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RESEARCH 

Organization and Promoter Analysis of the 
Mouse Dishevelled-1 Gene 
Nardos Lijam and Daniel J. Sussman 1 

University of Maryland School of Medicine, Department of Obstetrics and Gynecology, Division of 
Human Genetics, Baltimore, Maryland 21 201 

We have characterized the genomic organization of a mouse homolog (Dvl-1) 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-I (leader-binding protein I), 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; Perr imon 
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 mutan t  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-l,  is involved in central ner- 
vous system (CNS) development (McMahon and 

1Corresponding author. 
E-MAIL DANIEL@GENETICS.AB.UMD.EDU; FAX (410) 706-6105. 

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 
cDNA sequence of mouse Dvl-1, characterized its 
expression pat tern 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-I and 
En genes are expressed. In adult mice, expression 
of the Dvl-1 gene was found to be widespread, 
with brain and testis showing the highest levels. 
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In the adult cerebellum, Dvl-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 Dvl-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 

lntron / Exon Organization 

The Dvl-1 genomic sequence was compared to 
the cDNA sequence (Sussman et al. 1994) to de- 
termine intron/exon structure. The Dvl-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 Dvl-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 Dvl-1 gene re- 

1 kb 

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 Dvl-1 5'-flanking region is characteristic of 
GC-rich promoters. 

Determination of Transcription Initiation Sites 

The transcription initiation sites of the Dvl-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 MBG5 Dvl-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 C57MG cells transiently trans- 
fected with a Dvl-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 Dvl-1 gene transcription is heterogeneous, oc- 
curring 25, 83, 112, and 156 bp upstream from 
the start of the MBG5 cDNA. This result was sup- 
ported independently by RNase protection assay 

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

.•2/•N XX XS X B SB X S 

Figure 1 Physical map of the Dvl-1 gene. The map was determined by 
restriction digests and sequencing of the Xx6 clone. Exons are shown as 
open boxes. The restriction map of the region is presented for the fol- 
lowing enzymes: Bgll (B); Notl (N); Sacl (S); Xbal (X); (scale in kb is 
indicated to the left). 

The 5'-flanking Region of the Dvi-1 
Gene Contains a Functional 
Promoter 

TO d e m o n s t r a t e  t h a t  the  5'- 
fanking region of the Dvl-1 gene 
contains a functional promoter, a 
series of chimeric Dvl-1 promoter- 
luciferase gene constructs were pre- 
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Table 1. Exon and intron junctions of the mouse Dvl-1 gene 

Exon Sequence at exon/intron junction 

nucleotide intron size 3' splice 
no. size(bp) position in cDNA 5' splice donor (bp) acceptor 

1 457 1-432 CTTCGGgtcagt 5 5 4 5  ccacagGGTGGT 
2 70 433-502 TCCTGGgtgagt 149 ttacagCTGGTC 
3 122 503-624 CTI-CAAgtaagg 224 atgcagACCAAA 
4 104 625-728 ATGAGGgtacta 242 ccacagCTGCCC 
5 1 39 729-867  CAGCCGgtgggt 97 cctcagGCTGAG 
6 94 868-961 GACCGGgtaggc 71 ccgcagGCATCC 
7 70 9 6 2 - 1 0 3 1  ACATGGgtgagg 85 ctgcagAGAGGC 
8 140 1 0 3 2 - 1 1 7 1  CTGCAGgtggga 78 ccgtagGTGAAC 
9 77 1 1 7 2 - 1 2 4 8  GACAGGgtgagg 91 ctgtagGCCCAT 

10 68 1 2 4 9 - 1 3 1 6  CAAGGGgtgagt 126 atgcagCTGACC 
11 153 1 3 1 7 - 1 4 6 9  CCCCACgtaagt 510 ctgcagAGC1-FG 
12 132 1 4 7 0 - 1 6 0 1  TCAl-I-Ggtgagt 98 gcccagGGGCGG 
13 168 1 6 0 2 - 1 7 6 9  GCAGTAgtgagt 85 tgccagACCTCG 
14 207 1 7 7 0 - 1 9 7 6  GTGAAGgtgaga 1 1 8 2  ccctagGGAGCA 
15 1 3 1 5  1977-3292 

To  e n -  
sure that  we 
did not  omit 
p o s s i b l e  
d o w n s t r e a m  
transcript ion 
i n i t i a t i o n  
sites, we con- 
structed and 
assayed plas- 
mid pO.7Dvl- 
1-LUC. The 
a c t i v i t y  of  
the  p l a smid  
p O . 7 D v l - 1 -  
Luc, w h i c h  
encompasses  
the sequence 
of p0.6Dvl-1 
and an addi- 
t i o n a l  9 6  

pared (Fig. 5). The largest of these constructs, 
p4.8 Dvl-I-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 Dvl-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 (pO.6DvI-1-LUC) mapped to the SacI site 
located at position -536 relative to the 5' end of 
the MBG5 cDNA (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 p4.8Dvl-1- 
LUC and p2.0DvI-1-LUC displayed relatively 
lower promoter activity, suggesting the possibil- 
ity of ups t ream 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 Dvl-I-LUC abolished pro- 
moter activity completely (Fig. 6A, C). 

bases of the  
un t r ans l a t ed  
region of the 

cDNA up to the NaeI site, did not show a signif- 
icant difference from the maximal promoter ac- 
tivity displayed by pO.6DvI-1-LUC in the C17-2 
cell line (Fig. 6D). Activity of pO. 7DvI.1-LUC was 
s l ight ly  lower t h a n  pO.6DvI-1-LUC in the  
C57MG cell line (Fig. 6B). Thus, all major start 
sites appear to be upstream of the 5' NotI 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 NotI 
site to the BssHII site (pO.5Dvl-l-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 NotI 
site to the Eco47III site (pO.32Dvl-1-Luc) resulted 
in the abolition of promoter activity. Therefore, 
sequences between BssHII and Eco47III 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 MBG5 
cDNA. 

DISCUSSION 

In this paper we report the exon/intron mapping, 
sequencing, and promoter  localization of the 
mouse Dvl-1 gene. The Dvl-1 gene contains 15 
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AGCCCGAGGGGCGGCGGGCCGCGGGAGCCCTCAGAGCCGCTTTCCCTGGCGCCCGCTCCG 60  

GGGCCGCGC-CGGATGGGCGGGCGCGGGCCGCGGGGCGACAGGCGGGGAACGGGTGCGAGC 120 
CGGGACCGGGAGGGGCGGCCGCGCCAAGGGGCCGCGGGGCGGCCGGGCGGGC-CGCGGGCC 180 
GGCGGTTTGGGAGGGCGCCCCGCGTCCGAGAGGCGAGCCGGGCCCTGACGCCGCGCGGGT 240 
TCCGCGTCGCCCCTGCCGCGCCATGGCGGAGACCAAAATCATCTACCACATGGACGAGGA 300 

GGAGACGCCGTACCTGGTCAAGCTGCCCGTAGCTCCCGAC, CGCGTCACGCTGGCCGACTT 360 
CAAGAACGTGCTCAGCAACCGGCCGGTGCACGCCTACAAATTCTTCTTCAAGTCCATGGA 420 
CCAGGACTTCGGataggtgaggtgacatcgggcctttgtt..5,Skb Intron . . . . . .  460 
~__qGGTGGTGAAGGAGGAGATCTTCGATGACAATCCAAGTTGCCCTGCTTCAATGGCCGGG 520 

TGGTTTCCTGGgligagtctatggtggccccagcagaatg . . . . . . .  147bp Intron.. 550 
a~_qCTGGTCCTGGCTGAGGGCGCTCACTCGGATGCAGGGTCCCAGGGCACTGACAGCCACA 619 
CGGACCTGCCCCCACCCCTTGAGAGGACAGGCGGCATTGGGGACTCCAGGCCCCCCTCCT 679 
TCCA~taagggccttgcgggggcagagctctgc . . . . . . . . .  224bp Intron . . . . . .  712 
~I_qTCCAAATGTTGGCAGTAGCCGGGACGGAATGGACAATGAGACAGGCACAGAGTCTATG 772 
GTCAGTCACCGGCGGGAGCGAGCCCGACGTCGACACCGCGATGAGGg.lactatggctgtg 832 

tctccccagatctggaac . . . . .  241 b p  Intron . . . . .  aaCTGCCCGGAC 862 
CAATGGGCACCCGAGAGGGGATCGGCGGCGGGACCTGGGACTACCTCCAGACAGTGCATC 922 
TACTGTACTGAGCAGTGAGCTTGAATCTAGCAGCTTTATTGACTCAGATGAGGAGGACAA 982 
TACGAGCCGgJigggtgacg~gtgcacatgtc . . . . . . . . . . . . . . . .  97bp intron 1013 
a~_qGCTGAGCAGCTCCACAGAGCAGAGCAACTCCTCTCGGCTAGTTCGGAAGCACAAATGT 1073 
CGTCGTCGGGAAGCAGCGCTTGAGGCAGACAGACCGG~!_aggcagcaggtgggtggg 1130 

....... 71 bp Intron ..... aaGCATCCTCCTTCAGCAGCATCACAGAC 1169 
TCCACCATGTCCCTGAACATCATCACCGTCACTCTCAACATGGatgaggccttgLgggct 1219 

Ct ......... 85bp Intron ..... aqAGAGGCACCACTTCCTGGGCATCAGC 1249 
ATCGTGGGCCAGAGCAACGACCGGGGTGATGGCGGCATCTACATTGGATCCATCATGAAG 1509 
GGCGGGGCCGTGGCTGCTGATGGCCGCATTGAGCCGGGCGACATGTTGCTGCAG~ggga 1369 

qccatg . . . . . .  78 bp Intron . . . . .  aQGTGAACGATGTCAACTTTGA 1397 
GAACATGAGCAATGACGACGCTGTACGGGTGCTTCGGGAGATCGTGTCCCAGACAGGqtg 1457 

aggtgggagccaagtg .......... 91 bp Intron ........... ~_qGCCCATCA 1483 
GTCTCACAGTGGCCAAGTGCTGGGACCCAACCCCTCGGAGCTACTTCACCATCCCAAGGG 1543 
~uLgagt~acccatggaaagg~ .......... 126bp In~ron ............ ~_q 1566 
CTGACCCAGTGCGACCCATCGACCCGGCTGCCTGGCTGTCCCACACAGCAGCACTGACGG 1626 
GTGCCCTGCCCCGCTATGGTACGAGTCCCTGCTCCAGCGCCATCACACGCACCAGCTCTT 1686 
CCTCACTAACCAGCTCAGTGCCTGGCGCCCCACataagtggcag~tcacaggaccccccc 1746 

tcc . . . . . . .  514 bp Intron . . . . . . . . . . . . .  aqAGCTTGAGGAGGCGCCG 1768 
CTGACTGTGAAGAGTGACATGAGTGCCATTGTCCGCGTCATGCAGTTGGCAGACTCAGGA 1828 
CTGGAGATCCGGGACCGCATGTGGCTTAAGATCACCATTGCCAATGCTGTCATTGatgag 1888 

tccctggctgt .......... 99 bp Intron .......... ~GGGC 1905 
GGATGTGGTGGACTGTCTGAACACACACGTGGAGGGCTTCAAGGAGCGAAGGGAGGCAAG 1965 
AAAGTATGCCAGCAGTATGCTGAAGCACGGTTTCCTGAGGCACACCGTGAACAAGATCAC 2025 
CTTTTCTGAGCAGTGCTACTATGTCTTTGGCGACCTGTGCAGTAg_%gagtaggggtaggt 2085 

tg . . . . . . . . . . . . . . . . . . . .  85 bp Intron . . . . . . . . . . . . . . . . . . . .  2087 
~_qACCTCGCATCCCTGAACCTCAACAGTGGCTCCAGTGGAGCCTCAGATCAGGACACACT 2147 
GGCCCCACTGCCCCACCCATCAGTACCCTGGCCCTTGGGTCAAGGCTACCCCTACCAGTA 2207 
CCCAGGACCCCCGCCCTGCTTCCCACCTGCTTACCAGGACCCTGGCTTCAGCTGCGC, CAG 2267 
CGGCAGTGCTGGGAGCCAGCAGAGTGAAG~tgagaggtg~ggcaacccctCCtCCCaCtc 2327 
cctcccactcccacggc . . . .  1182 bp Intron . . . .  ~_.qGGAGCAA 2354 
GAGCAGTGGGTCCACACGGAGCAGCCATCGGACCCCAGGCCGAGAGGAGCGCCGGGCAAC 2414 
TGGAGCTGGGGGTAGTGGCAGTGAATCAGACCACACAGTACCAAGTGGGTCTGGTAGCAC 2474 
CGGCTGGTGGGAGCGGCCTGTCAGCCAGCTTAGCCGTGGCAGTAGCCCTCGAAGTCAGGC 2534 
TTCAGCTGTTGCCCCAGGGCTCCCCCCACTGCACCCCCTTACAAAGGCCTATGCAGTAGT 2596 
GGGTGGGCCACCTGGAGGGCCACCTGTCCGGGAGCTGGCTGCTGTCCCTCCAGAACTTAC 2654 
AGGTAGCCGCCAGTCCTTCCAAAAGGCCATGGGAAACCCCTGTGAGTTCTTTGTGGACAT 2714 
CATGTGATGATCAACCAATGTCTTCAGCGCTGCCTGTGGCTGAGTCTGAGCTCCTGCTGT 2774 
GCCAGGAGCTCTGCGCTGGCCGTGGTGGTGGCCAGCCAGGATAGATCAGCTGTGGGGTCT 2834 
GGGCCAGGGCAGAGGGAGCAGGCTCCAGAGGAGGGGCAGAGGGCAGCCATACCACCAGGA 2894 
TATTGGCTTGACATTTTGTCTGCTCTTGGGGCTGCTGATGGTGGTACAGCTCAAGTATCT 2954 
ATAGAGTCTTGTAAGGAGACATCTCTGACTTTAAGTCCTCAGCACAAGTCTCAGGGACCA 3014 
CCTCCTGGTTCCCTTCTTTGGAAGTGACCTCCATTTAGAACAAGAAAGGCTCTCTTGGGC 3074 
TCTTGGTACCCCTTGCCCCAAAGCCTCACAGAACTGTGCACAGGGACACAGGCTGACTGT 3134 
CGCTAAGTTCATGGGCCTCACCTGTCAGGCCAAGGTGGGATTTTTGAGGGTTAGACAGAA 3194 
CCTTCAAACCTCTCTGGCTGCCCAGGTGGGGTCTAACTTATTTATTTATTGCTAGCCTGC 3254 
CTGCTCTAAGGGTGGCAGCTGGTTACCCAAAGGGGCAGTTTGCATGCCCCTTTCCCCACC 3314 
TGCTACTTGGCACATGACAACACAGTTTGTACTGAAGGTATGTGAAGGGTAGCTAGTAGG 3374 
AGAGACAGGAGAGAGACCTGGCACCTAGCCACTGTCTCAGTCTCAGTGGTGGGTGACAGT 3434 
GAACACAAGAGCTGCAGAGGTGGGACCCTGTTCTGTTTCTGTTCTGQTGGCTGCCCATCA 3494 
TCACGTGCCACTGCCATCCCGGCACAGCGGCCCCACACATCTACACTAGACACTGTGTCA 3554 
AAGTCTGAGTGACTGGGTAGTTGACATAGAGCTGCTTCTGTGTAAATGCTGCTTCTGTGT 3614 
AAATGCTATTTTAAACACTAAAAAAGCGTTTAATTTTATGGGAAAAAA ............ 3662 

Figure  2 The nucleotide sequence of the mouse 
Dvl- 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. U281 38. 

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 Dvl-1 MBG5 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 

Dvt-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 MBG5 
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- 
hence 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 pO.6Dvl-l-Luc.  

Analysis of the 5'-flanking region of the Dvl-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 MBG5 cDNA. 
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 t imes 
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 Dvl-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 h u m a n  c-src promoters (Bonham and Fu- 
jita 1993), which conta in  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 a t tachment  sites for DNA-binding pro- 
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S a c |  
GAGCTCAGGATTAGCATGGGGGCACAGTGAGGCTCT•GCTGTTTGGGCTAGGCATAGGTATCTT•AGATT•TTATAGGGC -457 

-484 

GCCTGAAGCCG•CCGAG•GGACAGTGTCTCCACATTCTGAGCACCTAGAAGGAGAATCAGGACCGTCCTAACCTAAGGAC 377 

ACTCCTCTGCTCCCTC~K~AGACCTTATTGGCTCAAGGGGAGCGATCTTTCCAGGGTTTCTCTGTCTTTCTGGGGTCCA -2 9 9 
LBP - 1 

GCGTGCCCACCTGCCCACAAACCTCAGACCCAAACGCCTCAAGGATCGCAGCCTGTTGGGAATCTGGGCTCCACCCGAA - 220 

LBP-I 

Eco47III -178 * -153 

GACAGCGCTCGGAGAGACCCGAcCGGCCAGGCCTTCTGAGCCCGCCCAGTCCCACCCCGGTTGCCC-CcGCCCGAGCGCAA - 140 

-130 * -95 -90 * SpeI 

GCCGTAGCCCCGCCCCGCCGGACCCGCTCTGCGCGTGCGCAGTCCCSqCCCGCCCGCGCTGCGGGCGACTAGTGACGTC - 61 

-i +i CREB 

BssHII * " " 

ACCGGCCCCGAAGCGCCCTCCGGCGGCGGCGCGCTcCACCCCAGCAGGCGGTTCGTGAACAGCCCGAGGGGCGGCGGGCC 

NotI 

GCGGGAGCC C TCAGAGC CGC TTTCC CTGGCGCCCGCTCCGGGGC CGCGGCGGATGGGCGGC CGCGGGC CGCGGGGCGACA 

<< << << << << ~< << NL-48 primer <<<<<<<< NotI NaeI 

GGCGGGGAACGGGTGCGAGCC GGGACCGGGAGGGGCGGCCGCGCCAAGGGGCCGCGGGGCGGCCGGGCGGGGCGCGGGC CGGC 

Figure 3 Sequence of Dvl-1 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 
CCGCCC sequences are underlined. 

teins. This has  been  s h o w n  in the  h u m a n  Harvey  
ras p r o m o t e r  in w h i c h  Sp-1 acts as a start  site 
selector (Lu et al. 1994). Gidon i  et al. (1984) have  
also s h o w n  t h a t  the  Sp-1 t r ansc r ip t ion  factor,  pu- 
rified f rom HeLa cells, b inds  to the  GC boxes  of 
the  SV40 p romote r .  Therefore ,  Spl  or  re lated fac- 
tors m a y  b i n d  to Dvl-1 p r o m o t e r  a n d  p lay  a role 
in its regula t ion .  

O the r  po ten t ia l  t r ansc r ip t ion  fac to r -b ind ing  
sites in the  5 ' - f lanking  region  of  the  Dvl-1 gene 
inc lude  CREB and  LBP-1, w h i c h  is repor ted  to 
recognize b o t h  consensus  sequences  5'-TCTGG- 
3' a n d  5"-CCAGA-3', a n d  TGGCA prote in .  LBP-1 
has  the  in te res t ing  p rope r ty  of ac t iva t ing  basal  
HIV-1 t r ansc r ip t ion  f rom a d o w n s t r e a m  b ind ing  
site (Jones et al. 1988). TGGCA pro te in  is k n o w n  
to subst i tu te  for NF-I a n d  acts as a t r ansc r ip t ion  
factor  on  viral a n d  cellular e n h a n c e r / p r o m o t e r  
e l e m e n t s  ( R a l p h  et al. 1987) .  The  T G G C A -  
b i n d i n g  p ro te in  is also repor ted  as a mul t i fuc-  
t ional  DNA-b ind ing  prote in ,  capable  of  serving a 
t r ansc r ip t iona l  role in the  case of m o u s e  m a m -  
m a r y  t u m o r  virus, in add i t i on  to its k n o w n  in- 
v o l v e m e n t  in the  repl ica t ion  of adenov i rus  (Mik- 
sick et al. 1987).  It is poss ib le  t h a t  these  se- 
quences  are needed  for the  regula t ion  of DvI-1 

t ranscr ip t ion .  
D e t e r m i n i n g  the  sequence  a n d  gene  organi-  

za t ion  of the  Dvl-1 gene is an  impor-  
t an t  step in p e r f o r m i n g  deta i led in- 
ves t iga t ion  of  its regu la t ion  a n d  for 
the  e luc ida t ion  of the  role of  Dvl-1 

in m a m m a l i a n  d e v e l o p m e n t .  

METHODS 

Mapping, Subcioning, and 
Sequencing of the Genomic Clone 

Isolation of the mouse Dvl-1 genomic 
clone is reported in Sussman et al. (1994). 
The genomic organization of Dvl-1 was de- 
termined by restriction mapping, subclon- 
ing, and sequencing of the 21-kb genomic 
clone ~X 6. This clone was mapped by par- 
tial and complete restriction digests using 
[T-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 Dvl-1 cDNA clone MBG5 
(Sussman et al. 1994; GenBank accession 
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 III (Promega Erase-a-base kit). Subclones were se- 
quenced by cycle sequencing with Taq 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 Dvl-1 cDNA sequence to determine 
intron/exon 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 Dvl-1 
cDNA (Sussman et al. 1994; GenBank accession no. 
U10115) were end-labeled with [T-3zP]ATP using T4 poly- 
nucleotide kinase (Promega). Total RNA (20 ~g) from in- 
dicated tissues (mouse brain and testis) and cell lines was 
mixed with 3x10 s cpm of primer in a volume of 20 p.1. The 
mixture was denatured at 75°C for 5 min, then 20 pl of 2x 
hybridization buffer ( 0.6 M KC1, 20 mM Tris-HCl at pH 7.6, 
1 mM 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 
rain 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 
106-1 32 of the Dvl- 1 cDNA, was used to prime reverse transcription of 20 l.tg of 
total RNA from brain (A, lane 1), testis (A, lane 2), tRNA (A, lane 3; B, lane 2), or 
reporter plasmid (pO.7Dvl-l-Luc)-transfected C57MG cells (B, lane 1). Nucle- 
otide sizes are indicated to the right of the M1 3mpl 8 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 lug 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. 

Sm BamHI 

I ~ v l  
Sacl E B Nt H 

I I I  II LUC ] p4.8Dvl-l-Luc 

BamHI 

I 
Sacl E B Nt H 

I I I  I1 LUC ] p2.0Dvl-l-Luc 

Sm -Smal 
N -Nael 
Nt -Notl 
B -BssHII 
E -ECo47111 
H -Hindlll 

Sacl E B Nt H 

' " l i  L u c l  

p0.7Dv/- l-Luc 

p0.62 Dvl- l-Ltlc 

Sacl E B 

I I i LUC t,~,-,u , ,  L~".~vc'-tuc 
I. 

Sacl E 

uuc I ro.32D,,/-1-Luc 
Figure 5 Dvl-1-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 Dvl-1 regions are designated by bold lines. 

t rophores is  fo l lowed by auto- 
radiography. An M 1 3 m p l 8  se- 
quencing reaction was used as a 
size marker. 

Ribonuclease Protection 
Analysis 

4l 

A plasmid containing a 620-bp 
SacI-NotI genomic fragment  of 
Dvl-1, e n c o m p a s s i n g  the  5'- 
un t rans la ted  region of exon 1 
and upstream flanking region, 
was l inear ized using Eco47III, 
t r e a t e d  w i t h  0.25 m g / m l  of 
p ro te inase  K, ex t rac ted  us ing 
j the Magic DNA clean up kit 
(Promega), and eluted in water. 
Antisense [cxA2P]UTP-labeled ri- 
b o p r o b e  (415 n u c l e o t i d e s  in 
length) was generated using T3 
RNA polymerase (MAXIscript in 
vitro transcription kit, Ambion 
Inc.). 

Total cellular RNA was ex- 
tracted from mouse brain and 
testes us ing the  g u a n i d i n i u m  
isothiocyanate me thod  (Chom- 
czynski and Sacchi 1987). RNase 
p r o t e c t i o n  ana lys i s  was per- 
formed as described by Melton 
et al. (1984). Total RNA (20 ~g) 
was h y b r i d i z e d  o v e r n i g h t  at 
50°C to 5x10 s cpm of riboprobe 
in a total vo lume  of 40 ~l of 
buffer con ta in ing  50% forma- 
mide in PIPES buffer. Following 
hybridization, samples were di- 
gested for 30 min  at room tem- 
p e r a t u r e  in RNase d i g e s t i o n  
buffer (10 mM Tris-HC1 at pH 

7.5, 1 mM EDTA, 0.3 M NaC1, 40 ~g/ml 
of RNase A and 100 U/ml of RNase T1). 
Digestion was terminated by the addi- 
t ion of 20 ~l of 10% SDS and 50 p,g of 
proteinase K, followed by incubat ion 
for 15 rain at 37°C. The samples were 
extracted wi th  p h e n o l / c h l o r o f o r m /  
isoamyl alcohol and precipitated with 
ethanol  in the presence of 20 ~g 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 s e q u e n c i n g  reac t ion  us ing  
M13mp18 template primed with -40 
primer was used as a size standard. 

Construction of iuciferase Dvl-I 
plasmids 

The Pxpl luciferase vector (Nordeen 
1988) was used to make the plasmid 
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Figure 6 Promoter activity from transient transfection of 5' Dvl-l-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 
triplicate in the presence of pCMVSEAP, to normalize the transfection efficiency. 
SEAP and luciferase activities were assayed 48 hr after transfection. Promoter 
activity is expressed as a ratio of RLU per alkaline phosphatase activity (LUC/ 
SEAP). Results are representative of three independent experiments. 

p4.8DVl-l-Luc: A 5.6-kb XbaI fragment from the Dvl-1 x6 
genomic clone, a region encompassing exon 1 and 4.8 kb 
of upstream sequence, was subcloned in the XbaI site of 
pKS (pKS-Xba5.6). pKS-Xba5.6 was digested with NotI, the  
4.8-kb fragment was isolated and made blunt  using Kle- 
now polymerase, and subcloned in the pKS SmaI site (pKS- 
Sma4.8). The plasmid pKS-Sma4.8 was digested first with 
XbaI, the ends were blunted with Klenow, digested with 
HindIII (a site in the polylinker of pKS vector), and sub- 
cloned in the SmaI-HindIII site of the PXP1 luciferase vec- 
tor (p4.8DVl-l-Luc). 

A second plasmid, p2.0DVl-l-Luc, was constructed by 
cutt ing p4.8DVl-l-Luc with XhoI-BamHI, to remove the 
5'-most 2.8 kb of the Dvl-1 promoter.  The ends were filled 
in using Klenow, and self-ligated. Similarly, the third plas- 
mid, pO.6DVl-l-Luc, which  includes the first 109 untrans- 
lated nucleotides of the cDNA, was constructed by deleting 
part of the sequence of p4.8DVl-l-Luc construct  with SacI 
followed by self-ligation. The plasmid pO.7Dvl-l-Luc en- 
compasses the sequence of pO.6DVI-1 and an additional 96 

bases of the untranslated region 
of the cDNA up to the NaeI site. 
T h e  t w o  s m a l l e r  p l a s m i d s  
pO.5Dvl.l-Luc and pO.32Dvl-1- 
Luc were constructed by deleting 
part of the sequence of pO.6DVI- 
1-Luc cons t ruc t ,  respect ively,  
w i t h  B s s H I I - H i n d l I I  a n d  
Eco47III-HindIII, fo l l owed  by 
K l e n o w  t r e a t m e n t  a n d  self- 
ligation (Fig. 5). 

Transient Transfections of 
C57MG and C17-2 
Cell Lines 

The mouse  C57MG m a m m a r y  
epithelial cell line (a gift from R. 
Nusse, Stanford University, CA) 
and the rat C17-2 neonatal  cere- 
bel lum cell l ine (a gift from E. 
Snyde r ,  H a r v a r d  U n i v e r s i t y ,  
Cambridge, MA), were grown at 
37°C, 5% CO z, in Dulbecco ' s  
modified Eagle med ium (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 × 10s/35-mm dish and  grown 
to 70% conf luency.  The Dvl-1 
promoter - luc i fe rase  const ructs  
were cotransfected with  an alka- 
line phosphatase  reporter  con- 
struct (pCMVSEAP) using lipo- 
f e c t a m i n e  (GIBCO BRL). For 
each transfection, 1 gg of DvI-1- 
LUC with 0.2 gg of pCMVSEAP 
and 8 gl of l ipofectamine reagent 
were diluted separately in 100 gl 
of serum-free medium.  The two 
solut ions  were  c o m b i n e d  and  
the mixture was incubated for 45 

rain at room temperature to allow DNA-liposome com- 
plexes to form. For each transfection, 0.8 ml of serum-free 
med ium was added to the tube conta in ing  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 
condi t ioned med ium 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 -dr iven  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 1× dilution buffer was mixed with 
15 ~tl of condi t ioned media collected from 35-ram plates 
and incubated at 65°C for 30 rain, to inactivate the endog- 
enous phosphatase activity. Following a brief chill on ice, 
duplicate 25-btl aliquots were added to 25-~1 aliquots of 
assay buffer in wells of a microtiter plate and incubated at 
room temperature for 5 min. Reaction buffer (2S ~J1) 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-IO0 lysis (Ausubel et al. 1987). Cells were washed 
twice with ice-cold PBS and extracted in 100 btl of lu- 
ciferase extraction buffer (1% Triton, 25 mM glycylglycine 
at pH 7.8, 15 mM EGTA, 1 mM DTT). Samples were spun at 
12,000g for 5 rain, and 45 btl of supernatant was added in 
duplicate to microtiter wells containing 165 btl of luciferase 
assay buffer (25 mM glycylglycine, 15 mM potassium phos- 
phate at pH 7.8, 15 mM MgSO4, 4 mM EGTA, 2 mM ATP, 1 
mM DTT). Luciferase activity was measured as relative light 
units following injection of 90 ~tl of the substrate (lu- 
ciferin) into a Dynatech monolight-1000 luminometer  at 
1 sec delay and 20 sec integrals. The activity per transfec- 
t ion 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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