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Developmental-specific activity
of the FGF-4 enhancer requires
the synergistic action of Sox2 and Oct-3
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Fibroblast growth factor 4 (FGF-4) has been shown to be a signaling molecule whose expression is essential for
postimplantation mouse development and, at later embryonic stages, for limb patterning and growth. The
FGF-4 gene is expressed in the blastocyst inner cell mass and later in distinct embryonic tissues but is
transcriptionally silent in the adult. In tissue culture FGF-4 expression is restricted to undifferentiated
embryonic stem (ES) cells and embryonal carcinoma (EC) cell lines. Previously, we determined that EC
cell-specific transcriptional activation of the FGF-4 gene depends on a synergistic interaction between
octamer-binding proteins and an EC-specific factor, Fx, that bind adjacent sites on the FGF-4 enhancer.
Through the cloning and characterization of an F9 cell cDNA we now show that the latter activity is Sox2, a
member of the Sry-related Sox factors family. Sox2 can form a ternary complex with either the ubiquitous
Oct-1 or the embryonic-specific Oct-3 protein on FGF-4 enhancer DNA sequences. However, only the
S0x2/0ct-3 complex is able to promote transcriptional activation. These findings identify FGF-4 as the first
known embryonic target gene for Oct-3 and for any of the Sox factors, and offer insights into the mechanisms
of selective gene activation by Sox and octamer-binding proteins during embryogenesis.
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The complex intercellular interactions that take place
during development are directed by the orchestrated ac-
tivities of extracellular signaling molecules, whose pre-
cise temporal and spatial expression is fundamental to
proper embryogenesis and is largely determined at the
transcriptional level. Thus, insight into the transcrip-
tional regulation of the genes for these signaling peptides
is prerequisite to understanding the process of develop-
ment. Although the identification of many developmen-
tal-specific transcription factors and their cognate recog-
nition elements have been reported, in most cases the
actual mechanisms by which these interactions generate
the complex patterns of gene activity taking place during
embryogenesis still remains to be clarified.

We have been studying the regulatory elements con-
trolling expression of fibroblast growth factor 4 (FGF-4),
a member of the FGF family originally identified as an
oncogene (Delli Bovi et al. 1987; Taira et al. 1987). FGF-4
recently has been shown to provide several important
signaling functions in embryogenesis. FGF-4 is essential
for survival of the postimplantation mouse embryo
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(Feldman et al. 1995) and, at later embryonic stages, is an
essential component of a signaling network required for
growth and patterning of the developing limb (Niswan-
der et al. 1993; Laufer et al. 1994). The FGF-4 gene is
expressed in the blastocyst inner cell mass and later in
distinct embryonic tissues but is transcriptionally silent
in the adult (Niswander and Martin 1992, for review, see
Basilico and Moscatelli 1992). Accordingly, FGF-4 ex-
pression is observed in embryonic stem (ES) cells and
embryonal carcinoma (EC) tissue culture cell lines such
as F9 and P19, but not in their differentiated counter-
parts or in HeLa or 3T3 cells (Velcich et al. 1989; Schoor-
lemmer and Kruijer 1991). Extensive mutational analysis
has demonstrated that EC cell-specific expression is con-
ferred by the combinatorial interaction of factors that
bind to multiple cis-acting elements within the FGF-4
enhancer (Curatola and Basilico 1990; Dailey et al. 1994).
One of these elements, OCTA2, is recognized by both
the ubiquitous octamer-binding protein Oct-1 and the
embryonic-specific Oct-3 protein. However, mutation of
a separate element that binds a second, EC-specific fac-
tor that we designated as Fx, also abolishes enhancer
activity. The Fx-binding site lies immediately upstream
of the octamer motif, and we established that enhancer
activity correlates with the ability of the FGF-4 enhancer
DNA to form ternary complexes {Oct*) composed of Fx
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and octamer-binding protein (Dailey et al. 1994). To-
gether these observations indicate that EC cell-specific
transcriptional activation is determined by a synergistic
interaction between Fx and octamer-binding proteins on
the FGF-4 enhancer.

Several properties of Fx (Dailey et al. 1994) suggested
that it might be a member of the Sry-related Sox factor
family. Mutations within certain Sox factor genes have
been found to underlie several developmental abnormal-
ities including sex reversal, campomelic dysplasia, and
Borjeson-Forssman-Lehmann ~ syndrome, suggesting
that Sox factors play an essential role in the execution of
specific developmental programs (Gubbay et al. 1990;
Sinclair et al. 1990; Stevanovic et al. 1993; Tommerup et
al. 1993; Wright et al. 1993; Foster et al. 1994; Wagner et
al. 1994). However, none of the target genes regulated by
Sox factors have been identified to date. Sox factors are
expressed in distinct embryonic tissues and are related
by a highly conserved 80-amino-acid high mobility group
{HMG) domain that mediates factor binding within the
minor groove of the DNA sequence TCTTTGTT (Gub-
bay et al. 1990; Sinclair et al. 1990; Nasrin et al. 1991;
van de Wetering and Clevers 1992). These DNA-binding
properties also appear to be exhibited by Fx. In addition,
Fx activity is tissue restricted and is observed only in
cells of embryonic origin (Dailey et al. 1994). We there-
fore searched for a complementary DNA clone encoding
an EC cell-specific Sox factor to compare its binding and
transcriptional activation properties with those of Fx. As
we report here, these efforts have led to the isolation of
a full-length cDNA clone for murine Sox2. We show that
the DNA-binding and antigenic properties of Sox2 are
indistinguishable from those of Fx, indicating that these
are identical proteins. We also demonstrate that Sox2
acts as a transcriptional activator of the FGF-4 enhancer.
Remarkably, however, trans-activation of FGF-4 en-
hancer chloramphenicol acetyltransferase (CAT) con-
structs by Sox2 requires the coexpression of Oct-3 and
was not observed with Oct-1. These findings thus iden-
tify FGF-4 as a target gene specifically activated by an
Oct-3/Sox2 complex in EC cells. The specificity of Sox2
activation with Oct-3 also offers insight into the mech-
anism of selective gene activation by individual mem-
bers of these multifactor families and the transcriptional
regulation of the FGF-4 expression during embryogene-
sis.

Results
Isolation of murine Sox2 cDNA

To search for an EC cell-specific Sox factor cDNA, we
exploited the fact that all Sox factors contain a highly
conserved 80-amino-acid Sry-related HMG domain {van
de Wetering and Clevers 1992) and designed oligonucle-
otide primers complementary to the most conserved,
least degenerate regions within the 3’ and 5’-most bor-
ders of this HMG box (Fig. 1). PCR amplification was
performed using either P19 or F9 ¢cDNA, and amplified
products of ~200 bp were gel purified and subcloned.
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GTGTTTGCAAAAAGGGAAAAGTACTTTGCTGCCTCTTTAAGACTAGGGCTGGGAGARAGA 60
AGAGGAGAGAGRAAAGAAAGGAGAGAAGTTTGGAGCCCGAGGCTTAAGCCTTTCCAAAAAC 120
TAATCACAACAATCGCGGCGGCCCGAGGAGGAGAGTCTCCCTGTTTTTTCATCCCAATTG 180
CACTTCGCCCGTCTCGAGCTCCGCTTCCCCCCAACTATTCTCCGCCAGATCTCCGCGCAG 240
GGCCGTGCACGCCGAGGCCCCCGCCCGCGGCCCCTGCATCCCGGCCCCCGAGCGCGGCCe 300
CCACAGTCCCGGCCGGGCCGAGGGTTGGCGGCCGCCGGCGGGCCGCCCGCCCAGCGCCCG 360
CATGTATAACATGATGGAGACGGAGCTGAAGCCGCCGGGCCCGCAGCAAGCTTCGGGGGE 420
M Y NM XETETLTEKTPTPGTPOQOQASGG 20

CGGCGGCGGAGGAGGCAAGCCCACGGCGGCGGCGACCGGCGGCAACCAGARGARCAGCCC 480
G GG GG KP TAAATGGNTG QT KNSEP 40

GGACCGCGTCARGAGGCCHRTGARCGCCTTCATGGTATGEICCCGGGGGCAGCGGCGTAA 540
DRV KR P MNATFMUVWSRGQRTRK 60

GATGGCCCAGGAGAACCCCAAGATGCACAACTCGGAGATCAGCAAGCGCCTGGGCGCGGA 600
M A QE NP KM HNGSETI S XKRTLGA ARTE 80

GTGGARACTTTTGTCCGAGACCGAGAAGCGGCCATTCATCGACGAGGCCAAGCGGCTGCG 660

W K L L S E T E K R P F I D E A K R L R 100

CGCTCTGCACATGAAGGAGCACECCGATTATARATACCGECCGE GGCGGARAACCAAGAC 720

A L H M KE HPD Y K Y R PRRKTK T 120

GCTCATGAAGAAGGATARGTACACGCTTCCCGGAGCTTGCTGGCCCCCGCGGAACAGCAT 780
L M K KD K Y T L P G A CWUP P RN S M 140

GGCGAGCGGGGTTGGGGTGGGCECCGGCCTGGGTGGCGGGCTGAACCAGCGCATGGACAG 840
A S GV GV 6 A G LG GG L NQRMD: S 160

CTACGCGCACATGAACGGCTGGAGCAACGGCAGCTACAGCATGATGCAGGAGCAGCTGGG 900
Y A H M NG VW S NG S Y S MM Q E QL G 180

CTACCCGCAGCACCCGGGCCTCAACGCTCACGGCGCGGCACAGATGCAACCGATGCACCG 960
Y P Q HP GLNAHGA AAQMOQPMHR 200

CTACGTCGTCAGCGCCCTGCAGTACAACTCCATGACCAGCTCGCAGACCTACATGAACGG 1020
Y VV § AL QY NS MTS S QT TYMNG 220

CTCGCCCACCTACAGCATGTCCATCTCGCAGCAGGGCACCCCCGGTATGGCGCTGGGCTC 1080
$ P T Y S M S I S Q Q G TP G MA AL G S 240

CATGGGCTCTGTGGTCAARGTCCGAGGCCAGCTCCAGCCCCCCCGTGGTTACCTCTTCCTC 1140
M G 8 V V K S E A S 8§ § P P V V T S s 8 260

CCACTCCAGGGCGCCCTGCCAGGCCGGGGACCTCCGGGACATGATCAGCATGTACCTCCC 1200
H 8 R AP CQ A GDULURUDMTISMYUL P 280

CGGCGCCGAGGTGCCGGAGCCCGCTGCGCCCAGTCGACTGCACATGGCCCAGCTCATCCT 1260
G A E V P E P A AP S RLHMABAQQTLTI L 300

GTGCGGCCCGGTGCCCGGCACGGCCAAATACGGCACACTGCCCCTGTCGCACATGTGAGG 1320
C G P VP GTAIKZYGTULUPTUIL S HHNM * 318

GCTGGACTGCGAACTGGAGAAGGGGAGAGATTTTCAARGAGATACAAGAGAATTGGGAGG 1380
GGTGCAAAAAGAGGAGAGTAGGAAAAATCTGATAATGCYCAAAAGGAAARAARCCACCAA 1440
TCCCATCCAAATTAACGCTTTTTCGGTGATGCCGACTAGAAAACTTTTATGAGAGATCTG 1500
GAGGAAAAAAACTACGCAAAACTTTTTTTTAAAGTTCTAGTGGTACGTTAGGCGCTTCGC 1560
AGGGAGTTCGCAAAAGTCTTTACCAGTAATATTTAGAGCTAGACTCCGGGCGATGAAAAA 1620
AAAGTTTTAATATTTGCAAGCAACTTTTGTACAGTATTTATCGAGATAAACATGGCAATC 1680
AAATGTCCATTGTTTATAAGCTGAGAATTTGCCAATATT TTTCGAGGAAAGGGAACAAGC 1740
TGGGAAAAGATTCTGCAGTTARATTTAGGACCGT TACAAACAAGGAAGGAGTTTATTCGG 1800
ATTTGAACATTTTAGTTTTAARATTGTACAARAAGGAAAACATGAGAGCAAGTACTGGCAA 1860
GACCGTTTTCGTGGTCTTGTTTAAGGCAAACGTTCTAGATTGTAGTARATTTTTAACTTA 1920
CTGTTAAAGGCAAAAAAAARATGCCCATGCAGGTTGATATCGTTGGTAATTTATAATAGC 1980
TTTTGTTCAATCCTACCCTTTCATTTTGTTCACATAAAARATATGGAATTACTGTGTTTG 2040
AAATATTTTCTTATGGTTTGTAARTATTTCTGTAAATTGTGATATTTTAAGGTTTTTCCCC 2100
CCTTTTATTTTCCGTAGTTGTATTTTAAAAGATTCGGCTCTCTTATTGGAATCAGGCTGG 2160
CGAGAATCCATGTATATATTTGAACTAATACCATCCTTATAACAGCTACATTTTCGGCTT 2220
AAGTTTTTACTCCATTATGCACAGTTTGAGATAAATAAATTTTTGAAATATGGACACTGA 2280
AAARAAAAAAAARAAAAAAAAAR 2303

Figure 1. DNA and predicted amino acid sequence of murine
Sox2. Degenerate primers 5'-AAGGCCGGATCCATGAA-
[TCIGC(TCAJTT(TC)AT(TGAJGT(TGCAJTGG-3' and 5'-AA-
GGCCGGATCC(AGCT)GG (TC)TT{AG) TA(TC)TT(AG) TA-
(AG)TC(AGCT)GG-3', corresponding to the highly conserved
Sox family HMG-box, were used to amplify HMG domain frag-
ments from EC cell cDNA by PCR as described in Materials and
methods. PCR products were subcloned into the BamHI site of
the Bluescript SK plasmid {Stratagene) and sequenced. The 200-
bp Sox2 HMG box DNA was radiolabeled and used as a probe to
screen an F9 cell cDNA library. The sequence of the largest of
the positive clones is shown with the amino acid sequence en-
coded by the longest ORF depicted below the nucleotide se-
quence. The HMG box is underlined whereas the regions com-
plementary to the PCR primers are boxed. There is an in-frame
stop codon at position 104 of the nucleotide sequence and a
polyadenylation signal at position 2255. The sequence has been
‘submitted to EMBL/GenBank (accession no. U31967).

DNA sequence analysis revealed that PCR products ob-
tained using either EC cell cDNA contained an open
reading frame (ORF) for a peptide corresponding to the
amino acid sequence within the HMG domain of Sox2
(Wright et al. 1993). Because the isolation of Sox2 cDNA
sequences other than those within the HMG domain had
not been reported, we used the Sox2 HMG box DNA
fragment to screen an F9 ¢cDNA library and obtain a full-
length Sox2 cDNA. The largest of the positive isolates
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contains an ORF predicted to encode an ~35-kD protein
composed of 318 amino acids as shown in Figure 1.
Amino acid sequences comprising the Sox2 HMG do-
main span residues 41-120. No other Sox factor cDNA
clones were obtained from the library screening, even
when low stringency conditions were employed.

The expression of Sox2 mRNA in mouse tissue was
determined by Northern analysis using a radiolabeled
Sox2 DNA probe derived from the 3'-untranslated region
of the Sox2 cDNA. The ~2.3-kb Sox2 transcript was de-
tected in brain and retina and at very low levels in lung
and stomach, whereas no expression was seen in any of
the other tissues examined (Fig. 2A; data not shown).
Significantly, Sox2 mRINA was prominent in RNA pre-
pared from F9 and P19 (data not shown) EC cell lines as
well as from ES cells (Fig. 2B). Differentiation of the F9
cells using retinoic acid (RA) resulted in a decrease in the
level of Sox2 mRNA that was not observed for the
GAPDH mRNA control (Fig. 2B). The predominant ex-
pression of Sox2 transcripts in ES and undifferentiated
EC cells indicated that Sox2 expression was consistent
with the distribution of Fx binding activity (Dailey et al.
1994).

Comparison of DNA-binding and antigenic properties
of Sox2 and Fx

To determine the relationship between Sox2 and Fx, an-
tibodies (a«HSox2) were raised against purified recombi-
nant Sox2 HMG domain. The aHSox2 antibodies specif-
ically immunoprecipitated a single protein of ~35 kD
from [®°S]methionine-labeled F9 (Fig. 3A, lane 2) and P19
(data not shown) cell extracts. This species, which was
down-regulated in RA-treated F9 cells (Fig. 3A, lane 4)
and was not detected in HeLa cell extracts {Fig. 3A, lane
6), is of the same molecular mass predicted for Sox2 (Fig.
1). Thus, although the aHSox2 antiserum was generated
against an HMG domain that is common to all Sox fam-
ily members, only one polypeptide, most likely Sox 2, is
recognized by these antibodies in EC cells. Significantly,
the aHSox2 antiserum specifically. inhibited the interac-
tion of Fx with its DNA site in electrophoretic mobility
shift assays (EMSAs) performed with partially purified Fx
from F9 cells and an FGF-4 enhancer oligonucleotide
DNA probe (Fig. 3B). In contrast, neither the preimmune
nor aOct-3 antibodies had any effect on Fx DNA binding.
This result demonstrates that Fx must possess a Sox
HMG domain that mediates its binding to DNA. There-
fore, the finding that the «HSox2 antibody recognizes a
single species in F9 extracts {Fig. 3A} and inhibits Fx
DNA-binding activity strongly suggests that Fx is Sox2.

To further establish the identity of Fx as Sox2, we
assessed the binding properties of Sox2 and its ability to
form the Oct* ternary complexes. To this end, a con-
struct containing Sox2 cDNA-coding sequences down-
stream of a cytomegalovirus (CMV) promoter was made
and transfected into HeLa cells. Nuclear extracts pre-
pared from the transfected cells were tested by EMSA
using an oligonucleotide DNA probe containing the Fx
and octamer-binding sites (Fig. 4). This analysis revealed

Activation of FGF-4 expression by Sox2 and Oct-3

cAPDH '."

Figure 2. Expression of Sox2 mRNA. (A] Northern analysis of
Sox2 mRNA in adult mouse tissues. Total RNAs (10 pg) were
subjected to Northern blotting and hybridized to a radiolabeled
500-bp fragment corresponding to the 3’ end of the untranslated
region of Sox2 cDNA (nucleotides 1757-2303). Negative tissues
not shown included ovary, uterus, and muscle. {B) Expression of
Sox2 mRNA transcript in ES (CCE) cells or undifferentiated anc
differentiated F9 cells. Total RNA was prepared from F9 cells
that were treated with 10~ ¢ m all trans-RA for 0, 1, 2, or 3 days.
RNAs (10 pg) were subjected to Northern blotting and hybrid-
ized with the same 500-bp radiolabeled Sox2 DNA fragment
described in A. Hybridization of the same blot with a rat glyc-
eraldehyde 3-phosphate dehydrogenase (GAPDH) probe was
used to normalize for RNA quantity loaded in each lane.

that the expressed Sox2 protein generated a DNA—pro-
tein complex of the same mobility as that produced by
Fx (Fig. 4A). Sox2 binds specifically to the Fx-binding
site, as a mutant oligonucleotide containing base substi-
tutions within this motif was unable to compete fo
Sox2 binding (Fig. 4A; lanes 4,5). Expression of the Sox?2
protein induced formation of the ternary Oct-1* complex
in the transfected HeLa cell nuclear extracts (Fig. 4A,
lanes 3,5) comparable to that produced by Fx using F9
nuclear extracts (Fig. 4A, lane 1). In addition, extracts
prepared from Hela cells cotransfected with CMV-
Oct-3 and CMV-So0x2 expression plasmids generated an
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Figure 3. Fx is Sox2. (A) Immunoprecipitation of cell extracts
using aHSox2 antibody. [**S]Methionine-labeled protein lysates
from undifferentiated or RA-treated F9, or HeLa cells were in-
cubated with 3 pl of preimmune (P) or aHSox2 (I) IgG and the
complexes precipitated using protein A—agarose beads as de-
scribed in Materials and methods. Immunoprecipitated pro-
teins were resolved by SDS-PAGE in a 10% polyacrylamide gel
along with protein standards (Amersham) and visualized by au-
toradiography. (B) Inhibition of Fx DNA binding by aHSox2
antibodies. EMSA using radiolabeled FGF-4 enhancer oligonu-
cleotide (see Fig. 4) and partially purified Fx protein from F9
cells was performed in the absence or presence of preimmune
(P), «HSo0x2 (1), or anti-Oct-3 {@Oct-3, 17) antisera as described
in Materials and methods.

additional new complex that corresponds to the mobility
of the Oct-3* complex observed in F9 cells (Fig. 4B).
Taken together, these data demonstrate that Sox2 dis-
plays all of the binding properties of Fx and is consistent
with the notion that Fx is Sox2.

Transcriptional activation by Sox2 and
octamer-binding proteins

The ability of Sox2 and the individual octamer-binding
proteins to trans-activate the FGF-4 enhancer was as-
sessed using transient transfection into HeLa cells. Ini-
tial experiments utilized the fgfpML-CAT reporter con-
struct that contains a single copy of a 115-bp segment
derived from the FGF-4 enhancer (base pairs 93-207,
Dailey et al. 1994) inserted upstream of the adenovirus
major late TATA box and initiator region within the
CAT reporter plasmid pML-1 (Du et al. 1993). This en-
hancer segment contains all of the cis-acting elements
shown previously to be required for efficient enhancer
function in F9 cells (Dailey et al. 1994). As expected,
CAT gene expression was specifically activated in undif-
ferentiated F9 cells, whereas that of the enhancerless
pML-1CAT construct was very low (data not shown). No
activation by the FGF-4 enhancer DNA sequences was
observed in transfected HeLa cells.
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To directly assess the roles of Sox2 and the individual
octamer-binding proteins in modulating F9-specific gene
activation, CMV promoter-driven expression plasmids of
Oct-1 (pCGOct-1, Tanaka and Herr 1990), Oct-3, or Sox2
were compared for their ability to activate expression of
the fgfpML-CAT plasmid after transfection into HeLa
cells. No activation of CAT gene expression was ob-
served upon cotransfection with any of the individual
octamer or Sox factor expression plasmids (Fig. 5). Like-
wise, cotransfection of CMV-Sox2 with Oct-1 expres-
sion plasmid failed to elicit CAT gene expression. In con-
trast, cotransfection of CMV—Sox2 with CMV-QOct-3 re-
sulted in an ~11-fold induction of CAT activity (Fig. 5).
To determine whether other Sox factors, which would
recognize the same consensus sequence of the FGF-4 en-
hancer DNA, were capable of trans-activation in combi-
nation with Oct-3, we tested a CMV promoter-driven
plasmid expressing Sox5 (Denny et al. 1992). Sox5 was
incapable of activating expression of the fgfpML-CAT
plasmid in the HelLa cells alone or in conjunction with
Oct-3 (Fig. 5). These results therefore indicate that only
a complex formed by the combination of the tissue-spe-
cific Oct-3 and Sox2 factors can elicit transcriptional ac-
tivity from the FGF-4 enhancer.

The results presented above along with our previous
demonstration (Dailey et al. 1994) that FGF-4 enhancer
activity required the Sox and octamer motifs strongly
supported the notion that EC-specific transcription of
the FGF-4 gene is primarily dictated by these two DNA-
binding motifs. To test this directly, multimers of the
22-bp FGF-4 enhancer segment containing only these
two binding sites (enhancer positions 118-139, Dailey
et al. 1994) were inserted either 130 bp upstream
[pSVCat{S/O)5'] or 1710 bp downstream [pSVCat({S/0)3’]
of the transcription start site within an SV40 promoter—
CAT gene plasmid (Fig. 6A). Analysis of CAT gene ex-
pression from these constructs in differentiated and un-
differentiated F9 or HeLa cells revealed that the Sox and
octamer motifs mimicked the behavior of the FGF-4 en-
hancer, as they were both necessary and sufficient to act
as an F9-specific, position-independent enhancer ele-
ment (Fig. 6A). Transfection of HeLa cells with these
reporter plasmids and CMV-Sox2, CMV-Oct-1, or
CMV-0Oct-3 {Fig. 6B) demonstrated that the simple mul-
timers of octamer- and Sox factor-binding motifs re-
sponded to the expression of these trans-acting proteins
in a manner analogous to the natural enhancer. Only
cotransfection of pSVCat(S/0)5" or pSVCat(S/0}3’ with
Sox2 and Oct-3 expression plasmids led to transcrip-
tional activation (an approximately eightfold induction)
whereas Sox2, Oct-1, Oct-3, or Sox2 plus Oct-1 was in-
effective (Fig. 6B). Importantly, specific activation by
Oct-3 and Sox2 was also observed using the pSVCat(S/
0)3’ reporter construct, indicating that activation by the
Sox2/0ct-3 complex is at least partially independent of
location (Fig. 6B, but see Discussion). These results dem-
onstrate that the octamer- and Sox factor-binding motifs
can together act as a minimal EC cell-specific enhancer
by virtue of their ability to recruit both Oct-3 and Sox2.
The ability of Oct-3, but not Oct-1, and of Sox2, but not
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Sox5, to activate CAT gene transcription from these re-
porter constructs demonstrates that a specific combina-
tion of unique domains within Sox2 and Oct-3 generates
a new, higher order complex with distinct activation
properties and that assembly of this activation complex
is directed by the octamer- and Sox factor-binding motifs
present within the FGF-4 enhancer. This suggests that
FGF-4 gene expression in F9 cells requires the activities
of the Sox2-Oct-3 complex bound at the enhancer

PML-CAT
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Activation of FGF-4 expression by Sox2 and Oct-3

Figure 4. Comparison of Sox2 and Fx interaction
with FGF-4 enhancer DNA sequences. (A} Five

— microliters of nuclear extracts prepared from

CMV-Sox2-transfected (lanes 3-5), or untrans-
fected (lane 2) HeLa cells, or 0.5 \ of F9 nuclear
extract (10 mg/ml, lane 1), was incubated with a
radiolabeled FGF-4 enhancer DNA sequence oli-
gonucleotide that spans both the Fx- and oc-
tamer-binding sites as shown. The sample in lane
4 also contains 2 ng of unlabeled FGF-4 enhancer
oligonucleotide containing mutation of the oc-
tamer-binding site (FxO™; Dailey et al. 1994),
whereas that of lane 5 includes a competitor oli-
gonucleotide with mutations of both the Fx and
octamer-binding sites (Fx O ™). Samples were re-
solved by electrophoresis in a 5% native poly-
acrylamide gel as described. (B) Sox2 induces for-
mation of Oct3*. Hela cells were transfected
with CMV-Oct3 (lane 1), CMV-So0x2 (lane 2),
both CMV-QOct-3 and CMV-Sox2 (lane 3), or with

4 the CMV vector alone {lane 4). Nuclear extracts

prepared from the transfected cells were analyzed
by EMSA as in A. {N.S.} A nonspecific DNA-bind-
ing activity observed in some extracts.

and that FGF-4 is an embryonic target gene for these
factors.

The Sox2 HMG domain is not sufficient for activation
of the FGF-4 enhancer

The HMG domains of Sox2 and Sox5 share 53% amino
acid homology (Denny et al. 1992}, whereas the amino
acid composition of these two proteins is completely di-
vergent outside of this domain. One possibility raised by

Figure 5. Activation of the FGF-4 enhancer re-
quires Sox2 and Oct-3. Schematic representa-
tions of the pML-CAT and fgfpML-CAT re-
porter constructs are shown at the top. The line
indicates sequences (—45 to +65) of the adeno-
virus major late basal promoter; the position of
the TATA box is shown as an open circle, and the
transcriptional start site is indicated by the ar-
row. The 115-bp FGF-4 enhancer fragment is

12— _ shown by the open rectangle containing the bind-
10 — ing sites for Sox2 (solid box), octamer-binding
5 proteins {shaded hatched box), and Spl (open
S 8 — hatched box). CAT-coding sequences (not drawn
2 to scale) are indicated by the shaded hatched rect-
s &7 angle. HeLa cells were transfected with 5 pg of
] either reporter construct in the presence of vari-
4 ous combinations of 1 pg of each of the CMV
2 — expression plasmids as indicated by the + below
the histogram. CAT activity was determined
Oono rl — rl —ll [1 I_I [ | |_|_|_| o ~60 hr posttransfection and quantitated by Phos-
CMV-Sox2 + + + + + + phorlmager (Molecular Dynamics). CAT activity
CMV-Sox5 + + + + generated by each transfected reporter construct
CMV-0ct-3 + + + + + alone was give the value of 1. The values showp
represent the average of at least three experi-

CMV-0ct-1 + -+ +  + ments.
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Figure 6. Expression and trans-activation of CAT plasmids under the control of a synthetic FGF-4 enhancer in F9 and HelLa cells. (A)
Cells were transfected with 5 ug of each of the indicated plasmids using the calcium phosphate method as described previously
(Curatola and Basilico 1989). The total amount of DNA transfected was brought to 25 pg by the addition of salmon sperm or mouse
genomic DNA. CAT activity is reported as percent conversion relative to pRSVCAT. pKfgfcat(enh) contains the human FGF-4
promoter upstream and the 380-bp murine FGF-4 enhancer downstream of the CAT gene (Curatola and Basilico 1990). pSVCat
(Promega) contains the SV40 promoter upstream of the CAT gene {no enhancer). pSVcat(S/0)5’ contains 12 copies of the FGF-4 murine
enhancer sequences containing the Sox- and Oct-binding sites cloned 5' to the SV40 promoter of pSVCat. pSVCat(S/O)3’ contains six
copies of the Sox/Oct binding sequences cloned 3’ of the CAT gene of pSVCat as described in Materials and methods. The sequence
shown at the top represents the repeated FGF-4 enhancer unit multimers of the Sox/Oct binding sites present in the pSVCat(S/O)
plasmids. (B) Five micrograms of pSVCat, pSVCat{S/O)5’, or pSVCat{S/0)3’ plasmid DNA was transfected into HeLa cells alone or
together with CMV plasmids expressing Sox2, Oct-1, or Oct-3 as indicated. Results are presented as the ratio between the CAT activity
obtained from extracts of cells cotransfected with each CAT reporter plasmid and the indicated Sox2, Oct-1, or Oct-3 expression
plasmids and the CAT activity from extracts of cells transfected with the reported constructs alone. Each of the plasmids expressing
Sox2, Oct-1, or Oct-3 (5 pg) was used in cotransfections with pSVCat(S/0O)5’, whereas 1 pg of each expression plasmid was used for
pSVCat(S/0)3’. The results shown are the average of three independent experiments. Sox2, Oct-3, and Oct-1 represent plasmids in
which the expression of Sox2, Oct-3, and Oct-1, respectively, is under the control of a CMV promoter.

the observation that Sox5 is unable to activate fgfCAT Discussion

gene expression (Fig. 5) is that a unique regions of Sox2

other than the HMG domain is required for this activity. In this report we have described the full-length cDNA
A deletion mutant of Sox2, NP2, in which the carboxy- cloning and activation properties of Sox2. Although the
terminal portion of Sox2 downstream of amino acid 179 amino acid sequence of HMG domains among the many
is removed but the HMG domain remains intact, was Sox factors are generally >60% homologous {for review,
tested for its ability to activate fgfpML-CAT gene ex- see Laudet et al. 1993), we find no significant similarities
pression in HeLa cells with cotransfected Oct-3. As with Sry, Sox4, or Sox5 (Sinclair et al. 1990; Denny et al.
shown in Figure 7, the NP2- truncated protein was lo- 1992; van de Wetering and Clevers 1992) outside of this
calized to the nucleus, produced in amounts comparable domain. The expression pattern of Sox2 was found to be
to wild-type Sox2, and bound the FGF-4 enhancer oligo- highly tissue restricted. Sox2 displays all of the DNA-
nucleotide probe in a manner comparable to wild-type binding properties of the activity we identified previ-
Sox2. However, the NP2 protein was unable to activate ously as Fx and interacts with an FGF-4 enhancer DNA
CAT gene expression from the fgfpML~CAT reporter element that is essential to enhancer function. Further-
(Fig. 7C). These results indicate that the HMG domain of more, Sox2 can form ternary complexes with Oct-1 or
Sox2 is not sufficient for activation of the FGF-4 en- Oct-3 but acts as a transcriptional activator of FGF-4
hancer and suggest the contribution of a separate, non- enhancer-containing reporter constructs only in con-
DNA-binding domain within Sox2 to its function as an junction with Oct-3. One prediction of these results was
activator. that overexpression of Oct-1 would compete with Oct-3
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array of unique functional domains. Furthermore, the
enhancer itself provides a specific arrangement of bind-
ing sites for these factors that leads to assembly and teth-
ering of a transcriptionally productive complex.

The mechanism of activation by Sox factors and the
identity and role of different domains in this activation
still remain to be clarified. The HMG domain of the Sox
factors, as well as that of the closely related protein LEF-
1, induces a strong bend upon binding to the DNA (Fer-
rari et al. 1992; Giese et al. 1992); thus, the role of these
factors may be primarily architectural and facilitate pro-
tein—protein interactions at the promoter or enhancer. A
central role for the DNA-binding and bending functions
of Sry has been underscored by the observation that there
is little evolutionary conservation of amino acid se-
quence outside of the Sry HMG domain and all muta-
tions leading to sex reversal map within the HMG do-
main of Sry (Berta et al. 1990). Additionally, previous
analyses of Sry and Sox5 demonstrated that these pro-
teins are unable to activate transcription from reporter
constructs containing multimers of a Sox DNA-binding
site, supporting the notion that transcriptional activa-
tion mediated by Sry and Sox5 requires multiple pro-
tein—protein interactions (for review, see Grossched! et
al. 1994) . Likewise, LEF-1 is unable to activate transcrip-
tion from the T-cell receptor o (TCRa) enhancer by itself
(Waterman and Jones 1990; Travis et al. 1991). In this
report we have shown that transcriptional activation by
Sox2 along with Oct-3 on the FGF-4 enhancer requires a
domain located outside of the HMG domain of Sox2 and,
thus, that the DNA-binding functions of this protein are
by themselves not sufficient for full factor activity (Fig.
7). A similar result was observed for LEF-1 {Carlsson et
al. 1993; Giese and Grosschedl 1993). Although more
precise mapping of this domain within Sox2 is in prog-
ress, it is intriguing to note that the region deleted in the
NP2 mutant {amino acids 179-318) includes a sequence
(Fig. 1) that is 32% serine (amino acids 210-262) and
harbors a subregion (amino acids 217-255) sharing sig-
nificant homology with the activation domain of LEF-1
(Kamachi et al. 1995). In this regard it is noteworthy that
Sox5, which is unable to activate fgfCAT gene expres-
sion (Fig. 5), also contains a serine-rich region, but its
amino acid composition is completely unrelated to that
of Sox2 (Denny et al. 1992; Fig. 1). The possible role of
this Sox2 domain in protein-protein interactions, stabi-
lization of DNA binding, or trans-activation function is
currently under investigation.

A recent report by Zwilling et al. (1995) has demon-
strated that HMG2, a distantly related ancestor of the
Sox factors, can activate transcription mediated by Oct-1
and Oct-2. In contrast to Sox proteins, HMG2 binds
DNA in a relatively non-sequence-specific manner and
apparently potentiates octamer protein-mediated tran-
scriptional activation by direct protein—protein interac-
tions occurring between the HMG and POU domains.
Analogous interactions were not observed using Sry or
LEF-1 and therefore do not reflect a general feature com-
mon to all HMG domains. It is tempting to speculate
that the productive interaction of the proteins that we
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have described may, in part, represent the evolutionary
refinement of a more general, ancient interaction be-
tween HMG and POU domain proteins.

One issue raised by this study is the molecular basis of
the selective action of Sox2 with Oct-3 rather than Oct-
1. The highly divergent sequences of Oct-3 outside of the
POU-specific and POU homeo domains could play a role
in establishing a direct interaction with Sox2 or other
transcription factors necessary to activate the basal tran-
scription machinery or, alternatively, may contribute a
trans-activation domain that is functional only when
juxtaposed to complementary domains within Sox2. A
proline-rich region noted previously within Oct-3 and
not present in Oct-1 is one candidate for this activity
(Okamoto et al. 1990; Rosner et al. 1990; Scholer et al.
1990b). Alternatively, or additionally, differences within
the conserved POU domain could be important. This
latter possibility is supported by studies on the activa-
tion of herpes simplex virus immediate early gene tran-
scription by the specific interaction of the viral factor
VP16 with Oct-1 but not Oct-2. The basis of this selec-
tive interaction has been attributed to a single amino
acid difference within the POU domains of Oct-1 and
Oct-2 (Lai et al. 1992; Pomerantz et al. 1992). It is also
possible that the DNA-bending property of Sox2 (L. Dai-
ley, unpubl.) is affected differently by, or elicits different
conformational consequences on, Oct-3 and Oct-1.

The observation that Sox2 acts specifically with Oct-3
but not Oct-1 illustrates one mechanism by which se-
lective gene activation can be achieved by individual
members within these families. Other studies, particu-
larly those concerning the B cell-specific expression of
immunoglobulin genes, have also revealed that tran-
scriptional activation by octamer-binding proteins re-
quires additional, cell-specific activities and that some of
these can discriminate among the different octamer-
binding factors. For example, the B-cell factor originally
identified as OCA-B, serves as a coactivator of either
Oct-1 or Oct-2 and is required for transcriptional activa-
tion of reporter genes containing an octamer element
located proximal to the TATA box (Luo et al. 1992;
Staiger et al. 1995; Strubin et al. 1995). In this case, it is
OCA-B, rather than Oct-2, that confers tissue-specific
promoter activity through the octamer motif. However,
separate studies have shown that transcriptional activa-
tion of reporter constructs containing octamer elements
located at a remote position from the TATA box require
a tissue-specific activator that functions selectively with
a specific octamer-binding protein. Such an activity, ob-
served in B cells, is believed to be distinct from OCA-B
and functions with Oct-2 but not Oct-1 (Pfisterer et al.
1994). Likewise, the adenovirus E1A protein will acti-
vate reporter gene transcription through remote octamer
motifs preferentially in conjunction with Oct-3 and is
believed to be analogous to a cellular factor present in F9
cells {Scholer et al. 1991). These two still uncharacter-
ized activities are thus functionally similar to Sox2, both
with respect to their role as cell type-specific transcrip-
tional activators and their selective action with particu-
lar octamer-binding proteins.
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Figure 7. The Sox2 HMG domain is not sufficient for trans-
activation. (A) Schematic representation of Sox2 and the NP2
mutant cDNAs. Shown are the relative location of the HMG
and serine-rich regions. (B) EMSA. Nuclear extracts prepared
from HeLa cells {lane 2) or HeLa cells transfected with CMV-
Sox2 (lane 3) or NP2 (lane 1) were analyzed by EMSA using the
FGF-4 enhancer oligonucleotide probe shown in Fig. 4. {C) The
fgfpML-CAT reporter plasmid was transfected into HeLa cells
with either CMV-Sox2 or NP2 DNA in the presence {+) or
absence of CMVOct-3 as indicated. CAT activity was assessed
as described in Materials and methods.

for octamer site binding on the FGF-4 enhancer and in-
terfere with enhancer activation. Preliminary results
(data not shown) indicate that this is the case. We were
able to observe transcriptional activation of reporter con-
structs that contained a single, proximally located FGF-4
enhancer as well as reporters that contained simple mul-
timers of the octamer- and Sox factor-binding motifs lo-
cated either proximal or distal to the transcriptional start
site. However, attempts to activate transcription from
constructs containing the natural enhancer at a distal 3’
position were not successful (data not shown). This may
reflect an inappropriate factor stoichiometry in the
transfected HeLa cells or the requirement for additional,
perhaps F9-specific, factors that in some way mediate
activation of this construct by the Sox2/0Oct-3 complex
located at a distance. Nonetheless, these findings, to-
gether with our previous mutagenesis studies (Dailey et
al. 1994), demonstrate that EC-specific transcriptional
activation of the FGF-4 gene is determined by a syner-
gistic interaction between Oct-3 and Sox2 at the FGF-4
enhancer.

Activation of FGF-4 expression by Sox2 and Oct-3

The identity of the activity that we previously desig-
nated Fx as Sox2 relies on several observations. (1) Sox2
binds the same DNA sequences recognized by Fx; (2) The
functional ability of Sox2 to trans-activate the FGF-4
enhancer is clearly demonstrated by cotransfection as-
says using HeLa cells; {3) Antiserum (aHSox2) raised
against the HMG domain of Sox2 also recognizes Fx,
establishing that Fx is a Sox factor; (4) aHSox2 antiserum
immunoprecipitates what is apparently a single protein
from F9 nuclear extracts that corresponds in molecular
mass (35 kD) to that predicted by the cDNA sequence of
Sox2 {which suggests that only one Sox factor is present
in F9 nuclear extracts and/or only this one species is
recognized by aHSox2); (5) Sox2 protein-DNA com-
plexes exhibit the same mobility as Fx-DNA complexes
in nondenaturing gels, suggesting that the molecular
mass of Fx corresponds to that of Sox2. Although it is
formally possible that Fx represents an additional 35-kD
Sox factor present in F9 nuclear extracts, this is not the
published molecular mass of murine Sox4, Sox5, and
Sox9 and human Sox9 or chicken Sox1l {Denny et al.
1992; van DeWetering et al. 1993; Tommerup et al.
1993; Wright et al. 1993, 1995; Uwanogho et al. 1995).
One exception might be Sox3 because the recently pub-
lished chicken Sox3 ¢cDNA sequence encodes a protein
of 315 amino acids (Uwanogho et al. 1995). However, the
sequence of the murine Sox3 homolog is not yet avail-
able and it is also not known whether Sox3 is expressed
in EC or ES cells. In this regard, in spite of extensive
efforts to isolate additional Sox factor cDNAs from our
F9 ¢cDNA library, we consistently only obtained Sox2.
Therefore, although we cannot completely exclude the
possibility that Sox3 contributes to the activity we have
named Fx, the simplest interpretation of our results is
that Fx is Sox2.

The specific activation by Oct-3 and Sox2 described in
this report represents the first demonstration of a core-
quirement for factors from these two important devel-
opmental transcription factor families. The Sox- and oc-
tamer-binding factor families are each defined by the
presence of highly conserved DNA-binding domains
(Sox—HMG box and POU homeo domain, respectively
{Herr et al. 1988; Gubbay et al. 1990; Sinclair et al. 1990),
and members within each group bind to the same DNA
target elements with comparable affinity. For this reason
it is unlikely that gene-specific activation by an individ-
ual Sox or octamer-binding factor is primarily deter-
mined by differential DNA binding. Rather, because
transcriptional activation generally results from the
combinatorial interaction of multiple factors (Tjian and
Maniatis 1994), unique activator functions for an indi-
vidual Sox- or octamer-binding protein are likely to be
revealed only in the presence of specific factor partners
through direct or indirect, protein—protein interactions.
A fundamental aspect of this mechanism is the central
role played by enhancer DNA sequences to recruit and
assemble these biologically relevant transcription com-
plexes. Thus, the tissue-specific activation of the FGF-4
enhancer by Oct-3 and Sox2 reflects the modular nature
of the factors and that each is composed of a particular
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Finally, our results contain important implications for
the expression of the FGF-4 gene during embryogenesis.
The enhancer element that we have analyzed is active in
F9 cells that are comparable to cells of the blastocyst
inner cell mass. At this stage, FGF-4, Sox2 (ES cell RNA,
Fig. 2), and Oct-3 are all expressed {Rosner et al. 1990;
Scholer et al. 1990a; Niswander and Martin 1992), con-
sistent with the notion that Oct-3 and Sox2 determine
expression of FGF-4 in the early embryo through inter-
actions at the enhancer that we have defined. However,
it is not clear at the moment whether FGF-4, Oct-3, and
Sox2 are coexpressed at later embryonic stages {e.g., the
limb bud), and some data (Fig. 2; Rosner et al. 1990;
Schéler et al. 1990a; Niswander and Martin 1992) actu-
ally suggest that this may not be the case. Thus, it is
quite possible that FGF-4 gene activation at later embry-
onic stages may be accomplished by different Sox and
octamer partners or possibly even by distinct enhancer
elements. Future efforts will be directed toward the elu-
cidation of these novel factors and/or enhancer ele-
ments. Thus, we believe that the FGF-4 enhancer anal-
ysis using EC cells has defined an element that is specific
to expression of this gene in early embryogenesis by vir-
tue of the specific functions provided by the combina-
tion of Oct-3 and Sox2.

Materials and methods
Plasmids, cell culture, and transfections

Cell culturing of F9 and HelLa cells was performed as described
elsewhere (Dailey et al. 1994). CaPO, transfections, performed
essentially as described in Curatola and Basilico (1990}, gener-
ally utilized 5 p.g of reporter plasmid and 1 or 5 pg of expression
plasmid in a total of 25 pug of DNA (from salmon sperm or
mouse) as indicated for individual experiments. Transfections
additionally utilized the CMV-BGal plasmid for normalization
of transfection variations.

The pRSVCAT plasmid and pKfgfcat{enh), that contains the
human FGF-4 promoter upstream and the 380-bp murine FGF-4
enhancer downstream of the CAT gene have been described
elsewhere (Curatola and Basilico 1990). The Sox2 expression
plasmid CMV-So0x2 contains the 2-kb Notl-Xhol fragment (nu-
cleotides 329-2303) from Bluescript—Sox2 plasmid inserted
downstream of the CMV promoter within plasmid pCEP4 (In-
vitrogen). The cloned fragment contains the entire Sox2-coding
region as well as some 3'- and 5'-untranslated sequences. To
generate the Sox2 mutant NP2, pCEP4 Sox2 (CMV-Sox2) was
digested at the BamHI site within the plasmid polylinker just 3’
to the Sox2 cDNA insert and then subjected to partial digestion
with Pvull. The ends were filled in using the Klenow fragment
of DNA polymerase I, and the reaction products were ligated
using T4 DNA ligase under conditions favoring recirculariza-
tion of the digested DNA. After transformation, plasmid DNAs
were enzymatically screened for deletion of the DNA segment
between the Pvull site at nucleotide 895 within the Sox2 cDNA
sequence (Fig. 1) and the BamHI site downstream of the cDNA
insert. This Sox2 variant contains Sox2 cDNA sequences be-
tween the Notl and Pvull sites and thus is designated as mutant
NP2. The entire Oct-3-coding region located within a 1.4-kb
BamHI-Xhol fragment (nucleotides 1-1339 of the published
Oct-3 nucleotide sequence (Okamoto et al. 1990} of Oct-3
¢DNA was inserted downstream of the CMV promoter in plas-
mid pCEP4 (Invitrogen) to create CMV-QOct-3. The Oct-1 ex-

Activation of FGF-4 exptession by Sox2 and Oct-3

pression plasmid pCGOct-1 and the Sox5 expression plasmid
pd740 were generously provided by Winship Herr and Alan Ash-
worth, respectively (Tanaka and Herr 1990; Denny et al. 1992).
To construct the fgfpML-CAT reporter plasmid, oligonucle-
otide primers, including positions 118 (5" primer) and 139 (3’
primer) of the FGF-4 enhancer {Dailey et al. 1994), were used as
primers for PCR. The 5’ primer contained the recognition site
for HindIll, whereas the 3’ primer contained the recognition site
for Sall. After HindIIl and Sall digestion, the gel-purified 116-bp
PCR product was inserted into the HindIII and Sall sites of the
PMLCAT plasmid (Du et al. 1993) that contains the basal pro-
moter elements of the adenovirus major late promoter upstream
of CAT-coding sequences. To construct the FGF-4 enhancer—
CAT reporter plasmids pSVcat(S/O)5' and pSVcat(S/0)3’, oli-
gonucleotides {shown in Fig. 6A) consisting of two copies of the
22-bp FGF-4 enhancer segment encompassing the Sox factor-
and octamer-binding motifs and Sall recognition sites on each
end were synthesized using the Applied Biosystem 392 DNA/
RNA synthesizer. These oligonucleotides were annealed, phos-
phorylated, and multimerized by self-ligation. The resulting
multimers were cloned upstream of the SV40 promoter at the
Bglll site of pSVCat {Promega) to create pSVcat{S/O}5’. Alter-
natively, the ends of the self-ligated multimers were filled in
with Klenow and inserted at the Sall site (that had also been
filled in after digestion) downstream of the CAT-coding se-
quences within pSVCat to create pSVcat{S/Q)3’. The number of
oligonucleotide repeats were determined, by DNA sequencing
(Sanger et al. 1977), to be 12 within pSVcat(S/0)5’ and 6 within
pSVcat(S/0)3".

Cloning of Sox2 cDNA

Twenty-five micrograms of reverse-transcribed RNA from P19
cells or phage supernatant from a AZAP (Stratagene) F9 cDNA
library were amplified by PCR using 100 pmoles of the degen-
erate Sox HMG box oligonucleotide primers described in Figure
1. The 5' primer contained the recognition site for BamH],
whereas the 3’ primer contained recognition sites for either
BamHI or EcoRI. The PCR consisted of 25 cycles of 1 min at
94°C, 2 min at 37°C, and 2 min at 72°C. Amplification products
{200-250 bp) were gel purified after electrophoresis and eluted
from a native 5% polyacrylamide gel, digested with BamHI,
inserted into the Bluescript SK vector, and sequenced. All but 1
of 30 inserts that were found to contain HMG box sequences
encoded a peptide corresponding to the published DNA se-
quence of the Sox2 HMG box (Wright et al. 1993); one clone
contained a mutant variant of the Sox2 HMG box that was
probably generated during the PCR. The Sox2 HMG box DNA
sequences were radiolabeled by random priming and used as a
probe to screen a AZAP cDNA library derived from undifferen-
tiated F9 cell mRNA. Fifteen positive clones were isolated. In-
sert DNAs larger than 2 kb were excised from 10 positive clones
according to the manufacturer’s protocol (Stratagene) and sub-
jected to dideoxy sequencing using a series of oligonucleotide
primers.

RNA analysis

RNA isolation, electrophoresis, and Northern blotting were as
described previously (Curatola and Basilico 1990).

Antibody production and immunoprecipitation analysis

Sox2 HMG box DNA sequences generated by PCR amplifica-
tion using primers containing a recognition site for BamHI (5
primer) or EcoRI (3’ primer), as described above, were digested
with BamHI and EcoRI and inserted, in-frame, into the BamHI
and EcoRlI sites of the pGEX-2T expression plasmid {Promega).
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Overexpressed GST-Sox2 HMG fusion protein was purified ac-
cording to the manufacturer’s instructions. Thirty micro-
grams of purified protein was coupled to aluminum hydroxide
(AluS-gel, SERVA] and injected into a rabbit. Boosts were per-
formed at 1-month intervals, and sera collected 10-14 days after
each injection. IgG from the preimmune and immune antisera
was selected by protein A—agarose chromatography.

Immunoprecipitation

Undifferentiated or RA-treated F9, or HeLa cells were incubated
in the presence of [**Sjmethionine (0.5 mCi/ml) for 3 hr, and
lysates were generated using RIPA buffer (0.15 m NaCl, 1%
NP-40, 0.5% deoxycholate, 0.1% SDS, 0.05 m Tris-HCI at pH
7.5). Extracts were normalized to equivalent cell number and
incubated with 3 pl of preimmune or aHSox2 IgG and the com-
plexes precipitated using protein A—agarose beads. Immunopre-
cipitated proteins were resolved by SDS-PAGE on a 10% poly-
acrylamide gel along with protein standards (Amersham) and
visualized by autoradiography.

Nuclear extracts preparation, chromatography,
and DNA-binding assays

To prepare small-scale extracts from transfected cells, the plates
were washed with PBS ~60 hr after transfection and collected
(in 1 ml of PBS) into an Eppendorf tube. After brief centrifuga-
tion, the cell pellet was resuspended in hypotonic buffer (Dig-
nam et al. 1983), incubated on ice for 10 min, Dounce homog-
enized, and spun in a microcentrifuge for 5 min. The nuclear
pellet was resuspended in 50 pl of BC350N (20 mm HEPES at pH
7.9, 350 mm KCl, 20% glycerol, 0.01% NP-40, 0.2 mm PMSF, 0.5
mM DTT) and incubated for 30 min at 4°C with rotation. After
a 5-min centrifugation, the supernatant was withdrawn and
used for EMSA. Large-scale preparations of nuclear extracts
were performed as described previously (Dailey et al. 1994). Par-
tial purification of Fx was achieved by fractionation of F9 nu-
clear extracts using ammonium sulfate (to 30% saturation). The
precipitated proteins were resuspended in BC50N buffer and
applied to a desalting column (p-6DG resin, BioRad) equili-
brated previously in BC50N. This fraction was subjected to
chromatography on an S-Sepharose column, and Fx activity was
eluted using 0.5 M KCl in BCN buffer. Fx activity was moni-
tored by EMSA during the course of the fractionation.

EMSASs were performed as described previously (Dailey et al.
1994) either in the presence or absence of oligonucleotide com-
petitor DNAs or antisera described for individual figures.

CAT assays

Extracts prepared for CAT assay were normalized either by B-ga-
lactosidase activity or protein concentration (BioRad). CAT as-
says were performed essentially as described in Curatola and
Basilico (1990).
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Developmental-specific activity of the FGF-4 enhancer requires the
synergistic action of Sox2 and Oct-3.
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