c¢ll suppressed the proliferation of ES cells
(Figure 6A). The reductions of 7¢/l in these ES cells at RNA
level and protein level were confirmed by the RT-PCR and
Western blot (Figure 6B). Because the proliferation of a parental
cell line (EBRTcH3) was not suppressed by Tet (Figure 6C), the
suppression of proliferation observed here was indeed caused by
the repression of T¢/l. The suppression of proliferation by the
repression of T¢ll was also reversible even after 4 days of culture
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under Tecll-reduced conditions (Figure 6C, D). This is in sharp
contrast to the irreversible effects of Oct3/4-repressed conditions,
which not only reduce cellular proliferation, but also differentiate
ES cells into the trophoblast lineage.

Further support for the notion that Tcll acts on cell
proliferation but is not directly involved in the differentiation of
ES cells came from the microarray analysis of siTcll-transfected
ES cells. Hierarchical cluster analysis of the selected 1,043 genes
that represent PC2(—) in ZHBTc4 cells (Figure 2B) indicated that
ZHBTc4 cells showed changes from an expression pattern like ES
cells (d0) to a pattern like TS cells (d2) (Supplement Figure S5A,
Supplemental Table S10). Unlike ZHBTc4 cells at a comparable
time point (d2), siTcll-transfected ES cells showed an expression
pattern like ES cells (Supplemental Figure S5A). In particular,
genes involved in cell proliferation regulation showed similar
expression changes in siTcl-transfected ES cells and ZHBTc4 cells
(Supplemental Figure S5B), whereas trophoblast-lineage markers
were not significantly upregulated in siTcll-transfected ES cells.
The microarray analyses were thus consistent with the phenotypic
changes observed in ES cells following repression of Tcll:

@ PLoS ONE | www.plosone.org 8

slowdown of proliferation, but no differentiation towards the
trophoblast lineage. Consequently, Tcll seems to fractionate the
effects of repression of Oct3/4, which causes both the slowdown of
proliferation and the differentiation into trophoblast cells.

To investigate whether Tcll is a major mediator of the effects of
Oct3/4 on the proliferation of ES cells, we established multiple
stable cell clones (Tcll-#2A1, Tcll-#2D5, and Tcll-#1A6) by
transfecting a plasmid vector constitutively expressing Tcll into
ZHBTc4 ES cells. In these cells, the repression of Oct3/4 by Tet
does not cause the repression of Tcll, and therefore, the effect of
Oct3/4 repression can be uncoupled with the repression of Tcll.
However, the results clearly showed that the constitutive
expression of Tcll could not prevent the suppression of ES cell
proliferation (Figure 6E).

The only known function of Tcll protein is to enhance the
kinase activity of Aktl (thymoma viral proto-oncogene 1) in
leukemia cells [42]. Aktl is a key kinase in the Ras/PISK/Aktl
signaling pathway [43]. To investigate whether Tcll also activates
Aktl in ES cells, Western blot analysis was performed. The total
amount of Aktl protein was unchanged, but the active form of
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Aktl, which is phosphorylated at the Ser-473 site, was reduced in
Tcll-repressed ES cells (Figure 6B). Similar results were obtained
in siTcl-transfected ES cells (Supplemental Figure S4B). The
suppression of ES cell proliferation by the repression of Tcll was
restored by the transfection of a plasmid expressing a constitutively
active form of Aktl (caAktl), suggesting that Aktl mediates at least
some of the proliferation-reducing action of Tcll in ES cells.
Finally, it is worth mentioning that Oct3/4 expression levels were
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not changed when Tcll expression was repressed (Figure 6B),
suggesting that there is no feedback loop from Tcll to Oct3/4.

DISCUSSION

Oct3/4 plays a central role in the maintenance of undifferentiated
ES cells, which are characterized by their pluripotency and self-
renewal activity. It has also been shown that Oct3/4 plays critical
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role during preimplantation embryo development and germ cell
development. As a first step to understand the diverse roles of
Oct3/4, we have carried out global expression profiling of mouse
ES cells, where the expression level of Oct3/4 is manipulated
using a Tet-inducible system.

Differentiation of ES cells by the manipulation of
Oct3/4

It has been shown previously, by the detection of a few marker
genes using Q-PCR, that repression of Oct3/4 leads to the
differentiation of ES cells into the trophoblast lineage, and that
overexpression of Oct3/4 leads to primitive endoderm and
mesoderm differentiation [19,44]. Our microarray analysis con-
firms that repression of Oct3/4 differentiates ES cells into the
trophoblast lineage by showing the global similarity of gene
expression patterns to those of TS cells. However, the analysis
indicates that ZHTc6 cells differentiate into more different cell
types than appreciated previously, suggesting that overexpression
of Oct3/4 alone does not completely determine the fate of ES
cells, but may rather facilitate differentiation by perturbing the
maintenance of self-renewal. This notion is consistent with recent
findings that the effect of Oct3/4 overexpression depends on
context. For example, overexpression of Oct3/4 enhances
differentiation towards neurons on PA6 stromal cells [45], whereas
it enhances differentiation towards beating cardiac muscles in
embryoid bodies and hematopoietic cells on OP9 stromal cells
(H.N., data not shown). Furthermore, overexpression of Oct3/4
viwo leads to a large array of developmental defects resulting in
embryonic lethality [46]. Genes identified here for their correla-
tion to differentiation (PC3(+) in Supplemental Figure S1C and
PC2(—) in Figure 2B) should provide good candidate genes for
carly markers of various lineages.

A unique mode of gene expression regulation by

Oct3/4

One of the key features of Oct3/4-mediated gene expression
regulation in ES cells is that the Oct3/4 level has to be maintained
at an appropriate level. Either reduction or overexpression of
Oct3/4 triggers the differentiation of ES cells [19]. The current
work has revealed that many (at least 418) genes, 30 of which are
primary targets, are regulated in a peculiar manner: the same gene
is activated or repressed depending on the amount of Oct3/4
(Figure 1E). The presence of these “bell-shaped” and “inverse bell-
shaped” gene expression regulation relationships indicates that the
maintenance of appropriate Oct3/4 levels is built into the gene
regulatory network in mouse ES cells.

Two examples of such regulations by Oct3/4 have been
reported. First, Scholer et al. have shown that a promoter with
tandem repeats of octamer motif, which is transcriptionally active
in the presence of ordinary Oct3/4 levels, is repressed by excess
Oct3/4 [36]. The authors have proposed a “squelching” mech-
anism, ie., a factor bridging between Oct3/4 and the basal
transcriptional initiation complex is absorbed by excessive
amounts of Oct3/4, making it unavailable for transcription [36].
Second, Ben-Shushan et a/l. has shown that the promoter of Jfp42/
Rex1 is activated by ordinary amounts of Oct3/4, but is repressed
by the overexpression of Oct3/4 [24]. The authors have pointed
out that this peculiar regulatory pattern has also been observed in
the case of Kriippel [47] and ATF-1 [48]. Although it is also possible
that bell-shaped or inverse bell-shaped expression systems are
caused by feedback regulatory loops, which may involve genes
acting further downstream, 49 primary Oct3/4 target genes that
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fall into this category are most likely regulated in a similar manner
as {fp42/Rex].

Because these 49 primary target genes seem to be tightly linked
to the requirement of appropriate Oct3/4 levels for the
maintenance of the pluripotent/self-renewing state of ES cells,
these genes may play a critical role in the ES cells. Indeed, Nanog
and Sox2, which are often referred as critical genes for the
maintenance of pluripotency and self-renewal in ES cells, are
included in the bell-shaped gene expression category (Figure 1E).
Similarly, Esrb, Fbxolb, Otx2, and Sppl/Opn are also frequently
referenced as critical to ES cell functions. Interestingly, Jarid2
(Jumonji, AT rich interactive domain 2) and Jmjdla - two proteins
with Jumonji domains—are included in this list. It has been shown
recently that proteins with Jumonji domains are involved in
chromatin modification [49], especially demethylation of histones
[50]. The involvement of Id2, which is grouped in the inverse bell-
shaped gene expression category (Figure 1E), in the maintenance
of a pluripotent/self-renewing state in mouse ES cells [6] also
seems to have important implications. Genes in this list will
therefore be important targets for future studies.

Genes downstream of Oct3/4

The current work clearly demonstrates that both global ChIP
assays and global expression profiling are required to understand
the gene regulatory network governed by a transcription factor.
Global ChIP assay provides the structure, i.e., connections or
wiring of the gene regulatory network, whereas the global
expression profiling provides the dynamics, i.e., behavior or
kinetics of the gene regulatory network. For example, ChIP-on-
chip assays of human ES cells [33] and ChIP-PET assays of mouse
ES cells [34] have provided a large list of primary target genes
whose regulatory sequences, e.g., enhancers/promoters, can be
bound by Oct3/4. However, these global ChIP assays cannot
provide information about whether Oct3/4 activates or represses
the expression of these downstream genes. Such information can
be obtained only by doing the global gene expression profiling of
ES cells in which the Oct3/4 level is specifically altered. In this
report, the global expression profiling of Oct3/4-repressed mouse
ES cells uncovered ~4500 candidate genes as potential down-
stream targets of Oct3/4. Although it is not easy to distinguish the
primary or secondary target genes by global expression profiling
alone, the meta-analysis of the combined data sets of global ChIP
assays and global expression profiling were able to dissect the
downstream gene regulatory network of Oct3/4 as summarized in
Figure 3 and 4 (see a complete list in Supplemental Table S8). In
this diagram, primary targets and the secondary/tertiary targets of
Oct3/4 are separated and the directions (up or down) of
regulations are also shown.

While the earlier version of this manuscript was being peer-
reviewed and revised for another journal, microarray analyses of
mouse ES cells after the repression of Oct3/4 by transient siRNA
[34] and stable shRNA [51] were reported. Ivanova et al. reported
that the expressions of 1133 genes (1072 with gene symbols) are
altered [51], whereas Loh et al. reported that the expressions of
4620 genes are altered [34]. Considering recent reports on the
broad off-target effects of siRNA/shRNA [52-54], it is conceiv-
able that these microarray data might include genes, the
expressions of which are altered by the repression of genes other
than Oct3/4. In contrast, the current microarray data have been
obtained from ES cells, where only the Oct3/4 level is
manipulated by Tet, and therefore, genes identified as primary
or secondary downstream of Oct3/4 in this work are most likely
affected directly or indirectly by Oct3/4.
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Among these downstream candidate genes, we were able to
establish that 7¢// is a new direct target gene of Oct3/4, based on
several lines of evidence: promoter activity assays by luciferase
reporter in Oct3/4-cotransfected fibroblast cells and ES cells; direct
binding by i vitro EMSA assay; and i viwo binding assay by ChIP.
We also established the sequence 5'-ATGTACAT-3" as a new
variant form of the Oct3/4 binding site.

Tcll has been extensively studied as an oncogene in T cell
leukemia [55], but our findings suggest that Tcll also plays an
important role in early mouse embryos and ES cells. This notion is
indeed consistent with earlier reports on the expression patterns of
Tecll: it is highly expressed in unfertilized eggs and gradually
downregulated during preimplantation development [37]; it is one
of the 88 genes whose average expression levels correlated with the
gradual loss of developmental potency during development [56];
and it is also one of the ES-enriched genes informatically found
together with Nanog [16]. A gene disruption study also showed
that a majority of embryos depleted in maternal Tcll are unable to
reach the blastocyst stage, although Tcll ~/~ embryos surviving to
birth appear normal except for reduced numbers of lymphocytes
in bone marrow, thymus, and spleen [57,58]. Very recently the
involvement of Tcll in the regulation of mouse ES cells has also
been shown [51].

In this paper, we have shown that the proliferation rate of ES
cells is controlled by Tcll in a dose-dependent manner: over-
expression of Tcll increases the ES cell proliferation rate, whereas
the repression of Tcll reduces it. We have also shown that the
forced repression of Tcll primarily affects ES cell proliferation, but
not differentiation, based on morphology and microarray-based
gene expression patterns (Supplemental Table S10). As one of the
genes with a bell-shaped expression pattern relative to Oct3/4
level, both overexpression and repression of Oct3/4 reduces the
expression level of Tcll. These data suggest that the reduction of
ES cell proliferation caused by both overexpression and repression
of Oct3/4 is mediated by Tcll-a primary target gene of Oct3/4
(Figure 6F). However, it is also clear that Tcll is not the only
primary Oct3/4 target gene that controls proliferation in ES cells,
because the constitutive expression of Tcll cannot prevent the
reduction of proliferation by the repression of Oct3/4 (Figure 6E).
Furthermore, it is important to point out that Oct3/4 is not the
only upstream gene for Tcll, because we have observed that Tcll
also responds immediately to the activation of Stat3 (Supplemental
Figure S6).

It has been shown that Tcll enhances the kinase activity of Aktl
[42]. This was originally demonstrated in T-cells [42,59-61], but
we find that the level of p-Ser.473-Akt1 is proportional to the level
of Tcll, and thus, the same mechanism also seems to function in
ES cells. The rescue of the siTcll-induced phenotype by
a constitutively active form of Aktl implies that Tcll acts through
Aktl in ES cells. Aktl is one of the key kinases whose activation
enhances cell proliferation and inhibits apoptosis. Aktl associates
with PI(3,4,5)P3 at the cell membrane and is activated by
phosphorylation [62]. Tensin homologue PTEN suppresses this
PI phosphatidylinositol-3-OH-kinase (PI3K) pathway [63]. Simi-
larly, the recently identified Eras gene regulates ES cell pro-
liferation through PI3K [64]. Aktl in turn phosphorylates
a number of proteins, including the pro-apoptotic proteins BAD
and pro-caspase-9, GSK3, p21WAF1, MDM2, and the forkhead
family of transcription factors. Although Aktl is known to be
involved in the control of either cell proliferation or apoptosis, we
observed no apoptosis by Annexin-V assays in si7¢//-transfected
ES cells (data not shown). Consistent with our findings, apoptosis
was also not evident in cleavage blocked Tell™"~ embryos [57]. It

@ PLoS ONE | www.plosone.org

1

Pou5f1-Regulated Genes

has also been shown recently that the activation of Akt is sufficient
to maintain the undifferentiated state of mouse ES cells [65].

Conclusions

Understanding the global gene network that governs the pluripo-
tency and self-renewal of ES cells is an important first step towards
the experimental manipulation of cellular developmental potency.
This is also important to understand the global architecture of
gene regulatory networks. We have shown in this paper the
analysis of dynamic changes in global gene expression patterns of
ES cells, in which a specific transcription factor is manipulated so
that it can be directly overexpressed or repressed. The approaches
used in this work can be applied to almost any transcription factor
as well as other key genes functioning in ES cells.

MATERIALS AND METHODS

Growth and differentiation of ES cells

ZHBTc4, ZHTc6, and EB5 ES cells were cultured without feeder
cells in LIF-supplemented medium as described [19,66]. For
differentiation, ZHT'c6 cells were cultured in the absence of Tet,
which induced the overexpression of Oct3/4. ZHBTc4 cells were
cultured in the presence of Tet, repressing Oct3/4 expression.
Three independent samples were prepared for each time point.

Microarrays

Microarray experiments were carried out as described [35,37]
using the NIA Mouse 22K Microarray v1.0 (Development 60-mer
Oligo: Manufactured by the Agilent Technologies, #011321) [35].
Briefly, 5 pg total RNA was transcribed into double-stranded T7
RNA polymerase promoter-tagged cDNA, then amplified into
single-stranded, Cy3- or Cy)-tagged cRNA by T7 polymerase.
Each sample for Oct3/4 overexpression was hybridized against
the day 0 ZHTc6 sample for 16 hours at 60°C on the microarrays.
Oct3/4 repression samples were hybridized against the day
0 ZHBTc4 sample. After washing, microarrays were scanned
with an Agilent DNA Microarray Scanner. Dye-swapped
hybridization pairs were done for each sample. For comparisons
among TS and ES (R1) cells, siTcll-transfected ES cells, ZHTc6
and ZHBT'c4 cells, each sample was hybridized against a common
reference pool of RNA. Total RNAs from T'S cells [38] and R1 ES
cells [67] were kind gifts from Dr. Janet Rossant. All microarray
data are available at http://Igsun.grc.nia.nih.gov/ANOVA/ and
are also available at the public microarray database (GEO
[Accession number: GSE5936] and ArrayExpress [Accession
number: E-MNIA-61]).

Data handling

Feature Extraction software (Agilent Technologies, Palo Alto,
California) was used to process scan images and extract
quantitative numerical spot data. Of 21,939 spots, 20,251 spots
were identified as within 0.03 error valance in the three
replications. Cluster analyses were performed using TIGR MEV
software (http://www.tigr.org). The Xzij -value of correlation
between each cluster (Figure 1D) was calculated by Chi-square
statistic (}52“ = (N*;—5;)2/(N*S;5), here Sy =Zf* Xf)). Spots were
required to have a signal over background of at least 2.5 log
(intensity) on average to be included in further analyses. For the
ZH'Tc6 time course, 16,216 spots met this criterion, as did 15,182
spots for the ZHBTc4 time course. A total of 14,690 spots passed
in both of the cell lines. Of those data, statistically significant
differentially expressed genes were identified using the False
Discovery Rate (FDR) method [68] in the NIA Array Analysis
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software [69]. The FDR was set to 0.05 or 0.01, which corre-
sponds to the average proportion of false positives=5% or 1%.
PCA analysis was performed using FDR =5% for both cell lines.
For comparisons of ZHBTc4 and ZHTc6 cells, TS and ES cells,
and siTcll-transfected ES cells, each data set was combined
through a universal control sample.

Construction of expression vectors, reporter

plasmids, and luciferase reporter assay

The Oct3/4 expression vector, pcDNA-Oct3/4, was constructed
by inserting a PCR product from ES cell cDNA into the EcoRI
site located downstream of the CMV promoter in pcDNA3.1(+)
(Invitrogen, Carlsbad, California). Luciferase reporter plasmids
were constructed by inserting upstream regions of each gene (see
Supplemental Figure S3) into pGL3-Basic vector (Promega,
Madison, Wisconsin). All inserts were amplified by genomic
PCR and confirmed by sequencing of both of strands. Each PCR
primer is described in Supplemental Figure S3. For the luciferase
reporter assay in fibroblast 3T3 cells, 40 ng of reporter plasmid
DNA was cotransfected into 2x10* cells with 40 ng of pcDNA-
Oct3/4, 10 ng of pRL-TK (Promega, Madison, Wisconsin) and
310 ng of pGL3-Basic (Promega, Madison, Wisconsin) using
Lipofectamine plus (Invitrogen, Carlsbad, California). Two days
after transfection, luciferase activities were measured by the dual
luciferase assay system (Promega, Madison, Wisconsin). Triplicate
samples were analyzed. The relative activities were calculated
from the ratios of luciferase activities in the presence or absence of
pcDNA-Oct3/4. Luciferase assays in ES cells were performed
using ZHBTc4 cells. The level of Oct3/4 expression can be
manipulated in this cell line by a Tet-inducible system [19]. The
relative activities were calculated from ratios of luciferase activity
in the presence and absence of Tet after 24 hours.

EMSA and ChIP

Nuclear extracts from ES cells were isolated by using NE-PER
Nuclear Extraction Reagents (Pierce Biotechnology, Rockford,
Illinois) in the presence of protease inhibitors. DNA mobility shift
assays were performed as previously described [40], using nuclear
extracts from ES cells and biotinylated oligonucleotides, then
transferring to nylon membrane, followed by detection using
a Chemiluminescent Nucleic acid detection module kit (Pierce
Biotechnology, Rockford, Illinois). Oligo sequences for EMSA:
sl,  5-CGTGGTGGCACATGCCTTTAATCACAGCAC-3’
and 5-GTGCTGTGATTAAAGGCATGTGCCACCACG-3';
s2, 5"-CTGCGAGGTCCATCTACATATCTTCCTCCC-3’
and 5'-GGGAGGAAGATATGTAGATGGACCTCGCAG-3'.
Oct3/4 monoclonal antibody was ‘C-10" from Santa Cruz
Biotechnology (Santa Cruz, California). Chromatin immunopre-
cipitation was performed using ChIP-IT™ from Active Motif
(Carlsbad, California), per the manufacture’s protocol, using anti-
mouse immunoglobulin G (IgG) as a control and monoclonal
antibody of Oct3/4 (C-10) from Santa Cruz Biotechnology (Santa
Cruz, California). Fragments of the target site were amplified by
PCR with the following primers: 5'-GAATACTGAAGGC-
CAAGGTC and 5-AAAGAAAGCCAGGCGTGGTG for sl
site; and 5'-AGAGAGAACCCGGGAGGAAGATA and 5'-
CTTATGGTGAGACCCCTAG for s2 site. ExTaq polymerase
(Takara, Tokyo, Japan) was used with 30 and 35 cycles in standard
protocols.

siRNA of Tcl1 gene and Western blot analysis
siRNA were co-transfected into EB5 ES cells (2 x10° cells/ml) with
100 ng of pPyCAGIP-IRES-puromycin vector using Lipofecta-
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mine 2000 (Invitrogen Carlsbad, California). The siRNA
sequences were designed as described previously [70]. siRNA
sequences for mouse 7¢// and for the control (siGFP) are as
follows: 5'-GTCATCAAGAGTAATGAAAAATT-3" and 5'-
CAGCCACAACGTCTATATCATGG-3". One day after trans-
fection, cells were selected by the addition of Puromycin for
24 hours. For western blot analysis, cells were washed with ice cold
PBS, then lysed with RIPA buffer (50 mM Tris-Cl, pH?7.5,
150 mM NaCl, 0.5% sodium deoxycholate, 1% NP40, 0.1% SDS
containing protease inhibitor cocktail (Sigma, St. Louis, Missouri)
and phosphatase inhibitor cocktail (Sigma, St. Louis, Missourt)).
Whole cell extracts were analyzed on 10% SDS-polyacrylamide
gels, followed by immunoblotting on nitrocellulose membranes
(Amersham, Piscataway, New Jersey), blocked with 5% non fat dry
milk in TBST (Trizma base, 140 mM NaCl, 0.05% Tween-20)
and probed with the indicated antibodies at 4°C. All antibodies
were purchased from Cell Signaling (Beverly, Massachusetts). For
the rescue experiment, EB5 ES cells were transfected with a 1:9
mixture of each siRNA and either pPyCAG-wtAktl (wild type) or
pPyCAG-caAktl (constitutively active Aktl). The cells were then
cultured as described above, and wviable cell counts were
determined by trypsinizing and staining with trypan blue.

Isolation of Tcl1 manipulated ES cells

For the isolation of ES cells, which have the overexpression of Tcll
gene using ROSA-Tet system (Tcll1-ROSA-Tet), we have done as
previous described methods [41]. Briefly, 5 ug of circular plasmid
DNA of Tcll exchange vector (pZhC-Tcll), which have only cds
region of Tcll gene, and pCAGGS-Cre were co-transfected into
EBRTcH3 ES cells. ES cells were cultured in regular medium
within 18 ug/ml zeocin, and then, the 36 clones of ES cells were
isolated. Of 36 clones, 12 clones had overexpression of exogenous
Tcll gene without Tet in the culture medium. For the knocked
down of Tcll gene by shRNA, we designed the target oligo DNA
(5'- CCGCGTCCTGTCGCTGATTAAATTTCAAGAGATT-
TAATCAGCGACAGGACGTTTTTTGGAAA -3') having 3’
non-coding region of Tcll gene. It will be only downregulated for
endogenous Tcll expression. After cloning to pSilencer 2.1-U6
vector (Ambion), 5 pg of plasmid DNA were transfected to Tcll-
ROSA-Tet ES cells (2105 cells/ml) by using Lipofectamine 2000
(Invitrogen). We isolated 24 clones of resistant of puromycin
(80 pg/ml), and analyzed the 4 clones, shTcll-#2-1, #2-5, #2-7
and #3-3.

For overexpression of Tcll gene in ZHBTc4 ES cells, at first,
amplified PCR products of Tcll gene were cloning to pCAG-
IRES-puro vector. After confirming the sequences, 5 pg of pCAG-
IRES-puro-Tcll plasmid DNA were transfected to ZHBTc4 ES
cells (2x10° cells/ml) by using Lipofectamine 2000 (Invitrogen).
ES cells were cultured in the medium within 80 ug/ml puromycin,
and then, the 24 clones of ES cells were isolated. Of 24 clones,
three clones were analyzed (Tcll-#2A1, 2D5 and #1A6).

Western blot analysis and counting the cell numbers have done
by same as previous methods.

SUPPORTING INFORMATION

Figure S1 Principal component analysis (PCA) for ZHTc6 cells
(A) 2D-views of PCA for 2,757 genes that were identified as
significantly differentially expressed during the time course of 5
days. (B) The expression pattern and ES/TS specificity of each
component of PCA was classified into 4 groups (Group I~Group
IV). In the PC2(+) axis, the expression of genes contributing to this
component (326 genes in ZHTc6-Group I; 1510 genes in ZHT'c6-
Group II) showed transient responses at days 1 and 2, and then
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gradually returned to the original state. That the transient
response is a major PC is consistent with the results of k-means
clustering analysis (see Figure 1B). In contrast, PC3(+) represented
unidirectional changes, which seem to correspond to the
differentiation of ES cells. Although this is a relatively minor
component (116 genes in ZHTc6-Group III; 89 genes in ZHTc6-
Group IV), many of these genes were characterized.

Found at: doi:10.1371/journal.pone.0000026.s001 (0.90 MB TIF)

Figure S2. Map of the genome for Oct3/4 target candidate
genes. For each gene, primer sequences (FW/RV) were used to
amplify a target genomic region.

Found at: doi:10.1371/journal.pone.0000026.s002 (0.72 MB TIF)

Figure S3. Promoter analysis of upstream of Tcll gene(A)
Luciferase assay of deletion mutants in ZHBTc4 cells. White box
are deletion region. (B) Sequences for promoter analysis. Blue
color sequence was used for EMSA (C) EMSA of point mutation
(red color in the sequences) for Oct3/4 binding region.

Found at: doi:10.1371/journal.pone.0000026.s003 (1.47 MB TIF)

Figure 84. siRNA analysis of Tcll gene(A) Photomicrographs of
ES cell cultures. The number of ES cells decreased when Tcll
siRNA was added, but luciferase siRNA (control) showed no effect.
(B) Western blot analysis of active Aktls. The antibody to p-
Ser.473 Aktl detected the active form of Aktl. (C) Wild type Aktl
(wtAktl) could not rescue Tcll siRNA-treated cells, but they were
rescued by constitutively active Aktl (caAktl).

Found at: doi:10.1371/journal.pone.0000026.s004 (1.96 MB TIF)

Gene expression analysis of ZHBTc4, siTcll, ES and
TS cells (A) Hierarchical clustering analysis of 1043 genes that
were identified as Group I and II in ZHBTc4 cells. (B) The
expression pattern of the genes that were related to cell cycle and
trophoblast lineage. siTcll/siGFP data was shown at day 2 after
transfection (see Experimental Procedures).

Found at: doi:10.1371/journal.pone.0000026.s005 (1.49 MB TTF)

Figure S5.

Figure S6. The effects of LIF on the gene expressions of Tcll,
Trh, Nanog and Socs3. ZHBTc4 ES cells were cultured without
feeder cells in LIF-supplemented medium or withdraw LIF. EB5
ES cells were cultured for 24 hours without LIF, and then, added
to LIF at time zero. Total RNA was isolated from ES cells by
TRIZOL Reagent (Invitrogen). For RT-PCR analyses, cDNA was
synthesized from 1 ug of total RNA, with an oligo-dT primer and
Moloney murine leukemia virus RT (ReverTra Ace, Toyobo).
1/40 of the single strand cDNA products were used for each
PCR amplification with iQ SYBR Green Supermix and iCycler
iQ (Bio-Rad) and all data were normalized by expression
levels of GAPDH. Primer sets are listed below; Tcll S,
TTGCTCTTATCGGATGCCATGGCTACG; Tcll AS, GGTC-
TGGGTTATTCATCGTTGGACTC: Trh S, GCGACTCCAA-
GATGCAGGGACCTTG: Trh AS, CTCTAACCTTACTCC-
TCCAGAGGTTC: Nanog S, ACCTGAGCTATAAGCAGGT-
TAAGAC: Nanog AS, GTGCTGAGCCCTTCTGAATCA-
GAC: GAPDH S, ACCACAGTCCATGCCATCAC: GAPDH
AS, TCCACCACCCTGTTGCTGTA.

Found at: doi:10.1371/journal.pone.0000026.s006 (0.70 MB TTF)

Table S1. The expression pattern of the 20251 genes in the time
course of ZHTc6 and ZHBTc4 cells. Each value was normalized
as ’0” in time zero.

Found at: doi:10.1371/journal.pone.0000026.5007 (5.75 MB
XLS)

Table S2. A complete list of genes that show "bell-shaped"
expression patterns.
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Found at: doi:10.1371/journal.pone.0000026.s008 (0.11 MB

XLS)

Table S3. A complete list of genes that show "inverse bell-
shaped" expression patterns.

Found at: doi:10.1371/journal.pone.0000026.s009 (0.10 MB
XLS)

Table S4. The 2,757 genes that were used in PCA. The
expression values were normalized by median of all log intensities.
Found at: doi:10.1371/journal.pone.0000026.s010 (1.14 MB
XLS)

Table 85. The expression pattern of the 12198 genes in siRNA
of Tcll gene (siTcll). Genes involved in cell proliferation
regulation showed similar expression changes in siTcl-transfected
ES cells and ZHBTc4 cells. For example, CyclinD1 and Cdk2
were downregulated in both systems, whereas Cdknla/P21Cipl
and RbI2/P130 were upregulated. These expression patterns
indicate the suppression of cell proliferation [71]. In contrast,
trophoblast-lineage markers were not significantly upregulated in
siTcll-transfected ES cells. For example, Placl showed a 2.8-fold
increase at day 2 of ZHBTc4 cells, but was not increased in siTcll-
transfected ES cells. Similarly, Krt2-8 showed a 14.3-fold increase
at day 2 in ZHBTc4 cells, but very little (1.4-fold) increase in
siTcll-transfected ES cells. The microarray analyses were thus
consistent with the phenotypic changes observed in ES cells
following repression of Tcll: slowdown of proliferation, but no
differentiation into trophoblast lineage. The Tcll thus fractionates
the effects of repression of Oct3/4, which causes both the
slowdown of proliferation and the differentiation into trophoblast
cells.

Found at: doi:10.1371/journal.pone.0000026.s011
XLS)

Table S6 Primary targets of Oct3/4. These were selected based
on a search for multiple OC'T" binding sites within 8000 to +2000
bp. The first file requires at least 3 sites with conservation >50%
Found at: doi:10.1371/journal.pone.0000026.s012 (2.19 MB
XLS)

Table S7 At least 5
mismatch score <0.05.
Found at: doi:10.1371/journal.pone.0000026.s013 (1.04 MB
XLS)

(2.54 MB

sites with conservation >50%, and

Table S8 A list of genes containing gene lists from the PCA
analysis (Matoba et al., this paper), 0 hr vs 24 hrs analysis (Matoba
et al, this paper), human ES ChIP-on-chip (Boyer et al., 2005),
mouse ES ChIP-PET (Loh et al, 2006).

Found at: doi:10.1371/journal.pone.0000026.s014 (7.13 MB
XLS)

Table S9 A list of 160 statistically significant GO categories.
Found at: doi:10.1371/journal.pone.0000026.s015 (0.15 MB
XLS)

Table S10 Comparison between silcll and ZHTc6/ZHBTc4
cells. The 325 genes, which were up- or down-regulated in siTcll,
were classified into the groups of PCA in ZHTc6 or ZHBTc4 cells.
Found at: doi:10.1371/journal.pone.0000026.s007 (1.45 MB
XLS)

ACKNOWLEDGMENTS

We would like to thank Dawood B. Dudekula and Yong Qian for their help
in bioinformatics, Yulan Piao for running microarrays, Sung-Lim Lee for
her help in figure preparation, and members of Laboratory of Genetics for
invaluable discussion. We would like to thank Janet Rossant and Tilo
Kunath for providing total RNAs from T'S cells and R1 ES cells. We would

December 2006 | Issue 1 | €26



also like to thank David Schlessinger, Wendy Kimber, Tilo Kunath,
Jennifer Nichols, and Shin-ichiro Imai for discussion and critical reading of
the manuscript.

REFERENCES

1.

20.

21.

23.

24.

26.

Evans MJ, Kaufman MH (1981) Establishment in culture of pluripotential cells
from mouse embryos. Nature 292: 154-156.

. Martin GR (1981) Isolation of a pluripotent cell line from early mouse embryos

cultured in medium conditioned by teratocarcinoma stem cells. Proc Natl Acad
Sci U S A 78: 7634-7638.

Suda Y, Suzuki M, Ikawa Y, Aizawa S (1987) Mouse embryonic stem cells
exhibit indefinite proliferative potential. J Cell Physiol 133: 197-201.

Smith AG, Heath JK, Donaldson DD, Wong GG, Moreau J, et al. (1988)
Inhibition of pluripotential embryonic stem cell differentiation by purified
polypeptides. Nature 336: 688-690.

. Williams RL, Hilton DJ, Pease S, Willson TA, Stewart CL, et al. (1988) Myeloid

leukaemia inhibitory factor maintains the developmental potential of embryonic
stem cells. Nature 336: 684-687.

. Ying OQL, Nichols J, Chambers I, Smith A (2003) BMP induction of Id proteins

suppresses  differentiation and sustains embryonic stem cell self-renewal in

collaboration with STAT3. Cell 115: 281-292.

. Boiani M, Scholer HR (2005) Regulatory networks in embryo-derived

pluripotent stem cells. Nat Rev Mol Cell Biol 6: 872-884.

. Chambers I, Smith A (2004) Self-renewal of teratocarcinoma and embryonic

stem cells. Oncogene 23: 7150-7160.

. Niwa H (2001) Molecular mechanism to maintain stem cell renewal of ES cells.

Cell Struct Funct 26: 137-148.

Stewart CL (2002) Embryonic stem cell development in mammals, in Gene expression at the
beginning of animal development, ~MLDePamphilis, ed. Elsevier Science B.V.:
Amsterdam, : 205-231.

. Cavaleri F, Scholer H (2004) Molecular Facets of Pluripotency, in Handbook of Stem

Cells, RLanza, et al. (2004) Elsevier Academic Press: BurlingtonMA, : 27-44.

. Okamoto K, Okazawa H, Okuda A, Sakai M, Muramatsu M, et al. (1990) A

novel octamer binding transcription factor is differentially expressed in mouse

embryonic cells. Cell 60: 461-472.

. Rosner MH, Vigano MA, Ozato K, Timmons PM, Poirier F, et al. (1990) A

POU-domain transcription factor in early stem cells and germ cells of the
mammalian embryo. Nature 345: 686-692.

Scholer HR, Dressler GR, Balling R, Rohdewohld H, Gruss P (1990) Oct-4:
a germline-specific transcription factor mapping to the mouse t-complex. Embo J
9: 2185-2195.

. Chambers I, Colby D, Robertson M, Nichols J, Lee S, et al. (2003) Functional

expression cloning of Nanog, a pluripotency sustaining factor in embryonic stem
cells. Cell 113: 643-655.

. Mitsui K, Tokuzawa Y, Itoh H, Segawa K, Murakami M, et al. (2003) The

homeoprotein Nanog is required for maintenance of pluripotency in mouse
epiblast and ES cells. Cell 113: 631-642.

Scholer HR, Ruppert S, Suzuki N, Chowdhury K, Gruss P (1990) New type of
POU domain in germ line-specific protein Oct-4. Nature 344: 435-439.

. Palmieri SL, Peter W, Hess H, Scholer HR (1994) Oct-4 transcription factor is

differentially expressed in the mouse embryo during establishment of the first
two extracmbryonic cell lineages involved in implantation. Dev Biol 166:

259-267.

. Niwa H, Miyazaki J, Smith AG (2000) Quantitative expression of Oct-3/4

defines differentiation, dedifferentiation or self-renewal of ES cells. Nat Genet
24: 372-376.

Nichols J, Zevnik B, Anastassiadis K, Niwa H, Klewe-Nebenius D, et al. (1998)
Formation of pluripotent stem cells in the mammalian embryo depends on the
POU transcription factor Oct4. Cell 95: 379-391.

Yuan H, Corbi N, Basilico C, Dailey L (1995) Developmental-specific activity of
the FGF-4 enhancer requires the synergistic action of Sox2 and Oct-3. Genes
Dev 9: 2635-2645.

. Okuda A, Fukushima A, Nishimoto M, Orimo A, Yamagishi T, et al. (1998)

UTF1, a novel transcriptional coactivator expressed in pluripotent embryonic
stem cells and extra-embryonic cells. Embo J 17: 2019-2032.

Botquin V, Hess H, Fuhrmann G, Anastassiadis C, Gross MK, et al. (1998) New
POU dimer configuration mediates antagonistic control of an ostcopontin
preimplantation enhancer by Oct-4 and Sox-2. Genes Dev 12: 2073-2090.
Ben-Shushan E, Thompson JR, Gudas LJ, Bergman Y (1998) Rex-1, a gene
encoding a transcription factor expressed in the early embryo, is regulated via
Oct-3/4 and Oct-6 binding to an octamer site and a novel protein, Rox-1,
binding to an adjacent site. Mol Cell Biol 18: 1866-1878.

. Kraft HJ, Mosselman S, Smits HA, Hohenstein P, Piek E, et al. (1996) Oct-4

regulates alternative platelet-derived growth factor alpha receptor gene
promoter in human embryonal carcinoma cells. J Biol Chem 271: 12873-12878.
Tokuzawa Y, Kaiho E, Maruyama M, Takahashi K, Mitsui K, et al. (2003)
Fbx15 is a novel target of Oct3/4 but is dispensable for embryonic stem cell self-
renewal and mouse development. Mol Cell Biol 23: 2699-2708.

@ PLoS ONE | www.plosone.org

14

Pou5f1-Regulated Genes

Author Contributions

Conceived and designed the experiments: MK RM HN. Performed the
experiments: MC RM HN SM SO. Analyzed the data: MK AS RM HN.
Wrote the paper: MK RM

27.

28.

29.

30.

31.

33.

34.

36.

37.

40.

41.

42.

43.

44.

46.

47.

48.

49.

50.

51.

Catena R, Tiveron C, Ronchi A, Porta S, Ferri A, et al. (2004) Conserved POU
binding DNA sites in the Sox2 upstream enhancer regulate gene expression in
embryonic and neural stem cells. J Biol Chem 279: 41846-41857.

Saijoh Y, Fujii H, Meno C, Sato M, Hirota Y, et al. (1996) Identification of
putative downstream genes of Oct-3, a pluripotent cell-specific transcription
factor. Genes Cells 1: 239-252.

Tanaka TS, Kunath T, Kimber WL, Jaradat SA, Stagg CA, et al. (2002) Gene
expression profiling of embryo-derived stem cells reveals candidate genes
associated with pluripotency and lineage specificity. Genome Res 12:
1921-1928.

Bortvin A, Eggan K, Skaletsky H, Akutsu H, Berry DL, et al. (2003) Incomplete
reactivation of Oct4-related genes in mouse embryos cloned from somatic
nuclei. Development 130: 1673-1680.

Kuroda T, Tada M, Kubota H, Kimura H, Hatano SY, et al. (2005) Octamer
and Sox elements are required for transcriptional cis regulation of Nanog gene

expression. Mol Cell Biol 25: 2475-2485.

. Rodda DJ, Chew JL, Lim LH, Loh YH, Wang B, et al. (2005) Transcriptional

regulation of nanog by OCT4 and SOX2. J Biol Chem 280: 24731-24737.
Boyer LA, Lee TI, Cole MF, Johnstone SE, Levine SS, et al. (2005) Core
transcriptional regulatory circuitry in human embryonic stem cells. Cell 122:
947-956.

Loh YH, Wu Q, Chew JL, Vega VB, Zhang W, et al. (2006) The Oct4 and
Nanog transcription network regulates pluripotency in mouse embryonic stem

cells. Nat Genet 38: 431-440.

. Carter MG, Hamatani T, Sharov AA, Carmack CE, Qian Y, et al. (2003) In

situ-synthesized novel microarray optimized for mouse stem cell and early
developmental expression profiling. Genome Res 13: 1011-1021.

Scholer HR, Ciesiolka T, Gruss P (1991) A nexus between Oct-4 and EIA:
implications for gene regulation in embryonic stem cells. Cell 66: 291-304.
Hamatani T, Carter MG, Sharov AA, Ko MS (2004) Dynamics of global gene
expression changes during mouse preimplantation development. Dev Cell 6:
117-131.

. Tanaka S, Kunath T, Hadjantonakis AK, Nagy A, Rossant J (1998) Promotion

of trophoblast stem cell proliferation by FGF4. Science 282: 2072-2075.

. Yoshikawa T, Piao Y, Zhong J, Matoba R, Carter MG, et al. (2006) High-

throughput screen for genes predominantly expressed in the ICM of mouse
blastocysts by whole mount in situ hybridization. Gene Expr Patterns 6:
213-224.

Nishimoto M, Miyagi S, Katayanagi T, Tomioka M, Muramatsu M, et al.
(2003) The embryonic Octamer factor 3/4 displays distinct DNA binding
specificity from those of other Octamer factors. Biochem Biophys Res Commun
302: 581-586.

Masui S, Shimosato D, Toyooka Y, Yagi R, Takahashi K, et al. (2005) An
efficient system to establish multiple embryonic stem cell lines carrying an
inducible expression unit. Nucleic Acids Res 33: e43.

Pekarsky Y, Koval A, Hallas C, Bichi R, Tresini M, et al. (2000) Tcll enhances
Akt kinase activity and mediates its nuclear translocation. Proc Natl Acad
Sci U S A 97: 3028-3033.

Datta K, Bellacosa A, Chan TO, Tsichlis PN (1996) Akt is a direct target of the
phosphatidylinositol 3-kinase. Activation by growth factors, v-src and v-Ha-ras,
in SfY and mammalian cells. J Biol Chem 271: 30835-30839.

Hay DC, Sutherland L, Clark J, Burdon T (2004) Oct-4 knockdown induces
similar patterns of endoderm and trophoblast differentiation markers in human
and mouse embryonic stem cells. Stem Cells 22: 225-235.

Shimozaki K, Nakashima K, Niwa H, Taga T (2003) Involvement of Oct3/4 in
the enhancement of neuronal differentiation of ES cells in neurogenesis-inducing
cultures. Development 130: 2505-2512.

Ramos-Mejia V, Escalante-Alcalde D, Kunath T, Ramirez L, Gertsenstein M, et
al. (2005) Phenotypic analyses of mouse embryos with ubiquitous expression of
Oct4: effects on mid-hindbrain patterning and gene expression. Dev Dyn 232:
180-190.

Sauer F, Jackle H (1991) Concentration-dependent transcriptional activation or

Pongubala JM, Atchison ML (1995) Activating transcription factor 1 and cyclic
AMP response element modulator can modulate the activity of the immuno-
globulin kappa 3" enhancer. J Biol Chem 270: 10304-10313.

Takeuchi T, Watanabe Y, Takano-Shimizu T, Kondo S (2006) Roles of jumonji
and jumonji family genes in chromatin regulation and development. Dev Dyn. .
Trewick SC, McLaughlin PJ, Allshire RC (2005) Methylation: lost in
hydroxylation? EMBO Rep 6: 315-320.

Ivanova N, Dobrin R, Lu R, Kotenko I, Levorse J, et al. (2006) Dissecting self-
renewal in stem cells with RNA interference. Nature 442: 533-538.

December 2006 | Issue 1 | €26



52.

53.

56.

57.

58.

60.

61.

Jackson AL, Burchard J, Schelter J, Chau BN, Cleary M, et al. (2006)
Widespread siRNA “off-target” transcript silencing mediated by seed region
sequence complementarity. Rna 12: 1179-1187.

Semizarov D, Frost L, Sarthy A, Kroeger P, Halbert DN, et al. (2003) Specificity
of short interfering RNA determined through gene expression signatures. Proc
Natl Acad Sci U S A 100: 6347-6352.

Scacheri PC, Rozenblatt-Rosen O, Caplen NJ, Wolfsberg TG, Umayam L, et
al. (2004) Short interfering RNAs can induce unexpected and divergent changes
in the levels of untargeted proteins in mammalian cells. Proc Natl Acad Sci U S A
101: 1892-1897.

. Narducci MG, Virgilio L, Engiles JB, Buchberg AM, Billips L, et al. (1997) The

murine Tcll oncogene: embryonic and lymphoid cell expression. Oncogene 15:
919-926.

Sharov AA, Piao Y, Matoba R, Dudekula DB, Qian Y, et al. (2003) Tran-
scriptome analysis of mouse stem cells and early embryos. PLoS Biol 1: E74.
Narducci MG, Fiorenza MT, Kang SM, Bevilacqua A, Di Giacomo M, et al.
(2002) TCL1 participates in early embryonic development and is overexpressed
in human seminomas. Proc Natl Acad Sci U S A 99: 11712-11717.

Kang SM, Narducci MG, Lazzeri C, Mongiovi AM, Caprini E, et al. (2005)
Impaired T- and B-cell development in Tcll-deficient mice. Blood 105:
1288-1294.

. Mirza AM, Gysin S, Malek N, Nakayama K, Roberts JM, et al. (2004)

Cooperative regulation of the cell division cycle by the protein kinases RAF and
AKT. Mol Cell Biol 24: 10868-10881.

Roberts MS, Woods AJ, Dale TC, Van Der Sluijs P, Norman JC (2004) Protein
kinase B/Akt acts via glycogen synthase kinase 3 to regulate recycling of alpha v
beta 3 and alpha 5 beta 1 integrins. Mol Cell Biol 24: 1505-1515.

Zhang G, He B, Weber GF (2003) Growth factor signaling induces metastasis
genes in transformed cells: molecular connection between Akt kinase and
osteopontin in breast cancer. Mol Cell Biol 23: 6507-6519.

@ PLoS ONE | www.plosone.org

15

62.

64.

66.

67.

68.

69.

70.

71.

Pou5f1-Regulated Genes

Kandel ES, Skeen J, Majewski N, Di Cristofano A, Pandolfi PP, et al. (2002)
Activation of Akt/protein kinase B overcomes a G(2)/m cell cycle checkpoint
induced by DNA damage. Mol Cell Biol 22: 7831-7841.

. Kishimoto H, Hamada K, Saunders M, Backman S, Sasaki T, et al. (2003)

Physiological functions of Pten in mouse tissues. Cell Struct Funct 28:
11-21.

Takahashi K, Mitsui K, Yamanaka S (2003) Role of ERas in promoting
tumour-like properties in mouse embryonic stem cells. Nature 423:
541-545.

. Watanabe S, Umehara H, Murayama K, Okabe M, Kimura T, et al. (2006)

Activation of Akt signaling is sufficient to maintain pluripotency in mouse and
primate embryonic stem cells. Oncogene 25: 2697-2707.

Kawasaki H, Mizuseki K, Nishikawa S, Kaneko S, Kuwana Y, et al. (2000)
Induction of midbrain dopaminergic neurons from ES cells by stromal cell-
derived inducing activity. Neuron 28: 31-40.

Nagy A, Rossant J, Nagy R, Abramow-Newerly W, Roder JC (1993) Derivation
of completely cell culture-derived mice from early-passage embryonic stem cells.
Proc Natl Acad Sci U S A 90: 8424-8428.

Benjamini Y, Hochberg Y (1995) Controlling the false discovery rate - A
practical and powerful approach to multiple testing. J Roy Stat Soc B 57:
289-300.

Sharov AA, Dudekula DB, Ko MS (2005) A web-based tool for principal
component and significance analysis of microarray data. Bioinformatics..
Ui-Tei K, Naito Y, Takahashi F, Haraguchi T, Ohki-Hamazaki H, et al. (2004)
Guidelines for the selection of highly effective siRNA sequences for mammalian
and chick RNA interference. Nucleic Acids Res 32: 936-948.

Furukawa-Hibi Y, Kobayashi Y, Chen C, Motoyama N (2005) FOXO
transcription factors in cell-cycle regulation and the response to oxidative stress.

Antioxid Redox Signal 7: 752-760.

December 2006 | Issue 1 | €26



