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Wht-1 (int-1) is a cellular oncogene often activated by insertion of proviral DNA of the mouse mammary
tumor virus. We have mapped the 5’ end and the promoter area of the Wnt-1 gene by nuclease protection and
primer extension assays. In differentiating P19 embryonal carcinoma cells, in which Wnt-1 is naturally
expressed, two start sites of transcription were found, one preceded by two TATA boxes and one preceded by
several GC boxes. In P19 cells, a 1-kilobase upstream sequence of Wnt-1 was able to confer differentiation-
specific expression on a heterologous gene. We have investigated how Wnt-1 transcription was affected by
mouse mammary tumor virus proviral integrations in various configurations near the promoters of the gene.
One provirus has been inserted in the 5’ nontranslated part of Wnt-1, in the same transcriptional orientation,
and has functionally replaced the Wnt-1 promoters. Wnt-1 transcription in this tumor starts in the right long
terminal repeat of the provirus, with considerable readthrough transcription from the left long terminal repeat.
Another provirus has been inserted in the orientation opposite that of Wnt-1 into a GC box, disrupting the first
Whnt-1 transcription start site but not the downstream start site. Most insertions have not structurally altered

the Wnt-1 transcripts and have enhanced the activity of the normal two promoters.

Insertion of proviral DNA of retroviruses can influence
host cell gene expression in various ways, ranging from
transcriptional activation or inactivation of genes to the
production of mutated cellular proteins (reviewed in refer-
ence 38). Many cellular oncogenes have been identified
originally as loci that are mutated in tumors as a conse-
quence of proviral insertion (22, 38). The int-1 gene, recently
renamed Wnt-1, was the first example of such a gene, being
frequently activated by insertion of proviral DNA of the
mouse mammary tumor virus (MMTYV) in carcinomas in the
mammary gland (24). The oncogenic potential of Wnt-1 has
now been firmly established: the gene is able to transform
cells in vitro (2, 26) and transgenic mice bearing Wni-1 linked
to the MMTY long terminal repeat (LTR) develop mammary
hyperplasia and tumors (35).

Whnt-1 has a normal function in early embryogenesis. The
Drosophila homolog of Wnt-1 was shown to be identical to
the segment polarity wingless gene, a gene involved in
pattern formation within individual segments (25). The wing-
less gene is part of a regulatory network regulating the
number and differentiation of the segments and has been
shown to be under the control of several other segmentation
genes, including homeobox-containing genes (reviewed in
reference 12). In mice, Wnt-1 is expressed in a very re-
stricted pattern in the developing neural system, in particular
in specific locations in the neural plate and the folding neural
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tube (4, 41). In adult mice, there is expression of Wnt-1I in the
mature testis (32) but all other organs tested, including the
normal mammary gland, lack detectable expression. In line
with the expression of Wnt-1 in the developing neural system
is the observation that P19 embryonal carcinoma cells,
which differentiate into neuroectodermal cells when treated
with retinoic acid, switch on Wnr-1 expression (30, 33). Most
other embryonal carcinoma cells do not express the gene
(14).

The nucleotide sequences of genomic Wnt-1 DNA and of
a cDNA clone have been established (6, 27, 37). The gene
consists of four exons, transcribed into a 2.6-kilobase (kb)
mRNA and translated into a cysteine-rich protein of 44
kilodaltons containing a signal peptide. The inserted provi-
ruses in tumors are at various distances from the gene,
sometimes within exons but always outside the protein-
encoding domain, illustrating the dominant nature of the
insertional mutations (37). Characteristically, the proviruses
are oriented away from the Wnt-1 gene itself, with a few
exceptions (23). This orientation and the distance of some
proviruses from the gene suggested that the transcriptional
activation of Wne-1 in tumors is caused by enhancer ele-
ments in the MMTYV provirus, working at a distance on the
Whnt-1 promoter (23). The typical orientation of the provi-
ruses is probably required to avoid the interposition of the
viral LTR promoter between the viral enhancer and the
Whnt-1 promoter; some enhancers have been shown to act
only on the most proximal promoter (39). The structures of
the Wnt-1 promoter and of the 5’ end of the gene have not
been established, however.

To learn more about the mechanism of activation of Wnt-1
in tumors and to study the control of Wnit-1 expression
during normal development, we have determined the struc-
ture of the promoter of the gene by primer extension
methods and nuclease protection experiments. We com-
pared the structure of Wnt-1 transcripts in tumors and in P19
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cells normally expressing the gene, and we defined an
upstream Wnt-1 sequence that confers differentiation-specif-
ic expression on a heterologous gene in P19 cells.

MATERIALS AND METHODS

Isolation of total cellular RNA. Frozen tissue or cultured
cells were homogenized in 3 M LiCl-6 M urea with a
polytron homogenizer. RNA was precipitated overnight at
0°C and pelleted by centrifugation in an SW27.1 rotor at
20,000 rpm. The pellet was dissolved in TE (10 mM Tris
hydrochloride [pH 7.5], 1 mM EDTA)-0.1% sodium dodecyl
sulfate and extracted twice with phenol-chloroform (1:1).
Total cellular RNA was stored as an ethanol precipitate at
—20°C.

RNase protection experiments. For the detection of Wnt-1
transcripts, an SP6 construct was made in which the 5’ end
of the Wnt-1 gene (a 2.3-kb fragment) was cloned into the
antisense orientation in the vector SP6. To produce runoff
transcripts, the plasmid was linearized with EcoRI. Runoff
transcripts were synthesized in 20 pl of a reaction mixture
consisting of 40 mM Tris hydrochloride (pH 7.5); 6 mM
MgCl,; 2 mM spermidine; 10 mM dithiothreitol; 30 U of
RNasin (Boehringer); 500 pM (each) CTP, GTP, and ATP;
12.5 uM UTP; 25 pM 32P-UTP (800 Ci/mmol, SP6 grade,
Amersham Corp.); bovine serum albumin (0.1 pg/pl); linear-
ized plasmid (=0.6 pg); and 10 U of SP6 polymerase
(Boehringer) at 40°C for 1 h.

Solution hybridization and RNase mapping were essen-
tially performed as described by Melton et al. (20). Total
cellular RNA (20 pug) was hybridized overnight at 65°C in 30
wl of buffer containing 80% formamide, 40 mM piperazine-
N,N’-bis(2-ethanesulfonic acid) (PIPES; pH 6.7), 400 mM
NaCl, 1 mM EDTA, and 0.1% sodium dodecyl sulfate to 10
ng of 32P-labeled antisense SP6 RNA probe (3 x 10° dpm).
Following hybridization, 300 ul of 0.3 M NaCl-10 mM Tris
hydrochloride (pH 7.5-5 mM EDTA-RNase A (20 pg per
ml)-RNase T1 (3 U) was added and incubated for 30 min at
37°C. The RNase digestion was terminated by the addition of
20 pl of 10% sodium dodecyl sulfate and SO ug of proteinase
K and incubation for 15 min at 37°C. Protected RNA was
extracted with phenol-chloroform (1:1) and precipitated with
ethanol. Protected fragments were analyzed by denaturing
acrylamide electrophoresis.

Primer extensions. For primer extensions, we essentially
followed the protocol of Westaway et al. (40). Thirty-
microgram samples of total RNA were precipitated with
sodium acetate and ethanol and washed with 80% ethanol.
Two independent primers were used for these experiments
(see Fig. 2). RNA was dissolved in 10 pl of a solution
containing 10 mM Tris hydrochloride (pH 8.3), 300 mM
NaCl, 1 mM EDTA, and 0.25 pmol of kinase-labeled oligo-
nucleotide. The oligonucleotides were kinase labeled to
specific activities of more than 10”7 cpm/pmol. Hybridization
was performed at 65°C for 60 min. The tubes were then
transferred to 42°C, and after 5 min, their contents were
diluted by the addition of 24 pl of a prewarmed solution
containing 3.3 ul of 10X primer extension cocktail (600 mM
NaCl, 100 mM Tris hydrochloride [pH 8.3], 0.5 mg of
actinomycin D per ml, 80 mM MgCl,), 3.3 pl of 10 mM
dNTPs, 0.3 pl of dithiothreitol, and 17 pl of double-distilled
water. Twenty units of avian myeloblastosis virus reverse
transcriptase (Boehringer Mannheim Biochemicals) was
added, the reaction mixtures were transferred after 30 min to
46°C to melt possible GC-rich sequences, and a second
sample of reverse transcriptase (20 U) was added. The
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reaction was stopped after 30 min by the addition of a 1/10
volume of 3 M sodium acetate and two phenol-chloroform
extractions followed by one chloroform extraction. Nucleic
acids were precipitated with 2 volumes of ethanol, washed
with 80% ethanol, dried, and suspended in 4 pl of a solution
containing 80% deionized formamide, 1 mM EDTA, 10 mM
NaOH, 0.1% bromophenol blue, and 0.1% xylene cyanol;
solutions were heated at 100°C for 10 min and loaded directly
onto a 0.375-mm-thick, 60-cm-long 6% sequencing gel. After
the unhybridized input oligonucleotide primer had gone off
the bottom of the gel, electrophoresis was terminated; the
gel was then fixed with 10% methanol-10% glacial acetic
acid, dried, and then exposed.

Nuclease S1 analysis of RNA. The 5' end labeling was
carried out by the method of Maxam and Gilbert (19).
Typically, 5 ug of plasmid DNA was cut with a restriction
enzyme, phenol extracted, and ethanol precipitated. Recov-
ered DNA was dissolved in 450 pl of 50 mM Tris hydrochlo-
ride (pH 8.0), and 1 pl of a suspension containing 13 U of calf
intestine alkaline phosphatase (Boehringer) was added. In-
cubation for 1 h at 37°C was followed by incubation for 1 h
at 65°C to inactivate the enzyme. The DNA was purified on
a DEAE-cellulose column and ethanol precipitated. The
phosphatased, purified DNA was then dissolved in 10 pl of
TE. To label the ends, 10 pl (100 wCi) of [y->2PJATP (5,000
Ci/mmol; Amersham), 2 ul of 10x kinase buffer (500 mM
Tris hydrochloride [pH 7.6], 100 mM MgCl,, S0 mM dithio-
threitol) and 1 pl (4.5 U) of T4 polynucleotide kinase
(Boehringer) were added. The mixture was incubated for 20
min at 37°C, and labeled DNA was separated from unincor-
porated [y->2P]JATP on a Sephadex G-50 column.

Nuclease S1 analysis with end-labeled DNA was carried
out according to the method of Van Ooyen and Nusse (37).
Plasmid DNA was end labeled, cut with a second restriction
enzyme, and electrophoresed on a 1% agarose gel in Tris-
acetate buffer (40 mM Tris-acetate [pH 7.8] plus 1 mM
EDTA, containing 0.5 pg of ethidium bromide per ml). The
band of interest was cut out of the gel, and the gel material
was heated to 65°C, frozen in liquid nitrogen, extracted with
chloroform, and ethanol precipitated. The probe was puri-
fied on a DEAE-cellulose column equilibrated with TNE (10
mM Tris hydrochloride [pH 7.5], 1 mM EDTA, 100 mM
sodium chloride). After elution with TNE containing 1.5 M
NacCl, 100 g of yeast RNA and 2.5 volumes of ethanol were
added. DNA probe and RNA (both ethanol precipitates)
were mixed, centrifuged, dried, and dissolved in a mixture
containing 80% formamide, 40 mM 1.4-piperazine diethane-
sulfonic acid buffer (pH 6.4), 400 mM NaCl, and 1 mM
EDTA. After being heated for 10 min at 70°C to denature the
double-stranded DNA, the nucleic acids were allowed to
hybridize overnight in a volume of 5 to 10 ul at various
temperatures (45 to 55°C). Hybrids were chilled on ice, and
100 pl of nuclease S1 buffer (0.03 M sodium acetate [pH 4.5],
0.25 M NaCl, 1 mM ZnSO,) containing single-stranded
salmon sperm DNA (20 pg/ml) and 40 U of nuclease S1 (P-L
Biochemicals, Inc.) was added. After 45 min at 30°C, the
mixture was phenol extracted and ethanol precipitated.
Samples were dissolved in loading dye (60 mM Tris-borate
[pH 8.31-1 mM EDTA [TBE], 80% formamide, 0.1% (each)
bromophenol blue and xylene cyanol) and applied to a 6.5%
polyacrylamide gel in 60 mM TBE buffer containing 7 M
urea.

DNA sequence analysis was carried out by the method of
Maxam and Gilbert (19) on polyacrylamide gels in 50 mM
TBE buffer containing 7 M urea.

Constructs, DNA transfections, and chloramphenicol ace-
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FIG. 1. Organization of the Wni-1 gene. The four coding exons of Wni-1 are shown as boxes, with the parts encoding the protein in black.
Arrows indicate integration sites and orientations of MMTYV proviruses in different tumors. R, EcoRI; Bg, Bglll; K, Kpnl.

tyltransferase (CAT) assays. The Wnt-1-CAT plasmids used
for transfection on P19 cells were constructed according to
common molecular cloning techniques (18). DNA fragments
derived from the Wni-1 upstream region were ligated into the
polylinker of pUC12CAT, with use of the Kienow fragment
of DNA polymerase and synthetic linkers, if necessary.

P19 cells were grown in a 1:1 mixture of Dulbecco
modified Eagle medium and HamF12 with 5% fetal calf
serum at 5% CO,. To induce differentiation into the neural
pathway, the cells were grown for 6 days as aggregates (or
embryoid bodies) in bacterial-grade petri dishes in the pres-
ence or absence of 10~7 M retinoic acid. The embryoid
bodies were subsequently transferred to tissue culture grade
petri dishes and kept in culture for an additional 6 days in the
presence of 10~7 M retinoic acid (5). For expression studies,
P19 cells were grown as a monolayer in a 1:1 mixture of
Dulbecco modified Eagle medium and HamF12 medium
supplemented with 10% fetal bovine serum. Roughly 106
cells were transfected with 20 ug of cesium chloride-purified
supercoiled plasmid DNA according to the protocol of
Graham and Van der Eb (9). The precipitate was left on the
cells overnight. The next day, cells were washed with
medium or phosphate-buffered saline and refed. In the
coselection experiments, transfected P19 cells were selected
by culturing in 800 g of G418 per ml. Colonies were pooled,
and if required, retinoic acid was added in the medium at a
concentration of 10”7 M and the mixture was incubated for
48 h. After approximately 48 h, cells were harvested and a
protein extract was prepared by sonification or three re-
peated freeze-thaw cycles. Subsequently, 200 pg of total
protein was used in the CAT assay that was performed
essentially according to the procedure described by Gorman
et al. (8).

Molecular cloning of viral DNA host cell DNA junction
fragments. The fragments from tumors 102 and 604 were
cloned as EcoRI fragments into bacteriophage gtWES, and
the inserts in tumors 35 and 17 were cloned as Sacl frag-
ments into the same vector (18).

Polymerase chain reaction. RNA isolated from tumor 102
was assayed for the presence of readthrough transcripts
from the proviral DNA into Wnt-1 by using the polymerase
chain reaction (15). Total RNA was first transcribed into

DNA with reverse transcriptase and random hexamer prim-
ers, and the DNA was amplified for 30 cycles with two sets
of specific primers derived from the Wnit-1 and the MMTV
LTR sequence. Primer A (5' TTTGTGTCTGTTCGCCATCC
3’) was was from the MMTV U3 sequence, primer B (5’
GTAAATGCTTATGTAAACC 3’) was from the U3 se-
quence, and primer C (5’ TTCTGACGACTGTGGTTGCT
3’) was from the Wnt-1 sequence. The products were ana-
lyzed by agarose gel electrophoresis.

RESULTS

Nucleotide sequence of the Wnt-1 promoter area and the 5’
end of the gene. Previously we had analyzed the structure of
the transcriptional unit of Wnt-1 by nuclease S1 protection
experiments using RNA from mouse mammary tumors,
combined with nucleotide sequence analysis of the genomic
copy of the gene (37). By using various probes, it was
established that Wnt-1 consisted of four exons (Fig. 1). The
5’exon consisted of two forms (1A and 1B) with identical 3’
ends but different 5’ ends, which could be either starts of
transcription or splice acceptor sites.

To determine the 5’ end of Wnt-1, we have established
more of the Wni-1 upstream nucleotide sequence, performed
additional nuclease protection experiments, and determined
the start of transcription by primer extension assays. For
these experiments, we used RNA from two sources. As in
our previous study (37), we took RNA from a tumor (in this
case, an established cell line from a mammary tumor, 3S) in
which the gene is activated by insertion of a provirus. This
particular provirus was mapped at the 3’ end of the gene
(Fig. 1) and has presumably activated the Wnt-1 promoter by
enhancement without affecting the structure of the promoter
itself (Fig. 1). To exclude the possibility that proviral acti-
vation of Wnt-1 had nevertheless affected the structure of the
transcript, we used the P19 cell line as a source of normal
Whnit-1 RNA. When P19 cells were induced to differentiate by
the addition of retinoic acid, they started to express the
Whi-1 gene to reasonably high levels, presumably from its
natural promoter.

In Fig. 2, we show the extended upstream sequence of
Whnt-1, with the positions of the primers used for the analy-

FIG. 2. Nucleotide sequence of Wnt-1 promoter area. The start 2 site is at position +1. The positions of restriction enzyme cleavage sites
used in this study are given below the sequence; integration sites of MMTV proviruses as mapped by sequence analysis are indicated by
arrows. The two primers used for primer extension analysis are double underlined. TATA- and GC-rich boxes are shaded. ATTA sequences
implicated in homeobox protein binding are underlined. The whole Wnt-1 sequence is present in GenBank under accession number M34750.
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TTTGCTAJ?%%%TC?EEAAAAAACTGTTTCAGGAGATTTATTTTATGTAT
500 nucleotides

TCTAATGATAAGCACAGGTTGACTCAAGGTGCCATAGAGTGACACTAEEF
ACCCAGAGCGACAGAATGACACCTATGAGTGCACGTCGTTAATCACAAAC
ACACACACACACACACACACACACACACACACACACTCATGCACCCACCT
GCAAACACAATTGCAGCCTTCTGGACGTCTCCTGTCACAGCCCCACCTCC
TTCCTGATACACTGCGTTAAGTGGTGACTGTAACAAAATGACTTCATGCT

CTCCCTGTCCTGAGCCAAATTACACAATTATTTGGAAAGGGCTCAAAATG

TTCTTCGTTAGAAGTTTCTGGATACACCAATACACAGGAGCGTGCACCCT,

CAGAACACATGTACACTTTGACTTAATCTCACGGGTGACACACCGACGCT
TACACTCCCCCTAGCCCACAGAGGCAAACTGCTGGGCGCTTCTGAGTTTC
TCACTGCCACCAGCTCGGTTTGCTCAGCCTACCCCCGCACCCCGCGC&EP
GGAATCCCTGACCACAGCTCCACCCATGCTCTGTCTCCTTCTTTTCCTTC
TCTGTCCAGCCGTCGGGGTTCCTGGGTGAGGAAGTGTCTCCACGGAGTCG
CTGGCTAGAACCACAACTTTCATCCTGCJQQQEAGAATAGGGAAGAGAAG
AGACCACAGCGTAGGGGGGACAGAGGAGACGGACTTCGAGAGGACAGCCC
CACCGGCGCGTGTGGGGGAGGCAATCCAGGCTGCAAACAGGTTGTCCCCA
GCGCATTGTCCCCGCGCCCCCTGGCGGATGCTGGTCCCCGACGGGCTCCG

GACGCGCAGAAGAGTGAGGCCGGCGCGCGTGGGAGGCCATCCCAAGGGGA

Nael

{135 star

o =pe-Start 1
GGGGGTGAGCCCCGACGGTTAGCCTGTCAGCTCTTTGCTCAGACCGGCAA

GAGCCACAGCTTCGCTCGCCACTCATTGTCTGTGGCCCTGACCAGTGCGC

CCTGGTGCTTTTAGTGCCGCSSGGGCCCGGAGGGGCAGCCTCTTCTCACT

1 primer2

GCAGTCAGCGCCGCAACTATAAGAGGCCTATAAGAGGCGGTGCCTCCCGC

—>start 2 s |T102
AGTGGCTGCTTCAGCCCAGCAGCCAGGACAGCGAACCATGCTGCCTGCGG

CCCGCCTCCAGACTTATTAGAGCCAGCCTGGGAACTCGCATCACTGCCCT

CACCGCTGTGTCCAGTCCCACCGTCGCGGACAGCAACCACAGTCGTCAGA
ACCGCAGCACAGAACCAGCAAGGC%&FGCAGG%Fitggggctctgggcgc
S ICO.

tgctgcccgggtgggtttctactacgttgctactggcactgaccgctctg
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FIG. 3. Mapping the 5’ end of Wnt-1. Shown is a combination of the S1 nuclease protection (A), RNase protection (B), and primer
extension (C) experiments. The positions of the probes and primers with respect to the emerged structure of the 5’ end are shown below the
gels. Lines indicate the products obtained from the three types of analysis, with numbers indicating the sizes in nucleotides. Thin lines in panel
B indicate the additional protected fragments seen with the RNase protection assay only. Lanes: m, marker (a Hpall digest of PAT153 DNA
labeled by Klenow DNA polymerase; sizes given in nucleotides); c, control (yeast tRNA); T, RNA from tumor cell line 3S; P19, RNA from
retinoic acid-treated P19 cells. Arrows indicate the most prominent fragments, corresponding to the two major start sites which were obtained
in all three types of experiments.

sis, the positions of various restriction enzyme sites used in
this study, and the integration sites of MMTYV proviruses in
this area as found in various tumors (see below).

Figure 3 shows the combined results of the S1 nuclease
(panel A), RNase protection (panel B), and primer extension
assays (panel C). An S1 nuclease analysis with a 2,800-

nucleotide probe labeled at the Ncol site, on RNA from the
tumor cell line, confirmed the results obtained before: two
major protected fragments, around 350 and 185 nucleotides,
corresponded to two discontinuities representing the 5’ ends
of exons 1A and 1B. The shorter protected fragment was
resolved into a doublet. A third major protected fragment of
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FIG. 4. Induction of Wnt-1 expression by retinoic acid: CAT assays on P19 cells. Undifferentiated P19 cells were transfected with the
constructs indicated, together with the G418-selectable marker pSV2neo. Colonies were pooled and either nontreated (—) or treated (+) with
retinoic acid (RA). The lowest spots represent nonacetylated #C-chloramphenicol; upper spots represent acetylated (converted) forms of
14C-chloramphenicol. In the constructs indicated, the following promoter elements were used to drive the CAT reporter gene: Mo, Moloney
MuLV LTR; AMoPy, Moloney MuLV LTR enhancer replaced by the polyomavirus enhancer; pim-1, the pim-1 promoter in combination with
a Moloney MuLV enhancer; RS,,, a 1.5-kb EcoRI-Sfil Wnt-1 upstream promoter fragment placed in antisense orientation, serving as a
negative control; BS, a 7-kb Bg/II-Sfil Wnt-1 upstream promoter fragment; KS, a 1.2-kb KpnlI-Sfil Wnt-1 upstream promoter fragment. See

text for details of and references for constructs.

approximately 700 nucleotides had not been detected before;
since it was not observed in the subsequent RNA mapping
experiments, we did not further analyze the origin of this
fragment. Additional minor S1 protected fragments between
the two major fragments were found.

With the RNase protection experiments (Fig. 3B) with an
SP6-generated probe and RNA from tumor cells and from
P19 cells, the results were similar: major protected frag-
ments corresponded to the sizes of the two overlapping
exons (Fig. 3B, arrows), but the abundance of the other
fragments was higher than in the S1 analysis. A major
protected fragment of approximately 140 nucleotides was
uniquely found in the RNase protections and not in the S1
mapping experiments. The reason for these differences was
not clear. Varying the hybridization or RNase digestion
conditions according to the methods of Myers et al. (21) did
not significantly change the result. The P19 and the tumor
cell RNAs yielded the same fragments.

The primer extension assays showed that the major dis-
continuities in the RNA protection experiments represented
starts of transcription rather than splice sites. Primer 1 gave
fragments of 95 and 260 nucleotides, corresponding to its
distance from the 5’ ends of exons 1A and 1B; primer 2 gave
one fragment of 130 nucleotides, the distance to the 5’ end of
exon 1A. The extended product of 95 nucleotides was, like
the S1 and SP6 product, split into two bands.

The combined outcome of these assays is projected on the
nucleotide sequence of the Wnt-1 promoter in Fig. 2. It
appears that Wnr-1 has two major start sites of transcription:
the shortest form of the RNA (exon 1B, start 2) arbitrarily
set at position 1, with another start (start 1, exon 1A) at
position —160. Inspection of the nucleotide sequence
showed the presence of two TATA boxes upstream of start
2, at —35 and at —25. Upstream of exon 1A, no TATA boxes
were found, but the region was very GC rich and contained
at least two SP1-binding sites.

Functional analysis of the Wnt-1 promoter. Having mapped
the start sites of Wnr-1 transcription, we next analyzed
whether the upstream area could function as a cell type-
specific transcriptional promoter. For this purpose, a num-
ber of constructs were made in which different Wnt-1 pro-

moter fragments served to direct the expression of the
bacterial reporter gene CAT. In transient assays on differ-
entiated P19 cells, no CAT activity was measured, which we
attributed to a low efficiency of transfection. We then
cotransfected undifferentiated P19 cells with the Wnt-1-CAT
constructs and neo as a selectable markers selected for G418
resistance, pooled colonies, and tested these for CAT activ-
ity before and after retinoic acid treatment (Fig. 4).

A low but measurable basal level of CAT activity as well
as a considerable increase after retinoic acid treatment was
observed with the Wnt-1-CAT construct KS. This plasmid
contained approximately 1 kb of Wnt-1 promoter sequence,
extending from the Sfil site at position 175 (between start 2
and initiator ATG) (Fig. 2) to the Kpnl site at position
—1050. The expression levels found with a longer construct,
BS, which contained about 7 kb of Wnt-1 promoter sequence
extending from the Sfil site (position 175) to a BgllI site at
position —7 kb, were somewhat lower. As a negative con-
trol, a construct with a 1.5-kb EcoRI-Sfil (Sfil at position
—175) Wnt-1 promoter fragment placed in inverted orienta-
tion towards the CAT gene (RS,,) showed no expression.
The activity of the Wnt-1 constructs was specific for P19
cells: expression of the Wnt-1 promoter-CAT constructs in
transient assays in several other cell types (NIH 3T3, HeLa,
MCF7, T47D, XC, and GRSL T-cell leukemia) was negative,
regardless of the presence of retinoic acid, whereas positive
controls worked as expected (data not shown).

We measured the CAT activity of several other constructs
in stably transfected P19 cells to check the transcriptional
activity of known other promoters and to correlate promoter
activity to the state of differentiation of the cells (Fig. 4).
Transcription of many retroviruses is blocked in undifferen-
tiated EC cells, and this block can be relieved upon differ-
entiation (7). Mo, a construct in which the CAT gene is
driven by the Moloney murine leukemia virus (MuLV) LTR
and which is inactive in undifferentiated F9 EC cells (17),
was also not expressed in noninduced P19 cells. 8MoPy, in
which the Moloney LTR enhancer is replaced by an en-
hancer from a mutant polyomavirus to make it active in
undifferentiated F9 EC cells (17), was also expressed in
untreated P19 cells. Both of these constructs showed in-
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FIG. 5. S1 nuclease mapping of Wnt-I transcription in tumor
102. The S1 probe, shown below the gel, was a SacI-Ncol fragment
derived from the cloned junction fragment and contained part of the
Whnt-1 gene and a part from the MMTYV LTR with the U3, R, and US
domains. The probe was labeled at the Ncol site, and fragments of
385 and 284 nucleotides were protected (indicated by arrows).
S1-treated material was run along a Maxam-Gilbert sequence ladder
of the same fragment. ¢, Control tRNA; T102, tumor 102 RNA.

creased CAT activity upon differentiation. However, a pim-
1-CAT construct which is active in lymphoid cells (16) was
not active in untreated or differentiated P19 cells. In this
plasmid, the CAT gene is driven by the pim-1 promoter
supported by the Moloney MuLV enhancer.

Influence of MMTYV insertion on Wnt-I transcripts: the right
LTR of the MMTYV provirus in tumor 102 functionally re-
places the Wnt-1 promoter. In Fig. 2, in which we show the
structure and sequence of the Wnt-1 promoter area, we also
indicate the insertion sites of several MMTV proviruses
which map close to the promoter. All of these insertion sites
have been determined by molecular cloning of proviral-
cellular DNA junction fragments and nucleotide sequence
analysis across the insertion site (37). The proviruses in
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FIG. 6. RNA blot analysis of tumor 102 RNA, hybridized with a
Wni-1 probe (lane A) and subsequently on the same filter with an
MMTYV LTR probe (lane B). Sizes of hybridizing RNA species were
calculated from rRNA markers or known from the structure of the
MMTYV genome.

tumors 604 and 102 are inserted in the same transcriptional
orientation as Wnt-1, whereas proviruses in tumors 17 and 35
are inserted in the opposite orientation. From restriction
enzyme mapping on tumor DNA, it appéared that none of
these proviruses had undergone rearrangements or dele-
tions.

Some of these insertions were close to the Wni-1 start
sites, in particular in tumor 102, in which the provirus had
replaced the Wnt-1 promoters. We have analyzed how this
insertion has affected the structure of the resulting Wnt-1
mRNA by nuclease S1 mapping of the transcripts. To this
end, we used several S1 probes, one of which was derived
from the cloned proviral DNA-cellular DNA junction frag-
ment from tumor 102 (Fig. 5). This probe was labeled at the
Ncol site in Wnt-1 and hybridized to RNA from tumor 102.
Two protected fragments were obtained, one of 385 nucleo-
tides, the length of the probe, and one of 285 nucleotides. By
comparison with a sequence ladder of the same probe, it
appeared that the 285-nucleotide fragment mapped at the
boundary between the U3 and R regions in the right MMTV
LTR. Thus, Wnt-1 transcription in this tumor was indeed
caused by a promoter insertion and starts in the right MMTV
LTR at the normal viral cap site.

The abundance of the 385-nucleotide protected fragment
indicated that considerable amounts of transcripts were
coming from more upstream promoters. By examining tumor
102 RNAs by their sizes on Northern (RNA) blots, we found
that there were indeed long RNAs which were probably
readthrough transcripts from the left LTR. With Wnt-1 as a
probe on the blot, three RNAs of 10, 6 and 2.6 kb were
detected (Fig. 6). When the same blot was probed with an
MMTV LTR, the two usual MMTYV transcripts of 7.8 and 3.8
kb were found. It thus appeared that the two large Wnt-I
transcripts had sizes corresponding to those of the two
MMTV messengers, for gag-pol and env gene expression,
plus those of the Wnt-I normal transcripts and had most
likely arisen by readthrough over the right MMTYV LTR into
the Wnt-1 gene. The shorter Wnt-1 transcript, of 2.6 kb, is
then the product of the start in the right LTR and presumably
the only functional mRNA, i.e., giving rise to the Wnt-1
protein.



VoL. 10, 1990

Further evidence for the hybrid nature of these transcripts
was obtained by applying the polymerase chain reaction (15)
to RNA from tumor 102. The primers were derived from the
Whnt-1 (primer C) and the MMTV LTR US (primer A) and U3
(primer B) sequences (see Materials and Methods). Primer
combination A-C gave a product of approximately 215
nucleotldes, and combination B-C gave a product of 310
nucleatides, showing that the tumors indeed contained tran-
scripts starting upstream from the cap site in the right
MMTYV LTR and proceeding into the Wnt-I sequence (data
not shown). The readthrough mRNAs could not be detected
on the blot hybridized to the MMTV probe because of the
overabundance of the MMTV mRNAs that came not only
from the provirus next to Wne-1 but also from many other
proviruses present in this tumor.

Other insertions upstream from the Wnt-1 promoter. Using
different probes and RNA from the tumors 35, 17, and 604,
in which MMTYV insertions map close to the Wnt-] promoter
and various S1 probes, we found the two major start sites
mostly unaffected. In Fig. 7, we show an analysis with the
junction fragment from tumor 35 as a probe, labeled at the
Ncol site in Wnt-1. In tumor 11, a control sample from a
tumor with a downstream provirus (Fig. 1), the probe
revealed the two major start sites, at 350 and 186 nucleotides
from the Ncol site. Tumor 604 has an MMTYV insertion
upstream but in the same transcriptional orientation as
Wnt-1. The same two protected fragments in addition to a
longer fragment of 385 nucleotides, were observed. The
latter fragment had a size corresponding to the distance from
the Ncol site in Wnt-1 to the particular provirus in tumor 35
and is therefore presumably generated from a longer RNA,
but is continuous with the probe only over the 385 nucleo-
tides. Blot analysis of tumor 604 RNA did indeed reveal long
transcripts, but there was not sufficient resolution for a more
detailed analysis. Most likely, tumor 604 does contain
readthrough transcripts from the provirus into Wnt-1, but the
start sites of transcription are normally used.

An exception was tumor 35, with the MMTYV insert in one
of the GC boxes. The shorter form of Wnt-1 RNA started
normally at the initiation site downstream from the TATA
boxes, yielding the 186-nucleotide fragment, but the first
start was replaced. An S1 protected fragment of 400 nucle-
otides was found, indicating that the start of transcription is
located in the MMTV LTR. Tumor 17 had contained Wnt-1
transcripts starting at the normal sites (data not shown).

DISCUSSION

From the analysis of the structure of the Wnt-1 transcripts
presented here, it appears that the gene has two major
initiation sites of transcription, each one contammg a dif-
ferent promoter element. Promoter 1, giving rise to exon 1A,
contains a GC-rich area, with several SP1-binding sites. GC
boxes are usually found in multiple copies, and they have
been shown to cooperate in regulating the initiation of
transcription (1). The GC boxes at Wnt-1 are all conserved
between the human and mouse Wnt-1 genes (36), and the
insertional mutation in tumor 35 disrupts the activity of this
promoter, making it likely that these elements are indeed
functioning in promoter activity. A second Wnt-1 start was
mapped at position +1. This promoter contains two closely
spaced TATA boxes, probably directing the double start of
exon 1B as found in all RNA mapping experiments.

In between the fragments corresponding to the two major
starts, we found several other minor fragments. These were
observed with all three techniques, but the relative intensi-
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ties of the bands varied significantly, the RNase protection
assay being most sensitive. Some protected fragments seen
only in the RNase protection assays may be artifactual, but
others are probably genuine minor start sites of transcrip-
tion.

Next to the physical mapping of the Wnt-1 promoter
structure, we have employed CAT assays to show that the
promoter is functional and confers differentiation-dependent
transcriptional activity on a heterologous gene in P19 cells.
The expression of the Wnt-1-CAT constructs after retinoic
acid-induced differentiation is comparable to that of retrovi-
ral transcriptional control elements known to be derepressed
during differentiation. The retinoic acid-dependent expres-
sion from the Wnt-1 promoter appeared to be specific for P19
cells induced to differentiate into the neural pathway, since it
was not seen in other cell lines. Whether all Wnt-1 regulatory
sequences that govern cell-specific expression are present
within this area is not known yet, nor is it clear whether the
1-kb upstream sequence is sufficient to regulate correct gene
expression in vivo, in the developing neural system, but the
analysis described here provides a useful starting point for
such studies. The experiments also show that P19-specific
Whnt-1 expression is regulated at the level of transcription
and is not due to posttranscriptional effects since it can be
conferred to a heterologous gene. Using nuclear run-on
experiments, St. Arnaud et al. (33) have recently also shown
that Wnt-1 expression in P19 cells is regulated at the tran-
scriptional level.

Points of interest for a systematic mutational analysis of
the Wnt-1 regulatory elements are two ATTA boxes around
position —830. ATTA sequences have been implicated in the
binding of homeobox proteins in vertebrates and in Droso-
phila melanogaster (reviewed in reference 13). It is not
unlikely that the control over Wnt-1 gene expression is at
least in part performed by homeobox genes. In D. melano-
gaster, the activities of the pair-rule fushi tarazu and even-
skipped genes control expression of the wingless gene in a
negative manner, whereas other pair-ruled genes are thought
to activate the gene (13). In mammals, there is overlap in the
domains of Wnt-1 expression and several Hox genes in the
central nervous system (4, 29, 42).

As a first approach to a mutational analysis of the Wni-1
promoter, we have measured the effects of MMTYV proviral
insertions on gene expression. In mammary tumors in which
MMTYV has been inserted outside the immediate vicinity of
the Wnr-1 promoter, the two start sites of transcription are
not affected qualitatively or quantitatively. In the large
majority of cases of MMTYV activation of Wnt-1, including in
tumor 17, the provirus has therefore indeed worked as an
enhancer on the Wnt-1 promoter and has not affected the
structure of the promoter itself.

Abnormal starts were seen in tumors 35 and 102. In tumor
35, the Wnt-1 promoter with the TATA box functioned
normally, but the more upstream start was replaced by a
start in the provirus. We have not been able to precisely map
the start of transcription in this LTR, which is oriented
backwards with respect to Wnt-1, because of a lack of more
material.

Tumor 102 is the only clear example of a promoter
insertion at Wnt-1, a mechanism more commonly observed
in other cases of insertional activation of host cell onco-
genes. The S1 experiments with the junction fragment from
tumor 102 as a probe showed that the right proviral LTR
served as a functional promoter, leading to transcripts start-
ing at the boundary between U3 and R. The level of RNA
from the right LTR was, however, much lower than the
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amount of readthrough RNA presumably coming from the
left LTR, as also seen in the RNA blot analysis of the Wni-1
transcripts. Such promoter occlusion phenomena have been
observed before at other retroviruses, in which the left LTR
is usually more active than the right LTR, and have been
invoked to explain the frequent deletions in proviruses at the
c-myc locus (3, 28). c-myc is usually activated by insertions
of avian leukosis virus in such a way that the viral LTR
replaces the normal c-myc promoter. In a study devoted to
starts in the right LTR of complete avian leukosis virus
proviruses by Herman and Coffin (10), their occurrence was
estimated to be much lower than was observed for tumor
102. This was measured in nonselected integrations, whereas
the insert of MMTYV near Wnt-1 and its resulting expression
has been selected for during tumorigenesis.

Remarkable in tumor 102 are the readthrough Wni-1
transcripts, starting in the left LTR and proceeding over the
right LTR into adjacent host cell sequences. Even the two
differently spliced versions of MMTV RNA are both ex-
tended into Wnt-1 sequences. The level of readthrough
transcription is in the same range (15% of viral RNA) as that
estimated by Herman and Coffin (10) for avian leukosis virus
proviruses. It would seem that in this tumor, all conditions
necessary to transduce Wnt-1 into the MMTYV viral genome
are fulfilled (11); such readthrough RNAs are thought to be
the first step in packaging oncogene RNA into the retroviral
particle, followed by recombination in the infected target cell
(34). MMTY variants with host cell-derived oncogenes have,
however, never been found. The incidence of promoter
insertion activation of the int genes is perhaps too low to
allow such events to occur. Out of some 50 cases of Wnt-1
activations seen in our laboratory, only one other example of
an insert upstream of the gene in the same orientation has
been found, in tumor 604. Although readthrough transcrip-
tion presumably coming from the provirus was seen, the
normal start sites of Wnz-1 expression were used, indicating
that this insertion has acted as an enhancer on the Wnt-1
promoter rather than as a promoter insertion.
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