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The POU transcription factor Oct-4 is expressed specifically in the germ line, pluripotent cells of the

pregastrulation embryo and stem cell lines derived from the early embryo. Osteopontin (OPN) is a protein

secreted by cells of the preimplantation embryo and contains a GRGDS motif that can bind to specific

integrin subtypes and modulate cell adhesion/ migration. We show that Oct-4 and OPN are coexpressed in the

preimplantation mouse embryo and during differentiation of embryonal cell lines. Immunoprecipitation of the

first intron of OPN (i-opn) from covalently fixed chromatin of embryonal stem cells by Oct-4-specific

antibodies indicates that Oct-4 binds to this fragment in vivo. The i-opn fragment functions as an enhancer in

cell lines that resemble cells of the preimplantation embryo. Furthermore, it contains a novel palindromic Oct

factor recognition element (PORE) that is composed of an inverted pair of homeodomain-binding sites

separated by exactly 5 bp (ATTTG +5 CAAAT). POU proteins can homo- and heterodimerize on the PORE in

a configuration that has not been described previously. Strong transcriptional activation of the OPN element

requires an intact PORE. In contrast, the canonical octamer overlapping with the downstream half of the

PORE is not essential. Sox-2 is a transcription factor that contains an HMG box and is coexpressed with

Oct-4 in the early mouse embryo. Sox-2 represses Oct-4 mediated activation of i-opn by way of a canonical

Sox element that is located close to the PORE. Repression depends on a carboxy-terminal region of Sox-2 that

is outside of the HMG box. Expression, DNA binding, and transactivation data are consistent with the

hypothesis that OPN expression is regulated by Oct-4 and Sox-2 in preimplantation development.
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The fert ilized oocyte undergoes cleavage unt il a uniform
cluster of cells, the m orula, is form ed. The first apparen t
differen t iat ion occurs as the inner cell m ass (ICM) sepa-
rates from the t rophectoderm during blastocoel form a-
t ion (Gardner 1983). Trophectoderm refers to the epithe-
lial cell layer that encloses the ICM and blastocoel. Sub-
sequent ly, cells dissociate from the ICM and cover it s
blastocoelic surface to form the hypoblast (also called
prim it ive endoderm ). These cells do not form a well-
defined polarized epithelium , eventually loose cell con-
tact s, and contain an extensive rough endoplasm at ic re-
t icu lum , which is often swollen with secretory m aterial
(N adijcka and Hillm an 1974). The hypoblast differen t i-

ates in to the parietal and visceral endoderm s (Gardner
1983). Parietal endoderm cells form from hypoblast pre-
cursors that m igrate and adhere to the th in basal lam ina
on the inner surface of the t rophectoderm . In cont rast ,
visceral endoderm cells do not m igrate and consist s of a
colum nar epithelial layer surrounding the late ICM or
early epiblast (also called prim it ive endoderm ). Rela-
t ively lit t le is known about the m olecular signals guid-
ing cell proliferat ion , differen t iat ion , and m igrat ion dur-
ing establishm ent of these ext raem bryonic t issues that
arise by the first differen t iat ion events of the em bryo.

O ct-4 (also term ed O ct-3 or O ct3 / 4) encodes a POU
transcript ion factor (Okam oto et al. 1990; Rosner et al.
1990; Sch öler et al. 1990a,b). DN A binding by POU fac-
tors is m ediated by the 75-am ino-acid POU-specific do-
m ain (POUS) and the 60-am ino-acid carboxy-term inal
POU hom eodom ain (POU HD) that is of the C-50 subtype
(for review, see Herr and Cleary 1995). POU S and POU HD

are connected by a linker that varies, in sequence and
length , in the >20 m etazoan POU factors that have been
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iden t ified (Verrijzer and Van der Vliet 1993; Wegner et al.
1993; Herr and Cleary 1995). Regions outside the POU
dom ain show no significan t sequence hom ology.

Before gast ru lat ion Oct -4 RN A is expressed in all cells
of the em bryo proper (Rosner et al. 1990; Sch öler et al.
1990b). The proport ion of em bryonic cells expressing
Oct -4 m RN A gradually declines as the t rophectoderm al
and som at ic lineages are established, and Oct -4 t ran-
script s are eventually confined to the m ale and fem ale
germ cell lineages (Rosner et al. 1990; Sch öler et al.
1990b; Yeom et al. 1996, Pesce et al. 1998a; for review,
see Pesce et al. 1998b). In cont rast to the im m ediate
down-regulat ion of O ct-4 in t rophectoderm al and so-
m at ic lineages, Oct -4 protein levels are increased in i-
t ially in cells of another nongerm -line t issue, nam ely the
prem igratory hypoblast (Palm ieri et al. 1994). Perhaps
the in it ial steps of visceral and parietal endoderm form a-
t ion depend on increased O ct-4 expression levels. Prolif-
erat ion , differen t iat ion , and m igrat ion are three pro-
cesses in which Oct -4 m ight be involved during form a-
t ion of these t issues.

O ct-4 is also expressed in undifferen t iated em bryonal
cell lines, each of which represent cells of dist inct devel-
opm ental stages (Sch öler et al. 1989a,b; Okam oto et al.
1990). Cultured em bryonic stem (ES) and em bryonal car-
cinom a (EC) cells exhibit features peculiar to specific
cell types found in early em bryos (Robert son 1987). On
the basis of biochem ical m arkers, F9 EC cells are a m odel
system for em bryonal cells that differen t iate by way of a
hypoblast -like cell type in to visceral or parietal endo-
derm cells (St rick land and Mahdavi 1978; St rick land et
al. 1980; Hogan et al. 1981).

High m obility group (HMG) box proteins are t ranscrip-
t ion factors that in teract funct ionally with POU dom ain
proteins (Leger et al. 1995; Zwilling et al. 1995; Am bro-
set t i et al. 1997). Sox-2 belongs to the Sox (Sry -related
HMG box-contain ing) gene fam ily and is expressed in
preim plantat ion em bryos and in ES and EC cells in a
sim ilar m anner as O ct-4 (Yuan et al. 1995; Collignon et
al. 1996; R. Lovell-Badge, pers. com m .). Later in devel-
opm ent , Sox-2 is again coexpressed with O ct-4 in post -
m igratory prim ordial germ cells (Collignon et al. 1996).
Sox-2 and Oct -4 are able to act synergist ically on reporter
genes in t ransien t t ransfect ion studies (Yuan et al. 1995).
The HMG box DN A-binding dom ain of Sry and other
Sox proteins induces a st rong bend on binding to the
DN A (Ferrari et al. 1992; Giese et al. 1992). Thus, the
role of Sry and Sry-related factors m ay be arch itectural,
facilit at ing funct ional protein–protein in teract ions on
enhancers (Ferrari et al. 1992; Giese et al. 1992; Werner
et al. 1995).

Understanding the m olecular and genet ic fram ework
in which Oct -4 operates during the first differen t iat ion
processes in developm ent requires ident ificat ion of it s
target genes. Several poten t ial target genes of Oct -4 have
been proposed (Rosfjord and Rizzino 1994; Kraft et al.
1996; Liu and Robert s 1996; Saijoh et al. 1996). However,
the only conclusive candidate gene in early m ouse de-
velopm ent is fgf-4 (Schoorlem m er and Kruijer 1991; Dai-
ley et al. 1994; Rizzino and Rosfjord 1994). The fgf-4 gene

has an octam er-contain ing enhancer downst ream of the
coding region , which is act ivated synergist ically by
Oct -4 and Sox-2 in t ransien t t ransfect ion assays (Yuan et
al. 1995). Furtherm ore, fgf-4 is coexpressed with O ct-4

and Sox-2 in the ICM (N iswander and Mart in 1992) and
in EC and ES cells (Schoorlem m er and Kruijer 1991).

Osteopont in (OPN ; also nam ed bone sialo protein I,
2ar, Spp1, Eta-1, and pp69) is especially abundant in
bone, k idney, decidua, and various epithelial cells (for
review, see Denhardt and Guo 1993; Denhardt et al.
1995). OPN is an ext racellu lar phosphoprotein contain-
ing a GRGDS m ot if. This pept ide m ot if of OPN is ca-
pable of m ediat ing adhesion to and m igrat ion along the
surface of cell types expressing certain classes of in te-
grins (for review, see Eble and Kühn 1997).

In th is study we show that O PN is a candidate target
gene of Oct -4 during the form at ion of the hypoblast of
m ouse em bryos. EC cells were used as a cell cu lture
m odel for the biochem ical analysis of DN A–protein in-
teract ions that occur during hypoblast form at ion and dif-
feren t iat ion . Pools of cross-linked F9 EC chrom at in frag-
m ents bearing cis-act ing elem ents that in teract in vivo
with Oct -4 were enriched by im m unoprecipitat ion with
Oct -4-specific an t ibodies. PCR analyses showed that the
first in t ron of O PN (i-opn) was well represen ted in such
a pool in com parison to other regions of O PN or to regu-
latory regions of other genes. The i-opn elem ent con-
tained an ES cell-specific enhancer com posed of a cluster
of h igh-affin ity Oct -4-binding sites and sites for other
t ranscript ion factors. In vit ro, Oct -4 binds to i-opn both
as a m onom er and a dim er, bu t only the dim er confers
t ranscript ional act ivat ion in t ransfect ion studies. En-
hancer act ivity of i-opn is m odulated in F9 EC cells
through a Sox-binding site that is in close proxim ity to
the Oct -4-binding sites. Sox-2 in vit ro binds to i-opn and
in cot ransfect ion experim ents in terferes with Oct -4-m e-
diated act ivity. This in terference depends on a region
outside the HMG dom ain . O ct-4, Sox-2, and O PN are
coexpressed in the sam e cells of the early m ouse em bryo.
In addit ion , O PN up- and down-regulat ion correlates
with the pat tern of Oct -4 and Sox-2 expression during
differen t iat ion of F9 EC cells. We suggest that genes such
as O PN are t igh t ly regulated by Oct -4 and Sox-2 in ICM
and also in hypoblast cells, which will m igrate along the
t rophectoderm to becom e parietal endoderm .

Results

O ct-4 can be isolated as part of the em bryonal

chrom at in

Oct-4 is a t ranscript ion factor that binds to the octam er
m ot if ATGCAAAT with high affin ity in vit ro (for re-
view, see Sch öler 1991). Stat ist ically, a haploid m ouse
genom e contains th is m ot if ∼ 4 × 104 t im es. Hence, an
approach to isolate target genes of Oct -4 on the basis of
DN A sequence recognit ion alone is not feasible because
of the high com plexity of the m ouse genom e. One m eans
to narrow down the pool of genes contain ing octam er
m ot ifs to those that m ay in teract with Oct -4 in a physi-
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ologically relevant way is by isolat ing direct ly DN A se-
quences to which Oct -4 is bound with in the context of a
nucleus. The natural arrangem ent of proteins bound to
DN A in the nucleus is preserved by cross-link ing before
lysis. Subsequent physical fragm entat ion yields a m ix-
ture of covalen t ly linked aggregates of m acrom olecules
that were in proxim ity of each other with in the nucleus.
Aggregates contain ing Oct -4 can be isolated by m eans of
Oct -4-specific an t ibodies and decross-linked to yield a
pool of Oct -4-associated m acrom olecules, from which
DN A fragm ents can be subcloned. The ideal source of
such a chrom at in precipitate would be from cells that
norm ally express Oct -4 in the anim al. However, Oct -4 is
only expressed in the tot i- and pluripoten t cells of the
early m ouse em bryo. These provide insufficien t start ing
m aterial to perform the type of biochem ical isolat ion
out lined above. Hence EC cell lines that resem ble cells
of the early m ouse em bryo were used. EC cells express
O ct-4 and can be grown in large enough quant it ies to
perform chrom at in precipitat ion experim ents.

A st ringent Oct -4 im m unoprecipitat ion procedure for
covalen t ly fixed EC cell chrom at in was established
based on a procedure used to invest igate target genes in
Drosophila (Orlando and Paro 1993). P19 EC cells were
labeled with [35S]m eth ionine and fixed with form alde-
hyde in vivo to preserve nat ive protein–DN A com plexes
by covalen t cross-link ing. Covalen t bonds form ed be-
tween endogenous Oct -4 and nearby DN A allows the use
of st ringent condit ions during the subsequent purifica-
t ion of Oct -4-specific chrom at in fragm ents (see Materi-
als and Methods). Cross-linked chrom at in was physi-
cally fragm ented to an average DN A size of 400 bp (Fig.
1C) by an em pirically calibrated sonicat ion step and was
fract ionated on equilibrium cesium chloride (CsCl) gra-
dien ts. The 35S-label was used to determ ine protein con-
ten t of each gradien t fract ion showing a dist ribu t ion in
two peaks at differen t CsCl densit ies (Fig. 1A, top). One
peak centered at fract ion 15 had a density of ∼ 1.38 gram /
cm 3, whereas the second was at the top of the gradien t
(fract ion 21). A parallel sedim entat ion profile of m aterial
that had been decross-linked before cent rifugat ion
showed only one 35S peak at the top of the gradien t ,
indicat ing that th is m aterial consist s of uncross-linked
m aterial (Fig. 1B, top). Consequent ly, the 1.38 gram / cm 3

peak was considered as the cross-linked chrom at in frac-
t ion . It s density is sim ilar to those previously reported
for fixed protein–DN A com plexes (Solom on et al. 1988).

Im m unoprecipitat ion with an aOct-4 ant ibody (a4)
was used to ident ify Oct -4 in gradien t fract ions of chro-
m at in fragm ents decross-linked after or before fract ion-
at ion . In the gradien t of cross-linked chrom at in frag-
m ents, Oct -4 was detected in the fract ion 15 peak but
not at the top of the gradien t (Fig. 1A, bot tom ). In con-
t rast , Oct -4 was only detected at the top of the gradien t
in chrom at in that was decross-linked before fract ion-
at ion (Fig. 1B, bot tom ). Therefore, Oct -4 was cross-
linked efficien t ly to EC cell chrom at in with form alde-
hyde.

Both proteins and DN A that associate closely with
Oct -4 in EC cell chrom at in should be cross-linked to

Oct -4 in the procedure described above. Analysis of the
cross-linked proteins was invest igated to define the
specificity of the im m unoprecipitat ion procedure. The
set of proteins cross-linked to Oct -4 was ascertained by
com paring the profiles of proteins precipitated from the
fract ion 15 peak by either the a4 ant ibody or total an t i-
body from preim m une (PI) serum (Fig. 1D). The a4 im -
m unoprecipitate (decross-linked just before SDS-PAGE)
yielded a large num ber of proteins with m olecular
m asses >30 kD (Fig. 1D, lane 1). The largest h istone (H1)
has a size of 22.5 kD, suggest ing that these proteins are
nonhistone. In addit ion , the differen t protein bands m ay
represent associated proteins that bind either direct ly to
Oct -4 or indirect ly through DN A. A second precipitat ion
of the decross-linked m aterial with the Oct -4 ant ibody
(Fig. 1D, double IP) gave only one band with the m obility
of Oct -4, ru ling out the possibility that the high apparen t
m olecular m ass of the cross-linked proteins was at t rib-
u table to incom plete hydrolysis of cross-links. In con-
t rast , PI im m unoprecipitates (lane 2) contained no de-
tectable protein , indicat ing that nonspecific precipita-
t ion was ext rem ely low.

The a4 polyclonal an t ibody preparat ion used had been
affin ity purified by sequent ial passage over Oct -6– and
Oct -4–Sepharose and was without detectable cross-reac-
t ivity in a variety of assays (Palm ieri et al. 1994; data not
shown). However, to ensure that the proteins im m uno-
precipitated by a4 from cross-linked chrom at in were
brought down by virtue of their associat ion with Oct -4,
an aliquot of the first a4 im m unoprecipitate was de-
cross-linked and im m unoprecipitated again with a4. As
expected, only a single band was detected that had ex-
act ly the size expected for Oct -4 (Fig. 1D, lane 3). The a4
ant ibody precipitates the sam e Oct -4 band from P19 EC
ext racts that were not cross-linked (lane 5). Thus, the a4
im m unoprecipitat ions of cross-linked chrom at in can be
used to isolate pools of DN A fragm ents that lie close to
Oct -4 in chrom at in in vivo.

Enrichm ent of O PN in O ct -4 chrom at in

im m unoprecipitates

A second approach used to ident ify target genes of Oct -4
was to screen the available sequence databases for genes
that have octam er m ot ifs together with other cis-act ing
elem ents that are act ive in early em bryonal cells like
Sox-2 recognit ion sites (Dailey et al. 1994; Yuan et al.
1995). The canonical octam er m ot if contain ing one pos-
sible A/ T variat ion at posit ion 5 (ATGCA/ TAAT) and
the Sox-binding site (TCTTTGTT) (Yuan et al. 1995)
were used in one search . More than 2000 rodent se-
quences contain ing octam er m ot ifs were found in the
GenBank-EMBL sequence database. Only 17 of these
contained the Sox elem ent with in 40 bp of the octam er
m ot if.

Oct -4 levels are increased t ransien t ly in the form ing
hypoblast of the developing blastocyst (Palm ieri et al.
1994). Changes in cell adhesion and m igrat ion are two
hallm arks of the form ing hypoblast and occur during
blastocyst developm ent as the hypoblast cells delam i-
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nate from the ICM, m igrate, and differen t iate in to vis-
ceral and parietal endoderm (Gardner 1983). Of the 17
candidate elem ents revealed in the sequence search ,
O PN was the only in terest ing candidate target gene of
Oct -4 with respect to adhesion and m igrat ion processes
in the preim plantat ion em bryo. OPN had been proposed
to have a role in the adhesion and m igrat ion of various
vertebrate cell types (Denhardt and Guo 1993; Denhardt
et al. 1995). The closely spaced octam er and Sox ele-
m ents of O PN were located in the first in t ron (i-opn) (Fig.
2A). An engrailed-like (TTAAAAT) sequence, which is
also act ive in early em bryonal cells (Okam oto et al.
1990; Fig. 2A), was found in close proxim ity to the other
two elem ents. An enhancer in the 38 nont ranslated re-
gion of fgf-4 also contains these three elem ents in close
proxim ity (Curatola and Basilico 1990). The com bina-
t ion of Oct -4 and Sox-2 resu lt s in cooperat ive act ivat ion
of the fgf-4 enhancer in t ransien t t ransfect ion assays
(Yuan et al. 1995). Therefore, fgf-4 is a candidate target
gene of Oct -4 and is likely involved in cont rolling cell
proliferat ion in the early em bryo (Schoorlem m er and
Kruijer 1991; Dailey et al. 1994; Rizzino and Rosfjord
1994; Feldm an et al. 1995).

To determ ine whether a physiologically relevant in-
teract ion takes place between Oct -4 and the i-opn frag-
m ent , the relat ive abundance of th is fragm ent in a4 and
PI im m unoprecipitates of F9 EC cell chrom at in was
com pared (Fig. 2B). F9 cells were used instead of P19 cells
because several studies had indicated that they were
m ore sim ilar to hypoblast cells and could be used to

m odel hypoblast differen t iat ion in culture (St rick land
and Mahdavi 1978; St rick land et al. 1980; Hogan et al.
1981). PCR analysis revealed that the i-opn fragm ent
contain ing the octam er m ot ifs was clearly present in the
a4 chrom at in im m unoprecipitates, whereas it was not

Figure 1. Im m unoprecipitat ion of Oct -4-
contain ing chrom at in of em bryonal cells.
(A ) Protein elu t ion profiles of isopyknic
CsCl gradien ts of sheared cross-linked
chrom at in of P19 EC cells. (B) In parallel to
equilibrium ult racent rifugat ion in CsCl
the chrom at in that was decross-linked be-
fore fract ionat ion . In A and B CsCl density
gradien ts were fract ionated and the 35S lev-
els (h) determ ined in each fract ion . Frac-
t ion 1 is bot tom of the gradien t . The Oct -4
protein elu t ion profile was obtained from
aliquots of gradien t fract ions by hydrolyz-
ing cross-links, and detected by 35S on
SDS-PAGE. Lane C contains a cont rol
Oct -4 im m unoprecipitate of 35S-labeled
P19 EC protein ext ract s. Exposure of the
Oct -4 profile in B is th ree t im es longer
than in A to show that Oct -4 was only de-
tected at the top of the gradien t . (C ) Cross-
linked chrom at in was physically frag-
m ented to an average DN A size of 400 bp
as determ ined by an agarose gel stained
with eth idium brom ide. (D ) Im m unopre-
cipitat ion of cross-linked chrom at in with
Oct -4-specific an t ibodies. All im m unoprecipitat ions were perform ed with aliquots of fract ion 15. 35S-Labeled proteins in precipitates
were analyzed on 10% SDS-PAGE. (Lane 1) Im m unoprecipitat ion with Oct -4 ant ibodies (a4); (lane 2) im m unoprecipitat ion with
preim m une (PI) an t ibodies; (lane 3) Oct -4 im m unoprecipitated chrom at in was hydrolyzed and subjected to a second round of im m u-
noprecipitat ion with a4 ant ibodies; (lane 4) reverse cross-linked PI im m unoprecipitated chrom at in was hydrolyzed and subjected to
a second round of im m unoprecipitat ion with PI ant ibodies; (lane 5) a4-im m unoprecipitates of 35S-labeled P19 EC protein ext ract . All
im m unoprecipitat ions were done with affin ity-purified Oct -4 polyclonal an t ibodies.

Figure 2. O PN first in t ron is enriched in EC chrom at in aOct-4
im m unoprecipitates. (A ) Two elem ents ident ified by a com -
puter search for genes contain ing com binat ion of poten t ial bind-
ing sites for Oct -4 (O, boxed) and Sox-2 (S, underlined). An en-
grailed-like factor-binding site is represen ted by E, dashed line.
Schem at ic organizat ion of O PN gene and localizat ion of the
first in t ron . Solid boxes are coding regions; open boxes are un-
t ranslated regions. PORE sequence is represen ted by inverted
arrows. (B) Enrichm ent of O PN first in t ron in aOct-4 EC chro-
m at in im m unoprecipitates. PCR was perform ed on F9 chrom a-
t in im m unoprecipitated with aOct-4 ant ibodies (a4) or with
preim m une ant ibodies (PI). PCR on purified F9 genom ic DN A
(F9) serves as a cont rol for the PCR react ions. Prim er pairs were
selected to am plify a prom oter region of G6PD and exon 7 and
in t ron 1 fragm ents of O PN .
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detected in corresponding im m unoprecipitates with PI.
In cont rast , the prom oter and exon 7 of O PN , and a frag-
m ent contain ing the glucose-6-phosphate-dehydroge-
nase (G6PDH) prom oter were not enriched in either im -
m unoprecipitate but could be detected in F9 genom ic
DN A (O PN prom oter not shown). Am plificat ion of the
i-opn was verified by cloning and sequencing of the 214-
bp band (data not shown). These data indicate that Oct -4
is closely associated with the first in t ron of O PN in the
nuclei of undifferen t iated F9 EC cells. Enrichm ent of the
enhancer elem ent of fgf-4 was analyzed in the sam e pair
of im m unoprecipitates and revealed that enrichm ent of
the fgf-4 enhancer elem ent is 8- to 16-fold lower than
i-opn (data not shown).

Expression of O PN in em bryonal cell lines

and preim plantat ion em bryos

The close associat ion of Oct -4 with the O PN cis-elem ent
in the nuclei of cu ltured cells and the presence of Oct -
4-binding sites in th is elem ent suggests that Oct -4 regu-
lates physiologically the level of O PN t ranscript ion . To
test th is hypothesis, OPN and Oct -4 expression levels
were com pared by N orthern blot analysis of poly(A)+

RN A from four differen t em bryonal cell lines represen t -
ing differen t stages of em bryonic developm ent (Fig. 3A;
for P19 see Fig. 7A, lane 0, below). MBL-1 ES cells and F9
EC cells resem ble cells of the preim plantat ion em bryo,
nam ely ICM and early hypoblast cells, respect ively
(St rick land and Mahdavi 1978; St rick land et al. 1980;
Hogan et al. 1981; Yeom et al. 1996). GCLB cells are
derived from P19 EC cells and have m any characterist ics
of early m esoderm al cells (Pru it t 1994). All four cell lines
express Oct -4 m RN A at sim ilar levels (data not shown).
Expression of OPN was st rongest in F9 EC, in term ediate
in MBL-1 ES, weak in P19 EC, and not detected in GCLB
cells (Figs. 3A and 7A, below). These resu lt s show that
OPN expression varies sign ifican t ly in Oct -4-posit ive
cell lines. The highest levels are observed in cell lines

resem bling the preim plantat ion em bryo, nam ely in F9
EC and ES, consisten t with the idea that Oct -4 up-regu-
lates OPN expression in the ICM or hypoblast . 3T3 cells
were included in th is com parison as a cell line that lacks
Oct -4. The expression of OPN in the absence of Oct -4
(Fig. 3A) indicates that Oct -4 is not necessary for OPN
expression in all cell types. It also suggests that the i-opn
elem ent bearing the Oct -4-binding sites m ay only be ac-
t ive during preim plantat ion developm ent .

Expression of O PN was then analyzed in m ouse em -
bryos during the m orula → blastocyst t ransit ion , when
Oct -4 is expressed st rongly and specifically in the ICM
and hypoblast . Oct -4 and OPN m RN A levels were est i-
m ated by RT–PCR using prim er pairs that span in t rons,
thus elim inat ing the possibility of bands arising from
genom ic DN A or unspliced hnRN A. Sim ilar levels of
Oct -4 m RN A were detected in m orulae and 3.5- or 4.5-
day blastocysts (Fig. 3B). In cont rast , OPN m RN A was
weakly detected in m orulae and becam e clearly present
in the two blastocyst stages. Thus, O ct-4 expression pre-
cedes the onset of O PN expression in preim plantat ion
m ouse em bryos but is unlikely to be sufficien t to act i-
vate O PN expression in m orulae.

In situ hybridizat ion experim ents were perform ed to
determ ine whether the expression dom ains of O PN and
O ct-4 overlap in the developing m ouse em bryo. Em bryos
of 3.5–6.5 days postcoitum (dpc) were incubated with
ant i-sense DIG-labeled riboprobes of O PN (Fig. 3C).
O PN was expressed weakly but select ively in the ICM of
early blastocysts (Fig. 3C, 3.5 dpc). O PN expression was
m ain tained in the ICM and in cells dest ined to form the
hypoblast (Fig. 3C, 4.0 dpc) and was down-regulated in
the hypoblast as it form ed an epithelial layer of cells (Fig.
3C, 4.5 dpc). Subsequent ly, expression of O PN is also
down-regulated in the ICM / epiblast and becom es unde-
tectable in the em bryo by 5.5 dpc (Fig. 3C). By 5.5 and 6.5
dpc O PN expression was confined to the granulated m e-
t rial gland cells (GMGC) in the placenta, which do not
express O ct-4 (Fig. 3C). Expression of O PN in the

Figure 3. O PN expression in em bryonal
cell lines and pregast ru lat ion em bryos. (A )
N orthern blot analyses of OPN m RN A
(Opn) expression in F9 EC, GCLB, MBL-1
ES, and fibroblast (3T3) cell lines. Each lane
contains 1 µg of poly(A)+ RN A. m RN A lev-
els were norm alized by com parison of cor-
responding eth idium brom ide-stained 28S

and 18S rRN A bands. (B) RT–PCR of OPN
and Oct -4 m RN A in differen t stages of pre-
im plan tat ion em bryos. Mult iplex PCR of
Oct -4 and Opn was perform ed on reverse
t ranscript s obtained from F9 cells, m orulae
(Mo), blastocysts of 3.5 dpc (Bl 3.5) and 4.5
dpc (Bl 4.5). PCR negat ive cont rols were
done with H 2O (PCR Co) and M2 m edium
treated with RN A ext ract ion buffers and re-
verse t ranscript ion buffers (M Co). (C ) In

situ hybridizat ion of 3.5–6.5 dpc em bryos with O PN DIG-labeled m RN A. Blastocyst stain ing is observed in ICM and form ing
hypoblast , bu t not in t rophectoderm and 4.5 dpc hypoblast . In sect ions of 5.5 and 6.5 dpc em bryos only granulated m et rial gland cells
(GMGC) are stained. (E) em bryo. Hybridizat ion with sense probes did not generate stain ing (not shown).
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GMGCs is in agreem ent with previous resu lt s obtained
with 7.5-dpc em bryos (N om ura et al. 1988; Waterhouse
et al. 1992). O PN and O ct-4 expression only overlap in
preim plantat ion em bryos, suggest ing that th is is the
physiological t im e and space at which O PN m ay be a
target of Oct -4 cont rol.

Coexpression of O PN and O ct-4 in em bryonic cell
lines and overlapping expression dom ains in preim plan-
tat ion em bryos, taken in com binat ion with the enrich-
m ent of an Oct -4-binding in t ron of O PN in a4 chrom at in
im m unoprecipitates, clearly suggests a physiological
link between the t ranscript ion factor Oct -4 and the cell
adhesion m olecule OPN . However, Oct -4 and OPN tran-
script levels do not correlate st rict ly tem porally and
quant itat ively, suggest ing that factors in addit ion to
Oct -4 are involved in the regulat ion of O PN expression
during developm ent and in em bryonal cell lines.

O ct-4 binds to a 36-bp EC cell-specific enhancer

w ith in i-opn

Enrichm ent of i-opn in a4 chrom at in im m unoprecipi-
tates st rongly suggests that th is piece of DN A provides
the in terface at which the Oct -4 t ranscript ion factor con-
t rols OPN m RN A levels. The occurrence of a perfect
octam er m ot if (in an inverted dyad configurat ion with an
im perfect octam er m ot if), a Sox m ot if, and an engrailed-
like m ot if in a short sequence (+799 to +864 bp) of the
i-opn fragm ent (+758 to +1077 bp) further suggests that
these sites and the proteins that in teract with them pro-
vide the com binatorial regulatory com plex that governs
the expression of O PN in preim plantat ion developm ent .
Elect rophoret ic m obility-sh ift assays (EMSAs) were per-
form ed as an in it ial m eans to establish which DN A–
protein in teract ions can occur. Bacterially expressed
Oct -4 was incubated with an end-labeled fragm ent of
in t ron 1 (+758 to +1077 bp). Part of the radioact ive probe
was sh ifted to a posit ion of lower m obility. Incubat ion of
the m ixture with Oct -4-specific an t ibodies abolished the

low m obility band, dem onst rat ing that Oct -4 can bind to
i-opn (data not shown; see below).

The i-opn fragm ent was inserted in front of a m inim al
herpes sim plex virus thym idine kinase (HSV t k ) pro-
m oter driving the expression of the luciferase reporter
gene to test whether it was act ive in cells expressing
O ct-4 (Fig. 4A, i-opn). Poin t m utat ions were in t roduced
in to the octam er sequence to m easure the cont ribu t ion
of the octam er site to the i-opn act ivity (Fig. 4A, i-opn
m ut). A short i-opn region (OS), contain ing only the Sox,
engrailed-like, and octam er-binding sites, was also ana-
lyzed for act ivity (Fig. 4A). The i-opn-contain ing reporter
was 4.8 t im es m ore act ive in t ransien t ly t ransfected F9
EC cells than the paren tal vector without insert (Fig. 4C).
Sim ilar act ivity was obtained with the OS reporter (Fig.
4C). In cont rast , the reporter bearing a m utated i-opn
(i-opn m ut) lacked detectable act ivity (Fig. 4C). There-
fore, i-opn contains cis-act ing elem ents, in part icu lar the
octam er site, that confer expression in F9 EC cells.

To assess the act ivity of the octam er m ot if in i-opn ,
short fragm ents contain ing the octam er dyad and en-
grailed-like m ot if (Fig. 5B, O oligonucleot ide; posit ions
+827 to +863) were oligom erized and tested in t ransact i-
vat ion assays. Six and 10 direct repeats of the O oligo-
nucleot ide were inserted in to the t k luciferase reporter
plasm id (Fig. 4A). Expression of these reporters was com -
pared to the paren tal reporter by t ransien t t ransfect ion
assays. Reporters bearing O repeats showed significan t ly
h igher levels of luciferase act ivity than paren tal report -
ers in F9 EC but not in 3T3 cells (Fig. 4D). These resu lt s
dem onst rate that a 36-bp-long region with in i-opn can
confer EC cell-type specificity when m ult im erized and
suggests that th is elem ent provides the in terface at
which Oct -4 acts to regulate O PN during preim planta-
t ion developm ent .

O ct-4 binds as a m onom er and dim er to the O

elem ent

The in teract ion of Oct -4 and other POU dom ain t ran-

Figure 4. O PN first in t ron funct ions as an EC-
specific enhancer. (A ) Reporter const ructs. HSV
t k m inim al prom oter cloned upst ream of the
luciferase gene (Luc); i-opn and i-opn m ut are
PCR fragm ents of the O PN first in t ron from
+758 to +1077 wild-type and poin t m utated oc-
tam er m ot if, respect ively; OS denotes O PN

first in t ron from +796 to +863. 6 × O and 10 × O
denote 6 or 10 copies of the O oligonucleot ide,
respect ively. All fragm ents were cloned up-
st ream of −37t k luc. (B) Oligonucleot ide O rep-
resen ts a short fragm ent of i-opn that binds to
Oct -4. The octam er m ot if is boxed and the
PORE is represented by two inverted arrows.
(C,D ) F9 (solid bars) and 3T3 (open bars) cells
were t ransfected t ransien t ly with 10 µg of re-
spect ive reporter and 2 µg of hum an b-act in–
LacZ used as an in ternal standard to norm alize
luciferase act ivity. Fold act ivat ion refers to the
quot ien t of luciferase act ivit ies in the test and
cont rol (tk luc) const ruct .
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script ion factors with the octam er m ot if, and various
synthet ic derivat ives thereof, has been studied exten-
sively (for review, see Sch öler 1991; Verrijzer and van der
Vliet 1993; Herr and Cleary 1995; Ryan and Rosenfeld
1997). However, few studies have exam ined th is in ter-
act ion using octam er m ot ifs em bedded in naturally oc-
curring sequence contexts, using physiologically rel-
evant cell ext ract s. Therefore, the O oligonucleot ide was
tested in an EMSA for binding with proteins from F9 EC
cell ext ract s (Fig. 5A). Three of the five com plexes ob-
served contained Oct -4 because they were rem oved by
addit ion of Oct -4-specific an t ibodies (Fig. 5A, cf. lanes 1
and 2). The com plex labeled 4 / 4 corresponds to a dim er
of Oct -4 bound to the O oligonucleot ide (see below). A
th ird band, labeled 4 / 1, was com posed of Oct -4 and
Oct -1 because it was abolished by both Oct -1 and Oct -4
ant ibodies (lanes 2,3). In addit ion , two other Oct -1 com -
plexes, labeled 1 and 1 / *, were recognized by Oct -1 an-
t ibodies (lane 3).

Oct -4-contain ing com plexes were further invest igated
by using purified recom binant Oct -4 (rOct -4). Bacterially
expressed Oct -4 generated two com plexes when incu-
bated with the O oligonucleot ide (com plexes 4 and 4 / 4;
Fig. 5B, lane O, left and righ t ). Both have sim ilar m obili-

t ies as Oct -4 com plexes obtained with F9 EC cell ex-
t ract s, suggest ing that in EC cells these com plexes
contained only Oct -4 (Fig. 5B, cf. lanes O in rOct -4 and
F9).

To determ ine the num ber of Oct -4 m olecules with in
these com plexes, two ext ract s contain ing Oct -4 proteins
of differen t size were m ixed before EMSA (Fig. 5A, lane
6). The shorter version of Oct -4 was expressed in COS
cells (Fig. 5A, lane 4, com plex labeled D4) and lacks 98
am ino acids at the am ino term inus (16Oct -4; Sch öler et
al. 1990b). The longer version of Oct -4 was the com plete
protein from F9 EC cells (Fig. 5A, lane 5, com plex labeled
4a / 4b). The t runcated Oct -4 protein form ed two bands
(D4 and D4/ D4), each with higher m obility than corre-
sponding bands with the com plete protein (4a,4b and 4 /
4; Fig. 5A, cf. lanes 4 and 5). N ont ransfected COS cells
did not give rise to these com plexes, indicat ing that
these com plexes contained Oct -4 protein (data not
shown). Mixed ext ract s (Fig. 5A, lane 6) contain ing both
Oct -4 versions gave a set bands that was a com posite of
the two individual ext ract s. However, in addit ion , a
com plex of in term ediate m obility was observed between
4 / 4 and D4/ D4, which was com posed m ost likely of
one short and one long version of Oct -4 (4 / D4). Thus,

Figure 5. Oct-4 binding to and t ransact ivat ion
by the PORE (A ) EMSA dem onst rat ing Oct -4
hom o- and heterodim erizat ion on a PORE-con-
tain ing oligonucleot ide (O). (Lane 1) F9 cell ex-
t ract s; (lane 2) F9 cell ext ract s incubated with
Oct -4 ant ibodies; (lane 3) F9 cell ext ract s incu-
bated with Oct -1 ant ibodies; (lane 4) COS ex-
t ract contain ing an Oct -4 protein lack ing 98
am ino acids at the am ino term inus; (lane 5) F9
EC cell ext ract ; (lane 6) m ixture of ext ract s used
in lanes 4 and 5; (lane 7) m ixture of purified
recom binant Oct -4 and Oct -6; (lane 8) recom bi-
nant Oct -4; (lane 9) recom binant Oct -6. (B)
EMSA of recom binant Oct -4 (rOct -4) and F9 ex-
t ract s (F9) with the O oligonucleot ide and m u-
tated versions thereof (see O) O−1, O −2, O −3, O −4,
P−1, and P+1 in C ). (P) Free probe. Com plexes in
A and B are as follows: (1) Oct -1 m onom er; (4)
Oct -4 m onom er; the com plexes labeled 4a and
4b correspond to Oct -4 m onom er in m obility
and are considered to represent two differen-
t ially phosphorylated form s of Oct -4 (V. Bot -
quin , unpubl.). These bands are not clearly re-
solved in lanes 1 and 3 of A , lane O with F9
ext ract s of B and therefore, are m erely labeled 4.
(1 / *) Oct -1 hom o- or heterodim er; (4 / 4) Oct -4
hom odim er; (D4/ D4) hom odim er of t runcated

Oct -4; (4 / D4) heterodim er of fu ll-length and t runcated Oct -4; (6 / 6) Oct -6 hom odim er; (4 / 1) heterodim er of Oct -4 and Oct -1; (4 / 6)
heterodim er of Oct -4 and Oct -6. (C ) Specific poin t and phasing m utat ions in O oligonucleot ide to analyze binding and t ransact ivat ion
requirem ents in B and D. Poin t m utat ions were in t roduced at base pairs predicted to m ake cent ral contacts with the POU S dom ain
(O−1), the POU HD (O −3, O −4), or both (O −2). Oligonucleot ides capable of binding Oct -4 as a dim er or a m onom er are denoted by D+ and
M+, respect ively. (N ) N um ber of nucleot ides between the two half sites of the PORE. The octam er m ot if is boxed and the PORE is
labeled by two inverted arrows. Dots represen t nucleot ides ident ical to those in oligonucleot ide O. (D ) Transact ivat ion by m utated
versions of oligonucleot ide O. 6 × O, 6 × O −1, 6 × O −2, 6 × O −3, and 6 × O −4 are six copies of O, O −1, O −2, O −3, and O −4, respect ively,
inserted upst ream of t k luc. All const ructs contain a TATA box at sim ilar distances from the insert . F9 EC cells were t ransfected
t ransien t ly with 10 µg of respect ive reporter and 2 µg of hum an b-act in LacZ, which served as an in ternal standard to norm alize
luciferase act ivit ies for t ransfect ion efficiency. Fold act ivat ion refers to the quot ien t of luciferase act ivit ies in test and cont rol (tk luc)
const ructs.
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Oct-4 can bind to the O fragm ent of i-opn as a m ono-
m er, a hom odim er, or, together with Oct -1, as a hetero-
dim er.

To further invest igate the ability of Oct -4 to het -
erodim erize with other POU factors, EMSA was per-
form ed using a m ixture of purified Oct -4 and rOct -6 (Fig.
5A, lanes 7–9). Sim ilarly to Oct -4, Oct -6 form ed m ono-
m er and hom odim er com plexes on the O oligonucleot ide
(com plexes 6 and 6 / 6; lanes 8,9). In addit ion to the set of
com plexes obtained by individual Oct -4 and Oct -6 pro-
teins, an addit ional band 4 / 6 of in term ediate m obility
between 4 / 4 and 6 / 6 was observed after m ixing both
proteins together (Fig. 5A, lane 7). This shows that Oct -4
can heterodim erize with both Oct -6 and Oct -1.

O ct-4 dim er form at ion requires the palindrom ic

sequence A TTTG N 5 CA A A T.

The O fragm ent contains the canonical octam er m ot if
ATGCAAAT that is bound by several POU proteins.
POU S binds to the first and POUHD to the second half of
th is m ot if (Klem m et al. 1994). An inverted CAAAT se-
quence is located 5 nucleot ides upst ream of the CAAAT
in the octam er m ot if (Fig. 5C). This dyad sequence m ot if
was likely to be required for the form at ion of Oct -4
dim er com plexes. Poin t m utat ions were in t roduced at
various posit ions with in the O oligonucleot ide to deter-
m ine which residues were required for Oct -4 m onom er
and dim er form at ion . The m utagenesis st rategy was de-
signed to reduce specifically binding of either POUS (O−1)
or POUHD (O−3, O −4) of Oct -4, or both (O −2) (Fig. 5C,
dim er–m onom er-binding site m utat ions). This was per-
form ed by altering crit ical residues of the dyad m ot if that
are predicted, based on the known crystal st ructure of a
POU dom ain–DN A com plex, to m ake contacts with
these two subdom ains (Klem m et al. 1994). Mutated oli-
gonucleot ides were incubated with either bacterially ex-
pressed Oct -4 (rOct -4) or F9 EC cell ext ract s and ana-
lyzed by EMSA (Fig. 5B, left ).

rOct -4 binds as a m onom er and a dim er to the wild-
type oligonucleot ide (Fig. 5B, lane O). When a m utat ion
in the first half of the octam er m ot if was in t roduced,
only rOct -4 m onom er form at ion was affected (lane O −1).
In cont rast , dim erizat ion of rOct -4 was abolished specifi-
cally by a m utat ion in the ATTTG (inverted CAAAT)
sequence located 58 to the octam er m ot if (lane O −3).
When both m utat ions were com bined neither dim er nor
m onom er were detected (lane O−2).

A poin t m utat ion was in t roduced in to the second half
of the octam er m ot if to test whether the righ t half site of
the palindrom ic sequence is also required for dim er for-
m at ion (lane O −4). Indeed, dim er form at ion on th is oli-
gonucleot ide was abolished and binding of the m onom er
was reduced drast ically. The m obility of the m onom er
com plex was also sligh t ly increased in com parison to
that form ed on the wild-type sequence, possibly as a re-
su lt of a differen t binding m ode. One likely explanat ion
is that the hom eodom ain now can only bind to the left
half site of the palindrom e (inverted CAAAT). An altered
binding conform at ion could resu lt in differen t DN A

bending and, as a consequence, in altered m obility of the
com plex (Verrijzer et al. 1991).

Oligonucleot ides with one nucleot ide inserted or de-
leted between the palindrom ic m ot ifs were also tested
with rOct -4 for dim er form at ion (Fig. 5C, phasing m uta-
t ions). In neither case was the dim er com plex form ed,
indicat ing dim erizat ion is h ighly dependent on proper
spacing of the two Oct -4 m olecules bound to the palin-
drom e (Fig. 5B, righ t ). The phasing m utat ions also abol-
ished the form at ion of Oct -4 hom o- and Oct -4 / Oct -1
heterodim ers in F9 EC cell ext ract s (data not shown).
The specific am ino acid side chains required for dim er
form at ion have to be determ ined.

Oct -4 of F9 EC cell ext ract s and rOct -4 basically gave
the sam e pat tern of com plexes with all oligonucleot ides
(Fig. 5B, cf. left and righ t ). However, dim er form at ion
with rOct -4 was far m ore efficien t than with F9 Oct -4 (cf.
both O lanes). In addit ion , the m utat ion (O−1) that abol-
ished m onom er form at ion and increased dim er form a-
t ion with rOct -4 (two- to threefold; com pare O and O −1

lanes), reduced m onom er but did not increase dim er for-
m at ion in F9 EC ext racts. These resu lt s suggest that
Oct -4 in F9 EC ext racts is m odified in a way that in ter-
feres with dim erizat ion .

The m utagenesis assays presented above indicate that
form at ion of the m onom er com plex requires an in tact
POUS half site and at least one in tact POU HD half site.
The POUHD half site of the octam er m ot if resu lt s in a
m ore stable m onom er com plex than the inverted half-
site found upst ream . In cont rast , form at ion of the Oct -4
dim er com plex on the O fragm ent requires two in tact
POU HD half sites but does not require an in tact POU S

half site. Dim erizat ion of Oct -4 depends on the palin-
drom ic m ot if ATTTG–CAAAT, which has to be spaced
by five nucleot ides. This m ot if will be subsequent ly
called PORE, for palindrom ic Oct recognit ion elem ent .

PO RE m ediates funct ion of the EC cell enhancer

To determ ine whether m onom er or dim er com plexes
were m ediat ing the EC cell-specific enhancer funct ion of
i-opn , m utagenized oligonucleot ides were m ult im erized
and inserted at posit ion −37 in the standard t k luciferase
reporter plasm id. The reporter act ivity of each m utant
O-m ult im er was com pared to the act ivity generated by
the wild-type O-m ult im er (6 × O) in t ransien t t ransfec-
t ions in F9 EC cells (Fig. 5D). Hexam ers of the O−1 frag-
m ent , which only binds Oct -4 as a dim er (Fig. 5B, left ),
act ivated the reporter in a m anner sim ilar to the
hexam er of the wild-type sequence (Fig. 5D, cf. 6 × O
with 6 × O−1). In cont rast , a hexam er of the O −3 frag-
m ent , to which Oct -4 bound only as a m onom er, act i-
vated t ranscript ion only two- to threefold (6 × O−3). This
was only sligh t ly above the level of act ivat ion by
hexam ers of O−2, to which Oct -4 could not bind at all
(6 × O−2). These resu lt s dem onst rate that the PORE and
not the octam er m ot if act ivates t ranscript ion of the re-
porter gene efficien t ly. They suggest that the PORE is
also im portan t for the funct ion of the EC-cell-specific
enhancer found in i-opn . The in vit ro binding data sug-

Botquin et al.

2080 GENES & DEVELOPMENT

 Cold Spring Harbor Laboratory Press on August 22, 2022 - Published by genesdev.cshlp.orgDownloaded from 

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


gest that PORE act ivity in vivo depends on Oct -4 hom o-
or heterodim erizat ion with either Oct -1 or Oct -6.

Sox-2 in terferes w ith O ct -4-m ediated transcript ional

act ivat ion

The variat ion in O PN expression levels in differen t ES
and EC cell lines (see Fig. 3A) m ay be at t ribu table to
differences in Oct -4 dim erizat ion or binding of other
regulatory factors. However, Oct -4 m RN A and protein
levels do not vary in the ES and EC cell lines exam ined
so far. In addit ion , m onom er binding is sim ilar in all
ext ract s of these cell types (Yeom et al. 1996; data not
shown). As an in it ial test to determ ine whether O PN

expression is m odulated by differen t dim er levels, in
vit ro dim er form at ion was com pared in differen t em bry-
onic cellu lar ext ract s (Fig. 6A, left ). Oct -4 dim er form a-
t ion was very sim ilar in all cell ext ract s and thus cannot
explain why O PN levels vary in the ES and EC cells.
However, we observed an inverse correlat ion between
O PN expression and the presence of the 4 / 1 and 1 / *
com plexes, suggest ing that an Oct -4 / Oct -1 dim er could
repress the act ivity of the i-opn enhancer.

Sox-2 is another candidate t ranscript ion factor that

could m odulate Oct -4-m ediated act ivity of i-opn . The
Sox-binding site was used in our in it ial com puter analy-
sis to rest rict the num ber of poten t ial Oct -4 target genes
(see Fig. 2A). Oct -4 and Sox-2 proteins increase t ranscrip-
t ion synergist ically from the fgf-4 enhancer act ivity
(Yuan et al. 1995). An oligonucleot ide spanning the i-opn
region with the canonical Sox-binding site (S oligo-
nucleot ide) was used to test for differences in Sox-2-bind-
ing act ivity in ES and EC cell lines (Fig. 6A, righ t ). One
m ajor com plex was form ed in F9, P19, and ES cells. A
com m on test for Sox-factor binding is the com pet it ion
by poly[d(I-C)] (Dailey et al. 1994). Incubat ion of the re-
act ion m ixture with poly[d(I-C)] instead of poly[d(G-C)]
resu lted in a specific com pet it ion of the Sox-2 com plex
[Fig. 6A, lanes ES(IC) and F9 EC(IC)]. In addit ion , poin t
m utat ions with in the Sox m ot if decreased form at ion of
th is com plex (data not shown; see below). Finally, in
both F9 EC and ES ext ract s, Sox-2 binding was affected
specifically by Sox-2 ant ibodies [Fig. 6A, lanes ES(a2) and
F9 EC(a2)]. The Sox-2 com plex varies in ext ract s of the
differen t cell types. The st rongest signal was obtained
with ES cell ext ract s, a weaker band with F9 EC and P19
EC (Fig. 6A, righ t ). Finally, no Sox-2 com plex could be
detected in GCLB and 3T3 (Fig. 6A, righ t ).

Figure 6. Sox-2 binds i-opn and represses Oct -
4-m ediated t ransact ivat ion . (A ) EMSA of EC cell
(P19 and F9), ES cell, GCLB, and fibroblast (3T3)
cell ext ract s on O and S oligonucleot ides. Sox-2
binding was affected with either poly[d(I-C)] (IC)
or Sox-2 ant ibody (a2). Com plexes are as follows:
(4) Oct -4 m onom er; (4 / 4) Oct -4 hom odim er; (4 / 1)
heterodim er of Oct -1 and Oct -4; (1) Oct -1 m ono-
m er; (1 / *) Oct -1 hom o- or heterodim er; (PIO-1)
protein binding to in t ron 1 of osteopont in). (B,C )
Transien t t ransfect ion assays in F9 EC and ES
cells with reporters carrying octam er and Sox-
binding sites. 6 × O represents a hexam er of oli-
gonucleot ide O (PORE only), 6 × OS a hexam er of
OS (PORE and Sox-binding sites), 6 × O −S a
hexam er of O −S (m utated PORE, in tact Sox-2-
binding site), 6 × OSa

− and 6 × OSb
− hexam ers of

OSa
− and OSb

−, respect ively (in tact PORE, m u-
tated Sox-binding site). All hexam ers were
cloned upst ream of t k luc. F9 EC and ES cells
were t ransfected t ransien t ly with 10 µg of respec-
t ive reporter and 2 µg of hum an b-act in–LacZ as
an in ternal standard. Fold act ivat ion refers to the
quot ien t of luciferase act ivit ies in test and con-
t rol (6 × O) const ructs. (D ) Cot ransfect ion assay
in 293 cells of 1 µg of 6 × OS reporter and increas-
ing am ount of CMVOct-4 effector. (E) Cot rans-
fect ion assay in 293 cells of 1 µg of 6 × OS re-
porter, constan t am ount of CMVOct-4 and in-
creasing am ounts of CMVSox-2 effector. (F)
Cot ransfect ion assay in 293 cells of 1 µg of
6 × OS reporter, constan t am ount of CMVOct-4
and increasing am ount of CMVN P2 effector. (G )
Cot ransfect ion assay in 293 cells of 1 µg of
6 × OSa

− reporter and increasing am ount of
CMVOct-4 effector. (H ) Cot ransfect ion assay in

293 cells of 1 µg of 6 × OSa
− reporter, constan t am ount of CMVOct-4 and increasing am ounts of CMVSox-2 effector. All luciferase

act ivit ies were norm alized for b-galactosidase expression . Light unit s refers to the unit s of luciferase counts.
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A novel low m obility com plex [PIO-1 (proteins bind-
ing to in t ron 1 of osteopont in)] form ed on the S oligo-
nucleot ide when P19 EC and GCLB cell ext ract s were
used (Fig. 6A). The ident it ies of proteins in PIO-1 are
unclear. PIO-1 is unlikely to contain Sox-2 because it
was not affected by Sox-2 ant ibodies [Fig. 6A, righ t ,
GCLB (a2)]. Sox-2 and PIO-1 binding is found predom i-
nant ly in ES and EC cells in which O PN expression is
low or undetectable, nam ely in ES, P19 EC, and GCLB.
Thus, the presence of the Sox-2 and PIO-1 can be corre-
lated with the expression pat tern of O PN in cell lines
corresponding to differen t em bryonic cell types.

The act ivity of the Sox-2-binding site was analyzed in
t ransien t t ransfect ion assays. The hexam er of the S oli-
gonucleot ide in front of the t k luciferase reporter was
inact ive in F9 EC cells, confirm ing previous resu lt s that
a Sox-2-binding site by it self cannot act ivate t ranscrip-
t ion (data not shown, Yuan et al. 1996). To study the
funct ional in teract ion of Sox-2 and Oct -4, longer oligo-
nucleot ides spanning both the Oct and the Sox m ot ifs
(term ed OS) were oligom erized and cloned in front of the
standard reporter (posit ion +798 to +863). Tandem
hexam ers of the nat ive sequence (6 × OS) were inserted
upst ream of the t k luciferase reporter and com pared to
tandem hexam ers of m utated versions. Mutat ions were
either in the octam er m ot if (6 × O−S) or in the Sox-bind-
ing site (6 × OSa

−; com plete replacem ent ; 6 × OSb
−; poin t

m utated site). In vit ro binding analyses indicated that
Sox-2 binding to Osa

− and Osb
− was undetectable or

weak , respect ively (not shown). Reporter const ructs
were t ransfected in to F9 EC cells and their act ivity was
analyzed (Fig. 6B). The wild-type hexam er 6 × OS was
twice as act ive as the shorter 6 × O fragm ent . The act iv-
ity of 6 × OS depended on in tact Oct factor-binding sites,
because the m utated counterpart (6 × O−S) was inact ive.
St rik ingly, m utat ions of the Sox-binding site (6 × OSa

−

and 6 × OSb) resu lted in an addit ional 9.5- to 10-fold ac-
t ivat ion (Fig. 6B, cf. 6 × OS with 6 × OSa

− and 6 × OSb
−).

These resu lt s indicate that the Sox-binding site is a nega-
t ive elem ent that in terferes with the act ivity of other
elem ents with in the OS fragm ent , m ost likely with the
act ivity of the Oct -4-binding sites.

Sox-2-binding in tensity differs in ES and in F9 EC cell
ext ract s (Fig. 6A, righ t ). We com pared the act ivity of the
wild-type hexam er 6 × OS in these two cell types (Fig.
6C). The 6 × OS reporter was twice m ore act ive in F9 EC
com pared to ES cells and thus the OS act ivity correlated
inversely with Sox-2-binding in tensity. In addit ion , m u-
tat ion of the Sox-binding site (6 × OSa

−) resu lted in an
addit ional 20-fold act ivat ion in ES com pared to a fivefold
act ivat ion in F9 EC cells (Fig. 6C). This suggests that
Sox-2 m ay decrease the level of O PN expression in ES
cells. PIO-1 m ay act as another negat ive factor involved
in a down-regulat ion of O PN in GCLB and P19 EC cells
(Fig. 6A, righ t ).

To assess direct ly the effect of Sox-2 on Oct -4, both
factors were cloned in to CMV vectors and expressed in
293 cells. First , increasing am ounts of the Oct -4 expres-
sion vector was cot ransfected with a constan t am ount of
the 6 × OS reporter (Fig. 6D). Reporter act ivity was in-

creased in direct proport ion with the am ount of the ex-
pression vector added. The highest am ount (1 µg) tested
in th is experim ent st im ulated the reporter >20-fold. Sub-
sequent ly, increasing am ounts of the Sox-2 expression
vector was cot ransfected with a constan t am ount of both
the Oct -4 expression and the 6 × OS reporter vectors. In
th is case, increased am ounts of Sox-2 expression vector
steadily decreased the act ivity m ediated by Oct -4 (Fig.
6E). This negat ive effect depended on an in tact Sox ele-
m ent because even the highest am ount of Sox-2 did not
in terfere with Oct -4-st im ulated act ivity of 6 × OSa

− re-
porter (Fig. 6G,H). These resu lt s indicate that Sox-2 can
reduce levels of Oct -4-m ediated t ransact ivat ion from the
6 × OS reporter and that binding of Sox-2 protein to the
canonical Sox m ot if is required for it s repressive effect .

A t ransact ivat ion dom ain has been m apped to the car-
boxy-term inal port ion of Sox-2 (Yuan et al. 1995). To
determ ine it s cont ribu t ion to the repressive effect of Sox-
2, a t runcated version lacking th is region was cot rans-
fected with a constan t am ount of both 6 × OS reporter
and Oct -4 expression vectors. Increasing am ounts of the
t runcated Sox-2 protein (N P2) st im ulated the reporter up
to threefold (Fig. 6F). This act ivat ion by N P2 is in st rik -
ing cont rast to the decrease m ediated by the com plete
protein and m ight indicate an arch itectural m odificat ion
of the chrom at in-facilit at ing Oct -4 in teract ion with the
basal t ranscript ional m achinery. The resu lt suggests that
t ranscript ional repression by Sox-2 is not likely at t ribu t -
able to com pet it ive binding of Sox-2 with another t ran-
script ion factor, rather it is the resu lt of the carboxy-
term inal region of Sox-2 that in terferes with Oct -4-m e-
diated t ranscript ional act ivat ion .

O ct-4, Sox-2, and O PN expression correlate

during hypoblast d ifferen t iat ion

The ICM of the blastocyst , which coexpresses O ct-4,

Sox-2, and O PN , differen t iates in to the epiblast and hy-
poblast (Gardner 1983; Palm ieri et al. 1994; R. Lovell-
Badge, pers. com m .; see Fig. 3C). The hypoblast is local-
ized in it ially to the blastocoelic surface of the ICM and
gradually spreads over the inner surface of the blastocoel
as it differen t iates in to parietal and visceral endoderm
(Gardner 1983). Oct -4 protein levels increase in cells that
form the hypoblast , bu t decrease drast ically as the hypo-
blast differen t iates further (Palm ieri et al. 1994). In con-
t rast , Sox-2 expression is down-regulated im m ediately in
cells of the hypoblast lineage (R. Lovell-Badge, pers.
com m .).

F9 EC cells are often used as a cellu lar m odel to study
hypoblast -specific quest ions (St rick land and Mahdavi
1978; St rick land et al. 1980; Hogan et al. 1981). In a first
at tem pt to com pare O ct-4 and O PN expression levels
during th is specific stage, F9 EC cells were induced to
differen t iate in to parietal and visceral endoderm (Fig. 7A,
nonaggregates and aggregates, respect ively). In both dif-
feren t iat ion m odes F9 EC cells are considered to in it ially
pass through a hypoblast -like stage (Adam son 1986). Un-
differen t iated F9 EC cells expressed m oderate levels of
O ct-4 and O PN (Fig. 7A, F9 lane 0 in each panel). A
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t ransien t 2.5-fold increase in both Oct -4 and OPN
m RN A levels was observed after 1 day of ret inoic acid
(RA) t reatm ent regardless whether F9 EC cells were dif-
feren t iat ing along visceral or parietal pathways (Fig. 7A,
F9 lane 1 in each panel). Oct -4 and OPN m RN A levels
decreased to undetectable levels after 2 days in RA (Fig.
7A, F9 lane 2 in each panel). Induct ion of lam inin ex-
pression , used as a m arker for parietal and visceral endo-
derm , was observed after 1 day of differen t iat ion of F9 EC
cells (data not shown). These resu lt s dem onst rate a st rict
correlat ion between O ct-4 and O PN expression during
differen t iat ion of F9 EC. The profile of Oct -4 m RN A up-
and down-regulat ion is closely followed by OPN m RN A
levels and recapitu lates up- and down-regulat ion of these
genes observed during the hypoblast form at ion .

O ct-4 and O PN expression was also com pared in RA-
t reated P19 EC cells, which were induced to differen t iate
along a neuronal pathway (Robert son 1987). In cont rast
to F9 EC cells, the level of Oct -4 and OPN transcript s
were down-regulated im m ediately (Fig. 7A, P19). There-
fore, the t ransien t increase of OPN m RN A during F9 EC
cell differen t iat ion is not likely at t ribu table to a direct
effect of RA on O PN gene regulat ion .

The in vit ro binding act ivit ies of Oct -4 and Sox-2 were
com pared with the OPN transcript levels during differ-
en t iat ion of F9 EC and P19 EC cells (Fig. 7B) to determ ine
whether a correlat ion between factor binding and O PN

expression could be established. Oct -4 m onom er and
dim er binding to the O oligonucleot ide encoding the i-
opn site was not not iceably altered in F9 ext ract s pre-
pared after 1 day of differen t iat ion (Fig. 7B, righ t : F9, cf.
lane 0 with lane 1). Ext ract s prepared after 2 days of
differen t iat ion showed sim ilar m onom er binding but had
a m arked reduct ion in Oct -4 dim er form at ion (Fig. 7B,
left : F9, lane 2). In cont rast , the level of Sox-2 decreased
im m ediately after 1 day of differen t iat ion (Fig. 7B, righ t :
F9, lane 1) and only low levels of Sox-2 were detected
after 2 days of RA treatm ent (Fig. 7B, righ t : F9, lane 2).
These resu lt s suggest that t ransien t ly elevated O PN ex-
pression levels observed after 1 day of RA treatm ent m ay
be at t ribu table to the m ore rapid decline in Sox-2 binding
than in Oct -4 binding. Consequent ly, the inhibitory ac-
t ion of Sox-2 on Oct -4 in the i-opn fragm ent (above) is
alleviated tem porarily, resu lt ing in higher levels of i-opn
act ivity in the brief in terval before both factors are ab-
sen t .

The level of Oct -4 in P19 cells decreased to undetect -
able levels after 2 days of differen t iat ion (Fig. 7B, left :
P19). An addit ional com plex detected at day 1 of RA
treatm ent (Fig. 7B, left : P19, lane 1, m obility between 4
and 4/ 4 com plex) m ay contain Brn-2 (Fujii and Ham ada
1993). In cont rast to Oct -4, on ly a sligh t decline of Sox-2
levels was observed after 2 days of differen t iat ion (Fig.
7B, left : P19), suggest ing that the rapid decrease of Oct -4
protein levels m ight resu lt in an im m ediate O PN down-
regulat ion .

Discussion

In th is study we show that O PN is likely a direct target
gene of Oct -4 in cells of the m ouse preim plantat ion em -
bryo. Oct -4 is thought to play an im portan t role in the
establishm ent of hypoblast -derived cell layers (Palm ieri
et al. 1994) and OPN is a secreted phosphoprotein con-
tain ing a RGD m ot if prom ot ing adhesion and m igrat ion
in various cell types (for review, see Denhardt and Guo
1993; Denhardt et al. 1995). We have dem onst rated that
Oct -4 is found in close associat ion to a new EC-cell-
specific enhancer of the O PN gene, i-opn , in the chro-
m at in of EC cells. Furtherm ore, the act ivity of the i-opn
enhancer in these cells depends on at least two t ranscrip-
t ion factors that are coexpressed in the preim plantat ion
em bryo, nam ely O ct-4 and Sox-2 (Rosner et al. 1990;
Sch öler et al. 1990b; R. Lovell-Badge, pers. com m .). Oct -4
binds as a dim er to a specific elem ent , term ed PORE, in

Figure 7. Correlat ion of O PN , Oct-4, and Sox-2 expression dur-
ing F9 and P19 differen t iat ion . (A ) F9 EC cells were induced to
differen t iate in to parietal endoderm by exposing adheren t cells
to 10−1 µ M all-t rans ret inoic acid (RA) (nonaggregates) or in to
visceral endoderm by exposing cells grown in suspension to 10−1

µ M RA (aggregates). P19 were t reated with 1 µ M all-t rans RA.
Total RN A was ext racted at day 0 (unt reated F9 and P19 cells),
day 1 and 2 of RA treatm ent . N orthern blot analyses were per-
form ed for O PN , O ct -4, and 28S rRN A probes. Each lane con-
tains 10 and 30 µg of total m RN A in F9 and P19 EC cells,
respect ively. The sam e filter was sequent ially hybridized to
O PN , O ct -4, and 28S rRN A probes. (B) EMSA of differen t iat ing
F9 and P19 EC cell ext ract s. Whole cell ext ract s at day 0 (un-
t reated F9 and P19 EC cells), day 1 and 2 of RA treatm ent were
incubated with the O and S oligonucleot ide used as probe. Com -
plexes are denoted as follows: (4) Oct -4 m onom er; (4 / 4) Oct -4
hom odim er; (4 / 1) heterodim er of Oct -1 and Oct -4; (1) Oct -1
m onom er; (1 / *) Oct -1 hom o- or heterodim er. PIO-1 com plex in
P19 EC cells could be observed only after longer exposure.
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the i-opn enhancer, and t ransact ivates m ore st rongly
from this elem ent than from the canonical octam er m o-
t if alone. Biochem ical analysis of POU protein binding to
m utated PORE elem ents indicates that the Oct -4 / PORE
com plex provides a new paradigm for the in teract ion of
POU proteins with DN A by using only the hom eodo-
m ain core m ot ifs for binding. Sox-2 also binds to the
i-opn enhancer and represses t ransact ivat ion by Oct -4
and other as yet unident ified factors. Sox-2-m ediated re-
pression in i-opn cont rast s with Sox-2-m ediated act iva-
t ion in the fgf-4 enhancer (Yuan et al. 1995). Sox-2-m e-
diated repression and act ivat ion of Oct -4 funct ion in
these two enhancers depends on the carboxy-term inal
region of Sox-2 (Yuan et al. 1995).

O ct-4 dim er form at ion on the PO RE

The POU transcript ion factors contain a pair of closely
and flexibly linked DN A-binding dom ains that , in prin-
ciple, have num erous possible m odes of in teract ions
with subst rate DN A. The POUS and POUHD dom ains
can be separated and bind DN A independent ly. How-
ever, m ixing experim ents dem onst rate that the sepa-
rated dom ains, as well as the linked dom ains, can bind
cooperat ively to appropriate DN A subst rates (Klem m
and Pabo 1996). Analysis of crystals contain ing POU pro-
tein–DN A com plexes has revealed that the am ino-ter-
m inal POU S dom ain is joined to the POU HD dom ain by
an unst ructured linker that would allow each dom ain to
dock onto DN A with few steric const rain t s im posed by
the other dom ain (Klem m et al. 1994). The linker of
Oct -4 is relat ively short (17 am ino acids) com pared to
those of other POU proteins (15–56 am ino acids) and
const rains the distance between and the relat ive orien-
tat ion of two half sites for sim ultaneous binding. The
crystal st ructure of the Oct -1 POU dom ain bound to the
octam er sequence of the histone H2B prom oter (Klem m
et al. 1994) shows that the POUS dom ain in teracts with
the 58 ATGC port ion of the octam er m ot if and the
POU HD with the 38 A/ T-rich port ion . The two dom ains
bind to opposite faces of the DN A helix and contact the
sam e base pairs at the center of the octam er m ot if, bu t do
not in teract direct ly. The fact that POU S and POU HD

bind the sam e base pairs, albeit at opposite sides, has
been suggested to be im portan t for m ediat ing coopera-
t ive binding of POUS and POUHD th rough changes in the
DN A structure (Klem m and Pabo 1996). According to
the length and the conform at ional flexibility of the
linker, it seem s possible that binding of two m ore dis-
tan t ly spaced half sites by the two dom ains of a POU
protein m onom er occurs.

A second possibility is that the linker allows the POU
protein to bind half sites in differen t orien tat ions. This is
dem onst rated by the crystal st ructure of the Pit -1 POU
dom ain on a palindrom ic recognit ion site (ATG-
TATATACAT; Jacobson et al. 1997). Although the pro-
tein folds of each of the two Pit -1 DN A-binding dom ains,
and the docking onto DN A of each dom ain is very sim i-
lar to that observed in the Oct -1 crystal, the relat ive
orien tat ion of the two dom ains in the two crystals is

inverted. The Oct -1 POUS dom ain recognizes the GCAT
half-site and the Pit -1 POU S dom ain binds a correspond-
ing sequence GTAT. However, the lat ter m ot if lies on
the opposite st rand (schem a in Fig. 8D). As a conse-
quence, the orien tat ion of POUS relat ive to POUHD is
inverted.

Cooperat ive binding by dom ains of two differen t POU
protein m olecules provides a second fundam entally dif-
feren t m ode of POU protein–DN A interact ion . In the
Pit -1 crystal, the repeat unit is a hom odim er in which a
dim erizat ion in terface is form ed between the am ino-ter-
m inal part of POUHD helix 3 of one Pit -1 m olecule and
the am ino-term inal end of POU S in the second m olecule
(helix 1 in conjunct ion with the loop between helices 3
and 4).

Our data show that in vit ro Oct -4 also form s a ho-
m odim er on DN A. However, m utagenic analysis of the
binding site (Fig. 5A,B) and com puter m odeling suggest
that the Oct -4 dim er is differen t than the Pit -1 dim er
(schem a on Fig. 8D) and illust rates yet a th ird m eans by
which POU proteins can in teract with specific DN A se-
quences. In cont rast to Pit -1, which requires the palin-
drom ic arrangem ent of ATGTAT without any spacing,
the Oct -4 dim er requires a palindrom e of ATTTG with
an exact spacing of 5 nucleot ides (Figs. 5B and 8D). The
second half site of the PORE is contained in the octam er
m ot if, bu t specific binding of POU S to the ATGC se-
quence seem s not to be required as shown by a m uta-
t ional analysis (Fig. 5B,C). To determ ine the arrange-
m ent of both Oct -4 POU dom ains the sequence of Oct -4
POU dom ain was m odeled in to the coordinates of Oct -1
POU dom ain (Fig. 8A,B). Because the POU dom ains of
Oct -1 and Oct -4 are ext rem ely well conserved, it is likely
that Oct -4 POU dom ain protein st ructure bound to DN A
is sim ilar to that of Oct -1 (Herr and Cleary 1995; Fig. 8C).
This was done first for the octam er m ot if that overlaps
with the second half site of the PORE and then extended
to the other half site (Fig. 8A). The arrangem ent basically
resu lt s from a poin t -sym m etrical flipping of the first
Oct -4 POU m olecule with respect to the second. In case
of Oct -4, the am ino term inus of POU HD (nonhelical re-
gion between linker and helix 1) would in teract with the
carboxy-term inal part of POUS helix 1 and the loop be-
tween helices 1 and 2. Thus, dim erizat ion of Oct -4 on
the PORE likely represents a new paradigm for POU pro-
tein–DN A interact ion .

According to th is m odel, several side chains are pre-
dicted to in teract with each other. The com puter m odel
of Oct -4 POU dom ain binding to the PORE predict s that
Ile-21 of the POU S dom ain of one m olecule is with in 4 Å
of Ser-7 of the POU HD of the other m olecule (Fig. 8C,
num bering of the POU dom ain according to Herr and
Cleary 1995). Thus, the m olecules would be in very close
proxim ity at one posit ion on each side of the dim er.
Phosphorylat ion of Ser-7 in the Oct -1 POU HD inh ibit s
binding to the octam er sequence in the H2B prom oter
(Segil et al. 1991). DN A binding is also reduced in case of
Thr-7 phosphorylat ion of the Pit -1 POU HD , bu t the m ag-
n itude of the effect is dependent on the DN A sequence
(Kapiloff et al. 1991; Caelles et al. 1995). Both Ser and
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Thr residues can be phosphorylated in vit ro by protein
k inase A (Kapiloff et al. 1991; Segil et al. 1991) and in
vivo by a cell-cycle-dependent k inases (Segil et al. 1991;
Caelles et al. 1995). In the case of the Oct -4 dim er, phos-
phorylat ion of POU HD Ser-7 should in terfere with dim er
form at ion on the PORE. Because Oct -1, Oct -2, and Oct -6
can also form a dim er on PORE (Fig. 5A; unpubl.), a re-
duct ion of dim er form at ion at t ribu table to phosphoryla-
t ion at posit ion 7 of POU HD could be generally valid for
all POU factors. In cont rast , phosphorylat ion at posit ion
7 should not in terfere with Pit -1 dim erizat ion on the
ATGTATATACAT sequence.

Regulat ion of O PN by O ct -4 and Sox-2

Our data show that a short fragm ent of i-opn contains
DN A-binding sites for Oct -4 and Sox-2 in close proxim -
ity and is sufficien t to drive expression of reporters in F9
EC cell lines. The in t ron fragm ent of O PN is enriched in
a4 im m unoprecipitates of cross-linked F9 EC cell chro-
m at in . Because the F9 EC cell line shares m any charac-
terist ics with cells of the preim plantat ion em bryo, we
have proposed that Oct -4 and Sox-2 regulate expression
of the O PN gene during preim plantat ion stages of em -
bryogenesis by binding to specific DN A sequences in
i-opn (St rick land and Mahdavi 1978; St rick land et al.

1980; Hogan et al. 1981). Oct -4 m RN A is expressed at
com parable levels in cells of the m orulae, in the ICM of
blastocysts, and in the epiblast of day 5.5 and 6.5 em bryo
(Sch öler et al. 1990a; Yeom et al. 1991). In cont rast , O PN

expression changes during these early stages of develop-
m ent . Weak O PN expression is detected in the m orulae
(Fig. 3B). The highest expression level of O PN is ob-
served in the ICM / hypoblast of day 4.0 and 4.5 blasto-
cyst s (Fig. 3B,C). After these stages, O PN is down-regu-
lated (Fig. 3C). This could be at t ribu table to addit ional
t ranscript ion factors that in teract with Oct -4 on the
in t ron enhancer. Either a repressive or an act ivat ing co-
factor could account for the relat ively variable O PN ex-
pression during early em bryonic developm ent .

Sox-2 is one candidate for a m odulator of Oct -4 t rans-
act ivat ion . Sox-2 expression varies in differen t em bry-
onic cell types, which correlates inversely with the ex-
pression pat tern of O PN in these cells (Fig. 6A). In t ran-
sien t t ransfect ion assays, the PORE but not the octam er
m ot if is act ive (Fig. 5D). The act ivity of the PORE region
is increased two- to threefold when the Sox-binding site
is included (Fig. 6B, cf. 6 × O and 6 × OS). However, th is
increase is not at t ribu table to Sox-2 because a 20-fold
act ivat ion was achieved when the Sox-2-binding site was
m utated (Fig. 6B). Furtherm ore, cot ransfect ion experi-
m ents in differen t iated cells indicate that Sox-2 can re-

Figure 8. Com puter m odeling of Oct -4
POU dom ain dim er conform at ion on the
PORE binding sequence. (A ,B) Lateral and
frontal view of Oct -4 POU dom ain dim er
conform at ion on the PORE binding site.
Oct -4 POU dom ains were m odeled in to the
coordinates of Oct -1. Each Oct -4 m olecule
has one color. The POU S dom ain has four
a-helices (labeled 1–4) and the POU HD has
three a-helices (labeled 1–3). DN A st ructure
is represen ted by purple for phosphate, red
for oxygen , green for carbon , and blue for
n it rogen . A and B generated with WHAT IF
software. (C ) Am ino acid sequence align-
m ent of POU specific, linker, and POU ho-
m eodom ain of Oct -1 and Oct -4. Am ino ac-
ids num erat ion are taken from Herr and
Cleary (1995). Dots represen ts ident ical
am ino acids found in Oct -4. a-Helices are
indicated by boxes. (D ) Schem at ic represen-
tat ion of Oct -4 and Pit -1 hom odim ers. Each
m olecule is given one color.
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press Oct -4-m ediated i-opn act ivity in a dose-dependent
m anner (Fig. 6E). Repression requires Sox-2 binding to
DN A and also depends on the carboxy-term inal region of
Sox-2 that has been described previously as a t ransact i-
vat ion dom ain (Fig. 6F,H; Yuan et al. 1995). Repression
of the i-opn enhancer by Sox-2 is in cont rast to what has
been shown for the fgf-4 38 enhancer, where Sox-2 st im u-
lates Oct -4-m ediated act ivity (Yuan et al. 1995).

Varying the level or act ivity of Sox-2 and Oct -4 in em -
bryonal cells is likely to resu lt in altered expression of
genes such as fgf-4 and O PN . Changes in O ct-4, Sox-2,

and O PN expression levels that occur during differen t ia-
t ion of F9 EC cells are consisten t with the m odel of
Oct -4 and Sox-2 in teract ion on i-opn that was estab-
lished from binding and t ransact ivat ion data. Sox-2 lev-
els decline rapidly, whereas Oct -4 levels decline m ore
slowly during F9 differen t iat ion (Fig. 7B). Thus, Sox-2-
m ediated repression of Oct -4 act ivat ion of i-opn is re-
lieved briefly, resu lt ing in the t ransien t increase of O PN

expression (Fig. 7A). Forty-eigh t hours after RA treat -
m ent , O ct-4 is no longer expressed, leading to the loss
of a com plex at the PORE, which would likely resu lt in
low or undetectable levels of OPN m RN A product ion
(Fig. 7A).

Sox-2 is not likely to be the only t ranscript ion factor
involved in m odulat ing the Oct -4-m ediated t ransact iva-
t ion of the in t ron enhancer. This would explain why the
PORE/ octam er region is m uch weaker than a fragm ent
that is longer and contains a m utated Sox elem ent (Fig.
6B, cf. 6 × O and 6 × OS).

Possib le role of O PN in the preim plantat ion em bryo

The form at ion of the hypoblast and it s derivat ives, pari-
etal and visceral endoderm , depends on in teract ions be-
tween the ECM and in tegrins (Behrendtsen et al. 1995).
OPN binds to cells displaying the avb1, avb3, and avb5

in tegrins on their surface and contains a GRGDS am ino
acid m ot if that is absolu tely required for the in tegrin
in teract ion (for review, see Eble and Kühn 1997). Dele-
t ion of the b1 in tegrin gene in m ice resu lt s in ICM failure
and peri-im plan tat ion lethality, indicat ing that b1 in te-
grin is required for preim plantat ion developm ent (Fässler
and Meyer 1995; Stephens et al. 1995).

OPN m ay bind to in tegrins in a way that alters cell–
cell adhesion propert ies select ively. High levels of O PN

expression in the 4.0-dpc ICM and form ing hypoblast
could resu lt in the loosening of cell–cell and cell–ECM
contacts. OPN -deficien t em bryos exhibit no apparen t
phenotype (Hynes 1996) suggest ing that loss of OPN
funct ion during em bryogenesis can be com pensated by
other ECM proteins. Bone sialoprotein II (BSP II) is one
possible candidate. Further analyses will be done to de-
fine other genes that are also up-regulated t ransien t ly by
Oct -4 in the developing hypoblast .

Materials and methods

Em bryo collect ion , cell cu lture, and transien t t ransfect ion

Morulae and blastocysts were flushed from CD1 m ice in M2

m edium as described in Hogan et al. (1994). COS, 3T3, 293, and
F9 EC cells were grown in Dulbecco’s m odified Eagle m edium
(DMEM) supplem ented with 10% fetal calf serum (FCS). P19 EC
and GCLB cells were m ain tained in DMEM supplem ented with
10% FCS and 1% nonessent ial am ino acids (Serom ed). MBL-1
ES cells were cultured in DMEM [0.45% glucose (wt / vol)], 15%
FCS, 1 µ M b-ME, and in the presence of 1000 U / m l leukem ia
inhibitory factor (LIF, GIBCO-BRL). Murine EC and ES cells
were grown on 0.1% gelat in -coated t issue culture plates. P19
EC cells were induced to differen t iate by t reatm ent with 1 µ M

all-t rans RA (Sigm a). Differen t iat ion of F9 cells in to parietal
endoderm was accom plished by adding 0.1 µ M RA to adheren t
cells. Differen t iat ion of F9 cells in to visceral endoderm was
perform ed by growing the cells for 48 hr in suspension using
bacterial Pet ri dishes. Aggregates were t ransferred to t issue cul-
ture dishes allowing cells to at tach to a surface for further
growth . Medium contain ing RA was changed every 24 hr.

Cells were t ransfected using the calcium –phosphate precipi-
tat ion m ethod at a density of 3 × 105 cells per 6-cm dish . Each
dish received a total of 12 µg of DN A including 10 µg of lucif-
erase reporter plasm id and 2 µg of hum an b-act in–LacZ as in-
ternal standard. In cot ransfect ion assays, 1 µg of luciferase re-
porter plasm id and varied am ounts of expression plasm ids were
used in com binat ion with pBluescript KS (St ratagene) to bring
the final DN A concent rat ion to 12 µg. All experim ents were
carried out four t im es. After 40 hr of t ransfect ion , cells were
harvested and 50-µ l ext ract s were prepared in ice-cold 250 m M

Tris (pH 7.8), 1 m M DTT. All luciferase act ivit ies were norm al-
ized by b-galactosidase expression levels.

Plasm id construct ions

The i-opn and i-opn m ut fragm ent were generated by PCR am -
plificat ion of osteopont in in t ron 1 using 1 µg of F9 genom ic
DN A, 58-TATTAGTCCAAATAGAACATC-38 and 58-TATT-
AG T C C AAAT AG AAC AT C T T AC T C AAATTCAAAGATAT-
C T T T G T T TCTTTCAGCTTTGTATAATGTAAGTTAAAAT-
CACATTGCACAAGCAAGCGG-38 as sense prim er, respec-
t ively, and 58-CTCTCATCCTTAGCAAGGAA-38 as ant isense
prim er. The condit ions were the sam e as described for PCR of
im m unoprecipitated cross-linked chrom at in . The i-opn was
precloned in to the PCR II vector using the TA Cloning kit (In-
vit rogen). The i-opn was cut out of the PCR II vector by EcoRI
and was recloned in to the EcoRI site of pBluescript KS. After
HindIII–Bam HI digest ion , the i-opn of pBluescript KS was
cloned in to HindIII–Bam HI site of −37t k luc (k indly provided by
A. Hecht , ZMBH, Heidelberg, Germ any). The 6 × O, 10 × O,
6 × O −1, 6 × O −2, 6 × O −3, 6 × O −4, 6 × OS, 6 × O −S, and 6 × OS−

reporter plasm ids were obtained by m ult im erizing the corre-
sponding oligonucleot ides. The 58 overhang of the m ult im ers
were filled in using Klenow polym erase and fragm ents of 6 or 10
oligonucleot ide repeats were precloned in to the EcoRV site of
pBluescript KS. The HindIII–Bam HI fragm ent contain ing the
oligonucleot ide m ult im er was cut out of the pBluescript KS and
was inserted in to HindIII–Bam HI sites of −37t k luc.

Labeling, cross-link ing, and shearing chrom at in

Proteins were labeled by adding 175 µCi / m l [35S]m eth ionine
(labeling grade; Am ersham ) 1–2 hr before harvest . In vivo fixa-
t ion of chrom at in was done as described by Orlando and Paro
(1993) with several m odificat ions. Cells were rem oved from the
plates by t rypsin , resuspended at a density of 5 × 106 cells / m l in
DMEM / 5% heat -inact ivated FCS, and fixed in vivo by adding
one-ten th volum e of form aldehyde buffer [11% form aldehyde
(vol / vol) in 10% m ethanol, 0.1 M N aCl, 1 m M N a-EDTA, 0.5
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m M N a-EGTA (pH 8.0), 50 m M Tris-HCl (pH 8.0)]. The fixat ion
react ion was incubated 10 m in at room tem perature thoroughly
m ixed on ice for 40 m in , and stopped by adding glycine (125 m M

final concent rat ion). Fixed cells were collected by cent rifuga-
t ion (500g for 10 m in at 4°C) and resuspended on a roller for 10
m in at 4°C in 40 m l Triton-washing buffer [0.25% Triton X-100,
10 m M N a-EDTA, 0.5 m M N a-EGTA, 10 m M Tris-HCl (pH 8.0)]
to lyse unfixed cells. Fixed chrom at in was collected by cent rifu-
gat ion at 500g for 10 m in at 4°C, washed in 40 m l of N aCl
washing buffer [200 m M N aCl, 1 m M N a-EDTA, 0.5 m M N a-
EGTA, 10 m M Tris-HCl (pH 8.0)] for 10 m in at 4°C, cent rifuged
again , resuspended in 2–3 m l of TE–EGTA buffer [1 m M N a-
EDTA, 0.5 m M N a-EGTA, 10 m M Tris-HCl (pH 8.0)], t ransferred
to siliconized Corex-glass tubes, and ∼ 0.5 m l of glass m i-
crobeads (diam eter of 0.10–0.11 m m ; B. Braun Biotech In terna-
t ional) were added to every 3 m l of cell suspension . The m ixture
was sonified on ice for 15 m in with the Branson m odel B15 at a
‘‘duty cycle’’ of 0.65% with the output cont rol set at 7–7.5 to
produce DN A fragm ents of an average size of 500 bp, with a
m axim um size of 2.5 kb. Sam ples were adjusted to 0.5% Sarko-
syl and gent ly swirled for 10 m in at room tem perature. Cell
debris was elim inated by two 15-m in cent rifugat ion steps at
15,000g at 4°C.

Purificat ion , im m unoprecipitat ion , and decross-link ing

of fixed chrom at in fragm ents

Cross-linked chrom at in com plexes were separated from free
proteins, DN A, and RN A by CsCl isopyknic cent rifugat ion .
Sam ples were adjusted to 1.42 gram / m l CsCl, brought to 5 m l
with the TE–EGTA–Sarkosyl buffer, and cent rifuged in a Beck-
m an SW55Ti rotor at 40,000 rpm for 72 hr at 20°C. Fract ions of
300 µl were collected from the bot tom of the gradien t using a
0.25-m m capillary needle and 35S conten t was m easured in a
Beckm an LS 6000 SC scin t illat ion counter. Fract ions contain-
ing the cross-linked chrom at in (∼ 1.38 gram / m l) were pooled
and dialyzed overn ight at 4°C against 5% glycerol, 1 m M N a-
EDTA, 0.5 m M N a-EGTA, 10 m M Tris-HCl (pH 8.0). Fixed chro-
m at in can be stored in th is buffer for at least 3 m onths at −80°C
and sm all aliquots were used for im m unoprecipitat ions.

Aliquots (200 µg of cross-linked chrom at in in 100 µl) were
cleared by cent rifugat ion (15 m in at 13,000 rpm ), m ixed with 30
µl H 2O and 100 µl 2× TE-EGTA buffer, carefu lly adjusted to
0.1% SDS (wt / vol) and 0.5 M N aCl, incubated for 5 m in at room
tem perature, adjusted to 1% Triton X-100 (wt / vol), 0.1% N a-
Deoxycholate and 0.1% BSA, incubated for 10 m in , and cleared
again by cent rifugat ion for 15 m in at 13,000 rpm . As a preclear-
ing step, supernatan ts were incubated with 100 µl of Dynabeads
coupled to sheep ant i-rabbit IgG (6 × 108 to 7 × 108 beads / m l;
Dynal) for 1 hr. Supernatan ts were rem oved from beads by a
m agnet ic part icle concent rator (MPC; Dynal) and 10 µg of spe-
cific an t ibodies against Oct -4 (or IgG of preim m une serum ) were
added. Sam ples were rotated for 3 hr at 4°C, 300 µl of sheep
ant i-rabbit IgG Dynabeads added, incubated with rotat ion for 2
hr at 4°C, and im m unocom plexes were pelleted by m agnet ic
field. Pellet s were washed (10 m in per wash) five t im es in 1 m l
of washing buffer [1% Triton X-100 (wt / vol), 0.1% N a-deoxy-
cholate (wt / vol), 0.1% SDS (wt / vol), 0.1% BSA (wt / vol), 0.5 M

N aCl, 1 m M N a-EDTA, 0.5 m M N a-EGTA, 10 m M Tris-HCl (pH
8.0)], once with 1 m l of LiCl-washing buffer [250 m M LiCl, 0.5%
N P-40 (wt / vol), 0.5% N a-deoxycholate (wt / vol), 1 m M N a-
EDTA, 0.5 m M N a-EGTA, 10 m M Tris-HCl (pH 8.0)], twice with
1 m l of TE–EGTA buffer, and resuspended in 350 µl of TE–
EGTA buffer. One hundred m icroliters were kept for protein
analysis, and 250 µl was t reated 30 m in at 37°C with DN ase-

free RN ase A (50 µg/ m l) and incubated overn ight at 37°C in 250
µg/ m l proteinase K/ 0.25% SDS.

PCR on im m unoprecipitated cross-link ed chrom at in

PCR am plificat ion was perform ed in a final volum e of 100 µl,
using 1 ng of genom ic F9 DN A or 1 ng of im m unoprecipitated
cross-linked chrom at in as tem plate, 10 pm oles of each prim er,
2.5 m M dN TPs (Pharm acia), 2.5 unit s of Taq DN A polym erase
(Perk in Elm er-Cetus); and 1× PCR buffer (Perk in Elm er-Cetus).
The PCR consisted of 30 cycles of 1 m in at 94°C, 1 m in at 55°C,
and 1 m in at 72°C. Upst ream and downst ream prim ers pairs
were as follows: OPN int ron 1, 58-CAAATTCAAAGATATC-
TTTGTTTC-38, 58-CCCCACTATCTGATGTCTCT-38; OPN
exon 7, 58-ATCCTGATGCCACAGATGAG-38, 58-ACTTGTG-
GCTCTGATGTTCC-38; G6PD fragm ent , 58-AAGCCAAACT-
AGCAGCTAGG-38, 58-GGGCTAGTCTATCATTGCAG-38.

Preparat ion of protein ex tracts and EMSA

Extract ion of proteins and EMSA condit ions used for Oct -4 and
Sox-2-binding analysis were carried out as described in Sylvester
and Schöler (1994) and Dailey et al. (1994), respect ively.

O ligonucleot ides used in th is study

Bold indicates in t roduced m utat ion , lowercase let ters indicates
non-OPN sequences. O, 58-ctgaAAGTTAAAATCACATTT-
GAAATGCAAATGGAAAAGCaagtcga-38; O−1, 58-ctgaAAGT-
T AAAAT C AC AT T T G AAAGG C AAAT G G AAAAG C aagtcga-
38; O−2, 58-ctgaAAGTTAAAATCACATGTGAAAGGCAAAT-
GGAAAAGCaagtcga-38; O−3, 58-ctgaAAGTTAAAATCACAT-
GTGAAATGCAAATGGAAAAGCaagtcga-38; O−4, 58-ctgaAA-
G T T AAAAT C ACATTTGAAATGCAACTGGAAAAGCaagtc-
ga-38; OS, 58-ctgaTCTTTGTTTCTTTCAGCTTTGTATAATG-
T AAG T T AAAAT C AC ATTTGAAATGCAAATGGAAAAGC-
aagtcga-38; O−S, 58-ctgaTCTTTGTTTCTTTCAGCTTTGTAT-
AAT G T AAG T T AAAAT C AC ATTTGAAATGCAACTGGAA-
AAGCaagtcga-38; OSa

−, 58-ctgaTGCACTGACCTTTCAGC-
T T T G T AT AAT G T AAG T T AAAAT C AC AT T T G AAATGCA-
AATGGAAAAGCaagtcga-38; OSb

−, 58-ctgaTCTCTGTGTCTT-
T C AG C T T T G T AT AAT G T AAG T T AAAAT C AC AT TTGAA-
ATGCAAATGGAAAAGCaagtcga-38; P-1, 58-ctgaAAGTTAA-
AATCACATTTGAATGCAAATGGAAAAGCaagtcga-38; P+1,

58-ct gaAAG T T AAAAT C ACATTTGATAATGCAAATGGAA-
AAGCaagtcga-38.

RN A extract ion and N orthern blot analyses

Poly(A)+ RN A was isolated from cell lines using the Oligotex
m RN A kit (Qiagen). Total cellu lar RN A was prepared by the
guanidin ium thiocyanate–phenol ext ract ion procedure de-
scribed in Chom czynski and Sacchi (1987). N orthern blot analy-
sis of poly(A)+ and total RN A was perform ed as described else-
where (Kroczek 1993). Hybond-N + filt ers (Am ersham ) were hy-
bridized using a Pst I–Pst I Oct -4 probe (400-bp fragm ent
corresponding to the 58 end of the cDN A) (106 cpm / m l), a Hin-

dIII–HindIII OPN probe (posit ion +157 to +1144 of the cDN A)
(2 × 106 cpm / m l) (2AR plasm id, k indly provided by D. Den-
hardt , Rutgers University, Piscataway, N J), or an oligonucleo-
t ide 28 S probe: 58-CAGCGAGCCGGGCTTCTTACCCATT-
TAAAGTTTGAGAATAGGTGGAGATCG-38 (0.5 × 106 cpm /
m l; k indly provided M. Muckenthaler, EMBL). N orthern blots
were analyzed for band in tensity using the PhosphorIm ager
(Molecular Dynam ics).
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RN A isolat ion from preim plantat ion em bryos and RT–PCR

Ten em bryos were suspended in 200 µl of RN Azol (Tel-test ,
Inc.) and 20 µl of ch loroform while on ice by shaking. The sus-
pension was left on ice 5 m in and cleared by cent rifugat ion
(12,000g for 15 m in at 4°C), and total RN A was precipitated for
15 m in on ice after adding 1 volum e of isopropanol and 2 µl of
glycogen (Boehringer Mannheim ; 20 m g/ m l stock), collected by
cent rifugat ion (12,000g for 15 m in at 4°C), washed with 70%
ethanol, and dissolved in 11 µl of DEPC–H 2O. Reverse t ran-
script ion was perform ed for 1 hr at 37°C in a total volum e of 20
µl by adding 9 µl of the following m ix to the dissolved RN A: 0.5
µg of oligo(dT) (Prom ega), 39 unit s of RN asin (Prom ega), 1 m M

dN TPs (Pharm acia), 1× RT-buffer, and 200 unit s of reverse t ran-
scriptase (M-MLV; Prom ega). PCR was perform ed using 5 µl of
the RT react ion as tem plate for a 25 µl final react ion volum e.
Each react ion contained: 10 pm oles of each prim er, 2.5 m M

dN TPs, 2.5 unit s of Taq polym erase (Perk in Elm er-Cetus), and
1× PCR buffer (Boehringer Mannheim ). The PCR consisted of 35
cycles of 30 sec at 94°C, 1 m in at 62°C, and 1 m in at 72°C.
Upst ream and downst ream prim ers were as follows: Oct -4, 58-
GGCGTTCTCTTTGGAAAGGTGTTC-38 and 58-CTCGAAC-
CACATCCTTCTCT-38 (spanning exons 2–3 and 4–5, respec-
t ively); OPN , 58-GCAGACACTTTCACTCCAATCG-38 and 58-
GCCCTTTCCGTTGTTGTCCTG-38 (located in exon 6 and
exon 7, respect ively).

Riboprobe synthesis and w hole m ount in situ hybrid izat ion

of 3.5–6.5 dpc em bryos

The 1-kb OPN cDN A cloned in pGEM3 (2AR plasm id) was
excised with HindIII from the vector and recloned in the sam e
vector so that both orien tat ions were available from the sam e
prom oter. Vectors were linearized with EcoRI, both sense and
ant isense riboprobes were generated by SP6 RN A polym erase
and DIG-labeling m ix according to the m anufacturer (Boe-
hringer Mannheim ), react ions were digested with RN ase-free
DN ase I (Prom ega) for 15 m in at 37°C, ethanol precipitated in
the presence of 4 M LiCl, and resuspended in DEPC–H 2O. The
concent rat ion and labeling efficiency of the probes were deter-
m ined em pirically by agarose gel elect rophoresis and by dot -blot
analyses, respect ively.

In situ hybridizat ion of em bryos was perform ed as described
by MacPhee et al. (1994) and Rosen and Beddington (1993), with
som e m odificat ions. Em bryos were fixed for 3 hr in 3% para-
form aldehyde / 0.5% glu taraldehyde in PBS, washed in PBS, per-
m eabilized for 20 m in at 4°C in PBT (PBS with 0.1% Triton
X-100), digested 15 m in with proteinase K (1 µg/ m l in PBT),
washed twice for 5 m in in fresh glycine (2 m g/ m l PBT), refixed
for 30 m in in 4% paraform aldehyde / 0.2% glu taraldehyde in
PBS, briefly washed in t riethanolam ine buffer (100 m M , pH 8.0)
(Sigm a), t reated three t im es for 5 m in with 0.25% acet ic anhy-
dride (Sigm a) in t riethanolam ine buffer and once for 20 m in
with 0.1% sodium borohydride (Sigm a) in PBT. After prehybrid-
izat ion in 50% form am ide, 0.75 M N aCl, 10 m M Pipes (pH 6.8),
1 m M EDTA, 100 m g/ m l yeast tRN A, 0.1% BSA, 1 % SDS for 2
hr at 50°C, em bryos were hybridized for 34 hr in the sam e so-
lu t ion contain ing 1 µg/ m l riboprobe. Em bryos were rinsed
briefly and washed extensively (20 hr at 60°C) in washing buffer
1 [300 m M N aCl, 1% SDS in PE buffer (10 m M PIPES at pH 6.8,
1 m M EDTA], washed two t im es for 30 m in in washing buffer 2
(50 m M N aCl, 0.1% SDS in PE buffer), and incubated once for 30
m in at 37°C with 100 µg/ m l RN ase A dilu ted in the appropriate
buffer [500 m M N aCl, 10 m M PIPES (pH 7.2), 0.1% Triton X-
100]. Em bryos were then washed for 45 m in at 50°C in washing
buffer 3 (50% form am ide, 300 m M N aCl, 1% SDS in PE buffer),

for 30 m in at 50°C in washing buffer 4 (50% form am ide, 150 m M

N aCl, 0.1% Triton X-100 in PE buffer), and finally 30 m in fol-
lowed by 20 m in in washing buffer 5 (500 m M N aCl, 0.1% Tri-
ton X-100 in PE buffer) at 70°C. Em bryos were blocked for 1 hr
at room tem perature in m aleic acid washing buffer [100 m M

m aleic acid, 150 m M N aCl (pH 7.5)] contain ing 2% heat -inact i-
vated sheep serum and 2% blocking buffer (Boehringer Man-
nheim , cat . no. 1175041) and incubated overn ight at 4°C with
ant i-digoxigenin Fab-alkaline phosphatase conjugate ant ibody
(Boehringer Mannheim ) dilu ted 1:2000. Excess ant ibody was re-
m oved by washing the em bryos three t im es for 5 m in and then
four t im es for 30 m in with 1× TBST at room tem perature. Em -
bryos were then equilibrated in alkaline phosphatase buffer [100
m M N aCl, 50 m M MgCl2, 0.1% Tween-20, 100 m M Tris (pH 9.5)]
and stained at room tem perature in the dark with BM purple
(Boehringer Mannheim , cat no. 1442074). Color react ion was
stopped by washing the em bryos with PBS. Uteri from 5.5 and
6.5 dpc pregnant fem ales were fixed with 4% paraform aldehyde,
dehydrated and em bedded in paraffin wax. Sect ions of 6 µm
were t ransferred to silone-coated slides. Treatm ent of the slides
and hybridizat ion were perform ed using the com ponents and
the protocol of N ovagen (SureSite II system ). After several wash-
ing steps, the slides were blocked and incubated overn ight at
4°C with 1:500 ant i-DIG in blocking buffer. Slides were washed
four t im es for 30 m in each with m aleic acid washing buffer and
stained with BM purple.

Com puter searches and m odeling

Ident ificat ion of genes contain ing com binat ion of octam er and
Sox binding m ot ifs was perform ed using the prepGCG program ,
findpat terns, and GenBank/EMBL database.

Hom ology m odeling of Oct -4 dim er configurat ion was based
on Oct -1 as tem plate st ructure (Klem m et al. 1994). Modeling
was perform ed using WHAT IF program m e (Vriend 1990) and
m odeling protocol was used as described in Vriend and Eijsink
(1993). There is no st ructure tem plate available for the am ino
term inus, carboxyl term inus, and linker. For th is reason , these
part s of the m olecule are not represen ted on the m odel.

The DN A was m odeled by m ain tain ing the phosphate and the
sugar backbone of the DN A in the Oct -1 tem plate st ructure.
The bases were replaced using the corresponding bases found in
the PORE DN A and were m odeled to fall in the sam e plane as
the corresponding Oct -1 bases with ideal geom et ry.

The Oct -4 dim er was const ructed by opt im aly superposing
the GCAAAT sequence of the octam er m ot if on which Oct -4
was m odeled, onto the AGTTTA sequence. The RMS deviat ion
of the DN A superposit ion is ∼ 1.3 Å, which im plies an uncer-
tain ty in the overall locat ion of the second Oct -4 with respect to
the first Oct -4 of ∼ 1–12 Å. The average local coordinate error is
expected to be ∼ 1.5 Å (Chinea et al. 1995).
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Sylvester, I. and H.R. Sch öler. 1994. Regulat ion of the Oct -4
gene by nuclear receptors. N ucleic A cids Res. 22: 901–911.

Verrijzer, C .P. and P.C. van der Vliet . 1993. POU dom ain t ran-
script ion factors. Biochim . Biophys. A cta 1173: 1–21.

Verrijzer, C .P., J.A. van Oosterhout , W.W. van Weperen , and
P.C. van der Vliet . 1991. POU proteins bend DN A via the
POU-specific dom ain . EMBO J. 10: 3007–3014.

Vriend, G. 1990. WHAT IF: A m olecular m odeling and drug
design program . J. Mol. Graph. 8: 52–56.

Vriend, G. and V. Eijsink . 1993. Predict ion and analysis of st ruc-
ture, stability and unfolding of therm olysin-like proteases. J.

Com put . A ided Mol. Des. 7: 367–396.
Waterhouse, P., R.S. Parhar, X. Guo, P.K. Lala, and D.T. Den-

hardt . 1992. Regulated tem poral and spat ial expression of
the calcium -binding proteins calcyclin and OPN (osteopon-
t in ) in m ouse t issues during pregnancy. Mol. Reprod . Dev .

32: 315–323.
Wegner, M., D.W. Drolet , and M.G. Rosenfeld. 1993. POU-do-

m ain proteins: St ructure and funct ion of developm ental
regulators. Curr. O pin . Cell Biol. 5: 488–498.

Werner, M.H., J.R. Huth , A.M. Gronenborn , and G.M. Clore.
1995. Molecular basis of hum an 46X, Y sex reversal revealed
from the three-dim ensional solu t ion st ructure of the hum an
SRY-DN A com plex. Cell 81: 705–714.

Yeom , Y.I., H.-S. Ha, R. Balling, H.R. Sch öler, and K. Artzt .
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