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Organization and Promoter Analysis of the
Mouse Dishevelled-1 Gene

Nardos Lijam and Daniel ]. Sussman'’

University of Maryland School of Medicine, Department of Obstetrics and Gynecology, Division of
Human Genetics, Baltimore, Maryland 21201

We have characterized the genomic organization of a mouse homolog (Dvi-I) of Drosophila dishevelled, a
segment polarity gene required for wingless signal transduction. The Dvi-/ gene is organized into 15 exons
ranging in size from 68 to 1315 bp spanning a region of 12,409 bp, with the largest and smallest intron being
5545 and 71 bp, respectively. Sequence analysis of the 5’-flanking region of the gene revealed a high GC
content, six CCGCCC Sp-l-binding motifs, CREB, LBP-l (leader-binding protein 1), and TGGCA-binding
consensus sites. However, neither TATA or CAAT boxes are present, a characteristic shared by other
GC-rich promoters. The 5'-flanking region has strong promoter activity when placed upstream of the
luciferase gene. Promoter-luciferase constructs have demonstrated that the promoter is functional in
transfection assays and that its activity is orientation dependent. Promoter deletions were used to define the
5 and 3’ boundaries for promoter activity and revealed the presence of both positive and negative
regulatory elements. Multiple transcription initiation sites were mapped by primer extension analysis and

confirmed by reporter gene assay.

In insects and vertebrates, intercellular signaling
molecules of the wingless/Wnt (wg/Wnt) gene
family control cell fate decisions (for review, see
McMahon 1992; Peifer and Bejsovec 1992). In
Drosophila, dishevelled (dsh) is required for wg sig-
nal transduction and regulation of pattern for-
mation within individual segments (for review,
see Klingensmith and Nusse 1994; Perrimon
1994). Genetic epistasis studies indicate that dsh
functions downstream of the wg signal to affect
the expression of the homeo box gene engrailed
(en) and cuticle differentiation (Klingensmith et
al. 1994; Noordermeer et al. 1994). dsh also me-
diates wg-directed post-transcriptional accumula-
tion of armadillo protein in cells including and
flanking the wg stripe (Riggleman et al. 1990). In
contrast to the nonautonomous behavior of wg
in mutant cell clones, dsh acts autonomously
{Klingensmith et al. 1994; Siegfried et al. 1994),
suggesting a role in reception or transduction of
the wg signal.

Members of the wg signal transduction path-
way have been conserved through evolution. A
family of mouse wg homologs have been isolated.
One of these, Wnt-1, is involved in central ner-
vous system (CNS) development (McMahon and
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Bradley 1990; Thomas and Capecchi 1990) as
well as mouse mammary tumorigenesis (Nusse
and Varmus 1982; Nusse et al. 1984; Tsukamoto
et al. 1988). Likewise, the mouse en homologs,
En-1 and En-2, are involved in CNS development
(Joyner et al. 1985, 1991; Joyner and Martin
1987; Wurst et al. 1994). The mouse En genes are
initially coordinately expressed with Wnt-1 dur-
ing the definition of spatial domains in the de-
veloping CNS and then diverge by mid-embryo-
genesis (Davis et al. 1988; McMahon et al. 1992).
The possibility that the wg—en pathway is con-
served in mouse development is supported by the
finding that maintenance of En expression in the
cerebellum requires Wnt-1 function (McMahon
et al. 1992).

Previously, we have cloned the complete
¢DNA sequence of mouse DvI-1, characterized its
expression pattern in the embryo and adults
(Sussman et al. 1994), and mapped the gene to
distal mouse chromosome 4 (Beier et al. 1992). In
the embryo Dvl-1 is expressed in most tissues,
with uniformly high levels in the CNS (Sussman
et al. 1994). The gene is expressed throughout the
developing brain and spinal cord, including
those tissues and stages in which the Wnt-1 and
En genes are expressed. In adult mice, expression
of the Dvi-1 gene was found to be widespread,
with brain and testis showing the highest levels.
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In the adult cerebellum, Dvi-1 expression is con-
fined to the granular cell layer, similar to the pat-
tern seen for En-2.

Here we report the genomic organization of
the mouse DvI-1 gene. We have sequenced the
entire gene including 536 bp of 5’-flanking se-
quence and have determined the exon-intron
structure of the gene. We have also identified its
minimal promoter sequence by transfection of
reporter constructs into mammary epithelial and
neuronal cell lines.

RESULTS

Intron/Exon Organization

The Dvl-1 genomic sequence was compared to
the cDNA sequence (Sussman et al. 1994) to de-
termine intron/exon structure. The DvI-1 gene
contains 15 exons ranging in size from 68 to
1315 bp and spans 12,409 bp, with the largest
intron being 5545 bp long and the smallest 71 bp
long. The first 287 bp of exon 1 is noncoding,
followed by 145 bp of coding sequence. The rest
of the coding region lies on exons 2 through the
first 374 bp of exon 15. The remaining 941 bp of
exon 15 encompasses the 3’ untranslated region
(Fig. 1). All exons and their junctions were se-
quenced twice. All intron-exon junctions con-
form to established consensus sequences (Mount
1982). Table 1 shows the exon sizes and relative
position in the reported ¢cDNA (Sussman et al.
1994), the 5’ splice donor sequences, estimated
intron size, and 3’ splice acceptor sequences. Fig-
ure 2 shows the complete Dvi-1 sequence of ex-
ons and their junctions.

Sequence of 5-flanking Region

Subcloning and sequence analysis of the 536 bp
of the 5-flanking region of the Dvi-1 gene re-
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vealed a high GC content and contains six
CCGCCC repeats (Spl-binding motifs), CREB
(Faisst and Meyer 1992). LBP-1 (leader-binding
protein 1) and TGGCA-binding consensus sites
(Fig. 3). The presence of these sequences suggests
that this region of the Dvl-1 gene represents the
promoter. The absence of TATA or CAAT boxes in
the Dvi-1 5'-flanking region is characteristic of
GC-rich promoters.

Determination of Transcription Initiation Sites

The transcription initiation sites of the Dvi-1
gene were determined by primer extension using
brain and testis RNA, tissues in which the gene is
highly expressed. The primer extension was per-
formed using an oligonucleotide complementary
to position 106-132 of the MBGS Dvi-1 ¢cDNA
(Sussman et al. 1994). Four distinct extension
products were observed (Fig. 4A). To confirm this
result, primer extension was performed on RNA
isolated from CS57MG cells transiently trans-
fected with a DvI-1 promoter-reporter construct.
As seen in Figure 4B, three extension products,
corresponding to transcription initiation at nu-
cleotides 288, 244, and 157, were identical to
those observed using brain and testis RNA. A
prominent extension product 215 bp in length
was observed in brain and testis RNA that was not
seen in transfectant RNA (indicated by asterisk in
Fig. 4A).

The most abundant extension products had
lengths of 288, 244, and 215 bases and are up-
stream of the BssHII site (Figs. 3 and 4). A third
extension product, at moderate levels, has a
length of 157 bases and is downstream of the
BssHII site. These results suggest that the start site
of DviI-1 gene transcription is heterogeneous, oc-
curring 25, 83, 112, and 156 bp upstream from
the start of the MBGS cDNA. This result was sup-
ported independently by RNase protection assay

(Fig. 4) and a functional assay de-
scribed below.

The 5’-flanking Region of the Dvi-I
S Gene Contains a Functional

X
P
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Figure 1 Physical map of the Dv/-7 gene. The map was determined by

To demonstrate that the 5’-

restriction digests and sequencing of the Ax6 clone. Exons are shown as ﬂankipg region of the Dvl-1 gene
open boxes. The restriction map of the region is presented for the fol- ~contains a functional promoter, a
lowing enzymes: Bgll (B); Notl (N); Sacl (S); Xbal (X); (scale in kb is series of chimeric DvI-1 promoter—

indicated to the left).

luciferase gene constructs were pre-
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pared (Fig. 5). The largest of these constructs,
p4.8 DvI-1-LUC cloned into the PXP1-LUC vec-
tor was assayed first and displayed promoter ac-
tivity. From this plasmid a series of 5’ deletions
were constructed and cotransfected into two cell
lines, C57MG (mammary epithelial derived cell
line) and C17-2 (neonatal cerebellar derived cell
line), with an alkaline phosphatase reporter gene
(pCMVSEAP). These cell lines were chosen be-
cause DvI-1 is expressed at a low levels in mouse
breast tissue and at relatively high levels in the
developing cerebellum (Sussman et al. 1994). The
alkaline phosphatase activity resulting from the
PCMVSEAP plasmid was used to standardize
transfection efficiency. The relative promoter ac-
tivities for the deletion constructs are shown in
Figure 6. The 5’ boundary required for promoter
activity (p0.6DvI-1-LUC) mapped to the Sacl site
located at position —536 relative to the 5’ end of
the MBGS ¢DNA (indicated as +1 in Fig. 3). The 5’
boundary is upstream of the major transcrip-
tional start sites predicted by primer extension.
Interestingly, the larger constructs p4.8Dvi-1-
LUC and p2.0DvI-1-LUC displayed relatively
lower promoter activity, suggesting the possibil-
ity of upstream repressor-binding sites (Fig.
6A,C). In ad-dition, the promoter appears to be
strictly unidirectional, as reversing the orienta-
tion of the insert p4.8 DvI-1-LUC abolished pro-
moter activity completely (Fig. 6A,C).

118 @ GENOME RESEARCH

Table 1. Exon and intron junctions of the mouse Dvi-1 gene sureTt(I)late xI/lve
Exon Sequence at exon/intron junction did not omit
possible
nucleotide intron size 3’ splice downstream
no. size(bp) position in cDNA 5’ splice donor  (bp) acceptor transcription
1 457 1-432 CTTCGGgtcagt 5545 ccacagGGTGGT initiation
2 70 433-502 TCCTGGgtgagt 149 ttacagCTGGTC sites, we con-
3 122 503-624 CTTCAAgtaagg 224 atgcagACCAAA structed and
4 104 625-728 ATGAGGgtacta 242 ccacagCTGCCC assayed plas-
5 139 729-867 CAGCCGgtgggt 97 cctcagGCTGAG mid p0.7Dvi-
6 94 868-961 GACCGGgtaggc 71 ccgcagGCATCC 1-LUC. The
7 70 962-1031 ACATGGgtgagg 85 ctgcagAGAGGC activity of
8 140 1032-1171 CTGCAGgtggga 78 ccgtagGTGAAC the plasmid
9 77 1172-1248 GACAGGgtgagg 91 ctgtagGCCCAT 0.7DvI-1-
poO.
10 68 1249-1316 CAAGGGgtgagt 126 atgcagCTGACC Luc. which
11 153 1317-1469 CCCCACgtaagt 510 ctgcagAGCTTG !
12 132 1470-1601 TCATTGgtgagt 98 gcccagGGGCGG | Sneompasses
13 168 1602-1769 GCAGTAgtgagt 85 tgccagACCTCG the sequence
14 207 1770-1976 GTGAAGgtgaga 1182 ccctagGGAGCA of p0.6DvI-1
15 1315 1977-3292 and an addi-
tional 96
bases of the
untranslated

region of the
cDNA up to the Nael site, did not show a signif-
icant difference from the maximal promoter ac-
tivity displayed by p0.6DvI-1-LUC in the C17-2
cell line (Fig. 6D). Activity of p0.7Dvl-1-LUC was
slightly lower than p0.6DvI-1-LUC in the
C57MG cell line (Fig. 6B). Thus, all major start
sites appear to be upstream of the 5’ Notl site.
To confirm the sites of transcription initia-
tion observed by primer extension we analyzed a
series of 3’ deletions. A 3’ deletion from the Notl
site to the BssHII site (p0.5Dvi-1-Luc), a region
where minor primer extension products were lo-
calized, decreased promoter activity by two- to
three-fold (Fig. 6B,D). A 3’ deletion from the Notl
site to the Eco471II site (p0.32DvI-1-Luc) resulted
in the abolition of promoter activity. Therefore,
sequences between BssHII and Eco47IIl are re-
quired for promoter activity. This region encom-
passes the consensus CREB (cAMP response ele-
ment binding) site five of the CCGCCC repeats,
and the initiation sites of the two most abundant
extension products, located at positions 122 and
156 bp upstream from the start of the MBGS5
cDNA.

DISCUSSION

In this paper we report the exon/intron mapping,
sequencing, and promoter localization of the
mouse DvI-1 gene. The Dvl-1 gene contains 15
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AGCCC 'GGGC Fl“‘f“‘lf‘FF"TCAGAGCCGCTTTCCCTGGCGCCCGCTCCG 60
GGGCCGC GGGGCC GC 120
CGGGACCGGGAGGGGCGGCCGCGL GCGE {o] 180
GGCGGTT GCCCC GA 'GGGCCCTGACGCC 240
’l'CCGCGTCGCCCCTGCCGCGCCAIQGCGGAGACCMTCATCTACCACATGGACGAGGA 300
GGAGACGCCGTACCTGGTCAAGC! TCCCGAGCGCGTCACGC! CTT 360
CAAGAACGTGCTCAGCAACCGGCCGGTGCACGCCTACAARTTCTTCTTCAAGTCCATGGA 420
CCAGGACTTCGGgtaggtgaggtgacategggecttigtt..5.5kb Intron...... 460
ag TTCGATGACAATCCAAGTTGCCCTGCTTCAATGGCCGGG 520
TGGTTTCCTAGgLgagtctatggtggecccagecagaatg. ... ... L 147bp Intren. . 550
agCTGGTCCTGGC 'GCTCACTCGGATGCA \GGGCACTGACAGCCACA 619
CGGACCTGCCCCCA T AGGCGGCA TCCA TCCT 679
TCCAgLaagggecttgegggggeagagetctge. ... .. .. 224bp Intron...... 712
aqaTCCAA TGGCAG CGGAATGGACAA AGGCA! TCTATG 772
GTCAGTCACCGGCGGGAGCGAGCCCGACGTCGACACCGCGATGAGGgactatggetgty 832
tctecccagatctggaac ... 241 bp Intron . .2gCTGCCCGGAC 862
CAATGGGCACCC 'GGC GGGACCTGGGACTACCTCCAGACAGTGCATC 922
TACTGTACTGAGCAGTGAGC TTGAATCTAGCAGCTTTATTGACTCAGATGAGGAGGACAA 982
TACGAGCCGgtgggtgacgtgtgcacatgtc. .. ... .......... 97bp Intron 1013
49GCTGAGCAGCTCCACAGAGCAGAGCAACTCCTCTCGGCTAGT TCGGARGCACARATGT 1073
CGTCG GCAGCGCT AGACAGACCGGELaggcagcaggrgggrgsy. 1130
....... 71 bp Intron..... ggGCATCCTCCTTCRGCAGCATCACAGAC 1169
TCCACCATGTCCCTGAACATCATCACCGTCACTCTCAACATGGQLgAaggcct tgtggact 1219
ctoL 85bp Intron ..... agAGAGGCACCACTTCCTGGGCATCAGC 1249
ATCGTGGGCCAGAGCAACGA TCTACATTGGATCCATCATGAAG 1309
GGCGGGGCCGTGGE CGCATTGA i TGCTGCAGgLggga 1369
geccatg ... 78 bp Intron..... AQGTGAACGATGTCAACTTTGA 1397
GAACATGAGCAATGACGACGCTGTAC TT TCG \GACAGGgLg 1457
aggytgggagecaagtg. ... ... ... 91 bp Intron ........... 4gGCCCATCA 1483
GTCTCACAGTGGCCAAGTGCTGGGACCCAACCCCTCGGAGCTACTTCACCATCCCAAGGS 1543
grgagttacccatggaaaggt. . ... .. ... 126bp Intron  ............ aqa 1566
CTGACCCAGTGCGACCCATCGACCCGGCTGCCTGGCTGTCCCACACAGCAGCACTGACGG 1626
GTGCCCTGCCCCGCTATGGTACGAGTCCCTGCTCCAGCGCCATCACACGCACCAGCTCTT 1686
CCTCACTAACCAGCTCRGTGCCTGGCGCCCCACgLaagtggeagrtcacaggaccoecee 1746
tee L.l 514 bp Intron ............. 2gAGCTTGAGGAGGCGCCG 1768
cTGACTGTGAAGAGTGACATGAGTGCCATTGTccGCGTcATGCAGTTGGcAGACTCAGGA 1828
GGGACCGC; TTAAGATCACCATTGCCAATGCTGTCATTGALgag 1888
tcccotggotgt L. L. L. 99 bp Intron .......... A4gGGGC 1305
GGATGTGGTGGACTGTCTGAACACACACGTGGAGGGC TTCAAGGAGCGAAGGGAGGCAAG 1965
ARAG CAGC. TGAAGCA T GGCACACCGTGAACAAGATCAC 2025
cTTTrCTGAGCAGTGCTACTATGTCTTTGGCGACCTGTGCAGTAg_qag aggggraggt 2085
.................... 85 bp Intron 2087
ﬂlc CTCGCATCCCTGAACCTCAACAGTGGCTCCAGTGGAGCCTCAGATCAGGACACACT 2147
GGCCCCACTGCCCCACCCATCAGTACCCTGGCCCTTGGGTCAAGGCTACCCCTACCAGTA 2207
CCCAGGACCCCCGCCCTGCTTCCCACCTGCTTACCAGGACCCTGGCTTCAGCTGCGGCAG 2267
CGGCAGTGCTGGGAGCCAGCAGAGTGAAGOLGaqaggtgtggcaacccctccLcccacte 2327
ccteeccacteccacgge ... 1182 bp Intron .. .. QAGGAGCAA 2354
GAGC. CACGGAGCAGCC. CCCCAGGCC GCCGGGCAAC 2414
TGGAGCTGGGGGTAGTGGCAGTGAATCAGACCACACAGTACCAAGTGGGTCTGGTAGCAC 2474
CGGCT GGCCTGT! AGCTTA 'GGCAGTAGCCCTCGAAGTCAGGC 2534
TTCAGCTGTTGCCCCAGGGCTCCCCCCACTGCACCCCCTTACAAAGGCCTATGCAGTAGT 2594
CA CACCTGT TGGCTGC TGTCCCTCCAGAACTTAC 2654
AGGTAGCCGCCAGTCCTTCCAAAAGGCCATGGGAAACCCCTGTGAGTTCTTTGTGGACAT 2714
CATGTGATGATCAACCAATGTCTTCAGCGCTGCCTGTGGC TGAGTCTGAGCTCCTGCTGT 2774
GCCAGGAGCTCTGCGCTGGCC! CAGCCAGGATAGATCAGCT CT 2834
GGGCCAGGGCAGAGGGAGCAGGCTCCAGAGGAGGGGCAGAGGGCAGCCATACCACCAGGA 2894
TATTGGCTTGACATTTTGTCTGCTCTTGGGGCTGCTGATGGTGGTACAGCTCAAGTATCT 2954
ATAGAGTCTTGTAAGGAGACATCTCTGACTTTAAGTCCTCAGCACAAGTCTCAGGGACCA 3014
CCTCCTGGTTCCCTTCTTTGGAAGTGACCTCCATT ACAAGAAA( TCTCTTGGGC 3074
TCTTGGTACCCCTTGCCCCAAAGCCTCACAGAACTGTGCACAGGGACACAGGCTGACTGT 3134
CGCTAAGTTCATGGGCCTCA GGCCA TTT CAGAA 3194
CCTTCAAACCTCTCTGGC TAACTTATTTATTTATTGCTAGCCTGC 3254
CTGCTCTAAGGGTGGCAGCTGGTTACCCARAGGGGCAGTTTGCATGCCCCTTTCCCCACC 3314
TGCTACTTGGCACATGACAACACAGTTTGTACTGAAGGTATGTGAAGGGTAGCTAGTAGG 3374
AGAGACAGGAGAGAGACCTGGCACCTAGCCACTGTCTCAGTCTCAGTGGTGGGTGACAGT 3434
GAACACAAGAGCTGC. CC TCTGTTTCTGTTC TGCCCATCA 3494
TCACGTGCCACTGCCATCCcGGCACAGCGGCCCCACACATCTACACTAGACACTGTGTCA 3554
AAGTC AATGCTGCTTCTGTGT 3614
AAATGCTATTTTAAACACTAAAAAAGCGTTTAATTTTATGGGAAAAAA ............ 3662

Figure 2 The nucleotide sequence of the mouse
DvlI-1 gene, displaying 262 bp of the 5’-untranslated
region. Exon sequences are shown as boldface up-
percase letters. The intron GT and AG dinucleotides
are underlined. Intron sequences are displayed in
lowercase letters. The start methionine (ATG) at po-
sition 263 and stop codon (TGA) at position 2720
are underlined. The entire sequence is present in
GenBank under accession no. U28138.

exons within 12 kb of genomic sequence. The
coding region begins in exon 1, 287 bp down-
stream of the 3’-most transcription initiation site.
The rest of the coding region lies on exons 2
through the first 374 bp of exon 15. The remain-
ing 941 bp of exon 15 encompasses the 3’-
untranslated region.

Using primer extension we have mapped
multiple transcription start sites upstream of the
5" end of the DvI-1 MBGS cDNA. The locations of
the major start sites were confirmed using a func-
tional reporter assay in cultured cells. These data
indicate that transcription of RNA initiates at

Dvi-1 GENE ORGANIZATION AND PROMOTER ANALYSIS

four major sites at positions -25, -83, 112, and
-156 (Fig. 3) with respect to the 5" end of MBGS
cDNA; however, we cannot rule out the possibil-
ity that some minor transcription sites do exist
downstream of the BssHII site (Figs. 3 and 4). The
—83 initiation site was the only major primer ex-
tension product not detected in C57MG cells
transfected with a reporter gene construct. It is
possible that this is a consequence of having the
promoter in multiple copies out of its usual chro-
mosomal context or a true transcriptional differ-
ence because of the cell lines origin or mainte-
nence in culture.

The minimal promoter sequence identified
encompasses the sequences of the predicted ma-
jor initiation sites, in that deleting the sequences
in that region abolished promoter activity. In ad-
dition, this region encompasses the CREB con-
sensus binding site, with CREB being most abun-
dant in brain and binding to the cAMP response
element (Faisst and Meyer 1992), and five of the
CCGCCC repeats. We observed that constructs
containing more extensive 5’-flanking DNA dis-
played lower promoter activity. This result sug-
gests the presence of negative regulatory ele-
ments in the 1.4-kb sequence upstream of the
construct p0.6Dvl-1-Luc.

Analysis of the 5’-flanking region of the Dvi-1
gene shows that a 6-bp sequence, the GC box
CCGCCC, is repeated six times in the promoter
region at positions 90, 95, 130, 153, 178, and 484
bp upstream of the 5’ end of the MBGS ¢DNA.
Two GC box sequences, at positions -90 and -95,
are found in an overlapping fashion (Fig. 3). This
6-bp GC box sequence is repeated six times
within SV40 early promoter, located ~80 bp up-
stream from the RNA start site, and is essential for
transcription (Benoist and Chambon 1981; Tijian
1981).

The features of the Dvi-1 gene promoter re-
gion are very similar to those of a variety of
proto-oncogene promoters, such as the human
epidermal growth factor (EGF) receptor, the hu-
man Harvey ras (Ishii et al. 1985; Lu et al. 1994),
and the human c-src promoters (Bonham and Fu-
jita 1993), which contain repeats of the GC
boxes with multiple transcription initiation sites,
presumably because of lack of both TATA and
CAAT box elements. Other genes with the same
features have also been reported. It is interesting
to note that all of these genes are involved in
cellular growth control (Ishii et al. 1985). It is
possible that the GC boxes in all these genes
serve as attachment sites for DNA-binding pro-
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Sacl
GAGCTCAGGATTAGCATGGGGGCACAGTGAGGCTC TCGCTGTTTGGGC TAGGCATAGGTATCTTCAGATTCTTATAGGGC -457

-484
GCCTGAAGCCGCCCGAGCGGACAGTGTCTCCACATTCTGAGCACCTAGAAGGAGAATCAGGACCGTCCTAACCTAAGGAC ~377

ACTCCTCTGCTCCCTGGCAGACCTTATTGGCTCAAGGGGAGCGATCTTTCCAGGGTTTCTCTGTCTTTCTGGGGTCCA -299
LBP-1

GCGTGCCCACCTGCCCACAAACCTCAGACCCAAACGCCTCAAGGATCGCAGCCTGTTGGGAATCTGGGC TCCACCCGAA 220
LBP-1
Ecod7III -178 *  -153
GACAGCGCTCGGAGAGACCCGACCGGCCAGGCCTTCTGAGCCCGCCCAGTCCCACCCCGGTTGCCCCCGCCCGAGCGCAA -140

-130 * -95 -90 * Spel
GCCGTAGCCCCGCCCCGCCGGACCCGC TCTGCGCGTGCGCAGTCCCGCCCCGCCCGCGCTGCGGGCGACTAGTGACGTC -61
~1 +1 CREB
BssHII * .

ACCGGCCCCGAAGCGCCCTCCGGCGGCGGCGCGCTCCACCCCAGCAGGCGGTTCGTGAACAGCCCGAGGGGCGGCGGGLT

NotI
GCGGGAGCCCTCAGAGCCGCTTTCCCTGGCGCCCGCTCCGGGGCCGCGGCGGATGGGCGGCCGCGEGCCGCGGGGCGACA

«wwx««« NL-48 primer «««« NotI Nael
GGCGGGGAACGGGTGCGAGCCGEGACCGGGAGGGGCGGCCGCGCCARGGGGCCGCGGGGCGGCCGGGCGGGGCGCGGGCCGGL

Figure 3 Sequence of Dvl-7 5’-flanking region. The sequence is num-
bered relative to the start of the MBG5 cDNA, which is marked as +1,
and residues preceding it are represented by negative numbers. The
major transcriptional initiation sites determined by primer extension
and RNase protection are indicated by asterisks. The 26-mer oligonu-
cleotide used as a primer for primer extension is underlined. Consensus
sequences for factor-binding sites, identified using Quest software (In-
telligenetics, Inc.), are indicated in boldface type. The repeated

zation of the DvI-1 gene is an impor-
tant step in performing detailed in-
vestigation of its regulation and for
the elucidation of the role of Dvi-1
in mammalian development.

METHODS

Mapping, Subcloning, and
Sequencing of the Genomic Clone

Isolation of the mouse DvI-1 genomic
clone is reported in Sussman et al. (1994).
The genomic organization of Dvi-1 was de-
termined by restriction mapping, subclon-
ing, and sequencing of the 21-kb genomic
clone Ax,. This clone was mapped by par-
tial and complete restriction digests using
[v-32P]ATP end-labeled T3 and T7 oligonu-
cleotides as probes for Southern analysis
(Tartof and Hobbs 1988). The clone was
mapped further using probes from the 5’
and 3’ ends of the Dvi-1 cDNA clone MBGS
(Sussman et al. 1994; GenBank accession

CCGCCC sequences are underlined.

teins. This has been shown in the human Harvey
ras promoter in which Sp-1 acts as a start site
selector (Lu et al. 1994). Gidoni et al. (1984) have
also shown that the Sp-1 transcription factor, pu-
rified from HeLa cells, binds to the GC boxes of
the SV40 promoter. Therefore, Sp1 or related fac-
tors may bind to Dvi-1 promoter and play a role
in its regulation.

Other potential transcription factor-binding
sites in the 5’-flanking region of the Dvi-1 gene
include CREB and LBP-1, which is reported to
recognize both consensus sequences 5-TCTGG-
3’ and 5’-CCAGA-3’, and TGGCA protein. LBP-1
has the interesting property of activating basal
HIV-1 transcription from a downstream binding
site (Jones et al. 1988). TGGCA protein is known
to substitute for NF-I and acts as a transcription
factor on viral and cellular enhancer/promoter
elements (Ralph et al. 1987). The TGGCA-
binding protein is also reported as a multifuc-
tional DNA-binding protein, capable of serving a
transcriptional role in the case of mouse mam-
mary tumor virus, in addition to its known in-
volvement in the replication of adenovirus (Mik-
sick et al. 1987). It is possible that these se-
quences are needed for the regulation of Dvi-1
transcription.

Determining the sequence and gene organi-

120 @ GENOME RESEARCH

no. U10115). Based on the restriction map,
genomic fragments were subcloned into
the pBluescript KS vector (Stratagene) us-
ing established protocols (Maniatis et al.
1989). Templates for sequencing were gen-
erated by nested deletions using exonu-
clease Il (Promega Erase-a-base Kkit). Subclones were se-
quenced by cycle sequencing with Tag polymerase using
an Applied Biosystems 370A DNA sequencer. Ambiguous
sequences were resolved by manual methods (U.S. Bio-
chemical Sequenase v. 2, Cleveland, OH). Oligonucle-
otides were synthesized using a 391/392 DNA synthesizer
(Applied Biosystems, Foster City, CA). Genomic sequences
were compared to the Dvi-1 cDNA sequence to determine
intronfexon structure. Transcription factor-binding and
promoter consensus elements were identified using the In-
telligenetics Quest Software (Mountain View, CA).

Primer Extension Analysis

Primer extension analysis was done using the protocol of
Ausubel et al. (1987). Antisense synthetic oligonucleotide
26 mers complementary to position 106-132 of the Dvi-1
cDNA (Sussman et al. 1994; GenBank accession no.
U10115) were end-labeled with [y-*?P]ATP using T4 poly-
nucleotide kinase (Promega). Total RNA (20 pg) from in-
dicated tissues (mouse brain and testis) and cell lines was
mixed with 3x10° cpm of primer in a volume of 20 pl. The
mixture was denatured at 75°C for 5 min, then 20 pl of 2x
hybridization buffer ( 0.6 M KCl, 20 mM Tris-HCl at pH 7.6,
1 mmM EDTA) and 0.5 pl of RNase inhibitor (Ambion) were
added. The reaction mixture was overlaid with 100 pl of
mineral oil and hybridized at 37°C overnight. After an-
nealing, the mixture was extended with avian myeloblas-
tosis virus (AMV) reverse transcriptase (Promega) for 40
min at 46°C. The extended products were phenol ex-
tracted, ethanol precipitated, heated at 65°C for 5 min,
and analyzed by 8% denaturing polyacrylamide gel elec-
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Figure 4 Dvl-1 transcription start site mapping by primer extension and RNase
protection analysis. An end-labeled oligonucleotide, complementary to position
106-132 of the DvI-1 cDNA, was used to prime reverse transcription of 20 pg of
total RNA from brain (A, lane 1), testis (4, lane 2), tRNA (4, lane 3; B, lane 2), or
reporter plasmid (p0.7Dvl-1-Luc)-transfected C57MG cells (B, lane 7). Nucle-
otide sizes are indicated to the right of the M13mp18 sequencing ladder, which
serves as a size marker. Arrows correspond to the major transcription initiation
sites that match between the different RNA samples. The product marked by an
asterisk (215 bp) is not detected in the transfected C57MG cell line. The auto-
radiograph was exposed for 24 hr. (C) Ribonuclease protection analysis (RPA)
using a 415-nucleotide riboprobe generated from a genomic clone that spans
the promoter and beginning of exon 1. Twenty micrograms of total RNA from
brain (lane 1), testes (lane 2), and 10 g of tRNA (lane 3) was hybridized to the
probe and processed as described in Methods. Protected products marked by
arrowheads correspond in size to the transcription initiation sites that matched
between primer extension analysis of tissues and transfected C57MG cells (288,
244, and 157 bp, respectively). The product marked by the asterisk corresponds
to the initiation site only observed in primer extenstion of brain and testes RNA
(215 bp). The tRNA serves as a negative control.

trophoresis followed by auto-
radiography. An M13mp18 se-
quencing reaction was used as a
size marker.

Ribonuclease Protection
Analysis

A plasmid containing a 620-bp
Sacl-Notl genomic fragment of
Dvi-1, encompassing the 5’-
untranslated region of exon 1
and upstream flanking region,
was linearized using Eco471II,
treated with 0.25 mg/ml of
proteinase K, extracted using
jthe Magic DNA clean up kit
(Promega), and eluted in water.
Antisense [o->>P]UTP-labeled ri-
boprobe (415 nucleotides in
length) was generated using T3
RNA polymerase (MAXIscript in
vitro transcription Kkit, Ambion
Inc.).

Total cellular RNA was ex-
tracted from mouse brain and
testes using the guanidinium
isothiocyanate method (Chom-
czynski and Sacchi 1987). RNase
protection analysis was per-
formed as described by Melton
et al. (1984). Total RNA (20 nug)
was hybridized overnight at
50°C to 5x10° cpm of riboprobe
in a total volume of 40 pl of
buffer containing 50% forma-
mide in PIPES buffer. Following
hybridization, samples were di-
gested for 30 min at room tem-
perature in RNase digestion
buffer (10 mum Tris-HCI at pH

Sm BamHl Szl EB Nt H
LUC p4.8Dvi-/-Luc
B?mHI Sacl % IB Nlt T
Luc p2.0Dv[-1-Luc
Sacl EB N Y
C| t
p0.7DvI-1-Luc
Sm -Smal
N -Nael Sacl EB NtH
Nt -Notl LUC l p0.62Dvi-1-Luc
B -BssHII
E -ECo47Ill Sacl EB
H  -Hindll I—L‘E p0.5Dvi-1-Luc
Sacl E

p0.32Dvi-1-Luc

Figure 5 Dv/-7-Luc constructs. The names of each construct are shown at
right, with the numbers preceding Luc referring to the size in kb of the
5’-flanking sequence. Restriction sites used in making the constructs are
indicated. The DvI-1 regions are designated by bold lines.

7.5, 1 muM EDTA, 0.3 M NaCl, 40 pg/ml
of RNase A and 100 U/ml of RNase T1).
Digestion was terminated by the addi-
tion of 20 ul of 10% SDS and 50 ug of
proteinase K, followed by incubation
for 15 min at 37°C. The samples were
extracted with phenol/chloroform/
isoamyl alcohol and precipitated with
ethanol in the presence of 20 pg of
tRNA. Samples were resuspended in
gel-loading buffer, heated at 95°C for
5 min, and resolved on a 6% poly-
acrylamide/8 M urea sequencing gel.
A DNA sequencing reaction using
M13mp18 template primed with —-40
primer was used as a size standard.

Construction of luciferase Dvi-/
plasmids

The Pxpl luciferase vector (Nordeen
1988) was used to make the plasmid
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bases of the untranslated region
of the cDNA up to the Nael site.

The two smaller plasmids
p0.5DvI-1-Luc and p0.32Dvl-1-
Luc were constructed by deleting
part of the sequence of p0.6DVI-
1-Luc construct, respectively,
with BssHII-HindlIl and
Eco47111-HindlIll, followed by
Klenow treatment and self-
ligation (Fig. 5).

Sense Dvi-1
Vector Alone

Transient Transfections of
C57MG and CI7-2
Cell Lines

The mouse C57MG mammary
epithelial cell line (a gift from R.
Nusse, Stanford University, CA)

0.6kbLuc  0.5kbLuc  0.32kbLuc

and the rat C17-2 neonatal cere-
bellum cell line (a gift from E.
Snyder, Harvard University,
Cambridge, MA), were grown at
37°C, 5% CO,, in Dulbecco’s
modified Eagle medium (DMEM,
GIBCO, Grand Island, NY) con-
taining 10% fetal bovine serum
(plus 5% horse serum for C17-2
cell lines), 2 mM glutamine, and
antibiotics. Cells were seeded at
1 x 10°/35-mm dish and grown
to 70% confluency. The Dvi-1

"' Sense Dvi-1
] Vector Alone
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Figure 6 Promoter activity from transient transfection of 5 Dvi-1-Luc con-
structs. (A,B) Results from a mammary epithelial cell line (C57MG); (C,D) a neu-
ronal cell line (C17-2). For each construct 35-mm dishes were transfected in

promoter-luciferase constructs
were cotransfected with an alka-
line phosphatase reporter con-
struct (pCMVSEAP) using lipo-
fectamine (GIBCO BRL). For
each transfection, 1 ug of Dvl-1-

-1 T

triplicate in the presence of pPCMVSEAP, to normalize the transfection efficiency. [uC with 0.2 ug of pCMVSEAP
SEAP and luciferase activities were assayed 48 hr after transfection. Promoter and 8 ul of lipofectamine reagent
activity is expressed as a ratio of RLU per alkaline phosphatase activity (LUC/  were diluted separately in 100 ul

SEAP). Results are representative of three independent experiments.

p4.8DVI-1-Luc: A 5.6-kb Xbal fragment from the Dvi-1 x,
genomic clone, a region encompassing exon 1 and 4.8 kb
of upstream sequence, was subcloned in the Xbal site of
PKS (pKS-XbaS5.6). pKS—-Xba5.6 was digested with Notl, the
4.8-kb fragment was isolated and made blunt using Kle-
now polymerase, and subcloned in the pKS Smal site (pKS-
Sma4.8). The plasmid pKS-Sma4.8 was digested first with
Xbal, the ends were blunted with Klenow, digested with
HindIII (a site in the polylinker of pKS vector), and sub-
cloned in the Smal-HindIII site of the PXP1 luciferase vec-
tor (p4.8DVI-1-Luc).

A second plasmid, p2.0DVI-1-Luc, was constructed by
cutting p4.8DVI-1-Luc with Xhol-BamHI, to remove the
5’-most 2.8 kb of the DvI-1 promoter. The ends were filled
in using Klenow, and self-ligated. Similarly, the third plas-
mid, p0.6DVI-1-Luc, which includes the first 109 untrans-
lated nucleotides of the cDNA, was constructed by deleting
part of the sequence of p4.8DVI-1-Luc construct with Sacl
followed by self-ligation. The plasmid p0.7Dvl-1-Luc en-
compasses the sequence of p0.6DVI-1 and an additional 96
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of serum-free medium. The two
solutions were combined and
the mixture was incubated for 45
min at room temperature to allow DNA-liposome com-
plexes to form. For each transfection, 0.8 ml of serum-free
medium was added to the tube containing the complexes
and overlaid on to the PBS-rinsed cells. At 9-10 hr post-
transfection 1 ml of DMEM-20 [20% fetal bovine serum
(FBS)] was added to each plate. After 24 hr the transfection
reagent was removed, cells were fed with DMEM-10 (10%
FBS), and incubated for another 24 hr before collecting
conditioned medium and cell extracts. Transfections were
performed in triplicate. The alkaline phosphatase activity
resulting from the pCMVSEAP plasmid was used to nor-
malize transfection efficiency. pCMVPXP1, a cytomegalo-
virus promoter-enhancer-driven luciferase plasmid, and
PXP1 vector alone (Nordeen 1988) were used as positive
and negative controls.

Reporter Assay for Secreted Alkaline Phosphatase

Chemiluminescent detection of secreted placental alkaline
phosphatase (SEAP) was performed using the chemilumi-
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nescent reporter assay kit Phosphalight (Tropix, Bedford,
MA). Fifty microliters of 1x dilution buffer was mixed with
15 ul of conditioned media collected from 35-mm plates
and incubated at 65°C for 30 min, to inactivate the endog-
enous phosphatase activity. Following a brief chill on ice,
duplicate 25-ul aliquots were added to 25-pl aliquots of
assay buffer in wells of a microtiter plate and incubated at
room temperature for 5 min. Reaction buffer (25 ul) was
then added to wells in 5-sec intervals. After a 20-min in-
cubation at room temperature, plates were read using a
monolight-1000 luminometer (ML1000 Dynatech, Chan-
tilly, VA) with settings of 1 sec delay, 5 sec integrals. The
activity per transfection is expressed as relative light units
(RLU) for the average of duplicate readings (signal values
were subtracted from the background values).

Reporter Assay for Luciferase

For luciferase assays, the cell extracts were prepared by
Triton X-100 lysis (Ausubel et al. 1987). Cells were washed
twice with ice-cold PBS and extracted in 100 pl of lu-
ciferase extraction buffer (1% Triton, 25 mu glycylglycine
at pH 7.8, 15 mMm EGTA, 1 mm DTT). Samples were spun at
12,000g for 5 min, and 45 pl of supernatant was added in
duplicate to microtiter wells containing 165 ul of luciferase
assay buffer (25 mu glycylglycine, 15 mm potassium phos-
phate at pH 7.8, 15 mm MgSO,, 4 mM EGTA, 2 mm ATP, 1
mM DTT). Luciferase activity was measured as relative light
units following injection of 90 ul of the substrate (lu-
ciferin) into a Dynatech monolight-1000 luminometer at
1 sec delay and 20 sec integrals. The activity per transfec-
tion is expressed as RLU for the average of duplicate read-
ings (signal) with background values subtracted. Luciferase
activity for each transfection was normalized by dividing
Luc activity (RLU) by SEAP activity and reporting the mean
and standard deviation for a set of triplicate transfection
experiments.
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