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The message for the zinc finger gene Rex-1 (Zfp-42) is expressed in undifferentiated murine F9 teratocarci-
noma cells and embryonic stem cells. Expression of Rex-1 is reduced at the transcriptional level when F9 cells
are induced by the addition of retinoic acid (RA) to differentiate. We have isolated genomic DNA for the Rex-1
gene (Zfp-42), characterized the gene’s structure, and mapped the gene to mouse chromosome 8. Promoter
elements contributing to the regulation of the Rex-1 promoter in F9 cells have been identified. A region required
for Rex-1 promoter activity in F9 stem cells contains an octamer motif (ATTTGCAT) which is a binding site
for octamer transcription factor members of the POU domain family of DNA-binding proteins. Rex-1 reporter
plasmids including this octamer site also exhibited reduced expression in F9 cells treated with RA. Thus, the
octamer motif is a regulatory element required for the activity of the Rex-1 promoter in F9 stem cells, and this
motif contributes to the negative regulation by RA of the transcription of the Rex-1 gene. As an initial
confirmation of the in vivo relevance of the isolated fragment, a larger Rex-1 promoter fragment, also
containing the octamer site, was able to promote expression of the bacterial lacZ gene in mouse embryos at the

morula stage.

The development of an organism from a single cell is a
complex process involving many alterations in gene expres-
sion. One substance known to influence various aspects of
embryogenesis is retinoic acid (RA). RA affects the tran-
scription of genes in part by acting through two types of
nuclear receptors, retinoic acid receptors (RARs) (5, 10, 40,
53) and retinoid X receptors (44). RA-responsive elements
which mediate induction and bind RARs and retinoid X
receptors have been identified in genes such as Hox-1.6 (35),
laminin B1 (72), the cellular retinol binding protein I (68),
RARB (11, 26), and RAR~y2 (38).

The expression of other genes is reduced in the presence
of RA by several different mechanisms. RA regulates some
genes through binding sites for known transcription factors,
such as AP-1 or octamer factors (47, 62, 64), or unknown
cellular factors (80). Inhibition of the expression of these
genes by RA may result from competition for DNA-binding
sites, protein interactions, or reduced levels of positive
regulatory proteins. Reduction of expression of the octamer
factor gene oct-3/4 by RA is regulated in murine F9 cells
through a two-part DNA motif bound by unknown factors in
F9 cells (50). Another mechanism by which RA can inhibit
expression is a reduction in mRNA stability, as is observed
for the tyrosine aminotransferase message (51).

Because murine F9 teratocarcinoma stem cells respond to
treatment with RA by differentiating into endoderm cells that
resemble extraembryonic cells of the mouse blastocyst (69,
70), they have been utilized as a model system for studying
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mechanisms of RA action and early embryo development
(20). We have previously identified a cDNA for Rex-1, a zinc
finger gene (Zfp-42) whose expression is reduced at the
transcriptional level as F9 cells differentiate (28). The pres-
ence of zinc finger motifs in Rex-1 suggests that Rex-1
protein binds DNA and regulates transcription. This possi-
bility is supported by the recent identification of a protein
that possesses zinc finger motifs highly similar to those in
Rex-1 and that binds to transcription-regulatory elements in
a broad range of cell types (17, 19, 21, 22, 37, 52, 65, 67).
Rex-1 mRNA is detected in a limited range of cells and
tissues: undifferentiated embryonic stem (ES) cells, mouse
embryos at the blastocyst stage, trophectoderm, and meiotic
germ cells of the adult mouse testis (55).

We have isolated the Zfp-42 chromosomal gene for Rex-1
and characterized promoter elements required for expres-
sion in F9 cells. A binding site (ATTTGCAT) for octamer
factors, members of the POU family of DNA-binding pro-
teins (23, 57), is located in a region required for Rex-1
promoter activity in F9 stem cells. Rex-1 reporter plasmids
containing this octamer site displayed reduced expression in
F9 cells treated with RA. The octamer motif contributes to
the activity of the Rex-1 promoter in F9 stem cells and to the
reduction of Rex-1 expression by RA. In initial confirmation
of in vivo function, a larger Rex-1 promoter fragment, also
containing the octamer site, was sufficient for expression of
the bacterial lacZ gene in mouse embryos at the morula
stage.

MATERIALS AND METHODS

Cell culture and transient-transfection assays. F9 teratocar-
cinoma cells were cultured and transiently transfected with
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10 pg of reporter plasmid and 5 pg of a B-actin-lacZ plasmid
per 106 cells by the calcium phosphate precipitation method
as described previously (72, 74). For cotransfections, 1 pg of
expression plasmid for RARa, -B, or -y in the vector pSGS5
was included (72). The precipitate was removed after 12 h,
and medium with or without 10~ M RA was added and left
for 48 h. Cell extracts were prepared and assayed for
chloramphenicol acetyltransferase (CAT) activity (72). To
normalize for differences in transfection efficiencies, equiv-
alent units of B-galactosidase activity were used in CAT
assays. CAT activity was quantitated with a PhosphorIm-
ager (Molecular Dynamics, Sunnyvale, Calif.). In some
experiments, a Triton lysis buffer (25 mM Tris HCI [pH 7.8],
2 mM EDTA, 5 mM dithiothreitol, 15% glycerol, 1% Triton
X-100) was substituted for the standard Tris-glycerol buffer
and the sonication step was eliminated.

Isolation of Rex-1 genomic clones. A BALB/c mouse spleen
genomic DNA library (provided by R. M. Perlmutter, Cali-
fornia Institute of Technology, Pasadena) was plated and
screened as described previously (36) with the full-length
Rex-1 cDNA. By standard procedures, two distinct phage
inserts were isolated, restriction mapped, and compared
with F9 cell DNA Southern blot patterns (45). A BALB/c
mouse liver genomic DNA library (CloneTech, Palo Alto,
Calif.) was screened in the same manner with a 5’ 239-bp
cDNA fragment, and an additional phage insert was chosen
for further study. Sequences of regions of interest were

determined as described previously (28). The presence of .

known transcription regulatory motifs was determined with
the computer programs Dynamic (Molecular Biology Com-
puter Research Resource of the Dana Farber Cancer Insti-
tute) and findpatterns/tfsites.dat (Genetics Computer Group,
Inc., Madison, Wis.).

Genetic mapping. Two genetic crosses were typed. In the
first cross, NFS/N or C58/] females were mated with Mus
musculus musculus males, and the F, females were mated
with M. m. musculus males (32). In the second cross, NFS/N
females were mated with Mus spretus males, and the F,
females were mated with C58/J or M. spretus males (1).
Southern blotting was used to type DNAs extracted from the
progeny of these mice for restriction enzyme polymorphisms
of the Rex-1 gene, Zfp-42, using a 1.0-kb EcoRI fragment
located approximately 2 kb upstream of the 5’ end of Zfp-42.
DNAs from the same mice were also typed for other genetic
markers, including Tea, Plat, and Jund, as described previ-
ously (8, 43, 66). Tea was additionally typed in the M.
spretus cross following digestion with HindIII.

DNase I hypersensitivity assays. Preparation of Southern
blots of DNA treated with DNase I for detection of hyper-
sensitive sites has been described elsewhere (35). Blots were
probed with the 1.0-kb EcoRI fragment used for genomic
mapping (see above).

Primer extension assays. The oligomer used as a primer for
primer extension analysis was complementary to Rex-1
bases 51 to 90. One nanogram of primer end labeled with *P
by using polynucleotide kinase (45) was hybridized with 1.5
ng of poly(A)* RNA in 25 mM Tris HCI (pH 8.2)-250 mM
KCl at 60°C for 2 h in a reaction volume of 20 pl. Five units
of avian myeloblastosis virus reverse transcriptase was
added in 30 pl of reverse transcriptase buffer (25 mM Tris
HCI [pH 8.2], 20 mM MgCl,, 7.5 mM dithiothreitol, 1 mM
[each] dATP, dGTP, dCTP, and dTTP) and incubated at
50°C for 1 h. After ethanol precipitation, the pellet was
resuspended in 0.1 N NaOH-2 mM EDTA and loaded onto
a DNA sequencing gel. The labeled oligomer was also used

MoL. CELL. BioL.

as a primer for standard sequencing reaction mixtures,
which were loaded in adjacent lanes.

Construction of CAT reporter plasmids. A 7.6-kb Kpnl-
Sall fragment containing Rex-1 exons 1 and 2 and approxi-
mately 4.5 kb of upstream region was subcloned into the
Bluescript KS+ vector (Stratagene Cloning Systems, La
Jolla, Calif.) to construct plasmid pgRex-1.14. Subclones of
pgRex-1.14 deleted from the 3’ end were generated with
exonuclease III and the Erase-A-Base system (Promega
Biotec, Madison, Wis.) for use in sequencing and CAT
reporter plasmid construction. One of the subclones, with its
3’ end in Rex-1 exon 1 at base +23, was used for construc-
tion of REXCAT plasmids in combination with the promot-
erless CAT vector pBCO (7). Subclones of the —669 Rex-1
promoter construct with deletions at the 5’ end were also
generated with the Erase-A-Base system, with 25 mM NaCl
added to the exonuclease III digestion buffer. The CAT gene
from pBCO, as a BamHI-HindIII fragment, was substituted
for the luciferase gene in pGL2-basic (Promega Biotec) to
obtain the promoterless CAT vector pGCATO. Selected
Rex-1 promoter fragments were subcloned into this vector,
which retains the simian virus 40 transcription stop signals
upstream of the pGL2 polylinker sites at the 5’ end of the
CAT gene.

PCR. The conditions for the reverse transcriptase poly-
merase chain reaction (PCR) used to assay for pseudogene
expression have been described previously (55). A Rex-1
promoter fragment with point mutations in the octamer motif
was generated by the recombinant PCR technique (24). Two
PCRs were performed, each using one oligomer primer
(prepared by National Biosciences, Plymouth, Minn.) in the
Rex-1 sequence, with two mismatches which would result in
the desired mutation, and one external primer matching the
vector sequences outside the Rex-1 fragment. The mismatch
primers were GGCATGTTCATAACTGAG and CAGTT
ATGAACATGCCTC (Rex-1 bases —223 to —206 and the
complement to bases —225 to —208, respectively; mis-
matches are underlined). The products of the two reactions
were isolated from an agarose gel to remove primers and
unincorporated nucleotides, mixed with each other, and
used as the template for a second round of PCR amplification
using only the external primers. The resulting fragment was
cloned upstream of CAT and sequenced to determine that
the desired point changes had been introduced.

Expression in mouse embryos of B-galactosidase driven by
the Rex-1 promoter. The bacterial lacZ gene from pCH110
(Pharmacia, Piscataway, N.J.), including the simian virus 40
polyadenylation signals at the 3’ end, was cloned into
pUCI13. lacZ was subsequently cloned into the Pmll site in
Rex-1 exon 2 in pgRex-1.14 (described above) as a blunted
HindIII-Narl fragment [retaining, at the 3’ end, the poly(A)
signals and a 161-bp fragment of the pUC13 vector]. The
resulting plasmid, pREX-GAL, contains, in the following
order in a Bluescript (Stratagene Cloning Systems) vector
backbone, approximately 4.5 kb of Rex-1 upstream region
(with a unique Ncol site approximately 400 bp from the 5’
end), the Rex-1 transcriptional initiation sites, exon 1, intron
1, 25 bp of exon 2, the lacZ gene from pCH110, simian virus
40 poly(A) signals, 161 bp of pUC13 (EcoRI-Narl), the
remaining 59 bp of Rex-1 exon 2, and approximately 500 bp
of intron 2 (see Fig. 4 for the Rex-1 fragment used in this
construct). Plasmid DNA was digested with Ncol and Sacll
(in the Bluescript linker). The isolated ~12.5-kb fragment
was injected into fertilized mouse oocytes (B6CBF2/CA),
and the embryos were grown in vitro in M16 medium or,
alternatively, transferred into foster mothers (strain CD-1) as
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FIG. 1. Rex-1 (Zfp-42) genomic structure and related pseudo-
gene (Zfp-42psl). (A) The Rex-1 gene is diagrammed (not to scale),
showing exon-intron boundaries. Exons 1 through 4 are shown as
open rectangles. Sizes of exons (in base pairs) are indicated above
the diagram. The ORF is contained within exon 4 and is shown as a
black rectangle. Approximate sizes of introns (in kilobases) are
given below the diagram. (B) The Rex-1-related pseudogene is
diagramed (not to scale). Exons are indicated as in panel A.
Brackets indicate the location of deleted region (see text). The large
hatched rectangle indicates a frameshifted ORF. The crosshatched
rectangles indicate insertions.

described previously (27). Recovered embryos were stained
for B-galactosidase activity as described previously (31).

Nucleotide sequence accession numbers. Sequences associ-
ated with the work reported here have been submitted to
GenBank and assigned the following accession numbers:
M97810, Rex-1 (Zfp-42) promoter sequences, exon 1, intron
1, and exon 2; M97811, Rex-1 exon 3; M97812, Rex-1 exon
4; and M97813, pseudogene sequence (Zpf-42psl).

RESULTS

Isolation and characterization of the Rex-1 chromosomal
gene and a related pseudogene. The previously isolated Rex-1
cDNA (28) was used to screen an EcoRI partial-digest mouse
genomic DNA library. Two nonoverlapping clones (LC-1
and LC-2) were isolated, one of which (LC-1) contained a
Rex-1-related pseudogene (described below). LC-2 con-
tained the 3’ end, but not the 5’ end, of the Rex-1 gene. A
shorter cDNA probe encoding the 5'-end 239 bp was used to
screen a Sau3A partial-digest genomic library, and a third
nonoverlapping clone (LR-2), containing the 5’ end of the
Rex-1 gene, was isolated. Sequences from the four exons in
LC-2 and LR-2 correspond to the sequence of the Rex-1
cDNA, including a correction to the previously reported
sequence (28) (three G’s at positions 1463 to 1465 in the 3’
untranslated region of the cDNA should have been four G’s,
as confirmed by cDNA and genomic clone sequencing). The
genomic structure of Rex-1 is shown in Fig. 1. Exon 4
contained the entire open reading frame (ORF) for the
deduced Rex-1 protein. The minimum size of intron 2 was
estimated from the results of Southern blot hybridizations
(data not shown), since the entire intron was not contained in
the isolated DNA.

A 5.6-kb EcoRI fragment from clone LC-1 hybridized to
probes from both the 5’ and 3’ ends of the Rex-1 cDNA. The
sequence of the hybridizing region was determined. Relative
to the 1,746 bp of the Rex-1 cDNA, there were 22 point
mismatches, two small insertions (29 bp following nucleotide
1357 and three T’s following nucleotide 1384), and a deletion
of 377 bp (reducing a 5-bp direct repeat of GTGCA to one
copy and removing the intervening bases). The 5' end

STRUCTURE AND REGULATION OF THE Rex-1 GENE 2921

TABLE 1. Results of Southern blot hybridizations to F9 cell
DNA with Rex-1 cDNA probes

Band(s) (kb) hybridizing with the

Restriction following cDNA probe: eﬁz‘;t
endonuclease detected
241bp  657-957bp  1500-1746 bp etec
EcoRI 8.0 8.0 Exon 4
5.6 5.6 Pseudogene
3.3 Exon 1
BamHI 12.0 12.0 Pseudogene
4.8 Exon 1
3.5 3.5 Exon 4
HindIIl 10.0 10.0 Pseudogene
4.8 4.8 Exon 4
2.1 Exon 1

corresponded to one of the major transcription initiation
sites (—16; see below) for the Rex-1 gene, and a string of 9
A’s occurred at the 3' end. No intron sequences were
retained. These are characteristics of a pseudogene (retrose-
quence) (29, 76). There were 11-bp direct repeats
(ATCTAGGGTCA) at the 5’ and 3’ ends of the sequence.
Southern blots of F9 cell genomic DNA were hybridized to
several probes to confirm that this fragment was represen-
tative of the genome (Table 1). Probes from the 5’ and 3’
ends of the cDNA each hybridized to two bands: (i) a
common one and (ii) a second one corresponding in size to
Rex-1 exons 1 and 4, respectively. A probe containing
cDNA bp 657 to 957, which were deleted in the potential
pseudogene, hybridized to only one band, corresponding to
Rex-1 exon 4. Thus, the 5.6-kb EcoRI fragment contained a
processed pseudogene (Zfp-42psl) related to Rex-1. Al-
though the pseudogene contains sequences for three zinc
finger motifs, the deduced protein encoded in a pseudogene
transcript would not include zinc fingers because of a frame-
shift in the ORF. Pseudogene transcripts were not detected
in F9 stem or RA-treated cells when a reverse transcriptase
PCR assay was used (data not shown).

The Rex-1 gene, Zfp-42, maps to murine Chr 8. Because of
the expression pattern of Rex-1 mRNA in early murine
embryogenesis and in the adult testis (55), we were inter-
ested in determining the chromosomal position of the Rex-1
gene, Zfp-42, relative to those of known mutations affecting
embryo development or male fertility. The location of Zfp-42
in comparison with those of other zinc finger genes could
also be of interest. A 1.0-kb EcoRI fragment upstream of
Rex-1 exon 1 was used as a probe to identify restriction
enzyme polymorphisms. The gene was mapped to mouse
chromosome 8 (Chr 8) by analysis of two different multilocus
crosses (1, 32). The Rex-1 probe hybridized specifically to
the Rex-1 gene and not to the related pseudogene. In the M.
m. musculus cross, fragments of 7.5, 9.6, or 14.5 kb were
identified in parental NFS/N, C58/J, or M. m. musculus
mice, respectively. In the M. spretus cross, Pvull digestion
identified fragments of 7.0, 10.2, and 11.5 kb in M. spretus,
NFS/N, and C58/J parental mouse DNAs, respectively.

Inheritance of the polymorphic fragment in both genetic
crosses was consistent with expected single-gene segrega-
tion ratios, and comparison of the inheritance pattern with
those of other markers demonstrated linkage to markers in
the proximal region of Chr 8 (Table 2). These results are
consistent with the following gene order: centromere—Plat—
Tea-Zfp-42-Jund.
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TABLE 2. Segregation of the restriction enzyme polymorphisms
of the Rex-1 gene (Zfp-42), Plat, Tea, and Jund®

Inheritance of the following

Progeny allele from the F, parent?: No. of mice
Plat Zfp-42 Tea Jund Cross1° Cross 2¢
Nonrecombinants  + + + o+ 31
+ + + ND° 60
- - - - 22
- - - ND 61
Recombinants + + + - 3
- - -+ 5
+ + - = 0
+ + - ND 2
- - + 4+ 0
- - + ND 5
- + + o+ 10
- + + ND 9
+ - - - 1
+ - - ND 10

“ Percent recombination between restriction fragments and standard error
were calculated from the number of recombinants in the total sample (18),
with the following results: Plat, Tea, 31/220 = 14.1 + 2.3; Tea, Zfp-42, 7/220
= 3.2 + 1.2; Zfp-42, Jund, 9/73 = 12.3 = 3.8.

® Scored as the presence (+) or absence (—) of the NFS/N or C58/J alleles
in the M. m. musculus cross or of the M. spretus alleles in the M. spretus
cross.

€ (C58/3 X M. m. musculus) x M. m. musculus; (NFS/N x M. m. musculus)
X M. m. musculus (total of 73 mice).

4 (NFS/N x M. spretus) x C58/J or M. spretus (total of 147 mice).

€ ND, not determined.

The Rex-1 molecular clone thus provides a useful addi-
tional DNA marker for this region of Chr 8. Furthermore,
sequence analysis of the 5’ end of the Rex-1 gene identified
two upstream regions containing dinucleotide repeats. One
contained the sequence (GT),;. Another contained a com-
plex dinucleotide repeat of (TG),, followed by (CA),,.
Variability in the extent of such dinucleotide repeats has
been used successfully for genetic markers in both human
and mouse genomic mapping (12, 75).

Rex-1 has a TATA-less promoter with multiple transcrip-
tion initiation sites. The site of transcriptional initiation in the
Rex-1 gene was determined by primer extension analysis.
Multiple clusters of initiation sites were detected (Fig. 2).
The base at the 5’ end of the originally isolated cDNA,
corresponding to an initiation site of moderate strength, was
arbitrarily designated nucleotide +1 for reference. Major
initiation sites occurred at —27, —16, and +15 (Fig. 2). The
presence of multiple initiation sites was confirmed by an
RNase protection assay (data not shown). The sequence
near the initiation sites (Fig. 3) does not contain a TATA box
motif, although the region from —135 to —100 is GC rich and
includes GC boxes, which are possible binding sites for the
transcription factor Spl (30). The pattern of initiation sites
was similar in stem and RA-treated F9 cells (Fig. 2).

DNA sites which are bound by regulatory factors are
frequently hypersensitive to digestion by DNase I (14). To
identify possible sites in the Rex-1 promoter, nuclei were
isolated from untreated F9 cells and from cells treated with
RA, with cyclic AMP and theophylline, or with RA and
theophylline. Samples were incubated with increasing con-
centrations of DNase I. Blotted DNA from treated nuclei
was probed with the Rex-1 1.0-kb EcoRI fragment used for
chromosome mapping. Two hypersensitive sites were iden-
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FIG. 2. Primer extension analysis. Primer extension assays were
performed with RNA isolated from F9 stem (ST) and RA-treated
(RA) cells to determine transcription initiation sites in the Rex-1
promoter. The oligomer used as the primer for extension was also
used in sequencing reactions with the Rex-1 cDNA plasmid. Posi-
tions of major start sites are indicated (arrows) relative to the
sequence ladder (GACT).

*
ACATGTGTGTAACAGAGGTA CTGAGATGTGACTGAGTCTC -251
*
AAGGCCAGGCGATCGGGATT CAGAAGAGGCATTTGCATAA -211
%
CTGAGCAAGAGCCTTTGCCC CACCCTTCCACGCGGACCCA -171
AGACAAGCGGACAGCTCTGG GTGGGTCACCTTGAAGCCAG -131

*
GGGCCCGCCCACATCCCCGC CCACACCCACCTTGAGCGCT -91

TCTCATTGGGCATTCCAGCC TACCCAGCTCGGAGTTAGTT -51

ACTCCGTAAGTGTGGCCGGA ACAGAGTTCGTCCATCTAAA -11
AAGGGAGGGGTCCAAGGAGC TGAACTCCTAGCC +23

FIG. 3. Sequence of the 5' flanking region of the Rex-1 gene. Part
of the sequence of the Rex-1 promoter is shown. Major transcription
sites are shown as arrows. GC boxes are underlined; the octamer
motif is double underlined. Asterisks indicate the 5’ end positions
(—257, —234, —204, and —125) of promoter fragments described in
Fig. 4 and the text. Bases are numbered relative to the first base in
the isolated Rex-1 cDNA, as discussed in the text.
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FIG. 4. Rex-1 promoter constructs and CAT assay results. Rel-
ative positions of dinucleotide repeats (hatched rectangles), the
PEA-3 motif (triangles), the octamer motif (ovals), and GC boxes
(solid rectangles) are indicated. Open rectangles represent Rex-1
exons 1 and 2. Asterisks mark the endpoints of the fragment used for
expression of the lacZ gene in mouse embryos. Open-headed arrows
show approximate locations of DNase I-hypersensitive sites. The 5’
endpoints of Rex-1 promoter fragments used in CAT gene reporter
constructs are indicated. Results of CAT assays with F9 stem and
RA-treated cells (average values from a minimum of four indepen-
dent experiments) are given as percentages relative to the activity of
the —669 construct in the absence of RA.

tified, one ~1.1 kb 5’ of a BamHI site in intron 1, which
locates the first site near exon 1, and a second approximately
0.6 kb further upstream. Both of the sites were apparent
regardless of the conditions under which the cells were
grown (data not shown). The locations of the sites corre-
spond approximately to the two regions of dinucleotide
repeats described above (Fig. 4). Such repeats are some-
times associated with DNase I-hypersensitive sites (41, 48).
Alternatively, the DNase I-hypersensitive sites might be
related to transcription factor-binding motifs present in that
region, as we discuss further below (Fig. 3 and 4).
Sequences upstream of the Rex-1 gene are sufficient to
promote expression of a reporter gene in F9 cells. A 7.6-kb
fragment containing Rex-1 exons 1 and 2 was digested from
the 3’ end with exonuclease III to obtain a fragment which
encoded approximately 4.5 kb of upstream promoter region
with its 3’ end at bp +23. This fragment was cloned 5' to a
promoterless CAT gene in the vector pBCO (7) to construct
the plasmid pREXCAT-4.5 (—4500 construct). In transient-
transfection assays with F9 cells, pPREXCAT-4.5 was active
in stem cells and showed a 28% decrease in activity after
treatment with RA for 48 h following transfection (Fig. 4).
Shorter 5’ end fragments were tested to determine the
minimum regions required for stem cell expression and RA
responsiveness (Fig. 4). A construct containing Rex-1 bases
—669 to +23 was more active in F9 stem cells than the 4.5-kb
construct, perhaps because more copies of the much smaller
—669 construct are present in equivalent transfection prep-
arations. Alternatively, regulatory elements located between
positions —669 and —4500 may affect the F9 stem cell
activity of the —4500 construct. The activity of the —669
construct decreased to 53% in the presence of RA. In
nuclear runoff assays at early times, an RA-mediated de-
crease of the rate of transcription to 33% of stem cell level (a
threefold decrease) is observed (28). Later, in fully differen-
tiated F9 cells, the Rex-1 transcription rate decreases to less
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than 10% of the rate observed in stem cells, but it is not
eliminated. Thus, the RA responsiveness of the —669 con-
struct is consistent with the early decrease in transcription of
the endogenous Rex-1 gene, allowing for the background
level of activity seen with the promoterless CAT vector
control (pBCO; Fig. 4). A fragment containing bases —234 to
+23 retained stem cell and RA-responsive activity at levels
similar to that of the —669 construct. However, fragments
deleted to base —204 or shorter had no more activity than the
promoterless CAT gene vector in either F9 stem or RA-
treated cells. Thus, elements essential for promoter activity
in stem cells and reduced expression in response to RA are
present in the Rex-1 promoter downstream of position —234.

The Rex-1 upstream region required for stem cell activity
contains an octamer factor-binding metif. Known transcrip-
tional regulatory motifs in the DNA sequence surrounding
Rex-1 exon 1 were identified by computer analysis. A
potential binding site for PEA-3 was located at position
—813. PEA-3 is a transcription factor present in F9 stem
cells and absent in differentiated F9 cells (46, 78) and thus
might contribute positively to the expression of Rex-1 in
stem cells. However, deletion of this PEA-3-binding site
does not affect either the stem cell or RA-responsive activity
of the Rex-1 promoter fragment. GC boxes, elements asso-
ciated with binding of the transcription factor Sp1 (30), were
present between bases —127 and —109. The construct be-
ginning at position —204, which retained these sites, was
insufficient for Rex-1 promoter activity, suggesting that the
GC boxes are not sufficient for basal activity of this pro-
moter.

The sequence ATTTGCAT was located within the region
(—234 to —204) identified as important for expression from
the Rex-1 promoter in F9 stem cells. This motif has been
identified as a binding site for octamer-binding proteins,
which are members of the POU family of homeobox tran-
scription factors (23, 57). One of these octamer factors,
oct-1, is constitutively present in F9 cells (61). Two other
octamer factors, oct-3/4 and oct-6, have been shown to be
present in F9 stem cells and absent after RA-induced F9 cell
differentiation (39, 56, 61, 71). If these octamer factors
regulated the expression of Rex-1, the decrease in abun-
dance of oct-3/4 and oct-6 could account for the observed
decrease in Rex-1 expression in differentiated cells, while
the constitutive presence of oct-1 could explain why Rex-1
expression continues at low levels following RA treatment.
In addition, octamer motifs have been implicated in the RA
regulation of the fibroblast growth factor 4 (FGF4) gene (62).
To investigate the possibility that the octamer site was
responsible for the observed activity of the Rex-1 promoter,
a fragment with point mutations introduced into the octamer
site was tested in F9 cells.

PCR was used to generate a fragment containing Rex-1
bases —257 to +23, with two base changes introduced such
that the octamer site was mutated to ATGTTCAT. Scholer
and coworkers have shown by electrophoretic mobility shift
assay that multimers of this sequence no longer bind factors
in F9 cells (58). Plasmid pGoct ™~ was constructed by cloning
this PCR fragment into pGCATO, a promoterless CAT
vector. pGCATO includes transcription termination signals
5’ of the promoter cloning sites which help to reduce
background CAT activity due to transcripts initiating at
vector sequences. The Rex-1 promoter fragments with 5’
endpoints at —669 and —125 were also cloned into pGCATO0
as controls. CAT activity from pGoct™ was reduced in stem
cells to less than 35% of the activity of the oct* —669
construct and was not substantially reduced by RA treat-
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TABLE 3. Results of CAT assays with Rex-1 promoter
constructs in pGCATO, including a construct
with a mutated octamer site

CAT activity?
Construct? Expt 1 Eapt 2

Stem RA-treated Stem RA-treated

cells cells cells cells
—669 100 51.9 100 61.6
pGoct™ 33.6 33.8 18.5 14.1
-125 17.5 27.8 <1 <1
“ See text.

 Expressed as percentages relative to the activity of the —669 construct in
the absence of RA.

ment (Table 3). The wild-type control constructs —669 and
—125 in pGCATO showed responses comparable to those of
the corresponding constructs in the pBCO0 vector (Fig. 4); the
—669 construct shows full promoter activity with an RA
response and the —125 construct has minimal activity.

From analysis of the constructs in which the octamer
motif is deleted or mutated (Table 3 and Fig. 4), we conclude
that the octamer element is important for the transcription of
Rex-1 in F9 cells. Although the base changes that we made
in the octamer motif (pGoct™) do not completely eliminate
CAT activity in F9 stem cells (Table 3), this mutation is the
only one tested to date and may not totally prevent interac-
tions between octamer family transcription factors and the
octamer element in the Rex-1 promoter. Alternatively, other
elements in the mutated fragment may contribute to basal
promoter activity. In addition, the residual activity of
pGoct~ is not further reduced in the presence of RA (e.g., it
does not decrease to the level of expression of the —125
construct). Because deletion of the region that contains the
octamer element (from position —234 to —204) eliminates
Rex-1 promoter activity in F9 stem cells, we suggest that the
octamer element is required for transcriptional activation of
the Rex-1 gene in F9 stem cells and mediates the RA-
associated decrease in Rex-1 transcription.

Cotransfection with RAR expression vectors does not affect
the RA response of the Rex-1 promoter. Although an RA-
dependent decrease in promoter activity was observed with
the Rex-1 promoter constructs, the endogenous levels of RA
receptor proteins might be limiting with respect to the action
of RA on the constructs. If the RARs directly mediate the
RA response of the Rex-1 promoter, increased levels of
RARs might be required in order to observe the maximum
decrease in Rex-1 promoter construct expression in the
presence of RA. In some studies of genes regulated by RA,
cotransfection with vectors expressing the RARs was re-
quired in order to observe an RA-mediated induction of
transcription (11, 38, 72). Therefore, transient-transfection
assays in the presence of cotransfected RAR expression
plasmids were performed. The RA response of representa-
tive Rex-1 promoter constructs was unaffected by cotrans-
fection with expression vectors for murine RAR-a, -B, or -y
(data not shown). Thus, either the RARs are not directly
involved in the RA regulation of the Rex-1 promoter or
endogenous levels of receptors in F9 cells are sufficient to
mediate the observed RA response.

B-Galactosidase expression is activated by the Rex-1 pro-
moter in embryos. We have previously shown by in situ
hybridization studies that Rex-1 mRNA is expressed in the
early mouse embryo (55). To demonstrate that the Rex-1
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FIG. 5. Expression in mouse embryos of B-galactosidase from
the Rex-1 promoter. Three morula stage embryos, representative of
the range of expression observed, are shown. The blue stain
indicating the presence of B-galactosidase appears dark. The zona
pellucida surrounding the embryos is visible.

promoter utilized in F9 cell experiments is active in em-
bryos, we inserted the bacterial gene for B-galactosidase
(lacZ) into a 7.6-kb clone containing Rex-1 exons 1 and 2 (to
construct plasmid pREX-GAL). This construct produced
B-galactosidase activity in F9 stem cells. A control construct
that contained the same DNA fragments with the lacZ gene
in the opposite orientation generated no activity in F9 stem
cells. An isolated restriction enzyme fragment from pREX-
GAL (described further in Materials and Methods) was
injected into fertilized mouse oocytes. The injected oocytes
were cultured in vitro or transferred to pseudopregnant
females before harvest and then stained as morula stage
embryos for B-galactosidase activity. In several experi-
ments, approximately 50% of morulae (a total of 23 of 45)
contained blue-stained cells (Fig. 5). Inefficient DNA frag-
ment integration or integration into inactive regions of the
genome could explain why signal was present in only half of
the observed morulae, as we did not attempt to generate
stable transgenic mouse lines. Thus, this large Rex-1 pro-
moter fragment contains elements sufficient for expression in
the early mouse embryo.

DISCUSSION

The Rex-1 transcript is encoded in four exons on mouse Chr
8. We have isolated genomic DNA for the Rex-1 gene
(Zfp-42), characterized its structure, and identified its chro-
mosomal location. As the Rex-1 gene ORF is encoded within
one exon, exon 4, the four zinc fingers occur as a single unit.
This appears to be the most common organization for zinc
finger genes (13). Pseudogenes such as that described here
(Zfp-42ps1) for Rex-1 have also been reported for other zinc
finger genes (3).

Although zinc finger genes have been reported to occur in
clusters (13), Zfp-42 does not map near any known zinc
finger genes. Two zinc finger genes, Zfp!l and Zfp4, do map
to the same chromosome as Zfp-42 (mouse Chr 8), but to
more-distal sites (4, 6, 25). Since the Rex-1 gene is expressed
in early embryos and meiotic male germ cells, a mutation in
Zfp-42 may manifest itself with effects on embryonic sur-
vival or male fertility. However, no known mouse mutations
with these phenotypes map near the Rex-1 gene. Von
Melchner and colleagues reported that an inactivating muta-
tion of the Rex-1 gene, identified in ES cells, was not
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transmitted through the male germ line in chimeric mice (73).
If other Zfp-42 mutations behave similarly, identification of a
naturally occurring mutant would be difficult.

Deletion of a region including an octamer motif abolishes
Rex-1 promoter activity. An octamer factor-binding motif
(ATTTGCAT) located within the region —234 to —204 was
identified as important for expression from the Rex-1 pro-
moter in F9 stem cells. Deletion of this region eliminates
promoter activity in F9 stem cells. Mutation of the octamer
motif greatly reduces CAT activity in F9 stem cells and
reduces the RA-associated decrease in activity. This sug-
gests a role for octamer factors in the regulation of the Rex-1
gene. Transfection experiments involving octamer factor
expression vectors and DNA binding assays are being done
to further clarify the interactions of these proteins with the
Rex-1 promoter. However, other motifs in the Rex-1 pro-
moter between positions —669 and +23 may also modulate
stem cell and/or RA-responsive promoter activity.

Octamer motifs have been reported to be involved both in
the glucocorticoid-associated reduction of transcription (33,
77) and in the RA-associated reduction of transcription. In
addition to Rex-1, the immunoglobulin heavy chain enhancer
(immunoglobulin H p300) (39), the interleukin-2 gene (15),
and the FGF4 gene (62) contain octamer motifs associated
with their regulation by RA. The RA-mediated regulation of
these genes and the Rex-1 promoter may be explained most
simply by proposing that the expression or activity of an
octamer-binding factor (or factors) is directly reduced by
RA. Indeed, in F9 stem cells, two known octamer-binding
factors, oct-3/4 and oct-6, are present and their binding
activities decrease after treatment of the cells with RA (39,
49, 61). The promoter for the gene for one of these factors,
oct-3/4, contains an enhancer element which is RA repress-
ible, but whether the RARs play a direct role in the regula-
tion of this promoter is as yet unclear (50). An alternative
explanation for the RA-associated decrease in Rex-1 expres-
sion is that protein-protein interactions between octamer
factors and RARs (or retinoid X receptors) lead to a loss of
octamer factor function in a mechanism that is independent
of DNA binding by the RARs. Such functional interference
has been observed between oct-1 and the glucocorticoid
receptor (33). The addition of RA might also affect the
availability or activity of a cofactor(s) required for octamer
factor function in F9 cells. Cell-specific octamer cofactors
have been identified (2, 42, 54).

The four octamer-containing RA-regulated genes exhibit
differences in expression that suggest that these promoters
are not all regulated through the same molecular mechanism.
Two of the genes, the Rex-1 and FGF4 genes, are activated
by octamer motifs in the absence of RA (62; this work); the
other two, the immunoglobulin H and interleukin-2 genes,
IgH and IL-2 are not. In contrast to Rex-1 and FGF4, the
octamer site mediates repression of the immunoglobulin H
promoter in F9 stem cells (39). With respect to interleukin-2,
RA interferes with induction of expression by other signal-
ling molecules (phorbol esters and calcium ionophores) (15).
This inhibition involves the RARs and may occur through a
protein-protein interaction mechanism such as that de-
scribed for RA inhibition of AP-1 action (34, 63, 64, 79).
Therefore, the interactions between RA and proteins that
bind the octamer motif for the interleukin-2 and immuno-
globulin H genes may be different from those for the Rex-1
and FGF4 genes.

The Rex-1 and FGF4 genes are both actively transcribed
in undifferentiated embryonal carcinoma cells, and their
expression is reduced when RA is added to induce differen-
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tiation of the cells (9, 28). In addition, fragments which
mediate reduced expression of reporter genes following the
addition of RA have been identified for each gene, and
octamer motif elements are present in these fragments (62;
this work). In the Rex-1 gene, the octamer motif is located
near the multiple transcription initiation sites (around posi-
tion —220), while the motif is found in the 3’ untranslated
region of the FGF4 gene. However, additional regulatory
elements or factors must be involved in the regulation of
these genes, as their patterns of expression differ in other
cell lines. For example, FGF4 mRNA is expressed and RA
regulated in the P19 embryonal carcinoma cell line, in which
the Rex-1 gene is not expressed (9, 28, 55, 62). This may be
related to variations in the differentiation potential of the two
cell lines, as we have discussed elsewhere (55). The octamer
factors (oct-1, oct-3/4, oct-5, and oct-6) found in F9 cells are
also present in P19 cells (49, 61, 71). Thus, the differential
expression of Rex-1 and FGF4 may reflect the activities of
other regulatory factors or octamer cofactors (2, 42, 54)
present in the cells. In addition, both genes are expressed in
ES cells, and their expression decreases with RA addition
(55, 62). FGF4 expression is unaffected when the ES cells
are allowed to differentiate by removal of leukemia inhibi-
tory factor/differentiation-inhibiting activity (62). In con-
trast, Rex-1 expression decreases rapidly when leukemia
inhibitory factor/differentiation-inhibiting activity is re-
moved or when the cells are induced to differentiate by
culturing them as aggregates (55). Thus, in ES cells, reduced
expression of FGF4 specifically accompanies the addition of
RA, while reduced expression of Rex-1 correlates with
differentiation. Further comparison of the regulatory ele-
ments of these two genes may help to identify additional
elements or factors which are involved in RA-specific regu-
lation and the establishment of expression patterns as toti-
potent cells begin to restrict their developmental potential.

Rex-1 and octamer factor expression patterns partially
overlap in the embryonic mouse and the adult mouse. The
expression patterns of oct-3/4, oct-6, and Rex-1 mRNAs in
the early embryo and in adult mouse tissues have been
described previously (55, 60, 61, 71). In the adult, both Rex-1
and oct-6 are expressed in the testes; however, oct-6 is also
expressed in the brain, where Rex-1 is not detected (55, 71).
Adult oct-4 expression is restricted to oocytes, where Rex-1
mRNA also is not detected (55, 60, 61). The oct-4 and Rex-1
expression patterns are similar in the preimplantation mouse
embryo (55, 60). Following implantation, Rex-1 mRNA is
restricted to extraembryonic and trophoblast-derived tis-
sues, while oct-4 is absent in those tissues but is expressed in
the embryonic ectoderm (55, 60). oct-6 is expressed at later
times in the developing neural ectoderm (71). Just as the
octamer motif alone cannot completely account for the
regulation of the Rex-1 promoter observed in F9 cells, the
expression of known octamer factors cannot account for the
observed pattern of Rex-1 mRNA in vivo. However, the
effects of oct-3/4 on octamer motif-containing promoters in
vitro are reported to depend on the concentration of the
factor in cells. Intermediate levels of oct-3/4 activate tran-
scription, while high levels of the factor repress expression
from the same reporter construct (59). Thus, octamer factors
may activate the Rex-1 promoter in blastocyst and earlier-
stage embryos and repress its expression in specific regions
at later times if the concentration of octamer factors varies
embryonically and affects regulation. Alternatively, cofac-
tors, as observed in B cells (2, 42, 54), may be involved in
regulating the specificity of expression due to octamer mo-
tifs. The levels of such factors may prove to be limiting.
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oct-1, which is expressed in all cells and tissues examined
(57), may be involved in basal transcription of the Rex-1
promoter, although it is unlikely to contribute to specific
patterns of regulation. Additional independent factors or
regulatory motifs are likely to be required in order to
establish the full expression pattern of Rex-1.

Transcription from the embryonic genome begins at the
two-cell stage in the mouse embryo (16). Because of the
pattern of Rex-1 mRNA expression, the Rex-1 promoter is a
candidate for early embryonic activation. We have shown
that a large promoter fragment is sufficient for expression of
B-galactosidase by the morula stage. This fragment is likely
to contain regulatory elements not included in the fragments
tested with the CAT reporter gene in F9 cells, as the lacZ
construct contains approximately 3.0 kb of additional Rex-1
genomic DNA, including all of intron 1. Such additional sites
may be involved in determining the pattern of Rex-1 expres-
sion in the early embryo or in meiotic male germ cells.

Further studies with early embryos and transgenic mice of
reporter gene constructs controlled by Rex-1 genomic frag-
ments will determine whether the Rex-1 promoter is acti-
vated at earlier stages of embryonic development and may
aid in the identification of elements essential for establish-
ment of cell fate commitment and patterns of embryonic
expression.

ACKNOWLEDGMENTS

We thank Alex Langston for blots of DNase I-treated DNA, Elana
Wilen for assistance in the sequencing of genomic fragments,
Charlene Adamson for assistance in the genetic mapping, Elizabeth
Lacy and Kay Higgens (Sloan Kettering Institute) for assistance
with mouse operations and DNA injections into fertilized eggs, and
Taryn Resnick for assistance in preparing the manuscript for publi-
cation. We also thank Alex Langston, Lap Ho, Daniel Rosen,
Jeffrey Goliger, Lan Hu, and other members of the Gudas labora-
tory for helpful discussions.

This work was supported by NIH grant RO1CA39036 to L.J.G.
M.B.R. was a Pharmacology/Morphology fellow of the Pharmaceu-
tical Manufacturers Association, and B.A.H. was supported by NIH
training grant T32CA039361 during a portion of this work.

REFERENCES

1. Adamson, M. C., J. Silver, and C. A. Kozak. 1991. The mouse
homolog of the gibbon ape leukemia virus receptor: genetic
mapping and a possible receptor function in rodents. Virology
183:778-781.

2. Annweiler, A., M. Miiller-Immergluck, and T. Wirth. 1992. Oct2
transactivation from a remote enhancer position requires a
B-cell-restricted activity. Mol. Cell. Biol. 12:3107-3116.

3. Ashworth, A., B. Skene, S. Swift, and R. Lovell-Badge. 1990. Zfa
is an expressed retroposon derived from an alternative tran-
script of the Zfx gene. EMBO J. 9:1529-1534.

4. Ashworth, A., B. P. Williams, A. M. Buchberg, P. N. Goodfel-
low, E. Solomon, J. Potter, and K. R. Willison. 1989. Chromo-
somal localization of zinc finger protein genes in man and
mouse. Genomics 4:323-327.

5. Chambon, P., A. Zelent, M. Petkovich, C. Mendelsohn, P. Seroy,
A. Krust, P. Kastner, and N. Brand. 1991. The family of retinoic
acid nuclear receptors, p. 10-27. In J.-H. Saurat (ed.), Retin-
oids: 10 years on. S. Karger, Basel.

6. Chowdhury, K., S. Dietrich, R. Balling, J. L. Guenet, and P.
Gruss. 1989. Structure, expression, and chromosomal localiza-
tion of Zfp-1, a murine zinc finger protein gene. Nucleic Acids
Res. 17:10427-10438.

7. Clark, A. R., D. S. Boam, and K. Docherty. 1989. A new series
of CAT expression vectors. Nucleic Acids Res. 17:10130.

8. Conrad, D. H., C. A. Kozak, J. Vernachio, C. M. Squire, M.
Rao, and E. M. Eicher. Chromosomal location and isoform
analysis of murine FcRII/CD23. Mol. Endocrinol., in press.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

26.

27.

28.

MoL. CELL. BioL.

. Curatola, A. M., and C. Basilico. 1990. Expression of the K-fgf

proto-oncogene is controlled by 3’ regulatory elements which
are specific for embryonal carcinoma cells. Mol. Cell. Biol.
10:2475-2484.

de Thé, H., and A. Dejean. 1991. The retinoic acid receptors, p.
2-9. In J.-H. Saurat (ed.), Retinoids: 10 years on. S. Karger,
Basel.

de Thé, H., M. Vivanco, P. Tiollais, H. Stunnenberg, and A.
Dejean. 1990. Identification of a retinoic acid responsive ele-
ment in the retinoic acid receptor B gene. Nature (London)
343:177-180.

Dietrich, W., H. Katz, S. E. Lincoin, H.-S. Shin, J. Friedman,
N. C. Dracopoli, and E. S. Lander. 1992. A genetic map of the
mouse suitable for typing in intraspecific crosses. Genetics
131:423-447.

El-Baradi, T., and T. Pieler. 1991. Zinc finger proteins: what we
know and what we would like to know. Mech. Dev. 35:155-169.
Elgin, S. C. R. 1988. The formation and function of DNase I
hypersensitive sites in the process of gene activation. J. Biol.
Chem. 253:19259-19262.

Felli, M. P., A. Vacca, D. Meco, 1. Screpanti, A. R. Farina, M.
Maroder, S. Martinotti, E. Petrangeli, L. Frati, and A. Gulino.
1991. Retinoic acid-induced down-regulation of the interleukin-2
promoter via cis-regulatory sequences containing an octamer
motif. Mol. Cell. Biol. 11:4771-4778.

Flach, G., M. G. Johnson, P. R. Braude, R. A. S. Taylor, and
V. N. Bolton. 1982. The transition from maternal to embryonic
control in the 2-cell mouse embryo. EMBO J. 1:681-686.
Flanagan, J. R., K. G. Becker, D. L. Ennist, S. L. Gleason, P. H.
Driggers, B.-Z. Levi, E. Appella, and K. Ozato. 1991. Cloning of
a negative transcription factor that binds to the upstream
conserved region of Moloney murine leukemia virus. Mol. Cell.
Biol. 12:38-44.

Green, E. L. 1981. Genetics and probability in animal breeding
experiments. MacMillan Publishing Co., Inc., New York.
Gualberto, A., D. LePage, G. Pons, S. L. Mader, K. Park, M. L.
Atchison, and K. Walsh. 1992. Functional antagonism between
YY1 and the serum response factor. Mol. Cell. Biol. 12:4209-
4214.

Gudas, L. J. 1991. Retinoic acid and teratocarcinoma stem cells.
Semin. Dev. Biol. 2:171-179.

Gumucio, D. L., H. Heilsedt-Williamson, T. A. Gray, S. A.
Tarlé, D. A. Shelton, D. A. Tagle, J. L. Slighton, M. Goodman,
and F. S. Collins. 1992. Phylogenetic footprinting reveals a
nuclear protein which binds to silencer elements in the human -y
and ¢ globin genes. Mol. Cell. Biol. 12:4919-4929.

Hariharan, N., D. E. Kelley, and R. P. Perry. 1991. §, a
transcription factor that binds to downstream elements in sev-
eral polymerase II promoters, is a functionally versatile zinc
finger protein. Proc. Natl. Acad. Sci. USA 88:9799-9803.
Herr, W., R. A. Sturm, R. G. Clerc, L. M. Corcoran, D.
Baltimore, P. A. Sharp, H. A. Ingraham, M. G. Rosenfeld, M.
Finney, G. Ruvkun, and H. R. Horvitz. 1988. The POU domain:
a large conserved region in the mammalian pit-1, oct-1, oct-2,
and Caenorhabditis elegans unc-86 gene products. Genes Dev.
2:1513-1516.

Higuchi, R. 1990. Recombinant PCR, p. 177-183. In M. A.
Innis, D. H. Gelfand, J. J. Sninsky, and T. J. White (ed.), PCR
protocols: a guide to methods and applications. Academic
Press, Inc., New York.

. Hillyard, A. L., D. P. Doolittle, M. T. Davisson, and T. H.

Roderick. 1992. Locus map of mouse. Mouse Genome 90:8-21.
Hoffmann, B., J. M. Lehmann, X.-K. Zhang, T. Hermann, M.
Husmann, G. Graupner, and M. Pfahl. 1990. A retinoic acid
receptor-specific element controls the retinoic acid receptor-g
promoter. Mol. Endocrinol. 4:1727-1736.

Hogan, B., F. Constantini, and E. Lacy. 1986. Manipulating the
mouse embryo. Cold Spring Harbor Laboratory, Cold Spring
Harbor, N.Y.

Hosler, B. A., G. J. LaRosa, J. F. Grippo, and L. J. Gudas. 1989.
Expression of REX-1, a gene containing zinc finger motifs, is
rapidly reduced by retinoic acid in F9 teratocarcinoma cells.
Mol. Cell. Biol. 9:5623-5629.



VoL. 13, 1993

29.
30.

31.

32.

33.

35.

36.

37.

38.

39.

41.

42.

43.

45.

47.

Hull, R., and H. Will. 1989. Molecular biology of viral and
nonviral retroelements. Trends Genet. 5:357-359.

Jones, K. A., and R. Tjian. 1985. Spl binds to promoter
sequences and activates herpes simplex virus ‘immediate early’
gene transcription in vitro. Nature (London) 317:179-182.
Kothary, R., S. Clapoff, S. Darling, M. D. Perry, L. A. Moran,
and J. Rossant. 1989. Inducible expression of an hsp68-lacZ
hybrid gene in transgenic mice. Development 105:707-714.
Kozak, C. A., M. Peyser, M. Krall, T. M. Mariano, C. S.
Kumar, S. Pestka, and B. A. Mock. 1990. Molecular genetic
markers spanning mouse chromosome 10. Genomics 8:519-524.
Kutoh, E., P.-E. Strémstedt, and L. Poellinger. 1992. Functional
interference between the ubiquitous and constitutive octamer
transcription factor 1 (OTF-1) and the glucocorticoid receptor
by direct protein-protein interaction involving the homeo sub-
domain of OTF-1. Mol. Cell. Biol. 12:4960-4969.

. Lafyatis, R., S.-J. Kim, P. Angel, A. B. Roberts, M. B. Sporn,

M. Karin, and R. L. Wilder. 1990. Interleukin-1 stimulates and
all-trans-retinoic acid inhibits collagenase gene expression
through its 5’ Activator Protein-1-binding site. Mol. Endocrinol.
4:973-980.

Langston, A., and L. J. Gudas. 1992. Identification of a retinoic
acid responsive enhancer 3’ of the murine homeobox gene
Hoxl.6. Mech. Dev. 38:217-228.

LaRosa, G. J., and L. J. Gudas. 1988. Early retinoic acid-
induced F9 teratocarcinoma stem cell gene ERA-I: alternate
splicing creates transcripts for a homeobox-containing protein
and one lacking the homeobox. Mol. Cell. Biol. 8:3906-3917.
Lee, T.-C., Y. Shi, and R. J. Schwartz. 1992. Displacement of
BrdUrd-induced YY1 by serum response factor activates skel-
etal a-actin transcription in embryonic myoblasts. Proc. Natl.
Acad. Sci. USA 89:9814-9818.

Lehmann, J. M., X.-K. Zhang, and M. Pfahl. 1992. RARYy2
expression is regulated through a retinoic acid response element
embedded in Spl sites. Mol. Cell. Biol. 12:2976-2985.
Lenardo, M. J., L. Staudt, P. Robbins, A. Kuang, R. C.
Mulligan, and D. Baltimore. 1989. Repression of the IgH en-
hancer in teratocarcinoma cells associated with a novel octamer
factor. Science 243:544-546.

. Linney, E. 1992. Retinoic acid receptors: transcription factors

modulating gene regulation, development, and differentiation.
Curr. Top. Dev. Biol. 27:309-350.

Lu, Q., L. L. Wallrath, B. D. Allan, R. L. Glaser, J. T. Lis, and
S. C. R. Elgin. 1992. Promoter sequence containing
(CT), - (GA), repeats is critical for the formation of the DNase
I hypersensitive sites in the Drosophila hsp26 gene. J. Mol.
Biol. 225:985-998.

Luo, Y., H. Fujii, T. Gerster, and R. G. Roeder. 1992. A novel
B cell-derived coactivator potentiates the activation of immu-
noglobulin promoters by octamer-binding transcription factors.
Cell 71:231-241.

MacLeod, C. L., K. Finley, D. Kakuda, C. A. Kozak, and M. F.
Wilkinson. 1990. Activated T cells express a novel gene on
chromosome 8 that is closely related to the murine ecotropic
retroviral receptor. Mol. Cell. Biol. 10:3663-3674.

. Mangelsdorf, D. J., and R. M. Evans. 1992. Vitamin A recep-

tors: new insights on retinoid control of transcription, p. 27-50.
In G. Morriss-Kay (ed.), Retinoids in normal development and
teratogenesis. Oxford University Press, Oxford.

Maniatis, T., E. F. Fritsch, and J. Sambrook. 1982. Molecular
cloning: a laboratory manual. Cold Spring Harbor Laboratory,
Cold Spring Harbor, New York.

. Martin, M. E., X. Y. Yang, and W. R. Folk. 1992. Expression of

a 91-kilodalton PEA3-binding protein is down-regulated during
differentiation of F9 embryonal carcinoma cells. Mol. Cell. Biol.
12:2213-2221.

Nicholson, R. C., S. Mader, S. Nagpal, M. Leid, C. Rochette-
Egly, and P. Chambon. 1990. Negative regulation of the rat
stromelysin gene promoter by retinoic acid is mediated by an
AP1 binding site. EMBO J. 9:4443-4454.

. Nordheim, A., and A. Rich. 1983. Negatively supercoiled simian

virus 40 DNA contains Z-DNA segments within transcriptional
enhancer sequences. Proc. Natl. Acad. Sci. USA 303:674-679.

STRUCTURE AND REGULATION OF THE Rex-1 GENE

49.

50.

51,

52.

53.

54.

55.

56.

57.
58.

59.

61.

62.

63.

65.

66.

67.

2927

Okamoto, K., H. Okazawa, A. Okuda, M. Sakai, M. Mura-
matsu, and H. Hamada. 1990. A novel octamer binding tran-
scription factor is differentially expressed in mouse embryonic
cells. Cell 60:461-472.

Okazawa, H., K. Okamoto, F. Ishino, T. Ishino-Kaneko, S.
Takeda, Y. Toyoda, M. Muramatsu, and H. Hamada. 1991. The
oct3 gene, a gene for an embryonic transcription factor, is
controlled by a retinoic acid repressible enhancer. EMBO J.
10:2997-3005.

Pan, C.-J., L. L. Shelly, D. S. Rabin, and J. Y. Chou. 1992.
Inhibition of tyrosine aminotransferase gene expression by
retinoic acid. Mol. Endocrinol. 6:572-580.

Park, K., and M. L. Atchison. 1991. Isolation of a candidate
repressor/activator, NF-E1 (YY-1, 8), that binds to the immu-
noglobulin k 3’ enhancer and the immunoglobulin heavy-chain
wEL site. Proc. Natl. Acad. Sci. USA 88:9804-9808.

Pfahl, M., X.-K. Zhang, J. M. Lehmann, M. Husmann, G.
Graupner, and B. Hoffmann. 1992. Molecular mechanisms of
retinoic acid action, p. 51-64. In G. Morriss-Kay (ed.), Retin-
oids in normal development and teratogenesis. Oxford Univer-
sity Press, Oxford.

Pierani, A., A. Heguy, H. Fujii, and R. G. Roeder. 1990.
Activation of octamer-containing promoters by either octamer-
binding transcription factor 1 (OTF-1) or OTF-2 and require-
ment of an additional B-cell-specific component for optimal
transcription of immunoglobulin promoters. Mol. Cell. Biol.
10:6204-6215.

Rogers, M. B., B. A. Hosler, and L. J. Gudas. 1991. Specific
expression of a retinoic acid-regulated, zinc-finger gene, Rex-1,
in preimplantation embryos, trophoblast, and spermatocytes.
Development 113:815-824.

Rosner, M. H., M. A. Vigano, K. Ozato, P. M. Timmons, F.
Poirier, P. W. J. Rigby, and L. M. Staudt. 1990. A POU-domain
transcription factor in early stem cells and germ cells of the
mammalian embryo. Nature (London) 345:686-692.

Schéler, H. R. 1991. Octamania: the POU factors in murine
development. Trends Genet. 7:323-328.

Schéler, H. R., R. Ballin, A. K. Hatzopoulos, N. Suzuki, and P.
Gruss. 1989. Octamer binding proteins confer transcriptional
activity in early mouse embryogenesis. EMBO J. 8:2551-2557.
Schéler, H. R., T. Ciesiolka, and P. Gruss. 1991. A nexus
between Oct-4 and EIA: implications for gene regulation in
embryonic stem cells. Cell 66:291-304.

. Schéler, H. R., G. R. Dressler, R. Balling, H. Rohdewohld, and

P. Gruss. 1990. Oct-4: a germline-specific transcription factor
mapping to the mouse ¢-complex. EMBO J. 9:2185-2195.
Schéler, H. R., A. K. Hatzopoulos, R. Balling, N. Suzuki, and P.
Gruss. 1989. A family of octamer-specific proteins present
during mouse embryogenesis: evidence for germline-specific
expression of an Oct factor. EMBO J. 8:2543-2550.
Schoorlemmer, J., and W. Kruijer. 1991. Octamer-dependent
regulation of the kFGF gene in embryonal carcinoma and
embryonic stem cells. Mech. Dev. 36:75-86.

Schiile, R., and R. M. Evans. 1991. Cross-coupling of signal
transduction pathways: zinc finger meets leucine zipper. Trends
Genet. 7:377-381.

. Schiile, R., P. Rangarajan, N. Yang, S. Kliewer, L. J. Ransone,

J. Bolado, I. M. Verma, and R. M. Evans. 1991. Retinoic acid is
a negative regulator of AP-1-responsive genes. Proc. Natl.
Acad. Sci. USA 88:6092-6096.

Seto, E., Y. Shi, and T. Shenk. 1991. YY1 is an initiator
sequence-binding protein that directs and activates transcription
in vitro. Nature (London) 354:241-245.

Shapiro, M., and C. A. Kozak. 1991. Genetic mapping in the
mouse of four loci related to the jun family of transcriptional
activators. Somatic Cell Mol. Genet. 17:341-347.

Shi, Y., E. Seto, L.-S. Chang, and T. Shenk. 1991. Transcrip-
tional repression by YY1, a human GLI-Kriippel-related pro-
tein, and relief of repression by adenovirus E1A protein. Cell
67:377-388.

. Smith, W. C., P. L. Nakshatri, J. Rees, and P. Chambon. 1991.

A retinoic acid response element is present in the mouse cellular
retinol binding protein I (mCRBPI) promoter. EMBO J. 10:



2928

69.

70.

71.

72.

73.

74.

HOSLER ET AL.

2223-2230.

Strickland, S., and V. Mahdavi. 1978. The induction of differ-
entiation in teratocarcinoma stem cells by retinoic acid. Cell
15:393-403.

Strickland, S., K. K. Smith, and K. R. Marotti. 1980. Hormonal
induction of differentiation in teratocarcinoma stem cells: gen-
eration of parietal endoderm by retinoic acid and dibutyryl
cAMP. Cell 21:347-355.

Suzuki, N., H. Rohdewohld, T. Neuman, P. Gruss, and H. R.
Schéler. 1990. Oct-6: a POU transcription factor expressed in
embryonal stem cells and in the developing brain. EMBO J.
9:3723-3732.

Vasios, G. W., J. D. Gold, M. Petkovich, P. Chambon, and L. J.
Gudas. 1989. A retinoic acid-responsive element is present in
the 5' flanking region of the laminin B1 gene. Proc. Natl. Acad.
Sci. USA 86:9099-9103.

von Melchner, J., J. V. DeGregori, J. Rayburn, S. Reddy, C.
Friedel, and H. E. Ruley. 1992. Selective disruption of genes
expressed in totipotent embryonal stem cells. Genes Dev.
6:919-927.

Wang, S.-Y., G. J. LaRosa, and L. J. Gudas. 1985. Molecular
cloning of gene sequences transcriptionally regulated by retinoic
acid and dibutyryl cyclic AMP in cultured mouse teratocarci-

75.

76.

77.

78.

79.

80.

MoL. CELL. BioL.

noma cells. Dev. Biol. 107:75-86.

Weber, J. L., and P. E. May. 1989. Abundant class of human
DNA polymorphisms which can be typed using the polymerase
chain reaction. Am. J. Hum. Genet. 44:388-396.

Weiner, A. M., P. L. Deininger, and A. Efstratiadis. 1986.
Nonviral retroposons: genes, pseudogenes, and transposable
elements generated by the reverse flow of genetic information.
Annu. Rev. Biochem. 55:631-661.

Wieland, S., U. Dibbeling, and S. Rusconi. 1991. Interference
and synergism of glucocorticoid receptor and octamer factors.
EMBO J. 10:2513-2521.

Xin, J.-H., A. Cowie, P. Lachance, and J. A. Hassell. 1992.
Molecular cloning and characterization of PEA3, a new member
of the Ets oncogene family that is differentially expressed in
mouse embryonic cells. Genes Dev. 6:481-496.

Yang-Yen, H.-F., Z. Xiao-Kun, G. Graupner, M. Taukerman, B.
Sakamoto, M. Karin, and M. Pfahl. 1991. Antagonism between
retinoic acid receptors and AP-1: implications for tumor promo-
tion and inflammation. New Biol. 3:1206-1219.

Zheng, Z.-S., R. Polakowska, A. Johnston, and L. A. Goldsmith.
1992. Transcriptional control of epidermal growth factor recep-
tor by retinoic acid. Cell Growth Differ. 3:225-232.



