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Functional analysis of Sox15 and Sox2

<Background>

Embryonic stem (ES) cells are derived from inner cell mass of blastocysts and proliferate infinitely
while maintaining pluripotency, the ability to differentiate into all kinds of cells existed in
mammalian body. The rapid growth and pluripotency made human ES cells attractive sources for
cell therapy to patients with degenerative diseases. We have shown that a translational regulator
NAT1 is essential for pluripotency. NAT1 is thought to regulate translation of specific proteins
involved in pluripotency. One of the candidates is Sox2, a Sry-related transcription factor. Sox2 has
been shown to play essential roles in the maintenance of pluripotency. In addition to Sox2, we found
that another Sry-related factor Sox15 is also enriched in mouse ES cells.
<Purpose>

In the current study, | tried to answer the following three questions:
(1) Is NAT1 involved in pluripotency in non-mammalian organisms? As the first step to answer this
question, I tried to identify NAT1 orthologs in lower organisms.
(2) What is the function of Sox15? To this end, | disrupted the mouse Sox15 gene by homologous
recombination and compared phenotypes with those of Sox2-null mutants.
(3) What are the downstream target genes of Sox2? | was especially interested in whether Sox
proteins are involved in the expression control of the ES cell specific homeoprotein Nanog, since
disruption of Nanog or Sox2 both resulted in loss of pluripotency.
<Results and Discussion >
(1) Is NAT1 involved in pluripotency in non-mammalian organisms?
In order to identify NAT orthologs in lower organisms, | searched genomic databases with Blast.
Putative NAT1 orthologs were found in Drosophila melanogaster, Halocynthia roretzi, zebrafish,
frog and chicken, but not in yeast or C. elegans. Yeast two hybrid analyses showed that the putative
Drosophila ortholog binds to eukaryotic translation initiation (elF) 4A, but not to elF4E, as is the
case with mammalian NAT1. Surprisingly, all of the NAT1 orthologs utilize non-AUG translation
initiation codons. We have now studied roles of these NAT1 orthologs in development and cell
differentiation.




(2) What is the function of Sox15?

Our laboratory has identified several genes that are highly enriched in mouse ES cells and early
embryos. One of them encodes Sox15. RT-PCR confirmed that Sox15 expression is highest in
undifferentiated ES cells and repressed upon differentiation. We compared functions of Sox15 and
Sox2. SELEX analyses showed that Sox15 binds to similar DNA sequences to those of Sox2. By
using gel mobility shift assay and luciferase reporter assay, we found that Sox15 resembled Sox2 in
that it binds the Fgf4 and Fbx15 enhancers and synergistically activates them with Oct3/4. To
elucidate the physiological functions of Sox15, we established Sox15-/- mice and ES cells by gene
targeting. Sox15-deficient mice were normal in gross appearance and fertile. Sox15-null ES cells a
normal in morphology and the expression of Fgf4 and Fbx15, two know targets of Sox2, suggesting
that its function is largely compensated by Sox2. To identity target genes of Sox15, which is not
compensated by Sox2, we performed DNA microarray analysis. Comparison between
Sox15-heterozygous ES cells and Sox15-null cells showed that the expression of Otx2, Ctgf and Ebaf
were significantly decreased, whereas Hrc was increased in Sox15-null ES cells. RT-PCR analyses
confirmed these changes. The expression of these genes was normalized by introduction of Sox15
cDNA into null ES cells. Gel-mobility shift assay showed that Sox2 bound to the Sox binding site of
Hrc more tightly than Sox15 in vitro. In great contrast, chromatin immunoprecipitation demonstrated
that only Sox15 bound to the same site in vivo. These data demonstrated that Sox15 plays a specific
role in gene expression in mouse ES cells, but the gross effect of its gene disruption is not noticeable
in normal condition.

(3) What are the downstream target genes of Sox2?

Nanog is a key transcriptional factor underlying pluripotency in both ICM and ES cells. The null
phenotypes of Nanog are nearly identical to those of Sox2. Previously, an upstream distal enhancer
(DE) fragment was identified to be responsible for the specific expression of Nanog in ES cells.
However, little is known about the cis-element and trans-factors required for the DE activity. In this
study, | identified cis-elements in DE and a novel proximal enhancer (PE) of the mouse Nanog gene.
Using the luciferase reporter assay, | showed both DE and PE are necessary for specific expression
in ES cells. Gel mobility shift assay and chromatin immunoprecipitation show that DE was
specifically bound by Sox2 only, whereas PE was bound by Oct3/4 and Sox2. Nanog expression was
significantly reduced in delayed blastocysts that were deficient in Sox2. These results demonstrated
that Nanog is synergistically regulated by Oct3/4 and Sox2, as reported previously with FGF4,
Fbx15 and UTFL.
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1. INTRODUCTION

Embryonic stem (ES) cells are derived from inner cell mass of blastocysts

and proliferate infinitely while maintaining pluripotency, the ability to

differentiate into all kinds of cells existed in mammalian body [1]. Mouse ES

cells were first established in 1981 and led to the development of knockout

mouse technology [2,3]. Pluripotenct stem cells were subsequently generated

from human blastocysts in 1998 [4]. The rapid growth and pluripotency

make human ES cells attractive sources for cell therapy to patients with

degenerative diseases, such as diabetes and Parkinson's disease.

Molecular mechanisms underlying self-renewal of mouse ES cells and

embryonic carcinoma (EC) cells have been targets of extensive basic

researches [5,6]. In contrast to somatic stem cells in which self-renewal is

established by asymmetrical cell division, self-renewal of ES and EC cells is

maintained by symmetrical division that produces two identical pluripotent

daughter cells. Several transcription factors have been identified to be

essential for pluripotency, including Oct3/4 [7,8], Nanog [9,10], and Sox2 [11].



In addition, we have shown that the translational regulator NAT1 is

essential for pluripotency. NAT1 might be involved in translation control of

the aforementioned pluripotency-associated transcription factors.

1.1 Analyses of evolutional conservation of NAT'1

NAT1 [12] is a mammalian protein that shows ~30% identity with the

eukaryotic translation initiation factor (eIF) 4G [13], which functions as an

essential scaffold protein for various proteins involved in translation

initiation, such as eIF4A, eIF4E and eIF3 [14,15]. NAT1 is similar to the

C-terminal two thirds of eIF4G [16,17,18]. NAT1 binds to eIF4A and eIF3,

but not to eIF4E [12,19]. It has been reported that NAT1 is involved in

translation control of various transcription factors and signaling molecules.

By gene targeting strategy, we have shown that NAT1 is essential for early

mouse development and ES cell differentiation [20]. NAT1-deficient embryos

die due to failure of gastrulation. NAT1-deficient ES cells can not

differentiate properly by various induction methods. These data indicate



that NAT1 may control translation of factors that are involved in cell

differentiation, such as the Sox protein family.

In this study, I tried to study whether NAT1 plays similar roles in

pluripotency in non-mammalian species. As a first step, I tried to isolate

NAT1 orthologs from various species.

1.2 Functional analyses of Sox15

The Sox family proteins are transcription factors related to the

mammalian testis-determining factor Sry, which is located on the Y

chromosome of mouse and man [21,22]. Sox proteins are characterized with

the highly conserved high mobility group (HMG) domains that consist of 79

amino acids and are involved in DNA recognition and binding [23]. The HMG

domains are also involved in association with partner proteins [24,25].

According to the sequence similarity outside the HMG domain and the

genomic organization, Sox proteins are grouped into A to H subgroups [26].

Analysis of expression patterns revealed that the expression of some Sox



genes 1s cell-specific and restricted to definite developmental stages, whereas

other genes are ubiquitously expressed. Furthermore, the expressions of

different Sox genes overlap in many cell types and tissues [27]. Gene

knockouts in mouse and the identification of human mutations have

demonstrated essential roles of Sox family members in developmental

process, including sex differentiation, chondrogenesis, gliogenesis, B-cell

development, and lens development [27,28,29].

Sox2, which belongs to group B, was isolated as a Sox protein specific for

EC cell. Northern blot analyses showed the highest expression of Sox2 in

mouse EC and ES cells. These data indicated that Sox2 is the sole Sox

protein expressed in mouse EC and ES cells. Sox2 forms a complex with the

POU family transcription factor Oct3/4 on the enhancer of the fibroblast

growth factor 4 gene, which is expressed in ICM and essential for the

survival of post-implantation mouse embryo [30]. Similar complex formation

was demonstrated on the enhancers of other target genes, such as UTF1 [31]

and Fbx15 [32]. In addition, both Oct3/4 [33] and Sox2 [34] are



auto-regulated by the Oct3/4-Sox2 complex. Sox2-null embryos are lethal at

peri-implantation stages, and Sox2-null ES cells could not be established [11],

indicating that Sox2 and its association with Oct3/4 are essential for

maintenance of pluripotency.

For better understanding of self-renewal of mouse ES cells, we analyzed

expressed sequence tag (EST) databases with digital differential display and

identified more than twenty genes that are highly enriched in early mouse

embryos and ES cells[10,25,35]. One of them encodes Sox15 [36], suggesting

that it 1s the second Sox protein expressed in ES cells. Sox15 is a single

member of group G, but its HMG domain is closely related to the group B Sox

proteins including Sox2 [37]. Its expression has been reported in muscle

[38] and testis [39]. In the current study, I compared functions of Sox15 and

Sox2 in mouse ES cells. In addition I generated Sox15-null mice to determine

its physiological functions.

1.3 Transcriptional hierarchy among Sox2, Oct3/4 and Nanog



Fertilized eggs are totipotent in that they can produce complete animals if

transferred to properly conditioned uterus. Totipotency is maintained in each

blastomere at least untill 4-cell stage embryos. A single blastomere in 8-cell

stage embryos can not produce complete animal, but chimera experiments

have shown that it keeps the potential to differentiate into all embryonic and

extraembryonic cells.

Subsequently totipotency is lost and cells become one of two lineages,

namely trophectoderm or inner cell mass (ICM). Trophectoderm is an

extraembryonic lineage that will differentiate cells in placenta. Cells in ICM

are the founder of all cells in embryos and some cells in extraembryonic

tissues, but they can not differentiate into trophectoderm in normal

condition. Therefore, cells in ICM are pluripotent, but not totipotent. Cells in

ICM then take one of two fates: they either differentiate into primitive

endoderm or remain pluripotent as primitive ectoderm (also known as

epiblast).

Totipotency is lost during gastrulation when epiblast produces all three



germ layers. In addition, epiblast also produces primodial germ cells (PGC),

which are founders of sperm and oocytes. PGCs are not pluripotent, since

they can only differentiate into either sperm or oocytes. However, totipotency

1s fully recovered upon fertilization of sperm and oocytes. Eggs, ICM,

epiblast, PGC and germ cells can be considered as a circuit that transmits

totipotency to the next generation.

Pluripotent cell lines can be isolated from this circuit. Embryonic stem

(ES) cells are derived from ICM or epiblast. They proliferate infinitely while

maintaining pluripotency. Similar pluripotent cells can be generated from

PGC and are designated embryonic germ (EG) cells. Recently, pluripotent

cells were also derived from neonate mouse testis and are designated

multipotent germ stem (mGS) cells [40].

Two transcription factors, Oct3/4 and Sox2, are expressed in all cells in the

totipotency circuit, but not in somatic cells. Two exceptions are that their

expression is faint in sperm and that Sox2 is also expressed in neural stem

cells. Oct3/4 and Sox2 are also specifically expressed in ES, EG and mGS cell



lines. Gene targeting experiments have demonstrated that the two

transcription factors are essential for pluripotency in peri-implantation

embryos and ES cells.

The homeobox protein Nanog is also indispensable for pluripotency in both

epiblast and ES cells. Overexpression of Nanog renders ES cells independent

of LIF for self-renewal. This is in great contrast to Oct3/4 and Sox2 that can

not induce LIF-independent maintenance of ES cells.

Another important difference between Nanog and the other two

transcription factors is their expression patters. The expression of Nanog is

limited in pluripotent cells, including ICM, epiblast, ES cells, EG cells and

mGS cells. Nanog is not expressed in earlier embryos or germ cells including

PGC.

The third purpose of my study is to understand the molecular mechanism

underlying tightly regulated expression of Nanog. I found that Oct3/4 and

Sox2 play essential roles in the expression of Nanog. I also found that the

binding sites of Oct3/4 and Sox2 in the mouse Nanog gene are highly and
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specifically methylated in germ cells.
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2. MATERIAL AND METHODS

Identification of NAT1 orthologs from Xenopus and zebrafish

Xenopus laevis and zebrafish EST clones similar in sequence to mammalian

NAT1 were identified using the BlastN algorithm and purchased from

IncytoGenomics. Nucleotide sequences of these clones were determined by

primer walk. Primers used for zebrafish NAT1A were zf-S1, zf-S2, zf-AS1,

zf-S3, zf-S4, zf-AS3, zf-AS4, zf-Ai-S1, zZNAT1-ai-2086, zZNAT1-ai-S3092,

zNAT1-a1-S3301, and a1-S3838. Primers used for zebrafish NAT1B were

zf-S1, zf-S2, zf-AS1, z£-S3, zf-S4, zf-AS3, zf-AS4, zf-AW-AS1, and zf-AW-S1.

Primers used for Xenopus NAT1 were XNAT1-S1, XNAT1-S2, XNAT1-AS1,

and XNAT1-AS2.

Identification of a chicken NAT1 ortholog

A chicken ¢cDNA sequence similar to that of mammalian NAT1 has been

deposited with the GenBank/EMBL/DDBJ database (Accession No.

AF093110). However, the reported sequence has multiple ambiguous
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nucleotides and lacks open reading frames. Based on this information, we

designed five sets of primers to amplify from embryonic total RNA

overlapping fragments covering the chicken NAT1 cDNA. Primer pairs used

were chNAT1-U29 /chNAT1-L636, chNAT1-U482 /chNAT1-L.1135,

chNAT1-U878/chNAT1-1.1948, chNAT1-U1955/chNAT1-L.2829, and

chNAT1-U2767/chNAT1-L3552. First-strand cDNA was synthesized with

Revertra Ace (Toyobo, Japan). PCR was performed with 7aq polymerase

(Toyobo) and consisted of initial denaturation at 94°C for 5 sec; 35 cycles at

94°C for 2 sec, 55°C for 2 sec, and 72°C for 1 min; and final extension at 72°C

for 5 min. PCR products were subcloned into a pCR2.1 vector (Invitrogen)

and sequenced with 21M13 primer and M13 reverse primer.

Western blot analyses

Total cellular lysate was isolated from mouse RF8 ES cells and Xenopus

oocytes with M-Per (Pierce). Xenopus oocytes, chicken extract, and zebrafish

extract were kind gifts from Drs. Toshiaki Tanaka, Chio Oka, and Kunio
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Inoue, respectively. Lysates were separated on 5% SDS—polyacrylamide gels.

Western blot using an anti-NAT1 polyclonal antibody was performed.

Site-specific mutagenesis of mouse NAT1 cDNA

Mutant cDNAs containing single nucleotide mutations in the vicinity of the

GUG start codon were generated by PCR using primers containing the

corresponding mutation. Sense primers used were Ul5wt, U15-3C, U15+4C,

U15+5T, and U15+6A. The antisense primer used was L.4. The PCR products

were subcloned into pCR2.1, which contains a T'7 promoter for in vitro

transcription.

In vitro transcription and translation

The mutated NAT1 ¢cDNAs and the NAT1-luciferase chimeric cDNAs were

transcribed, translated, and labeled with [35S]methionine in vitro with a

TNT Quick Coupled Transcription/Translation System (Promega, Madison,

WI, USA) as previously described. The resulting polypeptides were
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separated using SDS-PAGE and analyzed with an imaging plate scanner

(BAS-5000, Fuji Film, Japan).

Identification of a NAT1 ortholog from H. roretzi

Two H. roretzi EST clones (175H10 and 11B12) similar in sequence to

human NAT1 were identified using the Blast server in Magest

(http://www.genome.ad.jp/magest/). An Xhol fragment of 175H10 was

subcloned into 11B12 to obtain a full-length cDNA.

Identification of an NAT1 ortholog from D. melanogaster

We searched for Drosophila EST clones similar in sequence to mammalian

NAT1 using the Drosophila Genome Project Blast Search

(http://www.fruitfly.org/cgi-bin/blast/run_blast.pl). We obtained four EST

clones (LD199465, LD25657, GH12286, SD01173) from Research Genetics.
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To generate full-length ANAT1 cDNA (pOT2-dNAT1), an Xhol fragment of

LD199465 was subcloned into the corresponding site in GH12286.

Yeast two-hybrid system

Protein interactions of Drosophila NAT1 were analyzed using Matchmaker

GAL4 Two-Hybrid System 3 (Clontech, Palo Alto, CA, USA). The open

reading frame of ANAT1was amplified by PCR with primers dNAT1-F1 and

dNAT1-R1 and cloned into pGBKT7. Since the precise translation codon of

dNAT1 had not been determined, we amplified the entire open reading frame

including a putative 5 untranslated region. Drosophila eIF4A and elF4E

were amplified by PCR with primers d4A-F- £coRI and d4A-R- BamHI for

elF4A, and d4E-F- EcoRI and d4E-R- BamHI for eIF4E. Amplified products

were cloned into pGADTY7. This plasmid containing mouse NAT1 was

introduced into AH109 yeast, which were cultured on SD/-His/—Leu/~Trp

plates or SD/—Leu/=Trp plates.

ES cell lines and culture conditions
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In this study, RF8 and MG1.19 ES cells were used. RF8 ES cells which

used for gene targeting, production of knockout mice or some assays were

maintained in Dulbecco’s modified eagle medium (DMEM, Nacalai tesque)

containing 15% fetal bovine serum (FBS, selected batches for ES cells,

Hyclone), 1 x 104 M non-essential amino acids (Invitrogen), 2 mM

L-glutamine (Invitrogen), 1 x 104 M 2-mercaptoethanol (Invitrogen) and 50U

penicillin/streptomycin (Invitrogen). Most of cases, RF8 ES cells were

cultured on mitomycin C-treated STO feeder layer. To maintain the

pluripotency of ES cells in feeder-free condition, ES cells were plated on

gelatin-coated tissue culture plates, and LIF was supplemented into the

medium. MG1.19 ES cells were grown on gelatin-coated tissue culture plates

in the medium containing LIF. MG1.19 ES cells are stably express the large

T antigen of murine polyoma virus. When pCAG-IP vectors containing the

replication origin of polyoma virusare introduced into these cells, they can be

replicated without being integrated into chromosomes.

Vector constructions
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Most of vectors were modified for using Gateway Technology (GIBCOBRL).

Insert fragment were amplified by PCR, subcloned pENTR-D-TOPO

(Invitrogen) and verified by sequencing. Information of vector constructions

and primer sequences used in this study were described in Appendix 1.

RT-PCR

Total RNA was isolated with Trizol (Invitrogen). First-strand cDNA was

synthesized from total RNA with ReverTra Ace (Toyobo, Japan), and PCR

was carried out with Ex Taq DNA polymerase (Toyobo).

Immunoblotting and Immunoprecipitation

In all of experiments, cell lysates were collected at subconfluent density.

Cells were washed once with PBS, lysed with M-PER (PIERCE) and then

incubated for 15 minutes at 4°C. Cells were scraped, transferred to

microtubes and centrifuged at 15000 rpm for 5 min. The supernatants were

transferred to new microtubes. The concentrations of total protein were

measured by Bradford method. The cleared lysates were added with

one-fifth volume of 5 x SDS sample buffer and boiled at 100°C for 5 min. 50pg
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of proteins were separated by SDS-polyaclylamide gel electrophoresis and

transferred to PVDF membranes (Millipore). Then membranes were

incubated in blocking solution for 1 hr at room temperature with gently

agitation. Primary antibodies were diluted at appropriate concentrations in

fresh blocking buffer and membranes were placed in the primary antibody

solution overnight at 4°C. Next day, membranes were washed three times for

10 min each with TBST at room temperature with agitation. Then

membranes were incubated in secondary antibody solution for 1 hr at room

temperature with agitation. All of secondary antibodies used for

immunoblotting in this study were conjugated with horse radish peroxydase.

After incubation, membranes were washed three times for 10 min each with

TBST at room temperature with agitation. Detection was performed using

enhanced chemiluminescence (ECL, Amersham) reagents.

Gel mobility shift assay

pCAG-IP expression vector cloned coding region of each genes were introduced

into Cos7 cells with Fugene6 (Roche). Cell extracts were collected with extract
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buffer (20mM HEPES[pH7.8], 450mM NaCl, 0.4mM EDTA, 0.5mM dithiothreitol,

25% glycerol, 0.5mM phenylmethlylsulfonyl fluoride) supplemented with protease

inhibitor cocktail and then dialyzed to remove. F9 embryonic carcinoma cell extract

was purchased from Funakoshi. The DNA probes used in this assay were

complementary  double-stranded @ DNA  oligonucleotides. @~ To  generate

complementary double stranded DNA, 1nmol sense strand, 1mM antisense strand,

3pl 10xannealing buffer (200 mM Tris-HC1 [pH 7.5], 100 mM MgCl2, 500 mM

NaCl), 7ul distilled water were combined in a tube and incubated at 85°C for 5min.

The tube was cooled down at room temperature. Binding reactions were performed

performed as described by Dent and Latchman[41], expect that 0.5%

Tris-borate-EDTA buffer was used for electrophoresis, gel were prerun for 5 min,

and poly(dG-dC) was used instead of poly(dI-dC).

Luciferase assay

0.8pg of each reporter constructs were transfected into RF8, MG1.19 ES

cells, Cos7 cells or NIH3T3 cells seeded on 24-well culture plates along with

0.025 pg of pRL-TK (Promega) by using Lipofectamine 2000. Twenty-four
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hours after transfection, cells were lysed and measured the luciferase

activities by wusing Dual-reporter assay system (Promega) as a

manufacturer’s protocol.

SELEX

The coding region of the mouse Sox15 and Sox2 genes was introduced into

pIH1119 to produce a fusion protein consisting of MBP (maltose binding

protein) and Sox15 or Sox2. The fusion was induced in Z. coli BL21AI

(invitrogen) and was purified with amylose-beads (New England

Biolads).SELEX was performed as follows. Double strand oligonucleotide

was synthesized in reaction mixture containing 1pg SELEX-N20-Oligo, 1pg

SELEX-N20RV primer, 2.5ul 10xKlenow buffer, 4ul 10mM dNTP, and 14.7ul

distilled water. The mixture was denatured at 95°C for 5min and annealed

at 54°C for 5min. Klenow fragment (0.225U in 3.6pl of 1xKlenow buffer) was

added to the mixture, which was then incubated at 25°C for 40min. The

double-strand DNA was purified by phenol/chloroform extraction and

ethanol precipitation and resuspended at 4°C for 30min in reaction mixture
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containing of 20ul DNA, 30ul MBP-Sox15 or Sox2-bound beads, 20ul of

5xbinding buffer (100mM HEPES-KOHI[pH7.9], 1ImM EDTA, 1M KC]l, and

50% Glycerol), and 30ul of water. The beads were washed six times with

100nl lysis buffer (20mM Tris-HCl[pH7.4], 200mM NaCl, and 1mM EDTA)

supplemented with 1mM DTT and 0.2mM PMSF. DNA was purified by

phenol/chloroform extraction and ethanol precipitation and resuspended in

20pl distilled water, 5ul of this was used for PCR amplification in reaction

buffer containing 5ul of 10XxExTaq buffer, 4ul of 2.5mM dNTP, 1ul of 30uM

selex-N20FW primer, 1pl of 30uM selex-N20RV primer, 0.25ul of ExTaq

polymerase, and 33.75ul of water. PCR program consisted of the initial

denaturation at 95°C for 1min, 20cycles of 95°C for 15 sec, 54°C for 10 sec,

and 72°C for 10 sec, and the final extension at 72°C for 5 min. Amplified

products were purified by Micro-bio spin column (BioRad) and concentrated

to 20pl ethanol precipitation, of which half was applied to another selection

round. This procedure was repeated five times for enrichment. Amplified

products in the final reaction were ligated into pCR2.1 vector (Invitrogen).

_22_



Fourty-five clones were randomly selected and sequenced.

Generation of anti-Sox15 and anti-Sox2 antibodies

The C terminal regions of Sox15 and Sox2, which are devoid of the HMG

domains, were amplified by PCR. The primers used were anti-Sox15-s and

anti-Sox15-as for Sox15 and anti-Sox2-s band anti-Sox2-as for Sox2. PCR

products were cloned into pENTR/D-TOPO (Invitrogen) to construct

pENTR-Sox15C and pENTER-Sox2C. These '"entry" vectors were

recombined with the "destination" vector pDEST17 for the expression of

N-terminally histidine-tagged proteins in E. coli, The resulting expression

vectors, pDEST17-Sox15C and pDEST17-Sox2C, were introduced into

BL21-Al E. coli (Invirogen). Purification of histidine-tagged proteins was

performed with Ni-nitrilotriacetic acid agarose (Qiagen) under denaturing

conditions with 8M urea. After being dialyzed in 6M urea, the recombinant

proteins were injected into New Zealand White rabbits to generate

anti-Sox15 or anti-Sox2 serum.

Construction of Sox15 targeting vectors
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To disrupt the mouse Sox15 gene, a cassette carrying the internal ribosome

entry site (IRES) and a fusion of the b-galactosidase and neomycin resistance

genes (bgeo) was inserted into the single exon of the gene, upstream of the

HMG domain [42]. A 1.5-kbp 5" arm of the targeting vector was amplified by

the Expand long-template PCR system (Roche) with primers

sox15-5arm-s-Notl and sox15-5arm-as-Spel. A 3.9-kbp 3’ arm was amplified

with primers sox15-3arm-s-BamHI and sox15-3arm-as-Xhol. The IRES-Bgeo

cassette was ligated between the two PCR fragments. A DTA (diphtheria

toxin A) cassette was placed downstream of the 3' arm. The resulting

targeting vector was linearized with Sacl/ digestion and introduced into RF8

ES cells by electroporation [43]. Genomic DNAs from G418-resistant colonies

were screened for homologous recombination by Southern blot analyses.

Construction of Sox2 targeting vectors

To disrupt the mouse Sox2 gene, a cassette carrying the internal ribosome

entry site (IRES) and a fusion of the b-galactosidase and neomycin resistance
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genes (bgeo) was inserted into the Sox2 coding region. A 3.8-kbp 5 arm of the

targeting vector was amplified by the Expand long-template PCR system

(Roche) with primers sox2-5arm-s-NotI and sox2-5arm-as-Nhel. A 1.9-kbp &’

arm was amplified with primers sox2-3arm-s-BamHI and sox2-3arm-as-Xhol.

The resulting targeting vector was linearized with Nsi/ and introduced into

RFS8 ES cells by electroporation [42]. Genomic DNAs from G418-resistant

colonies were screened for homologous recombination by Southern blot

analyses.

Mice

All of mice used in this study were maintained in specific pathogen free

area. 'To generate mice carrying Sox15 and Sox2 heterozygous or null

mutation, Sox15 Bgeo+ or Sox2 Bgeot RF8 ES cells were injected to blastocysts

(C57BL6) and then embryos were transferred to the uterus of pseudo

pregnant female mice at 3.5 dpc. High percentage chimeric mice (judged by

coat color) were mated with C57BL6 female mice. The genotypes of

littermate were confirmed by southern blotting or PCR.

_2 5_



Genotyping of ES cells and mice for Sox15

For 5’ recombination, genomic DNA was digested with EcoRl, separated on

a 1% agarose gel, and transferred to nylon membrane. A 550-bp 5 probe was

amplified with sox15-5'south-s and sox15-5'southern-as. Hybridization with

this probe resulted in a 8.0-kbp band from the wild-type locus and an 4.3-kbp

band from the targeted locus. For 3’ recombination, genomic DNA was

digested with M/ul. An 870-bp 3’ probe was amplified with sox15-3'south-s

and sox15-3'south-as. Hybridization with this probe resulted in an 18.0-kbp

bnd from the wild-type locus and an 8.8-kbp band from the targeted locus.

After identifying ES cell clones that were correctly targeted, Genotypes of

mice and ES cells were determined with three-primer PCR. A sense primer,

Bgeo-screeningl, was designed from Bgeo cassette to amplify the targeted

locus. Another sense primer, sox15-3'-m-tail-s, was designed from HMG

domain to amplify the wild-type locus. An antisense primer,

sox15-3"-m-tail-as, was designed to amplify both the wild-type and targeted

loci. Amplification with these three primers produced a 1036-bp band from
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the wild-type locus and a 1371-bp band from the targeted locus.

Genotyping of ES cells and mice for Sox2

For 5’ recombination, genomic DNA was digested with EcoRl, separated on

a 1% agarose gel, and transferred to nylon membrane. A 527-bp 5 probe was

amplified with sox2-5'south-s and sox2-5'southern-as. Hybridization with

this probe resulted in a 15.7-kbp band from the wild-type locus and an

6.8-kbp band from the targeted locus. For 3’ recombination, genomic DNA

was digested with EcoRI An 607-bp 3’ probe was amplified with

sox2-3'south-s and sox2-3'south-as. Hybridization with this probe resulted in

an 15.7-kbp bnd from the wild-type locus and an 6.1-kbp band from the

targeted locus. After identifying ES cell clones that were correctly targeted,

Genotypes of mice and ES cells were determined with three-primer PCR. A

sense primer, Bgeo-screeningl, was designed from Bgeo cassette to amplify

the targeted locus. Another sense primer, sox2-3'-m-tail-s, was designed from

HMG domain to amplify the wild-type locus. An antisense primer,

sox2-3'-m-tail-as, was designed to amplify both the wild-type and targeted
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loci. Amplification with these three primers produced a 611-bp band from the

wild-type locus and a 945-bp band from the targeted locus

Generation of Sox15-null and rescued ES cells

ES cells deficient in Sox15 were obtained by culturing the heterozygous ES

cells with high concentration (6mg/ml) of G418 [44]. To obtained rescue cells,

pCAG-IP-Sox15 was transferred into Sox15-deficient ES cells by

electroporation. To identify clone expressing Sox15, we screened colonies

resistant to 2pg/ml puromycine by northern blot and western blot analysis

with anti-Sox15 antibody.

In situ hybridization

For hybridization, embryo was dissected and washed twice in cold PBS.

After fixation for 5 min in 4% paraformaldehyde in PBS. Sample were

washed twice in PBS containing 0.1% Tween 20 at RT, fixed again in 0.1%

glutaraldehyde in PBT for 20 min at RT, and washed again five times in PBT.

Thereafter, the sample were incubated for 5 min at RT in a 1:1 mixture of

PBT and hybridization buffer (50 % formamid, 5xSSC [pH4.0], 0.1 %Tween
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20, 50 pg/ml heparin) containing 10pg/ml t-RNA, and 100 pg/ml sheared

denatured herring sperm DNA. Samples were prehybridized for 1 h in

hybridization buffer at 70°C. After quickly adding 0.5 ug DIG-labeled cRNA

probe in 100 ul hybridization buffer previously denatured at 95°C,

hybridization was carried out overnight at 70°C. To remove unbound cRNA,

three 30-min washing steps were performed at 65°C in SSC-FC buffer

(2xSSClpH4.5], 50% formamide, 0.1% Tween 20) followed by washing for 10

min at 70°C in hybridization buffer. Samples were cool down and washed

again three times in TBST, blocked by incubating for 1 h in 10% heat

inactivated sheep serum in TBST. After overnight incubation at 4°C with

anti-DIG alkaline phosphatase antibody diluted to 1:2,000 in TBST with 1%

sheep serum, unbound antibody was washed with TBST. Four 30 min

washes of TBST at RT were followed by four 10 min washing steps in

APB(100 mM Tris[pH 9.5], 100 mM NaCl, 50 mM MgCl2, 0.1% Tween 20) at

RT. To visualize alkaline phosphatase activity, samples were stained in a

solution of 4.5ul/ml NBT and 3.511/ml BCIP in APB and incubate in the dark
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at RT for up to 48 h. To stop the reaction, samples were transferred to PBS.

DNA microarray

Total RNA from Sox15 heterozygous ES cells and homozygous ES cells

were labeled with Cy3 and Cyb hybridized to Mouse Development

Microarray (Algilent) according to the manufacturer’s protocol. The arrays

were scanned with a Agilent G2565BA Microarray Scanner System(Agilent).

Hybridization was repeated with different clones. Data were analyzed with

GeneSprings (Silico Genetics).

Chromatin immunoprecipitation (CHIP) assays

Formaldehyde was added directly to the culture medium to a final

concentration of 1 %(v/v) and the dishes were gently shaken on a shaker at

room temperature for 8 min. Glycine was added to 125 mM, and the dishes

were returned to the shaker for an additional 5 min. Dishes were washed

three times with ice-cold PBS and harvested by scraping into 3 ml of cold

PBS. Cells from dishes were collected by centrifugation at 2000 rpm for 5
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min at 4 °C, and the supernatants were discarded. Cell pellets were

resuspended in 10 ml of cold PBS plus 200uM phenylmethylsulfonylfluoride.

Cells were collected by centrifugation as above and resuspended in 5 ml of an

ice cold solution containing 5 mM HEPES, pH 8.0, 85 mM KCl, 0.5% (v/v)

Nonidet P-40 plus protease inhibitors (200 uM phenylmethylsulfonyl

fluoride, 1.4 pg/ml pepstatin, 1 pg/ml leupeptin). Samples were allowed to

swell on ice for 10 min before homogenization with three strokes of a glass

Dounce homogenizer to release nuclei. Nuclei were collected by

centrifugation as above, and the supernatants were discarded. Nucleil were

resuspended in 50 mM Tris, pH 7.6, 10 mM EDTA, 1% SDS plus protease

inhibitors as above (50 pl/15-cm dish of cells). Samples were incubated on ice

for 10 min, and immunoprecipitation dilution buffer A (0.01% SDS, 1.1%

(v/v) Triton X-100, 1.2 mM EDTA, 16.7 mM Tris, pH 7.6, 167 mM NaCl) was

added to bring the volume to 750 pul. Samples were sonicated 30 sec ON and 1

min OFF using a Bioruptor(Cosmo bio). Routinely, ten repetitions of the

sonication were performed. Chromatin samples (500 nl) were first
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precleared with normal mouse IgG (5 1l) in the presence of protein

G-Sepharose () bead slurry (60 pl of a 50/50 slurry of beads in TBS (16.7 mM

Tris, pH 7.6, 167 mM NaCl), 1 mg/ml bovine serum albumin, 200 pg/ml

salmon sperm DNA). Samples were incubated for 2 h at 4 °C on a rotator,

and beads were collected by centrifugation in a microcentrifuge at 2000 rpm.

The unbound material (chromatin) was transferred to a new tube and 5 pg of

each antibody were added. Samples were incubated overnight at 4 °C on a

rotator, 60 ul of blocked protein G slurry were added, and incubation was

continued on the rotator for an additional 2 h at 4 °C. Beads were collected

by centrifugation in a microcentrifuge at 12000 rpmX1min. Beads were first

washed twice with 500 pl of ice-cold buffer B (0.05% (w/v) SDS, 1% (v/v),

Triton X-100, 20 mM Tris, pH 7.6, 2 mM EDTA, 150 mM NaCl), washed once

sequentially with buffer D (0.05% (w/v) SDS, 1% (v/v) Triton X-100, 20mM

Tris, pH 7.6, 2 mM EDTA, 500 mM NaCl), buffer 3 (0.25 M LiCl, 1.0% (v/v)

Nonidet P-40, 1.0% deoxycholate, 10 mM Tris, pH 7.6, 1 mM EDTA), and

buffer C (0.1% (v/v) Triton X-100, 150 mM NaCl, 20 mM Txis, pH 7.6, 2 mM
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EDTA). Beads were transferred to a microtube, and bound material was

eluted by incubating the beads with 75 pl of elution buffer (0.1 mM sodium

bicarbonate, 1.0% (w/v) SDS) while vortexing for 10 min. This was repeated a

total of four times. The four eluates were pooled, and NaCl and RNase were

added to 300 mM and 10 pg, respectively, and samples were heated at 65°C

for 6 h to reverse the Schiff’s base linkage. DNA was collected by ethanol

precipitation and diluted a total of 20 pl.
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3. RESULTS

3.1 Identification of non-mammalian orthologs of NAT1

To 1solate non-mammalian NAT1 orthologs, we searched the

GenBank/EMBL/DDBJ databases using the BlastN algorithm. In the

non-redundant nucleotide database, we identified a chicken cDNA sequence

(accession number: AF093110) that was similar to mouse NAT1. However,

the sequence contained several ambiguous nucleotides and did not contain

any long open reading frames, suggesting that it was not an accurate

representation. Using this sequence information, we designed five sets of

primers that amplified overlapping fragments that covered the entire

sequence. By assembling the sequences of these five PCR products, we

obtained a cDNA fragment of 3329 nt containing a single open reading

frame?. The nucleotide sequence of the chicken NAT1 cDNA was 81%

identical with its mouse counterpart (Table 1).

By searching the EST database, we found one Xenopus (accession

number: BE679183) and two zebrafish EST clones (accession numbers:
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AI588745 & AW133753) that shared a high degree of similarity to the 5'

portion of the mouse NAT1 sequence. We obtained these clones and

sequenced the entire DNA fragment. The Xenopus NAT1 ¢cDNA was 3831-nt

long and 72% identical to the mouse sequence (Table 1). The two zebrafish

clones were 66% identical to each other and are believed to have originated

by gene duplication. One clone (AI588745) was 4030-nt long and 64%

identical to mouse NAT1, whereas the other one (AW133753) was 4030-nt

long and shared 65% identity with mouse NAT1. We designated them

zebrafish NAT1A and NAT1B.

We then analyzed the non-mammalian NAT1 orthologs, which all

contained single, long open reading frames. In all species, the GUG codon

that functions as the translation initiation codon in mammals was identified

near the 5' end of each of the presumptive coding regions, which were

conserved among all sequences examined (Figure 1A). The predicted amino

acid sequences determined by the open reading frames in the mouse and

non-mammalian cDNAs were highly conserved, apart from the first 20 to 30
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amino acids (Figure 1B). Beginning at the 5' end of the conserved region for

each gene, the GUG triplet was the first possible non-AUG initiation codon.

In contrast, the first AUG codon in the open reading frame was located

approximately 700-nt downstream from the GUG codon. These data, taken

together, indicated that the GUG triplet functions as the translation

initiation codon in all species.

To demonstrate the GUG-mediated initiation in non-vertebrate species, we

performed Western blot analyses. If the GUG codon was used as the start

codon, the predicted molecular weights of the frog and the two zebrafish

NAT1 orthologs were 101.8, 101.2, and 102.2 kDa, respectively. These are

approximately equal to the molecular weight of human NAT1 (102.1 kDa).

Chicken NAT1 was predicted to be slightly smaller (97.5 kDa). If the

downstream AUG was used as an initiation codon, the protein product was

predicted to be ~80 kDa. Since the predicted amino acid sequences of the

non-mammalian NAT1s were very similar to that of their mouse counterpart

(Table 2), we reasoned that a polyclonal [1-NAT1 antibody generated against
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mammalian NAT1 should be able to detect non-vertebrate orthologs. This

was indeed the case; the antibody recognized frog and zebrafish NAT1 as

bands of approximately the same size as mouse NAT1, and chicken NAT1 as

a protein of slightly smaller size (Figure 2). No products as small as ~80 kDa

were detected.

We next studied whether the GUG codons in the non-mammalian NAT1

orthologs are used as translation initiation codons in vitro. We located the

cDNAs of mouse, chicken, frog and zebrafish NAT1 downstream to the T7

promoter. We then transcribed and translated these constructs in vitro. From

all the constructs, translated products of predicted sizes were obtained

(Figure 3). This result further supports the notion that the GUG codon is the

start codon in the non-mammalian NAT1 orthologs.
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3.2 A role of Sox15 in ES cells and development

Expression pattern of the Sox15 gene

To identify candidates of ES cell-specific genes, digital differential display

was used to compare Gene representation between EST libraries derived

from mouse ES cells and those from various somatic tissues. Several genes

appeared exclusive in ES cell-derived libraries. One of them encodes Sox15.

This is surprising because Sox2 had been considered to be the sole Sox factor

family expressed in mouse ES cells.

Sox15 had been reported to be expressed in testis and muscle. Its

expression in ES cells had not been studied. To determine whether Sox15 is

indeed expressed predominantly in ES cells, RT-PCR assay was carried out

with mSox15F1 and mSox15R1 primers. A 69-bp fragment was amplified in

two independent ES cell lines, RF8 and MG1.19 (Figure 4A).

To confirm specific expression in ES cells at the protein level, polyclonal

antibody against the C-terminal portion (amino acids 125 to 231) of mouse

Sox15 was generated as described in Materials and Methods. Western blot
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analysis with the antiserum detected a single band of 25 KDa in ES cells, but

not in Cos7 cells (Figure 4B).

To further verify specific expression of Sox15 protein, ES cells were stained

with anti-Sox15 or anti-Sox2 antibody. Figure 4C shows that ES cells are

stained by Cy3-conjugated secondary antibody. In addition, anti-Sox15

staining was almost restricted to nucleus, in consistent with its predicted

role as a transcription factor. These data showed that Sox15 gene is

predominantly expressed in the nucleus of undifferentiated ES cells.

Interaction between Sox15 and Oct3/4

It is thought that Sox15 plays similar roles to Sox2, because Sox15 was

expressed in undifferentiated ES cells. To examine whether Sox15 interacts

to Oct3/4, myc-tagged Oct3/4 was introduced into MG1.19 mouse ES cells

together with either HA-tagged Sox2 or HA-Sox15. Myc-Oct3/4 protein was

precipitated with anti-myc antibody and examined whether HA-Sox proteins

were co-precipitated (Figure 5). Western blot analysis with anti-HA antibody

detected co-precipitation of both HA-Sox2 and HA-Sox15 with myc-Oct3/4.
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When HA-Sox proteins alone were introduced into cells, they were not

precipitated by anti-myc antibody. These data showed that both Sox15 and

Sox2 interact to Oct3/4 in mouse ES cells.

DNA binding capacity of Sox15

I performed gel mobility-shift assay to study whether Sox15 binds to the

enhancer of the mouse Fgf4 gene, a target gene of Sox2 (Figure 6). The

enhancer contains the consensus octamer motif (ATTAGCAT) and Sox

binding site (AACAAAG). Sox2 and Oct3/4 had been shown to bind

synergistically on the Fgf4 enhancer. When 32P-labled Fgf4 enhancer

fragment was incubated with Cos7 cell extracts expressing Oct3/4, Sox2 or

both, shifted bands corresponding to an Oct3/4 monomer, a Sox2 monomer

and an Oct3/4-Sox2 complex were observed, respectively. When 32P-labled

Fgf4 probe was incubated with Cos7 cell extracts expressing Sox15, a shifted

band was also observed. When Cos7 cell extracts expressing both Sox15 and

Oct3/4 were used, the shifted band migrated more slowly than that with

Oct3/4 alone did, demonstrating that Sox15 and Oct3/4 synergistically bind
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to the Fgf4 promoter. The band corresponding to a Sox15 monomer is less

intense than that corresponding to a Sox2 monomer, suggesting weaker

affinity of Sox15 to the Fgf4 enhancer. In contrast, the bands corresponding

to the Oct3/4-Sox15 dimer showed similar intensity to that corresponding to

the Oct3/4-Sox2 dimer. This suggests that synergism with Oct3/4

compensates the weaker affinity of Sox15.

Next, enhancer of mouse Fbx15 gene was examined (Figure 7). Fbx15

enhancer contains the canonical Sox binding site and a motif (TTTATCAT)

two nucleotides different from the octamer consensus. Oct3/4 can bind to this

site only with the help of Sox2. I found that Oct3/4 alone or Sox15 alone

barely binds to the Fbx15 enhancer, in consistent with the weaker affinity of

Sox15 than Sox2. However, the Oct3/4-Sox15 complex can bind to the Fbx15

enhancer as effectively as the Oct3/4-Sox2 complex. These data support the

notion that synergism with Oct3/4 compensates the weaker affinity of Sox15.

Transcriptional activation of FGF4 and Fbx15 by Sox15

To study whether Sox15 can activate the Fgf4 and Fbx15 enhancers
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synergistically with Oct3/4, I performed luciferase reporter assays using

reporter genes containing either the Fgf4 enhancer or the Fbx15 enhancer

(Figure 8). These reporter genes were introduced into Cos7 cells together

with expression vectors of Oct3/4 and/or Sox proteins. When both Sox15 and

Oct3/4 were introduced, the Fgf4 enhancer was activated ~4 fold. Sox15 or

Oct3/4 alone did not show such effect. However, the enhancement by Sox15

and Oct3/4 was weaker than that by Sox2 and Oct3/4, which showed ~7-fold

enhancement. Similar result was obtained with the Fbx15 enhancer. These

data indicated that Sox15 synergistically activates the Fgf4 and Fbx15

enhancers with Oct3/4, but with less potency than Sox2 does, in consistent

with its weaker affinity to the enhancers.

Differential binding potency of Sox15-Sox2 chimeric proteins

I pursued why Sox15 showed lower affinity to the FGF4 and Fbx15

enhancers. To this end, I constructed expression vectors for chimeric proteins

in which the HMG domains of Sox2 and Sox15 were exchanged. Sox2-15-2

contains the HMG domain of Sox15 in the background of Sox2. Sox15-2-15 is
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the opposite combination.

These constructs were introduced into Cos7 cells and gel mobility shift

assay was performed with these Cos7 cell extracts and either the Fgf4

enhancer or the Fbx15 enhancer (Figure 9). With both enhancers, we found

that Sox2-15-2 showed weaker affinity than Sox2 did, whereas Sox15-2-15

showed stronger affinity than Sox15 did. When Oct3/4-expressing extracts

were included in the reaction, the differences between these Sox protein

became smaller. These data indicate that the weaker affinity of Sox15 to the

Fgf4 and Fbx15 enhancer is, at least in part, attributable to the HMG

domains.

Comparison of the binding sequences of Sox15 and Sox2

The finding that the Sox15 is less potent than Sox2 in binding to the Fgf4

and Fbx15 enhancers suggests that the recognition sequence of Sox15 might

be different from that of Sox2. To test this possibility, SELEX analysis was

performed (Figure 10A). Affinity purification columns with recombinant

Maltose binding protein (MBP)-Sox15 or MBP-Sox2 were prepared.
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Oligonucleotides with random sequences were purified on these affinity

columns, amplified by PCR, and re-applied to the affinity column. This

procedure was repeated five times and the final elution was subcloned and

sequenced. This analysis showed that Sox2 binds to AACAATG, as expected.

Sox15 also preferentially binds to nearly identical sequences. These data

suggest that the lower potency of Sox15 is attributable to lower affinity to

the binding sequences, but not to different preferences in recognition

sequences.

To further characterize the DNA recognition sequences of Sox15 and Sox2 ,

I performed gel mobility shift assays with a series of probes in which each

nucleotide of the consensus Sox binding sequence (AACAATG) was mautated

to one of the other three nucleotides (Figure 10B). When incubated with

these probes, Sox2 and Sox15 showed similar preferences. The analyses

showed that A at position 4 and C at position 5 are critical, while positions 1,

2 and 7 are less strict required. These data confirm that Sox15 shares the

same binding sequences with Sox2.
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Identification of an ES cell-specific enhacer in the mouse Sox15 gene

To identity regulatory regions of the mouse Sox15 gene, we isolated

overlapping DNA fragments from ~20 kbp flanking region and subcloned

them in pGV-P vector in which the luciferase ¢cDNA is driven by the

minimum SV40 promoter. We found that a region containing the second exon

showed a high enhancer activity in undifferentiated ES cells, but not in

NIH3TS3 cell (Figure 11). We then tested smaller fragments from this region

and was able to narrow down the enhancer to a 40bp fragment in second

exon (Figure 12). Computer-assisted analysis did not identify putative

binding sites for known transcription factors in this sequence (Figure 13A).

When a 32p-labeled Sox15 enhancer probe was incubated with

undifferentiated ES cell extract, a shifted band with strong signal was

observed (Figure 13B). The band was not observed with Cos7 extracts. These

results demonstrate that unknown factor(s) expressed highly in

undifferentiated ES cell binds to the Sox15 enhancer.

Analyses of Sox15 knock-out mice
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To study functions of Sox15 in development, its mouse gene was

inactivated by homologous recombination. The Sox15 gene consists of two

exons. I constructed a targeting vector in which the HMG domain was

replaced with a cassette consisting of IRES (internal ribosome entry site)

and b-geo (a fusion of B-galactocidase and the neomycin resistant gene)

(Figure 14 A). The vector was introduced into RF8 ES cells by electroporation.

Screening of 96 G418-resistant clones identified three positive clones by both

PCR and Southern blot analyses (Figure 14B, C). One of the positive clones

was injected into blastocysts of C57/BL6 mice and germ line transmission

was obtained. Sox15-null mice were born with the expected Mendelian ratio

(+/+ : +/- 1 -/- =30 : 57 :25). They were normal in gross appearance and fertile,

as recently reported. This result suggests that Sox15 is dispensable for

normal development, probably because its function is compensated by Sox2

or other Sox family transcription factors.

Function of Sox15 in ES cells

To study the function of Sox15 in ES cells, homologous mutant ES cells
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were established by selecting heterozygous cells with high concentrations of

G418. Among 48 colonies obtained with 2 3mg/ml of G418, four were found

homozygous for Sox15 deletion by PCR and Southern blot analyses.

Northern and Western blot analyses demonstrated that Sox15 transcripts

and proteins were absent in these clones (Figure 14D, E). Sox15-null ES cells

were normal in morphology and proliferation when maintained

undifferentiated on STO feeder cells (Figure 15A, B). They were also

competent in differentiation after LIF removal and retinoic acid treatment.

Northern blot analyses showed that the expression level of Sox/Oct target

genes, such as Fgf4, UTF1 and Fbx15 were indistinguishable between

wild-type, Sox15-heterozygous, and Sox15-null ES cells (Figure 15C). These

data demonstrated that the function of Sox15 is largely compensated by Sox2

in ES cells.

Generation of Sox2/Sox15 double knockout mice

Sox15-/- homozygous mutant mice showed no gross developmental defects

and fertile. This result is raised a possibility that Sox2 compensates Sox15
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function. To test this hypothesis, we crossed Sox2-heterozygous mice and

Sox15-homozygous mice. Sox2+/- Sox15-/- mice developed normaly and were

born at the ratio expected from the Mendelian law (Figure 16).

Expression of Sox15 in mouse embryo

To study the expression pattern of Sox15 during development, I performed

in situ hybridization (Figure 17). Sox15 RNA was first detected at the morula

stage [2.5 days postcoitum (dpc)]. At the blastocyst stage (3.5 dpc), the Sox15

was detected specifically in ICM. Expression persists throughout epiblast

and extraembryonic ectoderm of 6.5 dpc and 7.5 dpc embryos. However,

Sox15 expression was lower than that of Sox2.

Identification of Sox15 target genes

To identity target genes of Sox15, I performed DNA microarray analyses

with Agilent Mouse Development arrays that contain ~20,000 genes

expressed in early embryos. Comparison between Sox15-heterozygous ES

cells and Sox15-null cells showed that the expression of Otx2 [45], Ctgf [46]

and Ebaf [47] was significantly decreased, whereas Hrc [48] was increased in
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Sox15-null ES cells. RT-PCR analyses confirmed these changes (Figure 18B).

The changes were rescued by introduction of Sox15 ¢cDNA into Sox15-null ES

cells. However, Fgf4 and Fbx15 were normally expressed in Sox15-null ES

cells, in consistent with the result of northern blot analyses (Figure 18A). In

addition, ES cell specific genes, such as Nanog and Oct3/4, were also

normally expressed in Sox15-deficient cells.

Binding of Sox15 to the Hrc gene

To study whether Sox15 directly regulates the Hrc expression, I performed

chromatin immunoprecipitation assay. I found five putative Sox binding sites

(R1 ~ R5) around the mouse Hrc gene (Figure 19A). We found the R5

fragment was precipitated with anti-Sox15 antibody in wild-type ES cells,

but not in Sox15-/- cells (Figure 19B). This site was not precipitated with

anti-Sox2 antibody. I also performed gel mobility-shift assay with a probe

containing R5 sequence (Figure 19C). When this probe was incubated with

Cos7 cell extracts expressing Sox2 or Sox15, shifted bands corresponding to a

Sox2 monomer or a Sox15 monomer were obtained, respectively. These data
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showed that Sox2 can bind to the R5 sequence 1n vitro, but not in vivo.

3.3 Transcriptional hierarchy between Oct3/4, Sox2 and Nanog

Binding of Sox2 to the Nanog distal enhancer (DE)

We have previously demonstrated that that an ES-cell specific

transcriptional regulatory region of the mouse Nanog gene is located at

approximately 5kb upstream from the transcriptional initiation site

(nucleotide -4737~ -4386, Figure 20). Computer-assisted analysis indicated

that the enhancer contains putative STAT3, TCF, Nanog binding sites. Point

mutation of STAT binding site (TTCCTAGAA) to TTCCTAGTC significantly

reduced enhancer activity. This indicated that STAT may be involved in

enhancer activity of Nanog.

I studied whether STATS directly binds to the putative STAT binding site
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in Nanog enhancer. To this end, I performed gel mobility-shift assay with a

probe containing the putative STAT binding site of DE (Figure 21A). To

determine the position of bands corresponding to STAT3, APRE (STATS3 high

affinity binding site) oligonucleotides was incubated with nuclear extracts of

Cos7 cells expressing STATS.

When the Nanog DE probe was incubated with undifferentiated ES cell

extracts, an intense shifted band was observed. However, the position of this

band was different from that corresponding to STATS3, as observed in the

control lane.

The Nanog DE probe contains a putative TCF binding site in adjacent to

the putative STAT binding site. I performed gel mobility shift assay with

probes in which the putative STAT binding site, the putative TCF binding

site, or both were mutated. The shifted band was abolished with any of the

three mutations (Figure 21B).

I noticed that the shift band observed with the Nanog DE probe was

similar to the band that was observed when Sox2 was incubated with the
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FGF4 enhancer probe. To confirm that the shift was caused by the binding of

Sox2, I performed super-shift assay with anti-Sox2 antibody (Figure 22). The

antibody impaired the generation of the slow-migrating band. This indicates

that Sox2 indeed binds to the Nanog DE sequence.

Binding of Sox2 to non-canonical binding site in DE

DE does not contain the canonical Sox binding site. However, a sequence

AAGACAAAG, which overlaps the putative STAT and TCF binding sites, is

similar to the canonical Sox binding sequence (AAACAAAG). The three

aforementioned mutations change this sequence. These data indicate that

Sox2 binds to the non-canonical sequence in DE. To test this possibility, I

performed gel mobility-shift assay with probes in which the 5°, middle or 3’

part of the putative STAT binding site were mutated (Figure 23). We found

that the Sox2 binding was abolished by the 3' end mutation, but not the

5'-end or middle part mutations. These data support the notion that Sox2

binds to the non-canonical sequence in DE.

Sox binding site in human Nanog enhancer
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DE is conserved in the human Nanog gene. However, the Sox binding site

in DE was only partially conserved in the human Nanog gene (Figure 24A).

To study whether Sox2 can bind to the human sequence, I performed, gel

mobility-shift assay (Figure 24B). However, no shifted band appeared with

the human probe.

Interplay of Sox and POU binding site in proximal enhancer (PE)

Considering the similarity of Sox2-, Oct3/4- and Nanog-knockout mice

phenotypes [9, 12, 14], Oct3/4 may play a role in Nanog expression. Thus, we

searched for putative POU binding sites in the 5' flanking regulatory region

from —5047 to+72. A candidate octamer motif, TTTTGCAT, was found at

approximately 180 nt upstream from the transcription initiation site (Figure

25A). We also found a canonical Sox binding site, TACAATG, in adjacent to

the octamer sequence. These sequences are also conserved in the human

Nanog gene (Figure 25B).

To confirm that Oct3/4 and Sox2 can bind to these two cis-elements, I
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performed gel mobility-shift assay (Figure 26A). When a 32P-labled probe

containing the two cis-elements was incubated with undifferentiated ES cell

extract and Cos7 cell extracts expressing Oct3/4, Sox2 or both, shifted bands

corresponding to an Oct3/4 monomer, a Sox2 monomer and an Oct3/4-Sox2

complex were observed, respectively.

To confirm that this band is reflected the simultaneous binding of Sox2

and Oct3/4 to the probe, I performed super-shift assay with anti-Sox2

antibody (Figure 26B). Sox2 or/and Oct3/4 was expressed in Cos7 cells, and

the binding reaction, including the whole cell extract prepared from the

transfected cells, was incubated with anti-Sox2 antibody before

electrophoresis. As shown in Figure 26B, the Sox2 antibody impaired the

generation of the slow-migrating band. This indicates that Sox2 indeed

bound to the sequence. A similar result was obtained in the case of

anti-Oct3/4 antibody (not shown). These data indicated that Oct3/4 and Sox2

synergistically bind to the proximal region, which we will refer the proximal

enhancer (PE).
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Sox2 and Oct3/4 binding in vivo

To confirm the binding of Sox2 and Oct3/4 to DE and PE in vivo, I

performed chromatin immunoprecipitation assay. As shown in Figure 27,

anti-Sox2 antibody precipitated the Sox binding site in DE and PE, whereas

anti-Oct3/4 antibody precipitated PE. Other sites were not precipitated with

both antibodies. This result confirms the in vivo binding of the two

transcription factors to DE and PE.

Activation of the Nanog enhancers by Sox2 and Oct3/4

To evaluate the roles of Sox2 and Oct3/4 in ES cell specific expression of the

Nanog gene, we constructed reporter vectors containing the Nanog promoter

and enhancers (Figure 28). The wild-type reporter gene showed strong

luciferase activity in undifferentiated ES cells, but not in differentiated ES

cells or NIH3TS3 cell. Mutation in on of the Sox2 or/and Oct3/4 binding sites

in PE or DE decrease the enhancer activity. We all of these binding sites

were mutated, the enhancer activity nearly abolished. These results

indicated that Sox2 and Oct3/4 in both PE and DE play important roles in

_55_



ES cell-specific expression of the mouse Nanog gene.

We then tested whether Sox2 and Oct3/4 are sufficient to induce ¢ the

Nanog expression in differentiated cells. To this end, the reporter gene was

introduced into Cos7 cells together with the expression vectors of Sox2

or/and Oct3/4 (Figure 29). However, the reporter was inactive in Cos7 cells,

indicating that Sox2 and Oct3/4 alone are not enough to induce the

expression Nanog.

Generation of Sox2/Nanog double heterozyous mice

To better understand the role of Sox2 in the expression of Nanog, we crossed

Nanog- and Sox2- heterozygous mice (Figure 30A). Nanog/Sox2 double

heterozygous mice were born at a slightly lower ratio than expected from the

Mendelian law (WT : Nanog+/- : Sox2+/- : Nanog/Sox2+/- =32 : 23 : 25 :19).
Nanog expression in Sox2 knockout blastocyst

To better understand the role of Sox2 in the Nanog expression, I performed

whole-mount in situ hybridization (WISH) in blastocyst from Sox2

heterozygous intercrossed. Since maternal Sox2 transcripts still persist at
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3.5 dpc, we treated mice with tamoxifen and obtained delayed blastcysts at

8.5 dpc (Figure 30B). WISH with the Sox2 probe showed that Sox2 is

negative in approximately one forth of embryos, indicating that the maternal

transcripts disappeared by this time. With the Nanog probe, I observed low

or no signals in several embryos. I genotyped these embryos by PCR and

found they were Sox2-/-. These data demonstrated that Sox2 plays an

important role in the Nanog expression.

Binding of Naong to the regulatory region of the mouse Nanog gene

Expression of endogenous Nanog was reduced when exogenous Nanog was

expressed in ES cells. This result suggests the possibility that Nanog

negatively auto-regulate itself. Thus, I performed chromatin

immunoprecipitation assay (Figure 27). Anti-Nanog antibody precipitated a

fragment located between DE and PE. This indicates that the Nanog binding

site existed in the regulatory region of its own. Further experiments are

required to identify the exact Nanog binding sequence and confirm the

negative auto-regulation.
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4. DISCUSSION

4.1 Identification of non-mammalian orthologs of NAT1

FEvolutionarily conserved non-AUG initiation in NATI orthologs

Previously, we reported the use of GUG-mediated translation initiation in

human, mouse, and rabbit NAT1 [12,19]. EST analyses indicated that this

was also the case in chimpanzee, swine, horse and rat NAT1. We have now

identified NAT1 orthologs in non-mammalian vertebrates including chicken,

Xenopus, and zebrafish; in the latter, two distinct NAT1 orthologs were

identified that are likely to have arisen by gene duplication. All of the

ortholog cDNAs contained a single open reading frame, and the GUG codon

that functions as the initiator in mammals was conserved in all the

non-mammalian vertebrates. Moreover, the first AUG codon in the open

reading frame was located too far downstream to account for the observed

molecular weight in all species, which was shown by Western blot and in

vitro transcription/translation to be nearly identical to that of the mouse

protein. We therefore concluded that the GUG triplet was used as the
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translation initiation codon not only in mammals, but also in

non-mammalian vertebrates.

We inspected other reported cases of non-AUG initiation from an

evolutionary point of view. We found that TEF-1 homologs have been

reported in human (TEF-3, TEF-4, TEF-5) [49] and in chicken (TEF-1, TEF-3,

TEF-5) [50,51]. Human TEF-3 and TEF-5 and chicken TEF-1, TEF-3, and

TEF-5 all use AUA or AUU triplets as initiation codons. In contrast, human

TEF-4 has a longer 5' terminus and utilizes an AUG start codon. By

searching GenBank EST databases, we identified zebrafish TEF-1 and

TEF-5 cDNA fragments, as well as a cDNA fragment of a Xenopus TEF-1

ortholog. Sequence comparison revealed that zebrafish orthologs also use

AUU as an initiation codon, while an AUG codon exists in place of AUU in

Xenopus TEF-1. Thus, AUG, AUU, and AUA appear to be interchangeable as

initiation codons in TEF homologs. The strict usage of GUG initiation codons

in vertebrate NAT1 is therefore exceptional.

Why has non-AUG translation initiation been conserved through evolution
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in NAT1? We found that the overexpression of NAT1 in ES cells led to

spontaneous differentiation, and that NAT1 protein levels declined upon

differentiation of ES cells due to post-transcriptional regulation

(unpublished observation). These results indicate that the NAT1 protein

level must be tightly regulated for proper cellular function. The GUG

initiation codon may be important for the maintenance of the proper level of

NAT1 protein.

4.2 Functional analyses of Sox15

Sox2 was previously thought to be the sole Sox protein expressed in mouse

ES and EC cells [29]. However, we now report that Sox15 is also expressed in

mouse ES cells. Our study demonstrated that Sox15 and Sox2 regulate

different sets of genes in vivo, despite similar protein-protein interactions

and DNA recognition 1n vitro.

Both gel mobility shift assays and SELEX analyses showed that Sox2 and

Sox15 share the same DNA binding sequence. Sox15 can bind the enhancers
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of Sox2 target genes including Fgf4 and Fbx15, albeit with decreased affinity.

Like Sox2, Sox15 also binds DNA synergistically with Oct3/4, and similar

binding was seen with Sox15/Oct3/4 complexes as with Sox2/Oct3/4

complexes. Taken together, these in vitrobiochemical data indicate that Sox2

and Sox15 behave similarly with respect to DNA binding.

In stark contrast to the early embryonic lethality observed in Sox2 null

animals, mouse embryos deficient in Sox15 implanted and developed

completely normally in all aspects examined. The expression of Sox2 target

genes including Fgf4, Fbx15 and Nanog was not affected by Sox15 deficiency.

Chromatin immunoprecipitation assays showed that Sox15 does not bind to

the Sox binding site of the mouse Nanog gene. Thus, despite similar in vitro

DNA bind properties, Sox2 and Sox15 clearly regulate different target genes

in vivo.

DNA microarray analyses revealed that expression of Otx2, Ctgf and Ebaf

was decreased while expression of Hrc was increased in Sox15-null ES cells.

Chromatin immunoprecipitation assays showed that the Sox binding site of
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the Hrc gene is bound by Sox15, but not by Sox2 in vivo. In contrast, gel

mobility shift assay showed that both Sox2 and Sox15 bind to Hrc. These

data further highlight the differences between in vivo and in vitro

experiments and demonstrate that Sox15 and Sox2 regulate different sets of

target genes in mouse ES cells.

The mechanisms by which Sox proteins control gene expression in vivo are

unclear. Sox15 and Sox2 recognize and bind similar DNA sequences, and the

binding of both is enhanced by the presence of Oct3/4 binding. This is not

wholly unexpected since the HMG domains, which bind to DNA and Oct3/4,

are 78% identical between the two Sox proteins. In contrast, the identity

outside the HMG domains is less than 30%. Some Sox proteins bind to other

proteins through non-HMG domains [24]. For example, the non-HMG motif

PLNLSSR is required for binding of Sox6 to the co-repressor CtBP2 [52].

Sox15 and Sox2 may bind to different transcription regulators through

non-HMG domains and therefore regulate unique sets of genes.

During the preparation of this manuscript, the generation of Sox15-null
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mice were reported[53]. Consistent with our data, these Sox15-deficient mice

were normal in development, gross appearance and fertility. Histological

analysis revealed normal myofiber ultrastructure and the presence of

comparable amounts of satellite cells in the skeletal muscle compared to

wild-type animals. The authors propose that other Sox family transcription

factors likely compensated for any gross deficiencies resulting from Sox15

deletion.

Cultured Sox15-null myoblasts displayed a marked delay in differentiation

in vitro [53]. Moreover, skeletal muscle regeneration in Sox15-null mice was

attenuated after application of a crush injury. These results suggest a

requirement for Sox15 in the myogenic program. Expression of the early

myogenic regulated factors MyoD and Myf5 was altered in Sox15-deficient

myoblasts with MyoD being downregulated and Myf5 expression increased.

These results are consistent with our data and suggest a specific role for

Sox15 that cannot be compensated by other Sox family members.

Our data demonstrated that Sox15 1s dispensable for normal mouse
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development, sex determination and fertility. This is surprising given the

essential roles of other Sox family proteins in development [26,27]. Sox15 is

the sole member of Sox family group G, and it is only found in mammals[38].

Other organisms including Fugu, Drosophila melanogaster and C. elegans do

not have Sox15 orthologs. These data indicate that the Sox15 gene evolved

relatively recently.

4.3 Roles of Sox2 and Oct3/4 in the Nanog expression

The third purpose of my study was to clarify the interplay between the

three essential transcription factors, Sox2, Oct3/4 and Nanog [7,8,9,10,11].

Disruption of these factors all resulted in loss of pluripotent cells in ICM or

epiblast. Thus, there may be interactions between the three factors. I found

that the expression of Nanog is directly regulated by Sox2 and Oct3/4.

We previously identified a ~400 bp fragment located ~5 kb from the

transcription initiation site is important for ES cell-specific expression of

Nanog. Comparison between mouse and human genome sequences indicate
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that the sequence is significantly conserved in the human Nanog gene. The

enhancer contains a putative STAT binding site, thus I first hypothesized

that STAT3 binds to this sequence.

However, I found that is not the case, and alternatively, Sox2 tightly binds

to a non-canonical sequence in the enhancer. The binding of Sox2 was shown

by both gel mobility shift assay and chromatin immuno-precipitation assay.

Mutation of this sequence decreased the Nanog enhancer activity.

In addition, I found adjacent octamer motif and Sox binding site at ~150

bp upstream from the transcription initiation site. Gel mobility shift assay

and chromatin immunoprecipitation showed that Oct3/4 and Sox2 bind to

these sequences. Mutation of these sequences decreased the Nanog enhancer

activity. Mutation of all the three sites abolished the enhancer activity.

In addition, I studied the expression of Nanog in embryos obtained from

intercrosses of Sox2-heterozyous mice. Due to maternal expression,

Sox2-null blastoysts contained significant amount of Sox2 transcripts. I

therefore injected tamoxifen into mice and obtained delayed blastodysts at
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7.5 dpc. In approximately one forth of these embryos, the expression of

Nanog was severely impaired and these embryos turned out to be Sox2

homozyous by PCR analysis. These data, taken together, indicated that Sox2

and Oct3/4 plays important roles in the expression of Nanog.

Synergy between Sox2 and Oct3/4 was first documented in the regulation

of Fgf4 [30]. Subsequently, similar mechanism was identified in UTF1,

Fbx15, Sox2 itself and Oct3/4 itself [31,32,33,34]. In the case of the mouse

osteopontin gene [54], Oct3/4 promotes the expression whereas Sox2

suppresses transcription. Thus, interaction of Sox2 and Oct3/4 is an

important key to the transcription factor network in ES cells.
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Appemdix 1(Primer list)

Name Sequence (5'-3") Application

oct3/4gw-s AAA AAG CAG GCT CCA CCT TCC CCA TGG CTG GAC ACC Mouse Oct3/4 ORF cloning to pDONR201
oct3/4gw-as AGA AAG CTG GGT TGA TCA ACA GCA TCA CTG AGC TTC Mouse Oct3/4 ORF cloning to pDONR201
SOX2-gW-S AAA AAG CAG GCT TGT ATA ACA TGA TGG AGA CGG Mouse Sox2 ORF cloning to pDONR201
SOX2-gW-as AGA AAG CTG GGT TTC ACA TGT GCG ACA GGG GCA GT Mouse Sox2 ORF cloning to pDONR201
Sox15-gw-s CAC CAT GGC GCT GAC CAG CTC CTC ACA A Mouse Sox15 ORF cloning to pENTR/D-TOPO
Sox15-gw-as TTA AAG GTG GGT TAC TGG CAT GGG Mouse Sox15 ORF cloning to pENTR/D-TOPO
SOX7-gw-S CACCTCGGCCATGGCCTCGCTGCTGGG Mouse Sox7 ORF cloning to pENTR/D-TOPO
SOX7-gw-AS CTCCATTCCTCCAGCTCTATGACACAC Mouse Sox7 ORF cloning to pENTR/D-TOPO
Sox17-gw-s CACCAGAGCCATGAGCAGCCCGGATG Mouse Sox17 ORF cloning to pENTR/D-TOPO
Sox17-gw-as CGTCAAATGTCGGGGTAGTTGCAATA Mouse Sox17 ORF cloning to pENTR/D-TOPO
sox2HMG15-out-s CCC GGC GTA AGA GCA AAA ACA CGC TCA TGA AGA AGG ATA A C-terminal of Sox2 in Sox2-15-2 chimeric
sox2HMG15-out-as ATG GGC CGC TTC ACC TTC TCC GGG CTG TTC TTC TGG TTG C N-terminal of Sox2 in Sox2-15-2 chimeric
S0x2HMG15-hmg-s GCA ACC AGA AGA ACA GCC CGG AGA AGG TGA AGC GGC CCA T HMG domain of Sox15 of Sox2-15-2 chimeric gene
S0x2HMG15-hmg-as TTA TCC TTC TTC ATG AGC GTG TTT TTG CTC TTA CGC CGG G HMG domain of Sox15 of Sox2-15-2 chimeric gene
Sox15HMG2-out-s GGC CGC GGC GCA AAA CCA AGT CGA GCA CCG GGT CTG TCC C C-terminal of Sox15 in Sox15-2-15 chimeric
Sox15HMG2-out-as ATG GGC CTC TTG ACG CGG TCC AGC GGA AGT CCC CCA GAC G N-terminal of Sox15 in Sox15-2-15 chimeric
s0x15HMG2-hmg-s CGT CTG GGG GAC TTC CGC TGG ACC GCG TCA AGA GGC CCA T HMG domain of Sox15 in Sox15-2-15 chimeric gene
sox15HMG2-hmg-as GGG ACA GAC CCG GTG CTC GAC TTG GTT TTG CGC CGC GGC C HMG domain of Sox15 in Sox15-2-15 chimeric gene
MyoD-s,gw CAC CAT GGA GCT TCT ATC GCC GCC ACT C Mouse MyoD ORF cloning to pENTR/D-TOPO
MyoD-as,gw GCT GCA GTC GAT CTC TCA AAG CACCTG A Mouse MyoD ORF cloning to pENTR/D-TOPO

myogenin-s,gw

CAC CCT GAT GGA GCT GTA TGA GAC ATC C

Mouse Myogenin ORF cloning to pENTR/D-TOPO

myogenin-as,gw

CCACTT AAAAGC CCCCTG CTACAGAAG T

Mouse Myogenin ORF cloning to pENTR/D-TOPO

anti-sox15-s

CAC CTC GAG CAC CGG GTC TGT CCC C

C-terminal of Sox15 cloning to pENTR/D-TOPO

anti-sox15-as

TTA AAG GTG GGT TAC TGG CAT

C-terminal of Sox15 cloning to pENTR/D-TOPO

anti-sox2-s

CAC CCT CAT GAA GAA GGA TAA GTA C

C-terminal of Sox2 cloning to pENTR/D-TOPO

anti-sox2-as

TCA CAT GTG CGA CAG GGG CAG

C-terminal of Sox2 cloning to pENTR/D-TOPO

SELEX N-20 FW

TAG GCA TGT GGA TCC GTC TGG C

SELEX

SELEX _N20 RV ATC GAA GGT GGA TCC GGT ACG C SELEX

SelexN20-0ligo TAGGCATGTGGATCCGTCTGGCN20GCGTACCGGATCCACCTT SELEX

fgf4, gel-s TAGAAAACTCTTTGTTTGGATGCTAATGGGATACTTAAA FGF4 probe using Gel mobilityshift assay

fgfd, gel-as TTTAAGTATCCCATTAGCATCCAAACAAAGAGTTTTCTA FGF4 probe using Gel mobilityshift assay

fgf4-gel-oct(m)-s TAG AAA ACT CTT TGT TTG GGG TAA CCC GGG ATA CTT AAA FGF4 probe(Oct mutation) using Gel mobilityshift assay
fgf4-gel-oct(m)-as TTT AAG TAT CCC GGG TTA CCC CAA ACA AAG AGT TTT CTA FGF4 probe(Oct mutation) using Gel mobilityshift assay
fgf4-gel-sox(m)-s TAG AAA ACT ATT GGG TTG GAT GCT AAT GGG ATA CTT AAA FGF4 probe(Sox mutation) using Gel mobilityshift assay
fgf4-gel-sox(m)-as TTT AAG TAT CCC ATT AGC ATC CAA CCC AAT AGT TTT CTA FGF4 probe(Sox mutation) using Gel mobilityshift assay
fgf4-gel-double(m)-s TAG AAA ACT ATT GGG TTG GGG TAA CCC GGG ATA CTT AAA FGF4 probe(Oct/Sox mutation) using Gel mobilityshift assay
fgf4-gel-double(m)-as TTT AGT ATC CCG GGT TAC CCC AAC CCA ATAGTT TTC TA FGF4 probe(Oct/Sox mutation) using Gel mobilityshift assay
fbx, gel, wt-s CCA GAT GTG CTT TAT CAT AAC AAT GGA ATT CCT AGG GGC T Fbx15 probe using Gel mobilityshift assay

fbx, gel, wt-as AGC CCC TAG GAA TTC CAT TGT TAT GAT AAA GCA CAT CTG G Fbx15 probe using Gel mobilityshift assay

fbx, gel, sox-m-s CCA GAT GTG CTT TAT CAT AAC CAT GGA ATT CCT AGG GGC T Fbx15 probe(Sox mutation) using Gel mobilityshift assay

fbx, gel, sox-m-as AGC CCC TAG GAA TTC CAT GGT TAT GAT AAA GCA CAT CTG G Fbx15 probe(Sox mutation) using Gel mobilityshift assay

fbx, gel, oct-m-s CCA GAT GTG CTC CCT CAT AAC AAT GGA ATT CCT AGG GGC T Fbx15 probe(Oct mutation) using Gel mobilityshift assay

fbx, gel, oct-m-as AGCCCCTAGGAATTCCATTGTTATGAGGGAGCACATCTGG Fbx15 probe(Oct mutation) using Gel mobilityshift assay

TAG GCA TGT GGA TCC GTC TGT TCC AGA TGT GCT TTA TCA TAA CAA TGG AAT TCC

TAG GGG CTT TGT ACC GGA TCC ACC TTC GAT Fbx15 probe using Gel mobilityshift assay

Fbx-wt-g-PCR(TT)-s




Fbx-wt-g-PCR(TT)-as

ATC GAA GGT GGA TCC GGT ACA AAG CCC CTA GGA ATT CCATTG TTA TGA TAA AGC

ACA TCT GGA ACA GAC GGA TCC ACA TGC CTA

Fbx15 probe using Gel mobilityshift assay

AACAATG-s(WT)

TAG GCA TGT GGA TCC GTC TGG CCC AGA ATC GAT TTA TCA TAA CAA TGC ATATGC

TAG GGG CTG CGT ACC GGA TCC ACC TTC GAT

Fbx15 probe using Gel mobilityshift assay

AACAATG-as(WT)

ATC CGT ACA CCT AGG CAG ACC GGG TCT TAG CTA AAT AGT ATT GTT ACG TAT ACG

ATC CCC GAC GCA TGG CCT AGG TGG AAG CTA

Fbx15 probe using Gel mobilityshift assay

AACCATG-5(4C)

CGA TTT ATC ATA ACC ATG CA

Fbx15 probe(4C mutation) using Gel mobilityshift assay

AACCATG-as(4C)

TAT GCA TGG TTA TGA TAA AT

Fbx15 probe(4C mutation) using Gel mobilityshift assay

Fbx1C-s

CGA TTT ATC ATC ACA ATG CA

Fbx15 probe(1C mutation) using Gel mobilityshift assay

Fbx1C-as TAT GCA TTG TGA TGA TAA AT Fbx15 probe(1C mutation) using Gel mobilityshift assay
Fbx1G-s CGA TTT ATC ATG ACA ATG CA Fbx15 probe(1G mutation) using Gel mobilityshift assay
Fbx1G-as TAT GCA TTG TCA TGA TAA AT Fbx15 probe(1G mutation) using Gel mobilityshift assay
Fbx1T-s CGA TTT ATC ATT ACA ATG CA Fbx15 probe(1T mutation) using Gel mobilityshift assay
Fbx1T-as TAT GCA TTG TAA TGA TAA AT Fbx15 probe(1T mutation) using Gel mobilityshift assay
Fbx2C-s CGA TTT ATC ATA CCA ATG CA Fbx15 probe(2C mutation) using Gel mobilityshift assay
Fbx2C-as TAT GCA TTG GTA TGA TAA AT Fbx15 probe(2C mutation) using Gel mobilityshift assay
Fbx2G-s CGA TTT ATC ATA GCA ATG CA Fbx15 probe(2G mutation) using Gel mobilityshift assay
Fbx2G-as TAT GCA TTG CTA TGA TAA AT Fbx15 probe(2G mutation) using Gel mobilityshift assay
Fbx2T-s CGA TTT ATC ATA TCA ATG CA Fbx15 probe(2T mutation) using Gel mobilityshift assay
Fbx2T-as TAT GCA TTG ATA TGA TAA AT Fbx15 probe(2T mutation) using Gel mobilityshift assay
Fbx3A-s CGA TTT ATC ATA AAA ATG CA Fbx15 probe(3A mutation) using Gel mobilityshift assay
Fbx3A-as TAT GCA TTT TTA TGA TAA AT Fbx15 probe(3A mutation) using Gel mobilityshift assay
Fbx3G-s CGA TTT ATC ATA AGA ATG CA Fbx15 probe(3G mutation) using Gel mobilityshift assay
Fbx3G-as TAT GCA TTC TTA TGA TAA AT Fbx15 probe(3G mutation) using Gel mobilityshift assay
Fbx3T-s CGA TTT ATC ATA ATA ATG CA Fbx15 probe(3T mutation) using Gel mobilityshift assay
Fbx3T-as TAT GCA TTA TTA TGA TAA AT Fbx15 probe(3T mutation) using Gel mobilityshift assay
Fbx4G-s CGA TTT ATC ATA ACG ATG CA Fbx15 probe(4G mutation) using Gel mobilityshift assay
Fbx4G-as TAT GCA TCG TTA TGA TAA AT Fbx15 probe(4G mutation) using Gel mobilityshift assay
Fbx4T-s CGA TTT ATC ATA ACT ATG CA Fbx15 probe(4T mutation) using Gel mobilityshift assay
Fbx4T-as TAT GCA TAG TTA TGA TAA AT Fbx15 probe(4T mutation) using Gel mobilityshift assay
Fbx5C-s CGA TTT ATC ATA ACA CTG CA Fbx15 probe(5C mutation) using Gel mobilityshift assay
Fbx5C-as TAT GCA GTG TTA TGA TAA AT Fbx15 probe(5C mutation) using Gel mobilityshift assay
Fbx5G-s CGA TTT ATC ATA ACA GTG CA Fbx15 probe(5G mutation) using Gel mobilityshift assay
Fbx5G-as TAT GCA CTG TTA TGA TAA AT Fbx15 probe(5G mutation) using Gel mobilityshift assay
Fbx5T-s CGA TTT ATC ATAACATTG CA Fbx15 probe(5T mutation) using Gel mobilityshift assay
Fbx5T-as TAT GCA ATG TTA TGA TAA AT Fbx15 probe(5T mutation) using Gel mobilityshift assay
Fbx6A-s CGA TTT ATC ATA ACA AAG CA Fbx15 probe(6A mutation) using Gel mobilityshift assay
Fbx6A-as TAT GCT TTG TTA TGA TAA AT Fbx15 probe(6A mutation) using Gel mobilityshift assay
Fbx6C-s CGA TTT ATC ATA ACA ACG CA Fbx15 probe(6C mutation) using Gel mobilityshift assay
Fbx6C-as TAT GCG TTG TTA TGA TAA AT Fbx15 probe(6C mutation) using Gel mobilityshift assay
Fbx6G-s CGA TTT ATC ATA ACA AGG CA Fbx15 probe(6G mutation) using Gel mobilityshift assay
Fbx6G-as TAT GCC TTG TTA TGA TAA AT Fbx15 probe(6G mutation) using Gel mobilityshift assay
Fbx7A-s CGA TTT ATC ATA ACA ATA CA Fbx15 probe(7A mutation) using Gel mobilityshift assay
Fbx7A-as TAT GTATTG TTA TGA TAA AT Fbx15 probe(7A mutation) using Gel mobilityshift assay
Fbx7C-s CGA TTT ATC ATA ACA ATC CA Fbx15 probe(7C mutation) using Gel mobilityshift assay
Fbx7C-as TAT GGA TTG TTA TGA TAA AT Fbx15 probe(7C mutation) using Gel mobilityshift assay
Fbx7T-s CGA TTT ATC ATA ACA ATT CA Fbx15 probe(7T mutation) using Gel mobilityshift assay




Fbx7T-as

TAT GAA TTG TTA TGA TAA AT

Fbx15 probe(7T mutation) using Gel mobilityshift assay

S0x15A1-12059-s

aaa aaa aaa acc gcc agg acc tge ctc gge agy aac ctc cce

Sox15 enhancer probe using Gel mobilityshift assay

s0x15A1-12059-as

ggg gag gtt cct gee gag gea ggt cct gge ggt tet ttt tit

Sox15 enhancer probe using Gel mobilityshift assay

S0x15A2-12059-s

cac cac cct taa aaa aaa aac tgc ctc ggc agg aac ctc ccc

Sox15 enhancer probe using Gel mobilityshift assay

S0x15A2-12059-as

ggg gag gtt cct gee gag gea gtt ttt ttt tta agg gtg gty

Sox15 enhancer probe using Gel mobilityshift assay

S0x15A3-12059-s

cac cac cct tcc gee agg aca aaa aaa aaa agg aac ctc ccc

Sox15 enhancer probe using Gel mobilityshift assay

s0x15A3-12059-as

ggg gag gtt cct ttt ttt ttt tgt cct gge gga agy gty gty

Sox15 enhancer probe using Gel mobilityshift assay

s0x15A4-12059-s

cac cac cct tcc gee agg ace tge ctc gge aaa aaa aaa aaa

Sox15 enhancer probe using Gel mobilityshift assay

s0x15A4-12059-as

Tt it ttt ttt gcc gag gea ggt cct gge gga agg gtg gty

Sox15 enhancer probe using Gel mobilityshift assay

s0x15(10-30)-S

CCG CCA GGA CCT GCC TCG GC

Sox15 enhancer probe using Gel mobilityshift assay

s0x15(10-40)BS-S

gat ccC CGC CAG GAC CTG CCT CGG CAG GAA CCT CCC Cg

Sox15 enhancer probe using Gel mobilityshift assay

s0x15(10-30)-AS GCC GAG GCA GGT CCT GGC GG Sox15 enhancer probe using Gel mobilityshift assay
s0x15(10-40)-S CCG CCA GGA CCT GCC TCG GCA GGA ACC TCC CC Sox15 enhancer probe using Gel mobilityshift assay
s0x15(10-40)-AS GGG GAG GTT CCT GCC GAG GCA GGT CCT GGC GG Sox15 enhancer probe using Gel mobilityshift assay
s0x15(20-40)-S CTG CCT CGG CAG GAA CCT CCC C Sox15 enhancer probe using Gel mobilityshift assay
s0x15(20-40)-AS GGG GAG GTT CCT GCC GAG GCA G Sox15 enhancer probe using Gel mobilityshift assay
( )
)

sox15(10-40)BS-AS

tcg acG GGG AGG TTC CTG CCG AGG CAG GTC CTG GCG Gg

Sox15 enhancer probe using Gel mobilityshift assay

Hrc-gel-s

CGG ATC ATC AAT AAA TTA CAA AGT TGA GAA AAG GGA GAC

Hrc probe using Gel mobilityshift assay

Hrc-gel-as GTC TCC CTT TTC TCA ACT TTG TAA TTT ATT GAT GAT CCG Hrc probe using Gel mobilityshift assay
2APRE-S ATC CTT CCG GGA ATT CTG ATC CTT CCG GGA ATT CTG control probe that STAT3 bind using Gel mobilityshift assay
2APRE-AS CAG AAT TCC CGG AAG GAT CAG AAT TCC CGG AAG GAT control probe that STAT3 bind using Gel mobilityshift assay

Nanog-2STAT3-S

ACG GTT CCT AGA AGA CAA ACG GTT CCT AGA AGA CAA

tamdem STATbinding site in Nanog dista lenhancer probe using Gel mobilityshift assay

Nanog-2STAT3-AS

TTG TCT TCT AGG AAC CGT TTG TCT TCT AGG AAC CGT

tamdem STATbinding site in Nanog dista lenhancer probe using Gel mobilityshift assay

Nanog-STAT3-S

CTC TCC CGG ACG GTT CCT AGA AGA CAA AGG CAA GCT

Nanog dista lenhancer probe using Gel mobilityshift assay

Nanog-STAT3-AS

AGC TTG CCT TTG TCT TCT AGG AAC CGT CCG GGA GAG

Nanog dista lenhancer probe using Gel mobilityshift assay

Nanog-STAT3m-S

ctc tcc cgg acg gtt cct agt cga caa agg caa get

Nanog dista lenhancer probe(STAT mutation) using Gel mobilityshift assay

Nanog-STAT3m-AS

agc ttg cct ttg tcg act agg aac cgt ccg gga gag

Nanog dista lenhancer probe(STAT mutation) using Gel mobilityshift assay

Nanog-TCFm-S

ctc tcc cgg acg gtt cct aga aga aca agg caa get

Nanog dista lenhancer probe(Sox mutation) using Gel mobilityshift assay

Nanog-TCFm-AS

age ttg cct tgt tct tct agg aac cgt ccg gga gag

Nanog dista lenhancer probe(Sox mutation) using Gel mobilityshift assay

Nanog-doublem-S

ctc tcc cgg acg gtt cct agt cga aca agg caa get

Nanog dista lenhancer probe(STAT/Sox mutation) using Gel mobilityshift assay

Nanog-doublem-AS

agc ttg cct tgt tcg act agg aac cgt ccg gga gag

Nanog-STAT3(AT)-S

CTC TCC CGG ACG Gtt cca tga aGA CAA AGG CAA GCT

Nanog dista lenhancer probe(STAT mutation) using Gel mobilityshift assay

Nanog-STAT3(AT)-AS

AGC TTG CCT TTG TCt tca tgg aaC CGT CCG GGA GAG

Nanog dista lenhancer probe(STAT mutation) using Gel mobilityshift assay

Nanog-STAT3(GG)-S

CTC TCC CGG ACG Ggg cct aga aGA CAA AGG CAA GCT

Nanog dista lenhancer probe(STAT mutation) using Gel mobilityshift assay

Nanog-STAT3(GG)-AS

AGC TTG CCT TTG TCt tct agg ccC CGT CCG GGA GAG

Nanog dista lenhancer probe(STAT mutation) using Gel mobilityshift assay

Nanog-TCF(TAT)-S

CTC TCC CGG ACG Gtt cct aga aGA CTA TGG CAA GCT
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Nanog dista lenhancer probe(STAT/Sox mutation) using Gel mobilityshift assay
(
(
(
(
(

Nanog dista lenhancer probe(Sox mutation) using Gel mobilityshift assay

Nanog-TCF(TAT)-AS

AGC TTG CCA TAG TCt tct agg aaC CGT CCG GGA GAG

Nanog dista lenhancer probe(Sox mutation) using Gel mobilityshift assay

MsNanog-4737-4678-S

acc cgg age tgt geg ccc tgt ace aaa cct ttg tag aac ttg ggg taa act taa ggc tat

Nanog enhancer region probe using Gel mobilityshift assay

MsNanog-4737-4678-AS

ata gcc tta agt tta ccc caa gtt cta caa agg ttt ggt aca ggg cge aca get ccg ggt

Nanog enhancer region probe using Gel mobilityshift assay

MsNanog-4687-4628-S

tta agg cta tgg tgg cct tga ctc cgt gga ccc aga ggc aag ttt cct cct tta gag gac

Nanog enhancer region probe using Gel mobilityshift assay

MsNanog-4687-4628-AS

gtc ctc taa agg agg aaa ctt gee tct ggg tee acg gag tca agg cca cca tag cct taa

Nanog enhancer region probe using Gel mobilityshift assay

MsNanog-4637-4578-S

ttt aga gga ctc gca tge att ttg ttt cta att tga aat gag aac cgg ctt aga gct tga

Nanog enhancer region probe using Gel mobilityshift assay

MsNanog-4637-4578-AS

tca age tct aag ccg gtt ctc att tca aat tag aaa caa aat gca tgc gag tcc tct aaa

Nanog enhancer region probe using Gel mobilityshift assay

MsNanog-4587-4528-S

tag agc ttg aac cag cca gtt ctc tgg act cct ccc age tet tac aat tce tct ccc gga

Nanog enhancer region probe using Gel mobilityshift assay

MsNanog-4587-4528-AS

tcc ggg aga gga att gta aga gt ggg agg agt cca gag aac tgg ctg gtt caa get cta

Nanog enhancer region probe using Gel mobilityshift assay

MsNanog-4537-4478-S

ctc tcc cgg acg gtt cct aga aga caa agg caa gct tac caa aat tac gtc gec ctt ggg

Nanog enhancer region probe using Gel mobilityshift assay

MsNanog-4537-4478-AS

CCC aag ggc gac gta att ttg gta agc ttg cct ttg tct tct agg aac cgt ccg gga gag

Nanog enhancer region probe using Gel mobilityshift assay




MsNanog-4487-4428-S

cgc cct tgg gac aca cct agg gtt ccc tgg tgg cat Ctt ttt ttt ttc att ata aac agg

Nanog enhancer region probe using Gel mobilityshift assay

MsNanog-4487-4428-AS

cct gtt tat aat gaa aaa aaa aag atg cca cca ggg aac cct agg tgt gtc cca agg gcg

Nanog enhancer region probe using Gel mobilityshift assay

MsNanog-4437-4378-S

tat aaa cag gag taa att ttt gta agg gca gag Ctg gta gct gag gga gag gaa ccc ttt

Nanog enhancer region probe using Gel mobilityshift assay

MsNanog-4437-4378-AS

aaa ggg ttc cte tce cte age tac cag ctc tge cct tac aaa aat tta ctc ctg ttt ata

Nanog enhancer region probe using Gel mobilityshift assay

Nanog exon up-S

cct tac age ttc ttt tgcattacaatgtccatggtggac

Nanog proximal enhancer probe using Gel mobilityshift assay

Nanog exon up-AS

gtccaccatggacattgtaatgcaaaagaagctgtaagg

Nanog proximal enhancer probe using Gel mobilityshift assay

Nanog exon up-O(m)-S

ccttacagcttcgggttacctacaatgtccatggtggac

Nanog proximal enhancer probe(Oct mutation) using Gel mobilityshift assay

Nanog exon up-O(m)-AS

gtccaccatggacattgtaggtaacccgaagetgtaagy

Nanog proximal enhancer probe(Oct mutation) using Gel mobilityshift assay

Nanog exon up-S(m)-S

ccttacagcttcttttgcatacccaattccatggtggac

Nanog proximal enhancer probe(Sox mutation) using Gel mobilityshift assay

Nanog exon up-S(m)-AS

gtccaccatggaattgggtatgcaaaagaagcetgtaagg

Nanog proximal enhancer probe(Sox mutation) using Gel mobilityshift assay

Nanog exon up-D(m)-S

ccttacagcttcgggttaccacccaattccatggtggac

Nanog proximal enhancer probe(Oct/Sox mutation) using Gel mobilityshift assay

Nanog exon up-D(m)-AS

gtccaccatggaattgggtggtaacccgaagetgtaaggy

Nanog proximal enhancer probe(Oct/Sox mutation) using Gel mobilityshift assay

hNanog gel-S

ttctceggaatggtagtctgagaagaaaaaagatta

human Nanog dista lenhancer probe using Gel mobilityshift assay

hNanog gel-AS

taatcttttttcttctcagactaccattccggagaa

human Nanog distal enhancer probe using Gel mobilityshift assay

human Nanog ex-S

atgctgccttcaagcatctgtttaacaaagcacatctty

human Nanog proximal enhancer probe using Gel mobilityshift assay

human Nanog ex-AS

caagatgtgctttgttaaacagatgcttgaaggcageat

human Nanog proximal enhancer probe using Gel mobilityshift assay

ECATAMTCF(AC)-s

gga cgg ttc cta gaa gaa caa ggc aag ctt acc aaa att acg

mutagenesis in Sox binding site of Nanog distal enhancer

ECAT4mTCF(AC)-as

cgt aat ttt ggt aag ctt gce ttg ttc ttc tag gaa ccg tcc

mutagenesis in Sox binding site of Nanog distal enhancer

ECAT4mdouble-s

gga cgg ttc cta gtc gaa caa ggc aag ctt acc aaa att acg

mutagenesis in Sox and STAT binding site of Nanog distal enhancer

ECAT4mdouble-as

cgt aat ttt ggt aag ctt gce ttg ttc gac tag gaa ccg tcc

mutagenesis in Sox and STAT binding site of Nanog distal enhancer

mSox15F1 GAGCAAAAACTCGAGCACCG RT-PCR in Sox15 gene
mSox15R1 TGTGCATTCTGGTTCCTTGG RT-PCR in Sox15 gene
FGF4-RT-S cgt ggt gag cat ctt cgg agt gg RT-PCR in FGF4 gene
FGF4-RT-AS cct tct tgg tcc gee cgt tet ta RT-PCR in FGF4 gene
NAT1U283 ATT CTT CgT TgT CAA gCC gCC AAA gTg gAg RT-PCR in NAT1 gene
NAT1L476 AgT TgT TTg CTg Cgg AgT TgT CAT CTC gTC RT-PCR in NAT1 gene
Fbx U1110 TCCCTATACATTGCCTCCCGACAC RT-PCR in Fbx15 gene
Fbx L1431 AGTTCTCCATTCAAGGCCAACTTT RT-PCR in Fbx15 gene
Ctgf-s GGTGAGTCCTTCCAAAGCAGCTGCAAAT RT-PCR in Ctgf gene
Ctgf-as GCAGTTGGCTCGCATCATAGTTGGG RT-PCR in Ctgf gene
Ebaf-s GCTTTGCTGGGCACTCTGGGTACT RT-PCR in Ebaf gene
Ebaf-as CCATTCCGAACACTAGCAGGTGAGTGGA RT-PCR in Ebaf gene
Hrc-s GGACATTTCTACTGAGTTTGGCCACAAG RT-PCR in Hrc gene
Hrc-as CCTCTTCATCATCTTCCTGGCTCATGGG RT-PCR in Hrc gene
mfgl-s CTTTCTACACACCAGAGAGTTCATACGG RT-PCR in mfgl gene
mfgl-as TGCCACATTCTTCACATTTGATCG RT-PCR in mfgl gene
Otx2-s CTAAAGCAACCGCCTTACGCAGTC RT-PCR in Otx2 gene
Otx2-as GCGGCACTTAGCTCTTCGATTCTTAAAC RT-PCR in Otx2 gene
Hrc-U-3152 GTCTACCACCAACCTTCCCACTCACAAC CHIP assay in Hrc gene
Hrc-L-2920 GGTGGGTCTGGCAGAGGGTCACA CHIP assay in Hrc gene
Hrc-U-1377 TAAGAGAGGGACCCAGAGAAAGAAAAGG CHIP assay in Hrc gene
Hrc-L-1172 CTGTCTCTCCTCTCTGAATCTGGGACTC CHIP assay in Hrc gene
Hrc-U-1032 AGACAGACAGACACACAGAGAGACAGGC CHIP assay in Hrc gene
Hrc-L-842 TCACTGTTCTGAGCTTCCGTGTTTC CHIP assay in Hrc gene
Hrc-U3721 TAGATCTGGAGGTGGTTGGTTTGGGTTC CHIP assay in Hrc gene
Hrc-13932 TTCAAAAGCTCTGGTGGTGACCAGCCTT CHIP assay in Hrc gene
Hrc-U4401 CCGCCCCCTTTCCGCAGGTGCAG CHIP assay in Hrc gene




Hrc-L4611

ATACATACCAGCCGGGTGTGCGTGTTCC

CHIP assay in Hrc gene

Nanog -5629U

GTGCACACAGAGAACAACTTGTGGG

CHIP assay in Nanog regulatory region

Nanog -5462L

CTCCAGCACTACACAGAACATAGTATCG

CHIP assay in Nanog regulatory region

Nanog-CHIP-s

TGAAATGAGAACCGGCTTAGAGCTTGAA

CHIP assay in Nanog regulatory region

Nanog-CHIP-as

CTCTCCCTCAGCTACCAGCTCTGCCCTT

CHIP assay in Nanog regulatory region

Nanog -3910U

CAGCGGGTAAAACACACTTGTATA

CHIP assay in Nanog regulatory region

Nanog -3721L

TAGCCAACTCAGTATGCAGACCAACCTG

CHIP assay in Nanog regulatory region

Nanog -2862U

AAAATGGAATCACTGGAACCCAATTCTA

CHIP assay in Nanog regulatory region

Nanog -2670L

TGTCATGTAGGTACTGGAAATTGAACCC

CHIP assay in Nanog regulatory region

Nanog -1823U

CAGCAGTTGAGGCAGTGGTGGTCGTAGT

CHIP assay in Nanog regulatory region

Nanog -1622L

CACTGCCACCAAGCCACCATTGTTA

CHIP assay in Nanog regulatory region

Nanog-exon CHIP-s

TCTTTAGATCAGAGGATGCCCCCTAAGC

CHIP assay in Nanog regulatory region

Nanog-exon CHIP-as

AAGCCTCCTACCCTACCCACCCCCTAT

CHIP assay in Nanog regulatory region

Nanog 907U GCCCAGTACTCAGGCTTGTAAATGGTAG CHIP assay in Nanog regulatory region
Nanog 1079L TTAAAAGCTCAGAAAAAAGGGGACA CHIP assay in Nanog regulatory region
mSox15-s GAG CAA AAA CTC GAG CAC CG In situ hybridization probe(Sox15)
mSox15-as TGT GCA TTC TGG TTC CTT GG In situ hybridization probe(Sox15)

S0xX2 in situ-s

CGC TCA TGA AGA AGG ATA AGT ACA CGC

In situ hybridization probe(Sox2)

sox2 in situ-as

TTG CAC CCC TCC CAATTC TCT TGT ATC T

In situ hybridization probe(Sox2)

Sox15-89-S

CAC CTC CAA AGC AAG GCA GAA AAT AAG CTA GG

Luciferase reporter saasy(Sox15 enhancer)

Sox15-4188-AS

TGT CAC CCA AAG GCC CCAATAGTC CAAT

Luciferase reporter saasy(Sox15 enhancer)

Sox15-3783-S

CAC CTG GCT TCT AGT TCA AAC TGC CCT CAT TA

Luciferase reporter saasy(Sox15 enhancer)

Sox15-7908-AS

GAG ATG GAG AAA GGA GGG ATG TGG ACC G

Luciferase reporter saasy(Sox15 enhancer)

Sox15-7738-S

CAC CAA GGC GTG CCT GCA TCT GCT GTA CTC AT

Luciferase reporter saasy(Sox15 enhancer)

Sox15-11725-AS

GGT AAG GGG AGA AAG AGG GTC TTAGCT C

Luciferase reporter saasy(Sox15 enhancer)

Sox15-11201-S

CAC CCC CAA ATC CAC CCA AGC AGA AGC TAC AC

Luciferase reporter saasy(Sox15 enhancer)

Sox15-15297-AS

TAG CTG TCC TTC GAT CCC AAG TGC TAA G

Luciferase reporter saasy(Sox15 enhancer)

Sx015-14903-S

CAC CCT TCT GGG ATG TCT GAA GAC TGC TAC AA

Luciferase reporter saasy(Sox15 enhancer)

Sox15-19503-AS

CAT CTC TTC ACC ATG CCA CTG ACT CAAC

Luciferase reporter saasy(Sox15 enhancer)

Sox15-19107-S

CAC CAA CAG GGT GTC AGG TCG GAA TGA TTC AT

Luciferase reporter saasy(Sox15 enhancer)

Sox15-22941-AS

CAT TGA TGT GCA GCA GGT CTC CTT AGT C

Luciferase reporter saasy(Sox15 enhancer)

Sox15-12066-AS

GTG AGG GAG AGT GAC TCA GAT AAG G

Luciferase reporter saasy(Sox15 enhancer)

Sox15-11942-S

CAC CGT CCC ATT TGT ATT CTC TCC CTA CA

Luciferase reporter saasy(Sox15 enhancer)

Sox15-12767-AS

AGA ACC AAA AGT ATC AAT GTC TCC T

Luciferase reporter saasy(Sox15 enhancer)

Sox15-12652-S

CAC CAA GGA GCC CCC AAA CAG CAT AAA CA

Luciferase reporter saasy(Sox15 enhancer)

Sox15-13477-AS

GGC TGG AAC GTA GGC AAT CAG ACT C

Luciferase reporter saasy(Sox15 enhancer)

Sox15-13352-S

CAC CCT GGC TCA CGC AGG GAA GGC TCG CT

Luciferase reporter saasy(Sox15 enhancer)

Sox15-14177-AS

CAC GGG TGA GGG AGA GGG CAA CAG C

Luciferase reporter saasy(Sox15 enhancer)

Sox15-14052-S

CAC CGC CTT TGC TGA GGA GAA TCT TGA GG

Luciferase reporter saasy(Sox15 enhancer)

Sox15-14877-AS

AGC CAT CAT GTG GTT GCT AGG ATT T

Luciferase reporter saasy(Sox15 enhancer)

Sox15-14711-S

CAC CGA GTG AGT TCC AGG ACA GCC AGG GC

Luciferase reporter saasy(Sox15 enhancer)

11866-S-gw CAC CCC AAG GAA CCA GAA TGC ACACTA A Luciferase reporter saasy(Sox15 enhancer)
12016-S-gw CAC CTT TGT ATT CTC TCC CTA CAG CAG C Luciferase reporter saasy(Sox15 enhancer)
12016-AS-gw TGG GAC AAT AAA AGA CTC CGA AAC ATG G Luciferase reporter saasy(Sox15 enhancer)
12037-AS-gw GGG CCC TGG GGT TGG GTG GGG AGG TTC C Luciferase reporter saasy(Sox15 enhancer)
12099-AS-gw TGC CCG GGT GGG ATG GTC TAT TGG AGC C Luciferase reporter saasy(Sox15 enhancer)

s0x15-12013-s

CAC CAT TTG TAT TCT CTC CCT ACA GCA GCA ACC AGC GCC TTC ACAC

Luciferase reporter saasy(Sox15 enhancer)




s0x15-12013-as

GTG TGA AGG CGC TGG TTG CTG CTG TAG GGA GAG AAT ACA AAT GGT G

Luciferase reporter saasy(Sox15 enhancer)

s0x15-12059-s

CAC CAC CCT TCC GCC AGG ACC TGC CTC GGC AGG AAC CTC CCC

Luciferase reporter saasy(Sox15 enhancer)

s0x15-12059-as

GGG GAG GTT CCT GCC GAG GCA GGT CCT GGC GGA AGG GTG GTG

Luciferase reporter saasy(Sox15 enhancer)

s0x15-12098-s

CAC CAC CCA ACC CCA GGG CCC TTA TCT GAG TCACTC TCC CT

Luciferase reporter saasy(Sox15 enhancer)

s0x15-12098-as

AGG GAG AGT GAC TCA GAT AAG GGC CCT GGG GTT GGG TGG TG

Luciferase reporter saasy(Sox15 enhancer)

so0x15-12013/12033-s

CAC CCT TCC GCC AGG ACC TG

Luciferase reporter saasy(Sox15 enhancer,

sox15-12013/12033-a

CAG GTC CTG GCG GAA GGG TG

Luciferase reporter saasy(Sox15 enhancer,

s0x15-12023 12043-s

CAC CAG GAC CTG CCT CGG CAG G

Luciferase reporter saasy(Sox15 enhancer,

s0x15-12023 12043-a

CCT GCC GAG GCA GGT CCT GGT G

Luciferase reporter saasy(Sox15 enhancer,

s0x15-12033 12053-s

CAC CTC GGC AGG AAC CTC CCC

s0x15-12033 12053-a

GGG GAG GTT CCT GCC GAG GTG

Luciferase reporter saasy(Sox15 enhancer,

FGF4enha-S

ggtaccaagggctgaggtgagggagaacaatta

Luciferase reporter saasy(Sox15 enhancer,

FGF4enha-AS

gctagectgggetatgagaccgtcttttagaaa

(
(
(
Luciferase reporter saasy(Sox15 enhancer;
(
(
(

Luciferase reporter saasy(Sox15 enhancer,

sox15-5arm-s(Notl)

GCG GCC GCA AGA CAG GAT TAT TAG AC

5'-arm of Sox15 targeting vector

sox15-5arm-As(Spel)

ACT AGT CCC CCA GAC GCT CCA

5'-arm of Sox15 targeting vector

sox15-3arm-s(BamHI)

GGA TCC GTC CCC TTT AGC CAA GAA

3'-arm of Sox15 targeting vector

sox15-3arm-As(Xhol)

CTC GAG TTG GTG CTC TTA ACC TCT

3'-arm of Sox15 targeting vector

sox2-5arm-sNot!

GCG GCC GCA TGC TTG GCA GTT AAG GCT TCT

5'-arm of Sox2 targeting vector

sox2-5arm-asNhel

GCT AGC AGC TCC GTC TCC ATC ATG TTA TAC

5'-arm of Sox2 targeting vector

sox2-3arm-sBamH|

GGA TCC ACC CGA CTC AGC CTC TCA ACT TAA

3'-arm of Sox2 targeting vector

sox2-3arm-asXhol

CTC GAG CTT CCA ATC CCA AGA TAG GTA GAC

3'-arm of Sox2 targeting vector

sox15south5.s(EcoRl)

TGGGTGAATGACTCTTCTTTACTCCACA

5'southern probe in Sox15

sox15south5.as(EcoRl)

AAGGCACATCCAGTCTGAAAGGGAAGGG

5'southern probe in Sox15

sox15-3'south-sMunl

GAG TAG CAC ATG CCG CCC TGAGTT CGAC

3'southern probe in Sox15

sox15-3'south-asMun

GAC CAG AAA GAA GGC CCA GCT CGG AAT G

3'southern probe in Sox15

sox15-3'-m-tail-s

GAT GGC GCA GCA GAA CCC CAAGAT GCAC

Sox15 genotyping PCR

sox15-3'-m-tail-as

GGG GCT CCA GCA AGG GAA GTATTATAT G

Sox15 genotyping PCR

sox2-southern5-s(EcoRl)

GACATTGCCTTTGAGGTTAGAAGAGCTTTT

5'southern probe in Sox2

sox2-southern5-as(EcoRl)

TATTAAGTGACAGCAATGCAGGCCGGTGAC

5'southern probe in Sox2

sox2-3south-s(EcoRl)

CAGATAAGCTCACACATGGCCTGCATACCT

3'southern probe in Sox2

sox2-3south-as(EcoRl)

agttcggtttcagaccattcgccatagaag

3'southern probe in Sox2

sox2-3'-tail-s

ATT ATT CAC GTG GTA ATG AGC ACAGTC G

Sox2 genotyping PCR

sox2-3'-tail-as

GCA AGT CCT CTC TGG GTA GAA TCA TGA C

Sox2 genotyping PCR

bgeo-screeningl

AATGGGCTGACCGCTTCCTCGTGCTT

Sox2, Sox15 genotyping PCR

pGV-P/AS(Bam/Sal)

GAC AGT CAT AAG TGC GGC GAC GAT

Sequence of fragment insertedinto pGV-P plasmid

pGV-P/S(Bam/Sal)

ATG TTT CAG GTT CAG GGG GAG GTG

Sequence of fragment insertedinto pGV-P plasmid




Appemdix 1(Plasmid list)

Name

Application

pDONR/Oct3/4

Entry vector for Gateway system

Mouse Oct3/4 ORF amplified by PCR with oct3/4gw-s and oct3/4gw-as primers was was inserted into pDONR201 by BP reaction.

pDONR/Sox2

Entry vector for Gateway system

Mouse Sox2 ORF amplified by PCR with sox2-gw-s and sox2-gw-as primers was was inserted into pPDONR201 by BP reaction.

PENTR/Sox15

Entry vector for Gateway system

Mouse Sox15 ORF amplified by PCR with sox15-gw-s and sox15-gw-as primers was subcloned into pENTR-D-TOPO.

PENTR/Sox7

Entry vector for Gateway system

Mouse Sox7 ORF amplified by PCR with sox7-gw-S and sox7-gw-AS primers was subcloned into pENTR-D-TOPO.

PENTR/Sox17

Entry vector for Gateway system

Mouse Sox17 ORF amplified by PCR with oct3/4gw-s and oct3/4gw-as primers was subcloned into pENTR-D-TOPO.

PENTR/Sox2-15-2

Entry vector for Gateway system

Three products amplified with sox2-gw-s and sox2HMG15-out-as, sox2HMG15-hmg-s and sox2HMG15-hmg-as, sox2HMG15-out-s and sox2-gw-as were mix,

them used as templates insecond PCR with sox2-gw-s and sox2-gw-as aubcloned into pENTR/D-TOPO

PENTR/Sox15-2-15

Entry vector for Gateway system

Three products amplified with sox15-gw-s and sox15HMG2-out-as, sox15HMG2-hmg-s and sox15HMG2-hmg-as, sox15HMG2-out-s and sox15-gw-as were mix,

them used as templates insecond PCR with so15-gw-s and sox15-gw-as aubcloned into pENTR/D-TOPO

PENTR/MyoD

Entry vector for Gateway system

Mouse MyoD ORF amplified by PCR with MyoD-s,gw and MyoD-as,gw primers was was subcloned into pENTR-D-TOPO.

PENTR/Myogenin

Entry vector for Gateway system

Mouse Myogenin ORF amplified by PCR with Myogenin-s,gw and Myogenin-as,gw primers was subcloned into pENTR-D-TOPO.

PENTR/Sox15C

Entry vector for Gateway system

Mouse C-terminal of Sox15 amplified by PCR with anti-sox15-s and anti-sox15-s primers was subcloned into pENTR-D-TOPO.

PENTR/Sox2C

Entry vector for Gateway system

Mouse C-terminal of Sox2 amplified by PCR with anti-sox2-s and anti-sox2-as primers was subcloned into pENTR-D-TOPO.

pCAG-IP-HA/Oct3/4

Expression vector

LR reaction with pDONR/Oct3/4 and pCAG-IP-gw-HA

pCAG-IP-HA/Sox2

Expression vector

LR reaction with pDONR/Sox2 and pCAG-IP-gw-HA

pCAG-IP-HA/Sox15

Expression vector

LR reaction with pENTR/Sox15 and pCAG-IP-gw-HA

pCAG-IP-myc/Oct3/4

Expression vector

LR reaction with pDONR/Oct3/4 and pCAG-IP-gw-myc

pCAG-IP-myc/Sox2

Expression vector

LR reaction with pDONR/Sox2 and pCAG-IP-gw-myc

pCAG-IP-myc/Sox15

Expression vector

LR reaction with pENTR/Sox15 and pCAG-IP-gw-myc

pCAG-IP-Flag/Sox7

Expression vector

LR reaction with pENTR/Sox7 and pCAG-IP-gw-Flag

pCAG-IP-Flag/Sox17

Expression vector

LR reaction with pENTR/Sox17 and pCAG-IP-gw-Flag

pCAG-IP-HA/Sox2-15-2

Expression vector

LR reaction with pENTR/Sox2-15-2 and pCAG-IP-gw-HA

pCAG-IP-HA/Sox15-2-15

Expression vector

LR reaction with pENTR/Sox15-2-15 and pCAG-IP-gw-HA

pCAG-IP-HA/MyoD

Expression vector

LR reaction with pENTR/MyoD and pCAG-IP-gw-HA

pCAG-IP-HA/Myogenin

Expression vector

LR reaction with pENTR/Myogenin and pCAG-IP-gw-HA

pDEST15/Sox15C Expression vector LR reaction with pENTR/Sox15C and pDEST15

pDEST17/Sox15C Expression vector LR reaction with pENTR/Sox15C and pDEST17

pDEST15/Sox2C Expression vector LR reaction with pENTR/Sox2C and pDEST15

pDEST17/Sox2C Expression vector LR reaction with pENTR/Sox2C and pDEST17

pCR2.1/FGF4 The PCR product amplified withFGF4enha-S and FGF4enha-AS primers in RF8 genome was subcloned into pCR2.1-TOPO.

pGV-P/FGF4 Lucifease reporter vector A Nhel/Kpnl (Blunted) fragment of pCR2.1/FGF4 was introduced into the BamHI (Blunted) site of pGV-P

pCR2.1/FbxAACAATG(wt) Gel mobility shift assay The PCR product amplified with SELEX_N-20 FW and SELEX_N-20RV primers in AACAATG-s(wt) and -as(wt) annealing product was subcloned into pCR2.1-TOPO.
pCR2.1/FbxAACCATG(4C) Gel mobility shift assay AACCATG-s(4C) and -as(4C) annealing product was introduced into the Clal/Ndel site of pCR2.1/FbxAACAATG(wt)

pCR2.1/Fbx(1C) Gel mobility shift assay Fbx1C-s and Fbx1C-as annealing product was introduced into the Clal/Ndel site of pCR2.1/FbxAACAATG(wt)

pCR2.1/Fbx(1G)

Gel mobility shift assay

Fbx1G-s and 1G-as annealing product

was introduced into the Clal/Ndel site of pCR2.1/FbxAACAATG(wt)

pCR2.1/Fbx(1T)

Gel mobility shift assay

Fbx1T-s and 1T-as annealing product

was introduced into the Clal/Ndel site of pCR2.1/FbxAACAATG(wt)

pCR2.1/Fbx(2C)

Gel mobility shift assay

Fbx2C-s and 2C-as annealing product

was introduced into the Clal/Ndel site of pCR2.1/FbXxAACAATG(wt)

pCR2.1/Fbx(2G)

Gel mobility shift assay

Fbx2G-s and 2G-as annealing product

was introduced into the Clal/Ndel site of pCR2.1/FbxAACAATG(wt)

pCR2.1/Fbx(2T)

Gel mobility shift assay

Fbx2T-s and 2T-as annealing product

was introduced into the Clal/Ndel site of pCR2.1/FbxAACAATG(wt)

Gel mobility shift assay

Fbx3A-s and 3A-as annealing product

was introduced into the Clal/Ndel site of pCR2.1/FbxAACAATG(wt)

pCR2.1/Fbx(3G)

Gel mobility shift assay

Fbx3G-s and 3G-as annealing product

was introduced into the Clal/Ndel site of pCR2.1/FbxAACAATG(wt)

pCR2.1/Fbx(3T)

Gel mobility shift assay

Fbx3T-s and 3T-as annealing product

was introduced into the Clal/Ndel site of pCR2.1/FbxAACAATG(wt)

pCR2.1/Fbx(4G)

Gel mobility shift assay

Fbx4G-s and 4G-as annealing product

was introduced into the Clal/Ndel site of pCR2.1/FbxAACAATG(wt)

(
(
(
(
(
pCR2.1/Fbx(3A)
(
(
(
(

pCR2.1/Fbx(4T)

Gel mobility shift assay

Fbx4T-s and 4T-as annealing product

was introduced into the Clal/Ndel site of pCR2.1/FbxAACAATG(wt)




pCR2.1/Fbx(5T)

Gel mobility shift assay

Fbx5T-s and 5T-as annealing product was introduced into the Clal/Ndel site of pCR2.1/FbxAACAATG(wt)

pCR2.1/Fbx(5A

Gel mobility shift assay

Fbx5A-s and 5A-as annealing product was introduced into the Clal/Ndel site of pCR2.1/FbxAACAATG(wt)

pCR2.1/Fbx(5C

Gel mobility shift assay

Fbx5C-s and 5C-as annealing product was introduced into the Clal/Ndel site of pCR2.1/FbxAACAATG(wt)

pCR2.1/Fbx(6A

Gel mobility shift assay

Fbx6A-s and 6A-as annealing product was introduced into the Clal/Ndel site of pCR2.1/FbxAACAATG(wt)

Gel mobility shift assay

Fbx6C-s and 6C-as annealing product was introduced into the Clal/Ndel site of pCR2.1/FbxAACAATG(wt)

pCR2.1/Fbx(6G)

Gel mobility shift assay

Fbx6G-s and 6G-as annealing product was introduced into the Clal/Ndel site of pCR2.1/FbxAACAATG(wt)

pPCR2.1/Fbx(7A)

Gel mobility shift assay

Fbx7A-s and 7A-as annealing product was introduced into the Clal/Ndel site of pCR2.1/FbxAACAATG(wt)

(
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pPCR2.1/Fbx(6C
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pCR2.1/Fbx(7C)

Gel mobility shift assay

Fbx7C-s and 7C-as annealing product was introduced into the Clal/Ndel site of pCR2.1/FbxAACAATG(wt)

pCR2.1/Fbx(7T)

Gel mobility shift assay

Fbx7T-s and 7T-as annealing product was introduced into the Clal/Ndel site of pCR2.1/FbxAACAATG(wt)

PENTR/Sox15(89-4188)

The PCR product amplified with Sox15-89-S and Sx015-4188-AS primers in RF8 genome was subcloned into pENTR/D-TOPO

PENTR/Sox15(3783-7908)

The PCR product amplified with Sox15-3783-S and Sx015-7908-AS primers in RF8 genome was subcloned into pENTR/D-TOPO

PENTR/S0x15(7738-11725)

The PCR product amplified with Sox15-7738-S and Sx015-11725-AS primers in RF8 genome was subcloned into pENTR/D-TOPO

PENTR/S0x15(11201-15297)

The PCR product amplified with Sox15-11201-S and Sx015-15297-AS primers in RF8 genome was subcloned into pENTR/D-TOPO

PENTR/S0x15(14903-19503)

The PCR product amplified with Sox15-14903-S and Sx015-19503-AS primers in RF8 genome was subcloned into pENTR/D-TOPO

PENTR/S0x15(19107-22941)

The PCR product amplified with Sox15-19107-S and Sx015-22941-AS primers in RF8 genome was subcloned into pENTR/D-TOPO

pGV-P/Sox15(89-4188)

Lucifease reporter vector

LR reaction with pENTR/Sox15(89-4188) and pGV-P-gw

pGV-P/Sox15(3783-7908)

Lucifease reporter vector

LR reaction with pENTR/Sox15(3783-7908) and pGV-P-gw

pGV-P/Sox15(7738-11725)

Lucifease reporter vector

LR reaction with pENTR/Sox15(7738-11725) and pGV-P-gw

Lucifease reporter vector

LR reaction with pENTR/Sox15(11201-15297) and pGV-P-gw

(

(
pGV-P/Sox15(11201-15297)
pGV-P/S0x15(14903-19503)

Lucifease reporter vector

LR reaction with pENTR/Sox15(14903-19503) and pGV-P-gw

pGV-P/S0x15(19107-22941)

Lucifease reporter vector

LR reaction with pENTR/Sox15(19107-22941) and pGV-P-gw

PENTR/Sox15(11201-12066

The PCR product amplified with Sox15-11201-S and Sx015-12066-AS primers in pENTR/Sox15(11201-15297) was subcloned into pENTR/D-TOPO

PENTR/Sox15(11942-12767

The PCR product amplified with Sox15-11942-S and Sx015-12767-AS primers in pENTR/Sox15(11201-15297) was subcloned into pENTR/D-TOPO

PENTR/Sox15(12652-13477

The PCR product amplified with Sox15-12652-S and Sx015-13477-AS primers in pENTR/Sox15(11201-15297) was subcloned into pENTR/D-TOPO

PENTR/Sox15(13352-14177

The PCR product amplified with Sox15-13352-S and Sx015-14177-AS primers in pENTR/Sox15(11201-15297) was subcloned into pENTR/D-TOPO

PENTR/Sox15(14052-14877

The PCR product amplified with Sox15-14052-S and Sx015-14877-AS primers in pENTR/Sox15(11201-15297) was subcloned into pENTR/D-TOPO

PENTR/Sox15(14711-15297

The PCR product amplified with Sox15-14711-S and Sx015-15297-AS primers in pENTR/Sox15(11201-15297) was subcloned into pENTR/D-TOPO

pGV-P/S0x15(11201-12066)

Lucifease reporter vector

LR reaction with pENTR/Sox15(11201-12066) and pGV-P-gw

pGV-P/Sox15(11942-12767)

Lucifease reporter vector

LR reaction with pENTR/Sox15(11942-12767) and pGV-P-gw

pGV-P/Sox15(12652-13477)

Lucifease reporter vector

LR reaction with pENTR/Sox15(12652-13477) and pGV-P-gw

pGV-P/Sox15(13352-14177)

Lucifease reporter vector

LR reaction with pENTR/Sox15(13352-14177) and pGV-P-gw

pGV-P/Sox15(14052-14877)

Lucifease reporter vector

LR reaction with pENTR/Sox15(14052-14877) and pGV-P-gw

Lucifease reporter vector

LR reaction with pENTR/Sox15(14711-15297) and pGV-P-gw

pGV-P/Sox15(11201-11210)

Lucifease reporter vector

A Kpnl/Apal (Blunted) fragment of pGV-P/Sox15(7738/11725) was introduced into the BamHI (Blunted) site of pGV-P

pGV-P/Sox15(11238-11665)

Lucifease reporter vector

An Apal/Pstl Blunted) fragment of pGV-P/Sox15(11201/12066) was introduced into the BamHI (Blunted) site of pGV-P

pGV-P/Sox15(11453-11864)

Lucifease reporter vector

A Sphl/Bglll (Blunted) fragment of pGV-P/So0x15(11201/12066) was introduced into the BamHI (Blunted) site of pGV-P

(
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pGV-P/Sox15(14711-15297)
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pGV-P/Sox15(11646-12071)

Lucifease reporter vector

An Apal/Banlll/Sphl (Blunted) fragment of pGV-P/So0x15(11201/12066) was introduced into the BamHI (Blunted) site of pGV-P

pGV-P/S0x15(12034-12396)

Lucifease reporter vector

A Apal/Sacl (Blunted) fragment of pGV-P/Sox15(11201/15297) was introduced into the BamHI (Blunted) site of pGV-P

PENTR/S0x15(11866-12066)

The PCR product amplified with 11866-S-gw and 12066-AS-gw primers in pENTR/Sox15(11646-12071) was subcloned into pENTR/D-TOPO

PENTR/S0x15(12016-12037)

The PCR product amplified with 12016-S-gw and 12037-AS-gw primers in pENTR/Sox15(11646-12071) was subcloned into pENTR/D-TOPO

PENTR/S0x15(11866-12037)

The PCR product amplified with 11866-S-gw and 12037-AS-gw primers in pENTR/Sox15(11646-12071) was subcloned into pENTR/D-TOPO

PENTR/S0x15(11866-12099)

The PCR product amplified with 11866-S-gw and 12099-AS-gw primers in pENTR/Sox15(11646-12071) was subcloned into pENTR/D-TOPO

pGV-P/Sox15(11866-12066)

Lucifease reporter vector

LR reaction with pENTR/Sox15(11866-12066) and pGV-P-gw

pGV-P/Sox15(12016-12037)

Lucifease reporter vector

LR reaction with pENTR/Sox15(12016-12037) and pGV-P-gw

pGV-P/Sox15(11866-12037)

Lucifease reporter vector

LR reaction with pENTR/Sox15(11866-12037) and pGV-P-gw

pGV-P/Sox15(11866-12099)

Lucifease reporter vector

LR reaction with pENTR/Sox15(11866-12099) and pGV-P-gw

PENTR/S0x15(12013-12058)

Thefragment annealed with sox15-12013-s and sox15-12013-as primers was subcloned into pENTR/D-TOPO




PENTR/S0x15(12059-12097)

Thefragment annealed with sox15-12059-s and sox15-12059-as primers was subcloned into pENTR/D-TOPO

PENTR/S0x15(12098-12143)

Thefragment annealed with sox15-12098-s and sox15-12098-as primers was subcloned into pENTR/D-TOPO

pGV-P/S0x15(12013-12058)

Lucifease reporter vector

LR reaction with pENTR/Sox15(12013-12058) and pGV-P-gw

pGV-P/S0x15(12059-12097)

Lucifease reporter vector

LR reaction with pENTR/S0x15(12059-12097) and pGV-P-gw

pGV-P/S0x15(12098-12143)

Lucifease reporter vector

LR reaction with pENTR/Sox15(12098-12143) and pGV-P-gw

PENTR/S0x15(12013-12033)

Thefragment annealed with sox15-12013/12033-s and sox15-12013/12033-a primers was subcloned into pENTR/D-TOPO

PENTR/S0x15(12023-12043)

Thefragment annealed with sox15-12023 12043-s and sox15-12023 12043-a primers was subcloned into pENTR/D-TOPO

PENTR/S0x15(12033-12053)

Thefragment annealed with sox15-12033 12053-s and sox15-12033 12053-a primers was subcloned into pENTR/D-TOPO

pGV-P/S0x15(12013-12033)

Lucifease reporter vector

LR reaction with pENTR/Sox15(12013-12033) and pGV-P-gw

pGV-P/S0x15(12023-12043)

Lucifease reporter vector

LR reaction with pENTR/Sox15(12023-12043) and pGV-P-gw

pGV-P/S0x15(12033-12053)

Lucifease reporter vector

LR reaction with pENTR/Sox15(12033-12053) and pGV-P-gw

pCR2.1/Sox15 in situ

In situ hybridization probe

The PCR product amplified with mSox15-s and mSox15-as primers in RF8 genome was subcloned into pCR2.1-TOPO.

pBSKS/mSox15 in situ

In situ hybridization probe

An EcoRI (Blunted) fragment of pCR2.1/Sox15 in situ was introduced into the BamHI|/Sall (Blunted) site of pGV-P

pCR2.1/Sox2 in situ

In situ hybridization probe

The PCR product amplified with sox2 in situ-s and sox2 in situ-as primers in RF8 genome was subcloned into pCR2.1-TOPO.

pBS-SK Nanog sox(m)

Mutagenesis with ECATAmTCF(AC)-s and ECAT4mTCF(AC)-as using pBS-SK-ECAT4 6K(-4694/-3670) as template

pBS-SK Nanog double(m)

Mutagenesis with ECAT4mdouble-s and ECAT4mdouble-as using pBS-SK-ECAT4 6K(-4694/-3670) as template

BM4-ECAT4 5K -5041/+72-sox(m)

Lucifease reporter vector

An BamHI fragment of pBS-SK Nanog sox(m) was introduced into the BamHI site of BM4-ECAT4 5K -5041/+72

BM4-ECAT4 5K -5041/+72-double(m)

Lucifease reporter vector

An BamHI fragment of pBS-SK Nanog double(m) was introduced into the BamH! site of BM4-ECAT4 5K -5041/+72

PENTR Nanog 4735/4395-sox(m)

Mutagenesis with ECATAmTCF(AC)-s and ECAT4AmTCF(AC)-as using pENTR Nanog 4735/4395 as template

PENTR Nanog 4735/4395-double(m)

Mutagenesis with ECAT4mdouble-s and ECAT4mdouble-as using pENTR Nanog 4735/4395 as template

Nanog 4735/4395 pGV-P-sox(m)

Lucifease reporter vector

LR reaction with pENTR Nanog 4735/4395-sox(m) and pGV-P-gw

Nanog 4735/4395 pGV-P-double(m)

Lucifease reporter vector

LR reaction with pENTR Nanog 4735/4395-double(m) and pGV-P-gw

pGV-BM2 -2904/+72 oct3/4(m)

Mutagenesis with Nanog exon up-O(m)S and Nanog exon up-O(m)A using pENTR pGV-BM2 -2904/+72 as template

pGV-BM2 -2904/+72 sox2(m)

Mutagenesis with Nanog exon up-S(m)S and Nanog exon up-S(m)A using pENTR pGV-BM2 -2904/+72 as template

pGV-BM2 -2904/+72 double(m)

Mutagenesis with Nanog exon up-D(m)S and Nanog exon up-D(m)A using pENTR pGV-BM2 -2904/+72 as template

pGV-BM4 -5041/+72 oct3/4(m)

Lucifease reporter vector

A Sacl/Xhol fragment of pGV-BM2 -2904/+72 oct3/4(m) was introduced into the Sacl/Xhol site of pGV-BM4 -5041/+72

pGV-BM4 -5041/+72 sox2(m)

Lucifease reporter vector

A Sacl/Xhol fragment of pGV-BM2 -2904/+72 sox2(m) was introduced into the Sacl/Xhol site of pGV-BM4 -5041/+72

pGV-BM4 -5041/+72 double(m)

Lucifease reporter vector

A Sacl/Xhol fragment of pGV-BM2 -2904/+72 double(m) was introduced into the Sacl/Xhol site of pGV-BM4 -5041/+72

pCR2.1/Sox15 5'-arm

The PCR product amplified with sox15-5arm-s(Notl) and sox15-5arm-As(Spel) primers was subcloned into pCR2.1-TOPO.

pCR2.1/Sox15 3'-arm

The PCR product amplified with sox15-3arm-s(BamHI) and sox15-3arm-As(Xhol) primers was subcloned into pCR2.1-TOPO.

pBSKS/Sox15 5'arm

A Notl/Spel fragment of pCR2.1/Sox15 5'-arm was introduced into the Notl/Spel site of pBS-IRES3geopA

pBSKS/Sox15 5'+3'arm

Targeting Vector

An BamHI/Xhol fragment of pCR2.1/Sox15 3'-arm was introduced into the BamHI/Xhol site of pPBSKS/Sox15 5'arm

PCRXL-MC1DApA/Sox15 5'+3'arm

Targeting Vector

An Notl/Xhol fragment of pBSKS/Sox15 5'+3'arm was introduced into the Not/Xhol site of pCRXL-MC1DApA

pCR2.1/Sox2 5'arm

The PCR product amplified with sox2-5arm-sNotl and sox2-5arm-asNhel primers was subcloned into pCR2.1-TOPO.

pCR2.1/Sox2 3'arm

The PCR product amplified with sox2-3arm-sBamHI and sox2-3arm-asXhol primers was subcloned into pCR2.1-TOPO.

pBSKS/Sox2 3'arm

A BamHI/Not! fragment of pCR2.1/Sox2 3'-arm was introduced into the Notl/Spel site of pBS-IRES[3geopA

pBSKS/Sox2 5'+3'arm

Targeting Vector

A Notl/Nhel fragment of pCR2.1/Sox2 5'-arm was introduced into the Notl/Spel site of pBSKS/Sox2 3'arm




xenopus ~ --m-meee T CCCCCCCJIgC [CCGECCTGCC CAAAGGATCET TCTTTICITIr 290

chicken ~ —emeemen e CCCAC GTCAL--- ------ ATTT AATTTTAJTC 236

zebrafish-1 ~  ---meemeem CCCAC ECCO---- ------ TTTG ATAATTATTC 16

zebra fish -2 CA--—----- - CCccCcC e TTTC ACTCTCAJTC 269

mouse CATCCCCTCC CC dCACC CCATCC---- ------ ATT-|JAATAT P74

*kk

Xxenopus TTTT ATT TCAAGCLCTCC AAAGTGGAGA|JTGCGATTGC 340

chicken TTTT TTd TCAAGCECGCC AAAGTGGAGAIGTGCGATTGC 285

zebra fish -1 TTTT TTGG TCAAGCECGCC AAAGTGGAGAIGTGTGATTGC 212

zebra fish -2 TTTT TTT 5 TCAAGCCGCC AAAGTGGAGA GTGTGATTGC 319

mouse TTTT TTd TCAAGEECGCC AAAGTGGAGAIQTGCGATTGC 323

Xenopus AGAGGGGGGT GCTTCTCGTT TCAGTGQT GICAAGT--- GGAG

chicken AGAAGGGGGT GCTTCTCGTT TCAGTGQTTC|[TTGAGGECGGA GGA

zebra fish -1 AGAAGGGGGT GCTTCTCGTT TCAGTGQTTC|[TTGGGGLGGA

zebra fish -2 AGAGGGGGGT GCTTCTCGTT TCAGTGQAT|C|TTCGGGLGGA 5

mouse AGAAGGGGGT GCTTCTCGTT TCAGTGTIC|TTIGGGGLGGA

xenopus GGGGTGCETC TCAGCACTAT CCC TCGGCAACAG [CIGAGTACCTG 437

chicken GGGGTGCACC TCAGCACTAT CC( 1 CCAGCAACAG [CGAGJTCCTG 385

zebra fish -1 GGGGTGCATC TCAGCACTAT CCCi TCGGCAACAG CGAGTACCTG 312

zebra fish -2 GGGGTGCAMAC TCAGCACTAT CCC TCGGCAACAG CGAGTTCCTG 419

mouse GGGGTGCACC TCAGCACTAT CC( 1 CTGGCAACAG [CGAGJTCCTG 423

Xenopus GGGAAAACCCT CAGQGCC GGGTTCCTT CACGAAGCAC 487

chicken GGGAAAACCC CAGHGCA G( TGGATTCCTT CACGAAGCAC 435

zebra fish -1 GGGAAAACCC CAGQEGCC G] TGGG[TTICCTT CACGAAGCAC 362

zebra fish -2 GGGAAAACCC CAGQEGCC G] TGGG[TTICCTT CACGAAGCAC 469

mouse GGGAAAACCC CAGEGCA G( TGGATTCCTG CACGAAGCAC 473
B Xenopus --RAFREAFV PPSPPCPKDL LFFFFP | AEGGASRFSA 47

Chicken - GRFCF ---SP-PRQF N-FILLKILR GASRFSA 40

Zebrafish-1 PNTIKAEVPL EKAVFYTPTL SLSFFL Y1 AEGGASRFSA 50

Zebrafish-2 ~ -—-- GCLSK VRISP-PRPL I-IILLKILR C GASRFSA 43

Mouse --VLGEGFSF LPSPPLPTPS INIILLKIL EGGASRFSA | 48

Xenopus ARGA BOQHYIPKTVGN BEYLGKTPG DVNSI®&NN

Chicken bGRGA PQHYPK[ITASN BEFLGHTPG K DDDSAND

Zebrafish-1 bGRGA TQHYPKEVGN SEFLGKTPG R RDVNSEBNE

Zebrafish-2 bGRGA SQHYPK[TVGN SEYLGKTP R RDVNSSTE

Mouse bSRGA POHYPKTAGN BEFLGHTPG K DDNS&AN

Xenopus RHDAIFR KVRGILNKLA PEKHDKLCLE LLNVGYDSK146

Chicken R KVRGILNKLT PEKIFOKLCUHE LLNVGVESKL 129

Zebrafish-1 R KVRGILNKLT PEKFOKLCUE LLNVGVDSKL 139

Zebrafish-2 R KVRGILNKLT PEKFGKLCILE LLNVGVDSKL 132

Mouse AIFR KVRGILNKLT PEKFDHUCLE LLNVGVESKL | 142

Xenopus ILLIV DKALEEPKYS SLYAQLCLRL AEDAPNFDGP SADGPi 096

Chicken ILLIV DKALEEPKYS SLYAQLCLRL AEDAPNFDGP [SAESHPGQKQ79

Zebrafish-1 IILLIV DKALEEPKYS SLYAQLCLRL AEDAPNFDGP |STEIQSSQK{189

Zebrafish-2 IILLIV DKALEEPKYS SLYAQLCLRL AEDAPNFDGP [TPEIQSSQK({182

Mouse ILLIV DKALEEPKYS SLYAQLCLRL AEDAPNFDGP IAAEGQRGOK@2

*

Xenopus STTFRRLLIS KLQDEFENIRS RN LIPEEEEQ RAIAKIKM|.@46

Chicken STTFRRLLIS KLOQDEFENRT RN LUPEEEEQ RAIAKIKMU@29

Zebrafish-1 STTFRRLLIS KLQDEFENRT RN TISEEEEQ RAIAKIKMU&39

Zebrafish-2 STTFRRLLIT KLODEFENRT KN LTSEEEEQ RAIAKIKML@32

Mouse STTFRRLLIS KLODEFENIRT RN LILPEEEEQ RAIAKIKM| @42

Xenopus NIKFIGELGK LDLIHESILH ROIKALLEKK KRVQLKOMGE DLECLCQIMR 296

Chicken NIKFIGELGK LDLIHESILH KCIKTILHEKK KRVQLKDMGE DLECLCQIMR 279

Zebrafish-1 NIKFIGELGK LDLIHESILH KCJKTILHEKK KRVQLKDMGE DLECLCQIMR 289

Zebrafish-2 NIKFIGELGK LDLIHESILH KCJKTILLEKK KRVQLKDMGE DLECLCQIMR 282

Mouse NIKFIGELGK LDLIHESILH KCJKTILEKK KRVOLYQOMGE DLECLCOIMR 292

Figure 1.Sequences of vertebrate NAT1 orthologs. (A) Comparison of the nucleotide seqeunces in the 5'
portion of vertebrate NAT1 orthologs with their mouse counterpart. Nucleotides conserved in all species
are boxed. The GUG initiation codons are marked with asterisks. (B) Comparison of the deduced amino
acid sequences of the 5' portion of vertebrate NAT1 orthologs with their mouse counterpart. Conserved
amino acids are boxed. Asterisks indicate the valine encoded by the initiator GUG and the methionine
encoded by the first AUG codon in the open reading frame.
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Figure 2. Western blot analysis of vertebrate NAT1 orthologs. mouse, chicken, Xenopus, and zebrafish.
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Figure 3. In vitro transcription/translation of vertebrate NAT1 orthologs. mouse, chicken, Xenopus, and
zebrafish(zNAT1A), (zZNAT1B)
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Figuire 4. (A) RT-PCR analysis showing the expression profiles of mouse Sox15, Sox2, and NAT1.
Expression of these genes was tested in two independent ES cell line, MG1.19 and RF8, as well as
12 somatic tissues from adult mice. Differentiation of ES cells was induced by retinoic acid treatment
for five days. (B) Sox15 protein levels in Cos7 cells and ES cells were determined by Western blot
analyses. CDK4 was used asa loading contorol. (C) Immunopstaining of Sox15 and Sox2 in wild-type
ES cells and Sox15 knockout ES cells. Cells were counterstained with DAPI.
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Figure 5.Westerm blot analyses showing association of Sox15 with Oct3/4. MG1.19 ES cells were
transfected with HA-Sox2, HA-Sox15, and myc-Oct3/4 expression vectors. Immunoprecipitation (IP)
was performed with either anti-myc or anti-HA antibody. Cell lysates and precipitated samples were
separated by SDS-PAGE and immunoblotted with anti-myc or anti-HA antibody.Shown on the left are
the positions of bands corresponding to each transcription factor(s).



Extract

F9 Cos7 Cos7
Oct3/4 + + + + + + + + + + + +
Sox2 + + + + + + + +
Sox15 + + + + + + + +

03/S2 P
03/515 p| " . -
Sox2 P> R 5 1
Oct3/a B = L]
SOX15> 5 r ) - . . e ‘ - .' . -

Probe WT O(m) S(m) D(m)

POU SOX
FGF4-WT ATTAGCAT CCA AACAAAG
FGF4-Oct(m) GGGTTACC CCA AACAAAG
FGF4-SOX(m) ATTAGCAT CCA ACCCAAT

FGF4-Double(m) GGGTTACC CCA ACCCAAT

Figure 6. Gel mobility-shift assay showing binding of Sox15 to the FGF4 enhancer. A 32P-labeled oligo-
nucleotide (WT;tttaagtatcccATTAGCATccaAACAAAGagttticta) corresponding to the FGF4 enhancer

was incubated with F9 EC cell extract or Cos7 cell extract expressing Oct3/4, Sox2, or both. Oligo-
nucleotides with mutations (underlined) in the octamer-like sequence [Oct(m);tttaagtatcccGGGTTACCcca-
AACAAAGagttttcta ], the Sox-binding site [Sox(m);tttaagtatcccATTAGCATccaACCCAATagttttcta] and the
both sites [Double(m);tttaagtatcccGGGTTACCccaACCCAATagttttcta | were also tested. Shown on the

left are the positions of bands corresponding to each transcription factor.



Extract

Cos7

Oct3/4 e g + + + + + + + +
Sox2 + - + 4 e +
Sox15 + + + + + +
03/S2 p l
03/S15 P l

Sox2 P> . - . =
Oct3/4 P

Sox15 P

C T T T T

e ————————

Probe o
@ WT O(m) S(m)
D
POU SOX

Fbx15-WT TTTATCAT AACAATG
Fbx15-Oct(m) TCCCTCAT AACAATG
Fbx15-SOX(m) TTTATCAT AACCATG

Figure 7. Gel mobility-shift assay showing binding of Sox15 to the Fbx15 enhancer. A 32P-labeled oligo-
nucleotide (WT; ccagatgtgcTTTATCATAACAATGgaattcctaggggct) corresponding to the Fbx15 enhancer
was incubated with F9 EC cell extract or Cos7 cell extract expressing Oct3/4, Sox2, or both. Oligo-
nucleotides with mutations in the octamer-like sequence [Oct(m); ccagatgtgcTCCCTCATAACAATGgaattcc-
taggggct] and the Sox-binding site [Sox(m); ccagatgtgcTTTATCATAACCATGgaattcctaggggct] were also
tested. As a control, an FGF4 enhancer oligonucleotide (tttaagtatcccATTAGCATccaAACAAAGagttticta)
was incubated with Cos7 cell extracts expressing Oct3/4, Sox2, or both. Shown on the left are the positions
of bands corresponding to each transcription factor.
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Figure 8. Activation of FGF4(A) and Fbx15(B) enhancer by Oct3/4 and Sox15. Luciferase reporter
plasmids containing the FGF4 or Fbx15 enhancer was introduced into Cos7 cells together with
expression vector for Sox2, Sox15 and/or Oct3/4 as indicated.
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Figure 9. Expression and binding potency of Sox-2/15 chimeric proteins. (A) Western blot analysis
showing the expression levels of Sox-2/15 chimeric proteins. (B & C) Electrophoresis mobility shift
assay showing binding potency of Sox-2/15 chimeric proteins to the FGF4 enhancer (B) and the Fbx15
enhancer (C).
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Figure 10. Comparison of DNA recognition sequence between Sox2 and Sox15.(A) DNA recognition
sequences of Sox2 and Sox15 determined by SELEX. Results are shown with Sequence logo (Schneider
and Stephens, 1990), which generated by WebLogo (www.bio.cam.ac.uk/cgi-bin/seqglogo/logo.cgi). The
height of each Letters are sorted so that the most common one is on top. The height of the entire stack is
adjusted to signify the information content (measured in Bits) of the sequence at that position.

(B) Determination of the relative importance of individual nucleotides within the Sox binding site for the
interaction with Sox factors. The radio-labeled probes were generated using oligonucleotide which contained
wild-type (5'-AACAATG-3') or mutated Sox sequence as templates and used for the gel shift analyses

using whole cell extracts from Cos7 cells in which indicated expression vectors had been transfected.

In the mutants, only mutated nucleotides are indicated.

Sox15
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Figure 11. Enhancer analyses with the luciferase reporter genes. DNA fragmets of approximately 4.0-kb were isolated from the mouse Sox15 gene
and placed in downstream of the luciferase gene driven by the minimum SV40 promoter. These reporter constructs were introduced into undifferentiated
ES cells (blue) and NIH3T3 cells (purple). Shown is fold induction of normalized luciferase activity compared to that of the enhancerless construct (pGV-P).
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Figure 12. Enhancer analyses with the luciferase reporter genes. Shorter DNA fragmets of various sizes were isolated from the fragment D in Fig11
and placed downstream of the luciferase gene driven by the minimum SV40 promoter. These reporter constructs were introduced into undifferentiated
ES cells (blue) and NIH3T3cells (purple). Shown is fold induction of normalized luciferase activity compared to that of the enhancerless construct

(pGV-P).
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Figure 13. (A) Sequence of the Sox15 enhancer (D-2) that shows luciferase activity in undifferentiated
RF8 ES cells. (B) Gel mobility shift assay. A 32P-labeled oligonucleotide(D-2;CACCCTTCCGCCAGGAC-
CTGCCTCGGCAGGAACCTCCCC) corresponding to the Sox15 enhancer was incubated with RF8 ES
cell extract or Cos7 extract. Fragment D-1 and D-3 were used as negative control.
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Figure 14. Targeted disruption of the mouse Sox15 gene. (A) Structure of the Sox15 genomic locus, the
targeting vector and the targeted locus generated by homologous recombination. The targeting vector
conatins the 3 -geo cassette in place of the HMG domain. The length of the diagnostic EcoRI(E) or Munl(M)
restriction fragments and the locations of the 5' or 3' probe for Southern blot analysis are shown.

(B) Southern blot analysis. Specific hybridization with the 5' probe produces an 8.0-kb band from the wild-
type locus and a 4.3-kb band from the target locus. Hybridization with 3' probe produced an 18.0-kb band
from the wild-type locus and an 8.8-kb band from the target locus.+/+, +/-, and -/- represent genotypes of
Sox15+/+, Sox15+/-, and Sox15-/-, respectively. (C) PCR analysis.PCR with the three primers shown in
panel A produces a 1036-bp band from the wild-type locus and a 1371 -bp band from the target locus.

(D) Northern blot analysis. Total RNA isolated from ES cells of each genotype was separated, bloted, and
hybridized to cDNA probes of Sox15 and Sox2. (E) Western blot analysis. Lysates isolated from ES cells of
each genotype were separated on SDS-PAGE and immunoblotted with anti-Sox15 and anti-CDK4 antibody.
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Figure 15. Analyses of Sox15 null cells. (A) Morphology of wild-type ES cells(+/+), Sox15 heterozygous
cells(+/-), and Sox15 null cells(-/-) grown without STO feeder cells. (B) Effect of Sox15 deficiency on
proliferation.Three genotype Cells were plated at 1x 104 cells per well of 24-well plates. Cell numbers were
counted after 2, 4, and 6 days. (C) Northern blot analyses. Total RNA was isolated from parent RF8 cells(+/+),
heterozygous cells(+/-), Sox15 null cells(-/-), and rescue cells in which the Sox15 expression vectors had been
introduced into Sox15-null ES cells(rescue). Expression of FGF4, Fbx15, and UTF1 was determined by
northern blot analysis.
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Figure 16.Analysis of progeny from Sox2P 980/Sox15P 9€0 heterozyous intercross.
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Figure 17. Expression of Sox15 RNA in mouse embryos. Whole-mount in situ hybridization in wild-type
and Sox15-null mutant embryos. As a control, Sox2 probe was used.
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Figure 18. Identification of genes regulated by Sox15 in vivo. (A) The expression of Sox15 and two Sox2
target gene, FGF4 and Fbx15. NAT1 was used as a loading control. (B) The expression of genes that were
found up- or down-regulated in Sox15-null cells by DNA microarry.
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Figure 19. Identification of a Sox15 binding site in the Hrc gene. (A) Putative Sox binding sites in the mouse
Hrc gene. (B) ChIP analysis. Chromatin immunoprecipitation was performed in wild-type ES cells and Sox15
knockout cells with anti-Sox15, anti-Sox2 and normal rabbit IgG. The final DNA extractions were amplified

by PCR. (C) Gel mobility-shift analysis. A 32P-labeled oligonucleotide (Hrc;cggatcatcaataaatTACAAAGttga-

30 cycle

35 cycle

gaaaagggagac) corresponding to the R5 site was incubated with wild-type ES cell extract or Cos7 cell

extract expressing Sox15 or Sox2. As a control, an FGF4 enhancer oligonucleotide(tttaagtatcccATTAGCA-

TccaAACAAAGagttticta) was used. Shown on the left are the positions of bands corresponding to each

transcription factor.
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Figure 20. Sequence of Nanog enhancer. This enhancer was identified by luciferase analysis and contains putative STAT3, LEF/TCF1, and Nanog binding

sites.
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Figure 21. Gel mobility shift assay of Nanog enhancer. (A) A 32P-labeled oligonucleotide(2STAT:ATCCttccg-
ggaaTTCTGATCCttccgggaaTTCTG, STAT:CTCTCCCGGACGGttcctagaaGACAAAGGCAAGCT) corres-
ponding to a putative STAT binding site in the Nanog enhancer was incubated with FQ EC , RF8 ES cell or
Cos7 extract. As a control, the FGF4 enhancer oligonucleotide(TAGAAAACTCTTTGTTTGGATGCTAATGGG-
ATACTTAAA) and the STAT3 high affinity binding site(APRE:ATCCTTCCGGGAATTCTGATCCTTCCGGGA-
ATTCTG)was incubated with each extract. (B) Mutation assay. A 32P-labeled oligonucleotide correspond to
the wild-type Nanog enhancer (WT.CTCTCCCGGACGGttcctagaaGACAAAGGCAAGCT), a Sox binding site
mutation (S(m):CTCTCCCGGACGGttcctagtcGACAAAGGCAAGCT), a TCF binding site mutation (T(m):CTC-
TCCCGGACGGttcctagaaGAACAAGGCAAGCT), and a double mutation (D(m):CTCTCCCGGACGGttcctagtc-
GAACAAGGCAAGCT) was incubated with RF8 ES cell extract or Cos7 extract. As a control, an FGF4
enhancer oligonucleotide was used.
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Figure 22. Supur shift assay with anti-Sox2 antibbody. A 32P-labeled oligonucleotide(WT:CTCTCCCGGA-
CGGttcctagaaGACAAAGGCAAGCT) corresponding to the Nanog enhancer was incubated with extracts
from RF8 ES cells or Cos7 cells transfected with the Sox2 expression vector or a mock plasmid.

The reaction was performed with or without anti-Sox2 anti-serum. As a control, the FGF4 enhancer oligo-

nucleotide was used.



STAT Sox

WT GGTTCCTAGAAGACAAAGGCAAG
STAT(TC)  TTCCTAGTC

STAT(AT)  TTCCATGAA
STAT(GG) GGCCTAGAA

Extract Cos7 Cos7 Cos7 Cos7
RF8 + + + +
Sox2 + + + +
Mock + + + » g

U R R

P e e, AR o S R A

Probe WT STAT(TC) STAT(AT)  STAT(GG)

Figure 23. Gel mobility shift assay of STAT mutant probes. A 32P-labeled oligonucleotides corresponding the
wild-type (WT:CTCTCCCGGACGGttcctagaaGACAAAGGCAAGCT) and three indicated STAT-mutated
sequences (STAT(TC):CTCTCCCGGACGGttcctagtcGACAAAGGCAAGCT, STAT(AT):CTCTCCCGGACGG-
ttccatgaaGACAAAGGCAAGCT, STAT(GG):CTCTCCCGGACGGggcctagaaGACAAAGGCAAGCT) were

incubated with extracts from RF8 ES cells or Cos7 cells transfected with the Sox2 expression vector or
a mock plasmid.
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Figure 24. A putative Sox binding site in human Nanog enhancer. (A) Comparison of the mouse and human
Nanog distal enhancer sequences. Underlines idicate putative Sox binding sites. (B) Gel mobility shift assay
of the putative human Nanog enhancer. A 32P-labeled oligonucleotides(mouse:CTCTCCCGGACGGttcctagaa-
GACAAAGGCAAGCT,human:CTCTCCCGGACGGggcctagaaGACAAAGGCAAGCT) corresponding to the
putative Sox binding sites were incubated with extracts from RF8 ES cells extract or Cos7 cells transfected
with the Sox2 expression vector or a mock plasmid.



Oct3/4 Sox2
-190 TTACAGCTTC TTTTGCATTA CAATGTCCAT GGTGGACCCT GCAGGTGGGA

-140 TTAACTGTGA ATTCACAGGG CTGGTGGGGC GTGGGTGCCG CCTGGGTGCC
-90 TGGGAGAATA GGGGGTGGGT AGGGTAGGAG GCTTGAGGGG GGAGGAGCAG

-40 GACCTACCCT TTAAATCTAT CGCCTTGAGC CGTTGGCCTT CAGATAGGCT

Human CCCACCTAGTCTGGGTTACTCTGCAGCTACTTTTGCATTACAATGGCCTTGGTGAGACTG
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Mouse CCCTCCCAGTCTGGGTCACCTTACAGCTTCTTTTGCATTACAATGTCCATGGTGGACCCT
Oct3/4 Sox2

Human GTAGACGGGATTAACTGAGAATTCACAAGG---GTGGGTC
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Mouse GCAGGTGGGATTAACTGTGAATTCACAGGGCTGGTGGGGC

Figure 25. Oct3/4 and Sox2 binding sites in the proximal enhancer of the Nanog genes. (A) The sequence
of the mouse Nanog gene upstream from the transcription initiation site (indicated by the arrow). Consensus
binding sites for Oct3/4 and Sox2 are underlined. (B) Comparison between the mouse and human Nanog
proximal enhancer sequences.
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Figure 26. Gel mobility shift assay showing the binding of Oct3/4 and Sox2 to the Nanog distal enhancer.
(A) Mutation assay. 32P-labeled oligonucleotide(WT:CTCTCCCGGACGGttcctagaaGACAAAGGCAAGCT)
corresponding to the Nanog proximal enhancer was incubated incubated with extracts from RF8 ES cells
or Cos7 cells transfected with the Oct3/4, Sox2, or Oct3/4 and Sox2 expression vector or a mock plasmid.
Oligonucleotides with mutations in the octamer-like sequence[ O (m):CCTTACAGCTTCgggttacctacaatg-
TCCATGGTGGAC], the Sox-binding site [S (m):CCTTACAGCTTC-ttttgcatacccaatTCCATGGTGGAC] and
both sites [D (m):CCTTACAGCTTCgggttaccacccaatTCCATGGTGGAC] were also tested. (B) Super-shift
assay. 32P-labeled WT oligonucleotide was incubated with extracts from RF8 ES cells or Cos7 cells
transfected with the Oct3/4, Sox2, or Oct3/4 and Sox2 expression vector or a mock plasmid. The reaction
was performed with or without anti-Sox2 anti-serum. As a control, the FGF4 enhancer oligonucleotide
was used.
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Figure 27. Chromatin immunoprecipitation alaysis of the Nanog regulatory regions. RF8 ES cells were

fixed by formaldehyde, sonicated and lysed. Chromatin immunoprecipitation was performed with Sox2
anti-serum, anti-Oct3/4 antibody, Nanog anti-serum, or normal rabbit IgG. The final DNA extractions were
aplied to PCR to amplify fragments (1 7) shown at the bottom . As a positive control, FGF4 enhancer was
amplified. As a negative control, an unrelated ECAT15 sequence was amplified. o , 0 shows Sox and Oct3/4
binding site, respectively.
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Figure 28. Effects of point mutations in the Sox or/and POU binding sites on enhancer activity. Reporter plasmids containing the Nanog promoter and
enhancer sequence or mutated sequences were analyzed. These reporter constructs were introduced into undifferentiated ES cells
(blue) and NIH3T3(purple). Shown are lucifease activities normalized with the valve of the shortest reporter(-131/+120).
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Figure 29. Failure of activation of the Nanog enhancer by Oct3/4 and Sox2 in differentiated cells. Luciferase reporter plasmids containing the FGF4 or Fbx15
enhancer were introduced into Cos7 cells together with expression vectors for Sox2 or/and Oct3/4 as indicated.
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Figure 30. Interaction between Sox2, Sox15 and Nanog. (A) Analysis of Sox2P 90 and Sox15P 9¢°
heterozyous intercross progeny. (B) Expression of Nanog in delayed blastocysts from Sox2P ge0 heterozygous
intercrosses. Sox2P 98° heterozygous mice were mated. Implantation was delayed by injection of Tamoxifen
and Depo-provera to pregnant female mice at 2.5 dpc. After 4 days (6.5 dpc), embryos were collected and
analyzed by situ hybridization with Nanog probe. Intensity of Nanog expression was scored +H + *+ —

and summarized in the table according to the genotypes of the Sox2 allele.





