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The Wnt/Wg signaling pathway functions during development to regulate cell fate determination and pat-
terning in various organisms. Two pathways are reported to lie downstream of Wnt signaling in vertebrates.
The canonical pathway relies on the activation of target genes through the B-catenin—-Lef/TCF complex, while
the noncanonical pathway employs the activation of protein kinase C (PKC) and increases in intracellular
calcium to induce target gene expression. cDNA subtractive hybridization between a cell line that overexpresses
Wnt-1 (C5TMG/Wnt-1) and the parental cell line (C57MG) was performed to identify downstream target genes
of Wnt-1 signaling. Among the putative Wnt-1 target genes, we have identified a mouse homolog of the gene
encoding human transcription factor basic transcription element binding protein 2 (nBTEB2). The mBTEB2
transcript is found at high levels in mammary tissue taken from a transgenic mouse overexpressing Wnt-1
(both tissue prior to active proliferation and tumor tissue) but is barely detectable in wild-type mouse mam-
mary glands. The regulation of mBTEB2 by Wnt-1 signaling in tissue culture occurs through a 3-catenin—Lef/
TCF-independent mechanism, as it is instead partially regulated by PKC. The Wnt-1-induced, PKC-dependent
activation of mouse BTEB2 in C57TMG cells, as well as the ability of Wnt-1 to stabilize 3-catenin in these cells,
is consistent with the hypothesis that both the noncanonical and canonical Wnt pathways are activated con-
comitantly in the same cell. These results suggest that mBTEB2 is a biologically relevant target of Wnt-1

signaling that is activated through a f3-catenin-independent, PKC-sensitive pathway in response to Wnt-1.

The Wnt/Wg signal transduction pathway is an evolution-
arily conserved pathway that plays an important role in the
developmental program of various organisms (for reviews, see
references 1, 3, 12, and 23). Genetic epistasis tests in Drosoph-
ila, in combination with biochemical experiments performed in
Xenopus and in tissue culture cell lines, have established a
model for Wnt/Wg signaling. In the absence of Wnt/Wg sig-
naling, the cell undertakes active measures to maintain low
cytoplasmic levels of the oncoprotein B-catenin or Armadillo,
its Drosophila homolog. B-Catenin is a multifunctional mole-
cule that acts at the plasma membrane in adherens junctions,
can be found in the cytoplasm, and is also detected in the
nucleus as part of a transcription factor complex. Upon phos-
phorylation at its amino terminus by glycogen synthetase ki-
nase 3 (GSK-3B), B-catenin is targeted for ubiquitin-medi-
ated degradation by a complex of proteins consisting of GSK-
3B, the tumor suppressor protein adenomatous polyposis coli
(APC), axin, and a member of the SCF ubiquitin ligase com-
plex, B-TrCP/Slimb (28).

Under these conditions, the downstream target genes of
Wnt-1 and/or B-catenin signaling presumably remain untran-
scribed due to the inability of B-catenin to form a functional
transcription factor complex with one of its protein binding
partners, the Lef/TCF family of transcription factors (2, 30).
Furthermore, the activity of a corepressor protein, groucho, in
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conjunction with Lef/TCF proteins and CREB binding protein,
keeps these target genes repressed in the absence of Wnt/Wg
signaling (6). Binding of Wnt to its receptor Frizzled, however,
initiates a cascade of signaling events that results in B-catenin
stabilization. B-Catenin levels now rise in the cytoplasm, reach-
ing a critical amount that enables it to bind to a Lef/TCF
protein. This complex then translocates to the nucleus, where
it serves as a transcription factor to activate target gene ex-
pression.

Besides playing a role in differentiation and development,
the Wnt/Wg signaling pathway has also been implicated in
tumorigenesis. The Wnt-1 oncogene was originally character-
ized as int-1, a gene whose activation upon insertion of the
mouse mammary tumor virus results in the formation of mouse
mammary tumors (33, 34). Although mutations in Wnt-1 have
never been implicated in human cancer, mutations in several
components of the Wnt signaling pathway, such as APC and
B-catenin, have been linked to tumorigenesis. APC is a tumor
suppressor gene that is mutated in up to 80% of human colon
carcinomas (29). Mutations of APC result in the development
of a form of inherited colon carcinoma called familial adeno-
matous polyposis. Individuals with this condition develop mul-
tiple colonic polyps throughout their life, predisposing them to
colon cancer. The majority of 4PC mutations delete the sites in
the protein that bind B-catenin and foster its degradation.
Hence, elevated levels of B-catenin can also contribute to tu-
morigenesis. High levels of B-catenin are associated with sev-
eral human cancers, including colon carcinomas, melanomas,
pilomatricomas, and hepatocellular carcinomas, due either to a
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nonfunctioning APC protein or to mutations that eliminate the
phosphorylation sites within B-catenin (7, 9, 28, 32, 37).

The diverse roles of Wnts in both development and tumor-
igenesis have fostered the search for Wnt target genes in these
processes. Wg signaling in Drosophila is known to transcrip-
tionally activate the expression of engrailed and Ultrabithorax
through the Armadillo-Drosophila dTCF complex (36, 45). Be-
sides these Drosophila homeobox genes, Wnt signaling through
B-catenin results in the transcriptional induction of two addi-
tional homeobox genes in Xenopus, siamois (5) and twin (22).
Other target genes of Wnt/Wg that are transcriptionally acti-
vated through a B-catenin-Lef/TCF transcription factor com-
plex include the oncogenes cyclin DI (39, 43), c-myc (14),
Wnt-1-induced secreted protein 1 (WISP-1) (35, 47), and c-jun
and fra-1 (2, 26), as well as the Xenopus fibronectin gene (11),
connexin43 (44), and matrilysin (8).

The canonical Wnt signaling pathway relies on the activation
of target gene expression by a 3-catenin—-Lef/TCF transcription
factor complex in response to the binding of Wnt to its recep-
tor, Frizzled. There is evidence, however, that Wnts can signal
through a B-catenin—-Lef/TCF-independent mechanism to ac-
tivate downstream gene expression. This noncanonical path-
way relies on the phosphatidylinositol (PI) pathway to activate
protein kinase C (PKC) and raise levels of intracellular calcium
Ca®" in order to regulate target gene expression (the Wnt/
Ca®" pathway) (28). Xenopus Wnt-5a, (XWnt-5a), a Wnt that
neither induces ectopic axis formation nor stabilizes B-catenin,
employs this pathway to exert its effects (10). The activation of
the PI pathway occurs for only specific Wnts and Frizzled
receptors and is an event that is independent of B-catenin
stabilization. Thus, it is apparent that not all Wnts initiate the
transcriptional activation of their target genes through the
B-catenin—Lef/TCF complex, suggesting that B-catenin stabili-
zation is not the sole result of all Wnt signaling and that other
pathways can be stimulated upon binding of Wnt to the Friz-
zled receptor.

The current list of Wnt/Wg target genes contains primarily
those genes whose expression is activated through the B-cate-
nin—-Lef/TCF complex. In an attempt to identify additional
downstream target genes of the Wnt-1 signaling pathway that
are relevant to transformation and tumorigenesis, we have
performed cDNA subtractive hybridization between a Wnt-1-
expressing mouse mammary epithelial cell line (C57MG/
Wnt-1) and the parental cell line (C57MG) (35). Among the
putative Wnt-1 target genes, we have identified a mouse ho-
molog of the gene encoding the human transcription factor
basic transcription element binding protein 2 (mBTEB2) as a
Whnt-1-responsive gene. The mBTEB?2 transcript is found at
high levels in tissues taken from Wnt-1 transgenic mouse (both
normal tissue [tissue prior to active proliferation] and tumor
tissue) but is barely detectable in wild-type mouse mammary
glands. Furthermore, transcriptional activation of this gene by
Wnt-1 signaling in tissue culture occurs through a mechanism
that is independent of B-catenin-Lef/TCF-mediated transcrip-
tion. Interestingly, the response of the mBTEB2 promoter to
Wnt-1 signaling is dependent on the activation of PKC, a
known transducer of the XWnt-5a signal which also does not
rely on B-catenin-mediated transcription (40, 41). These re-
sults suggest that mBTEB?2 is a biologically relevant target of
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Wnt-1 signaling that is activated through a B-catenin-indepen-
dent, PKC-sensitive pathway in response to Wnt-1.

MATERIALS AND METHODS

Cell culture and reagents. C57MG and 293 cell lines were maintained in
Dulbecco modified Eagle medium (DMEM) supplemented with 10% fetal bo-
vine serum and penicillin-streptomycin (GIBCO/BRL). The quail fibrosarcoma
cell lines QT6 and QT6Wnt-1, as well as the Wnt-1 transgenic mouse mammary
tumor and wild-type mammary gland specimens, were obtained from Harold
Varmus. C57MG cells were a gift from Anthony Brown. QT6Wnt-1 was main-
tained in DMEM supplemented with Geneticin (400 pg/ml; GIBCO/BRL). All
transfections were performed using the Lipofectamine reagent as directed by the
manufacturer (GIBCO/BRL). Stable C57MG cell lines were generated by co-
transfection of a hygromycin resistance marker along with the mBTEB2 pro-
moter deletion construct of interest. After 48 h, cells were divided into plates
containing 25, 75, or 150 U of hygromycin per ml. Stable pools were collected
and subsequently passaged in the presence of 150 U of hygromycin per ml.
Phorbol 12-myristate 13-acetate (PMA) was acquired from Sigma. The mitogen-
activated protein kinase (MAPK) kinase (MEK) inhibitor U0126 and the myr-
istoylated PKC inhibitor were both obtained from Promega. The Egr-1 mono-
clonal antibody was provided by Santa Cruz Biotechnology, and the B-catenin
monoclonal antibody (2E1) was kindly provided by Linda Bullions. The phos-
phothreonine monoclonal antibody was purchased from Calbiochem. Protein
A-Sepharose beads were obtained from Sigma. The secondary antibodies anti-
rabbit immunoglobulin G-horseradish peroxidase and protein A-peroxidase were
provided by Santa Cruz Biotechnology and Boehringer Mannheim, respectively.

Retrovirus infections. The retrovirus expression vector pBabePuro containing
a Wnt-1 or Wnt-4 cDNA insert was used to infect C57TMG cells. Briefly, retro-
viruses were prepared by calcium phosphate transfection of the packaging cell
line BOSC 23. The retrovirus-containing supernatant was isolated 48 h post-
transfection and divided into 3-ml aliquots. These virus stocks were used to infect
C57MG cells at approximately 50% confluence in the presence of Polybrene (8
pg/ml) and 1 ml of fetal bovine serum. After 48 h, cells were divided among
plates containing puromycin (final concentration, 2.5 pg/ml). Approximately
85% of the cells demonstrated puromycin resistance after 48 h, after which time
100% of the cells grew in puromycin. Cells were passaged in the presence of
puromycin to maintain expression of Wnt-1 or Wnt-4.

Coculture assays. In the QT6Wnt-1 cell line, Wat-1 expression is driven by the
mouse mammary tumor virus promoter. In the coculture assay, QT6 and
QT6Wnt-1 cells are plated in 10-cm-diameter tissue culture dishes and allowed
to grow for 48 h at 37°C, after which time they are approximately 30% confluent.
C57MG cells are trypsinized and added to the tissue culture dishes containing
QT6 or QT6Wnt-1 cells. Cells are cocultured for various time periods at 37°C in
5% CO,. The Wnt-1 extracellular matrix (ECM) and control ECM used in the
coculture assays were prepared by growing QT6 and QT6Wnt-1 cells to approx-
imately 90% confluency and scraping the quail cells off of the tissue culture
dishes. C57MG cells were then added to the Wnt-1 or control ECM, and cocul-
ture assays were performed as described previously. This technique leaves behind
Wnt-1 protein in the ECM, and an increase in B-catenin protein in C57MG cells
grown on a Wnt-1 ECM can be observed, suggesting that enough Wnt-1 protein
is trapped in the ECM to stabilize B-catenin.

DNA transfections. Transient and stable transfections were performed with
Opti-MEM (GIBCO/BRL) and Lipofectamine (GIBCO/BRL), using protocols
provided by the manufacturer. For luciferase assays, cells were transiently trans-
fected with the appropriate reporter along with a B-galactosidase plasmid in
order to normalize for transfection efficiency. For coculture luciferase assays,
luciferase activity was normalized to protein concentration used in the assay.

Luciferase assays. All mBTEB2 promoter fragments were subcloned into the
pGL2Basic luciferase reporter plasmid (Promega). Luciferase assays were per-
formed using a Dual-Light kit (Tropix, Inc.) according to the manufacturer’s
directions. Luciferase activity was measured using a TR717 microplate luminom-
eter (Tropix). All luciferase measurements were made from triplicate transfec-
tions and averaged after normalization to B-galactosidase activity or to protein
concentration. The TopFlash luciferase reporter and dn TCF constructs were
kindly provided by Bert Vogelstein. Richard Goodman kindly supplied the wild-
type CREB and dn CREB (KCREB) constructs. Myc epitope-tagged wild-type
Xenopus B-catenin in the pCS2/MT expression vector and the empty pCS2/MT
expression vector were generously provided by Barry Gumbiner. Subsequent
B-catenin constructs, generated through site-directed mutagenesis by Lifeng Xu,
included the following: 4145B-catenin (B-catenin mutant having a threonine and
serine at positions 41 and 45, respectively, mutated to alanine; stable mutant with
longer half-life), wt B-catenin (wild-type B-catenin), NLS (4145B-catenin mutant
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containing the simian virus 40 large T antigen nuclear localization signal se-
quence; localized to nucleus [immunofluorescence]), and 4145AC (4145B-cate-
nin mutant having a deletion of the carboxy terminus [putative transcriptional
activation domain]).

Isolation of mBTEB2 promoter fragments. (i) PCR. A Mouse GenomeWalker
kit (Clontech) was used to isolate three overlapping fragments of the mBTEB2
promoter (1.1, 1.3, and 1.5 kb). This kit contains five libraries of uncloned,
adapter-ligated genomic DNA fragments and relies on nested PCR in order to
amplify a region of interest. The 5’ primers (AP1 and AP2) are based on the
adapter sequence and supplied by the kit. The 3’ primers used were designed
based on the mBTEB2 sequence supplied by Genentech. The sequence of the
first 3’ primer (5'-GGCCTGCCATAGAAACATTAAGGGT-3') lies within the
putative coding region of the mouse homolog and encompasses amino acids 13
to 21. The sequence of the second 3’ primer (5'-TTTGTAAACTGGGCATGT
CTAGATA-3') lies further 5’ to the sequence of the first 3’ primer and encom-
passes the putative start site of translation of the mouse homolog. All PCR
products were subjected to sequence analysis and identified by the BLAST
program. PCR was then used to introduce a 3’ Xhol site on the 1.3- and 1.5-kb
fragments to facilitate cloning. These mBTEB2 promoter fragments were then
digested with Mlul (a site in the 5" adapter sequence) and Xhol and were cloned
into the pGL2Basic luciferase reporter plasmid (Promega). 5’ Miul digestion
followed by 3’ blunt-end ligation was used to clone the 1.1-kb fragment into this
reporter plasmid.

(ii) Genomic library screening. The 129 SVJ mouse genomic library, lambda
FIX II vector (Stratagene), was successfully screened with the 1.5-kb mBTEB2
promoter fragment obtained from the GenomeWalker PCR assay. Approxi-
mately 2 X 107 plaques were initially screened, and after three rounds of screen-
ing a positive clone was identified by sequence analysis. The isolated clone was
only slightly larger (approximately 1.6 kb) than the original fragment used to
screen the library. This mBTEB2 promoter fragment was also cloned into the
pGL2Basic luciferase reporter plasmid (Promega).

Generation of mBTEB2 promoter deletion constructs. A QuikChange site-
directed mutagenesis kit (Stratagene) was used to generate a series of 3’ deletion
constructs using the 1.6-kb promoter fragment as a template. PCR primers were
designed such that the constructs shared a common 5’ primer and had a different
3’ primer. The 5’ primer and 3’ primer for each deletion construct contain a Sacl
site and an Xhol site, respectively, to allow for cloning into the pGL2Basic
luciferase reporter plasmid (Promega). The following PCR primers were used to
create the various deletion constructs indicated below: 5" primer, 5'-TAACCC
GGGAGGTACCGAGCTCTTA-3' (Sacl site underlined); TATA, 5'-CCGCTC
GAGCGGGCTTCTGTGTGTG-3' (Xhol site underlined); Lef, 5'-CCGCTCG
AGCGGCCTGTGCAAATCT-3' (Xhol site underlined); CREBL1, 5'-CCGCTC
GAGCGGCTACGACATGTCT-3" (Xhol site underlined); and CREB2, 5'-CC
GCTCGAGCGGCAGTTCTCAGGTG-3' (Xhol site underlined).

RNA isolation and Northern blot analysis. Total RNA was isolated from
cultured cells using an RNeasy Mini kit (Qiagen) or from tissues using the Trizol
reagent (GIBCO/BRL) as directed by the manufacturer. Northern blot analysis
was performed using at least 5 wg of total RNA. RNA was electrophoresed
overnight on a 1.2% agarose gel containing 6% formaldehyde in circulating 1X
E buffer (18 mM Na,HPO,, 2 mM NaH,PO,). RNA was transferred to a Nytran
membrane using the Turboblotter transfer system (Schleicher & Schuell). Mem-
branes were either baked under vacuum at 80°C for 2 h or UV cross-linked
(Stratagene Stratalinker) prior to 2 h of prehybridization in 5 ml of Church buffer
(0.2 M NaH,PO,, 0.3 M Na,HPO,, 1% bovine serum albumin, 7% sodium
dodecyl sulfate [SDS], 1 mM EDTA) at 65°C; 250 ng of the appropriate DNA
was then labeled for a probe by random priming in the presence of [a->>P]dCTP
using a Primelt RmT kit (Stratagene). Blots were hybridized with the labeled
probe overnight in Church buffer at 65°C. Blots were then rinsed twice in 1X SSC
(Ix SSCis 0.15 M NaCl plus 0.015 M sodium citrate)-0.1% SDS and washed
twice in this solution for 30 min at 65°C. The final two washes were performed
in 0.2X SSC-0.1% SDS and 0.1X SSC-0.1% SDS, respectively, for 30 min at
65°C. Blots were wrapped in Saran Wrap and exposed to X-Omat film for at least
8 h. The signals were quantitated using a PhosphorImager. Glyceraldehyde-3-
phosphate dehydrogenase (GAPDH) was used as a loading control.

In situ hybridization. Nonradioactive in situ hybridizations were performed as
described previously (17). An 800-bp human BTEB2 coding region was isolated
by PCR from human colorectal carcinoma cell line HT29 genomic DNA (pre-
pared using a Qiagen QIAmp blood kit) using a 5" primer containing a BarmHI
site (underlined; 5'-CGGGATCCCGCATGAACGTCTTCCT-3") and a 3’ prim-
er containing an EcoRI site (underlined; 5'-CGGAATTCCGCCTTCTATTGT
ATCT-3"). This PCR product was subjected to sequencing, and the BLAST
program was used to assess its identity. The BTEB2 product was cloned into the
pBluescript IT KS(—) phagemid (Stratagene) such that the T7 RNA polymerase
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could be used to transcribe a sense probe and T3 RNA polymerase could be used
to transcribe an antisense probe. The pGEM-4 vector (Promega) containing the
Whnt-1 cDNA was used to generate Wnt-1 antisense and sense riboprobes using
T7 and SP6 RNA polymerases, respectively. All riboprobes were created using a
Riboprobe in vitro transcription system kit (Promega), in which a digoxigenin-
labeled UTP is provided in the ribonucleotide mix, according to the manufac-
turer’s instructions.

Three- to four-micrometer serial mammary tumor and mammary gland tissue
sections taken from a Wnt-1 transgenic mouse, as well as wild-type mammary
gland tissue sections, were obtained from Genentech and used for in situ hy-
bridization. Hybridizations were performed in a humidified chamber overnight at
65°C. Sections were washed in successive solutions and then blocked for 1 h at
room temperature in 2% goat serum-bovine serum albumin (2 mg/ml) in 1X
TBST (10X stock is 8 g of NaCl, 0.2 g of KCI, 25 ml of 1 M Tris [pH 7.5], and
1 ml of Tween 20). An antibody to digoxigenin conjugated to alkaline phospha-
tase (Boehringer Mannheim) was diluted in blocking buffer (1:500) and incu-
bated overnight at 4°C. Sections were subsequently rinsed in 1X TBST for 3 h
and then washed in NTMT (100 mM Tris [pH 9.5], 50 mM MgCl,, 100 mM NacCl,
0.1% Tween 20) for 30 min. Staining was revealed in the dark using NTMT
containing 20 pl each of 5-bromo-4-chloro-3-indolylphosphate and nitroblue
tetrazolium (Boehringer Mannheim). Pictures were taken using a bright-field
microscope. Serial sections were also stained with hematoxylin to visualize the
tissue sections.

Labeled immunoprecipitation. The parental C57MG cell line and C57TMG
cells infected with the Wnt-1, Wnt-4, and empty vector retroviruses were grown
in 10-cm-diameter tissue culture dishes. Cells were prestarved for 30 min in 4 ml
of DMEM minus methionine plus 2% dialyzed fetal calf serum. Cells were
labeled for 18 h in the presence of a mixture of 3>S-labeled methionine and
cysteine 75 wCi/ml; (Expre®*S*>S; NEN). Cells were lysed in 500 pl of lysis buffer
(50 mM Tris [pH 7.5], 150 mM NaCl, 0.5% Nonidet P-40, 1 mM EDTA, 1 mM
dithiothreitol, 1 mM phenylmethylsulfonyl fluoride, 1 mM pepstatin, 1 mM
E-64), and 107 trichloro-acetic acid-precipitable cpm was immunoprecipitated
using a monoclonal antibody to B-catenin for 4 h in the presence of protein
A-Sepharose beads (Sigma). The immunoprecipitates were washed three times
with 500 pl of SNNTE (50 mM Tris [pH 7.4], 5 mM EDTA, 5% sucrose, 1%
Nonidet P-40, 0.5 M NaCl) and one time with 1 ml of radioimmunoprecipitation
assay buffer (50 mM Tris [pH 7.4], 150 mM NaCl, 1% Triton X-100, 0.1% SDS,
1% [wt/vol] sodium deoxycholate). The proteins were eluted and separated on an
SDS-8% polyacrylamide gel. The gel was fixed in 30% methanol-10% acetic acid
for 20 min and then soaked in a 1 M sodium salicylate-1.5% glycerol solution for
20 min. The gel was wrapped in Saran Wrap and dried on a gel dryer for 1 h, after
which time it was exposed to X-Omat film for 24 h.

Nucleotide sequence accession number. The GenBank accession number for
the mBTEB2 promoter sequence is AF285184.

RESULTS

Identification of downstream target genes of the Wnt-1 sig-
naling pathway. To identify putative downstream target genes
of the Wnt signaling pathway, cDNA subtraction analysis (13)
was performed between a cell line overexpressing Wnt-1 and
the parental cell line. C57TMG cells, a mouse mammary epi-
thelial cell line, were chosen because they provide a good in
vitro model system for Wnt-1 signaling, and it is within this
type of cell in the mouse mammary gland that aberrant acti-
vation of Wnt-1 results in mammary hyperplasia (for example,
see references 4 and 18). To effect high levels of Wnt-1 expres-
sion, the C57MG cells were infected with a Wnt-1 retrovirus
(see Materials and Methods) that contains the mouse Wht-1
c¢DNA under control of the viral long terminal repeat pro-
moter and a puromycin resistance selectable marker. Control
infections for this experiment included C57MG cells infected
with either an empty vector retrovirus or a Wnt-4 retrovirus.
Wnt-4 is normally expressed in the developing mouse mam-
mary gland and during pregnancy, and it has never been dem-
onstrated to possess any oncogenic activities (31). These cell
lines will be referred to as C57MG/Wnt-1, C57MG/Wnt-4, and
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C57MG/Vector to distinguish among the Wnt-1-, Wnt-4-, and
vector-infected cells, respectively.

Prior to performing the cDNA subtractive hybridization, we
assessed the effects of Wnt-1 on C57MG cell morphology and
on B-catenin levels. One of the hallmarks of Wnt-1 overexpres-
sion in C57MG cells is the drastic morphology change exhib-
ited by these cells (33). C57MG cells normally form monolay-
ers that are relatively cuboidal. Overexpression of Wnt-1 in
these cells through the pBabePuro retrovirus, however, causes
the cells to become very refractile and elongated (Fig. 1A).
The morphology of C57MG/Wnt-1 cells is in striking con-
trast to that seen for C57MG/Wnt-4 and C57MG/Vector cells,
which both appear to be morphologically indistinguishable
from the parental C57MG cell line. Thus, a Wnt-1 retrovirus
infection of C57MG cells appears to at least morphologically
mimic that elsewhere reported (34). To assess the levels of -
catenin in the retrovirus-infected cell lines, each cell line (pa-
rental C57MG, C57MG/Wnt-1, C57MG/Wnt-4, and C57MG/
Vector) was metabolically labeled and immunoprecipitated
using a monoclonal antibody to 3-catenin (Fig. 1B). Approxi-
mately fivefold more total B-catenin was immunoprecipitated
from the C57MG/Wnt-1 cells than from the other three cell
lines. Thus, the Wnt-1 signaling pathway functions to stabilize
B-catenin in the Wnt-1-infected cells, the expected outcome
for Wnt-1 overexpression.

To identify those transcripts that are up-regulated in re-
sponse to Wnt-1 signaling, we performed PCR-select cDNA
subtractive hybridization between C5S7MG/Wnt-1 cells and the
parental C57MG cell line (35). C57MG cells which had been

= A

FIG. 1. (A) C57MG cells are morphologically transformed by infection with a Wnt-1 retrovirus. C57MG cells were infected with either a Wnt-1,
Wnt-4, or empty vector retrovirus (see Materials and Methods for details) and selected in puromycin after 48 h. (B) Labeled immunoprecipitation
for B-catenin protein. C57MG cells were infected with either the Wnt-1 (C57MG/Wnt-1), Wnt-4 (C57MG/Wnt-4), or empty vector (C5TMG/
Vector) retrovirus. The parental cell line (C57MG), along with the other three retrovirus-infected cell lines, were labeled for 18 h with Expre**S*S
(NEN). Cell lysates were prepared, and 107 cpm was immunoprecipitated with a B-catenin monoclonal antibody. Bound proteins were loaded on
an SDS-8% polyacrylamide gel and visualized by autoradiography. M, markers.
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stably expressing Wnt-1 for 3 weeks after retrovirus infection
were chosen for this analysis, as it would allow for the identi-
fication of both direct and indirect targets of Wnt-1 signaling.
The majority of the genes having a known function were up-
regulated at least twofold at the mRNA level in response to
Wnt-1 signaling. Only a minority were found to be false posi-
tives, as determined by Northern blot analysis (data not shown).
Furthermore, two of the genes identified in the screen, mouse
connexin43 and mouse WISP-1, have recently been shown to be
targets of the Wnt-1 signaling pathway (35, 44). The identifi-
cation of at least two targets of the Wnt-1 signaling pathway,
one of which was isolated independently of this screen, sug-
gests that the screen is a useful method by which to identify
novel targets of this signaling pathway. For one of these puta-
tive Wnt-1 targets, mBTEB2, expression at the mRNA level
was approximately fivefold higher in C57MG/Wnt-1 cells than
in the parental or C57MG/Vector cells; therefore, mBTEB2
was chosen for further analysis.

mBTEB?2 is a Wnt-1-responsive gene in vitro. BTEB2 is a
member of the Spl family of transcription factors and has re-
cently been reported to function in vivo to regulate the expres-
sion of the smooth muscle myosin heavy chain B gene (46). To
confirm that mBTEB2 is indeed a true transcriptional target
of the Wnt-1 signaling pathway, three independent experi-
ments were performed in vitro. In an independent experiment,
C57MG cells were infected with the Wnt-1 and empty vector
retrovirus, and RNA was isolated from cells 3 weeks after
infection in order to mimic the conditions under which the
original screen was conducted. As shown by Northern blot
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FIG. 2. (A) mBTEB?2 induction in Wnt-1-expressing C57MG cells.
C57MG cells were infected with a Wnt-1 and empty vector retrovirus
(as a control) and passaged in the presence of puromycin (2.5 pg/ml)
for 3 weeks. Northern blot analysis on 5 pg of total RNA was per-
formed to assess mBTEB2 and Wnt-1 mRNA expression levels in each
cell type (Wnt-1 and Vector). Signals were initially visualized by au-
toradiography and then quantitated with a PhosphorImager. Blots
were later probed for GAPDH as a loading control. (B) Time course
of induction of mBTEB?2 in response to Wnt-1 signaling. C57MG cells
were cocultured with either the parental QT6 cell line (derived from a
quail fibrosarcoma) or the QT6Wnt-1 cell line, which overexpresses
and secretes Wnt-1. Total RNA was isolated from the cocultures at the
indicated times, and Northern blot analysis was performed on 10 g of
total RNA using an mBTEB2 probe. Signals were initially visualized by
autoradiography and quantified by PhosphorImager analysis. Blots
were probed for GAPDH as a loading control. QT6 and QT6Wnt-1
lanes, containing RNA derived from QT6 and QT6Wnt-1 cells, respec-
tively, show that the mBTEB2 probe does not cross-hybridize with
quail RNAs.

analysis, the mBTEB2 transcript is reproducibly up-regulated
approximately fivefold in the C57MG/Wnt-1 cells compared to
the C57MG/Vector control cells (Fig. 2A). In addition, semi-
quantitative reverse transcription-PCR indicates that the mB-
TEB2 mRNA is induced in the Wnt-1-infected cells compared
to the parental control cell line (data not shown).
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To assess the temporal regulation of mBTEB2 by Wnt-1 sig-
naling, coculture of a Wnt-1-expressing cell line (QT6Wnt-1)
with C57TMG cells was performed for various time periods.
This method of coculture establishes a paracrine signaling such
that the Wnt-1 secreted by QT6Wnt-1 cells can elicit a re-
sponse from C57MG cells (the activation of target gene ex-
pression) (18). In the coculture assay, Wnt-1 transcriptionally
activates the mBTEB2 promoter approximately fourfold after
3 h of coculture, and this transcriptional induction persists
through a 48-h coculture experiment (Fig. 2B). Furthermore,
regulation of the mBTEB2 promoter by Wnt-1 signaling is in
fact due to transcription, as coculture experiments performed
in the presence of actinomycin D, an inhibitor of RNA poly-
merase I, prevent the transcriptional activation of mBTEB2
by Wnt-1 signaling (data not shown). These data suggest that
mBTEB?2 is a transcriptional target of the Wnt-1 signaling
pathway in vitro.

mBTEB2 is a Wnt-1-responsive gene in vivo. To assess the
biological relevance of mBTEB2 as a target gene for Wnt-1
signaling, mBTEB?2 transcript levels were measured in Wnt-1
transgenic mouse mammary tumors and normal wild-type
mouse mammary glands. Northern blot analysis of these tissues
demonstrates that the mBTEB?2 transcript is found at higher
levels in three independent Wnt-1 transgenic mouse mammary
tumors and at significantly lower levels in the wild-type mouse
mammary glands (Fig. 3). The presence of two transcripts for
mBTEB?2 in the mammary tumor and mammary gland samples
is not unexpected, given the identification of two mRNA spe-
cies for human BTEB?2 in the testis (42). From this experiment,
it is apparent that the absolute level of Wnt-1 mRNA expres-
sion does not necessarily correlate with mBTEB2 transcript
levels. Rather, the expression of Wnt-1 itself is enough to
transcriptionally induce mBTEB2 in the mouse mammary tu-
mor samples.

These data are further confirmed by in situ hybridizations

Mammary Mammary
Tumors Glands
1 2 3 1 2

FIG. 3. mBTEB2 mRNA in Wnt-1 transgenic mouse mammary
tumors and in normal, wild-type mouse mammary glands. Total RNA
was isolated from three independent Wnt-1 transgenic mouse mam-
mary tumors and from two different wild-type mouse mammary glands.
Northern blot analysis was performed on 10 pg of total RNA to assess
expression levels of Wnt-1 and mBTEB?2. Signals were visualized by
autoradiography, and blots were reprobed for GAPDH as a loading
control.
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performed with serial mammary tumor and mammary gland
sections obtained from Wnt-1 transgenic mice and wild-type
mice (Fig. 4). As expected, the Wnt-1 antisense probe recog-
nizes the Wnt-1 transcript in tissues derived from the Wnt-1
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FIG. 4. In situ hybridization of mBTEB2 mRNA in Wnt-1 trans-
genic mouse mammary tissues and adjacent mammary gland tissue and
in wild-type mouse mammary glands. Nonradioactive in situ hybrid-
ization was performed using either a human BTEB?2 antisense or sense
probe, or a Wnt-1 antisense or sense probe, on serial sections obtained
from a Wnt-1 transgenic mouse mammary gland tumor or adjacent
normal tissue or from a wild-type mouse (see Materials and Methods
for details). (A) Wnt-1 mRNA expression in a Wnt-1-induced mam-
mary tumor and in a wild-type mammary gland; (B) mBTEB2 mRNA
expression in a Wnt-1-induced mammary tumor and in a wild-type
mammary gland; (C) Wnt-1 and mBTEB2 mRNA expression in Wnt-1
transgenic mouse mammary gland tissue. Sections were also stained
with hematoxylin to visualize the tissue.

transgenic mouse (both tumor and nontumor), but no Wat-1
mRNA is detectable in the wild-type mouse mammary gland.
Analysis of Wnt-1 transgenic mouse mammary tumor sections
using the mBTEB2 antisense probe shows that mBTEB2
mRNA is found at high levels in areas where Wnt-1 is ex-
pressed. Very little, if any, mBTEB2 mRNA can be detected in
the normal, wild-type mouse mammary gland tissue sections.
Furthermore, the nontumor mammary tissue taken from the
Wnt-1 transgenic mouse (which still expresses high levels of
Wnt-1 mRNA) has an elevated level of mBTEB2 mRNA which
in some areas of the tissue section overlaps but is not entirely
coincident with Wnt-1 expression. Perhaps this is due to the
fact that Wnt-1 is a secreted protein and that not every cell
type in the mouse mammary gland expresses the appropriate
Frizzled receptor to permit the transduction of the Wnt-1
signal (and the subsequent activation of mBTEB2). These re-
sults establish a clear correlation between overexpression of
Wnt-1 and increased levels of the mBTEB?2 transcript in vivo.
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FIG. 5. mBTEB2 promoter fragments are transcriptionally induced in response to Wnt-1 signaling in coculture assay. C57MG cells were
transiently transfected with the pGL2Basic luciferase reporter plasmid, or various pGL2Basic luciferase reporters containing mBTEB2 promoter
fragments of different sizes, and a B-galactosidase plasmid. The two positive controls used in this assay include WISP-1, a Wnt-1 and B-catenin
target gene (47), and TopFlash. Forty-eight hours after transfection, the cells were cocultured with QT6 and QT6Wnt-1 cells for 24 h. Luciferase
activity was measured and normalized to (-galactosidase activity. The results shown are averages of three independent experiments.

The mBTEB2 promoter is regulated by a Wnt-1-dependent,
B-catenin-independent, mechanism. (i) Isolation of mBTEB2
promoter fragments. The mBTEB2 promoter/enhancer region
was isolated to determine the mechanism of its regulation by
Whnt-1 signaling. Overlapping fragments of the mBTEB?2 pro-
moter were obtained through a combination of mouse genomic
library screening and PCR (see Materials and Methods for
details). Several mBTEB2 promoter fragments were identified,
including a minimal 1.1-kb promoter fragment that, after clon-
ing into a luciferase expression plasmid, activates luciferase
expression in 293 cells to fivefold-higher levels in the absence
of Wnt-1 than the control plasmid. All of the mBTEB2 pro-
moter fragments were cloned into the pGL2Basic luciferase
reporter plasmid. Sequence analysis of the mBTEB2 promoter
fragments revealed the presence of four putative CREB bind-
ing sites, four putative GC boxes, a putative TATA box, and
two imperfect Lef/TCF binding sites.

Whnt-1 regulation of and identification of negative regulatory
elements in the mBTEB2 promoter. Transient transfection of
the mBTEB2 promoter constructs into C57MG cells, followed
by the coculture of the transfected cells with Wnt-1-expressing
cells, confirmed that these constructs are responsive to Wnt-1
(Fig. 5). This response, however, did not completely recapitu-
late the response of the endogenous promoter to Wnt-1, as the
luciferase activity was only about threefold higher in the pres-
ence of Wnt-1 using the 1.1-kb promoter. The two positive
controls used in this assay were TopFlash, an artificial lucif-
erase reporter which contains four tandem repeats of the Lef/
TCEF binding site cloned upstream of a minimal c-fos promoter,
and WISP-1, a known Wnt-1- and B-catenin-responsive gene
(47). The WISP-1 construct contains the WISP-1 promoter
(approximately 5 kb) cloned into the pGL2Basic luciferase
reporter plasmid (BWISP-1). The luciferase read-out from the

TopFlash coculture experiment indicates that this promoter is
activated approximately 2.5-fold by Wnt-1 signaling due to the
Whnt-1-induced stabilization of B-catenin. BWISP-1 is also ac-
tivated to high levels by Wnt-1 signaling in this coculture assay.
These results indicate that the endogenous mBTEB2 promoter
contains additional regulatory elements which modulate its
response beyond the threefold level observed in these assays.
Interestingly, the coculture of cells containing the largest pro-
moter fragment (1.5 kb) with Wnt-1-expressing cells actually
shows a diminished response to Wnt-1 compared to the smaller
promoter fragments. Similar results were obtained upon gen-
eration of stable C57MG cell lines containing these mBTEB?2
promoter reporters and the coculture of these cells with Wnt-
1-expressing cells (data not shown).

We constructed a series of 3" deletion mutants of the 1.5-kb
mBTEB2 promoter fragment to examine how different se-
quence elements within the mBTEB2 promoter respond to
Wnt-1 signaling. Coculture assays using these deletion con-
structs revealed that the promoter fragment having the stron-
gest response to Wnt-1 signaling is approximately 1.1 kb and
consists of primarily the 5’ promoter region and approximately
200 bp downstream of the putative TATA box (data not
shown). This construct (the Lef construct) terminates after the
first putative Lef/TCF binding site, and it does not contain any
CREB binding sites but does retain three of the four GC box
sequences. These results corroborate the previous coculture
results with the larger mBTEB2 promoter fragments, suggest-
ing that the additional 5" and 3’ sequences found in the larger
mBTEB2 promoter fragments contain negative regulatory el-
ements that diminish the luciferase response of this promoter
fragment to Wnt-1 signaling.

mBTEB?2 transcriptional activation does not require high
levels of B-catenin. Given the presence of two imperfect Lef/
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TCF binding sites within the mBTEB2 promoter fragments
and the finding that many Wnt target genes rely on the B-cate-
nin-Lef/TCF transcription factor complex for transcriptional
activation, it was important to assess the ability of these pro-
moter fragments to respond to various B-catenin and TCF
mutants. The mBTEB2 promoter fragments were cloned into
the pGL2Basic luciferase reporter vector and tested in tran-
sient transfection assays in both 293 cells and C57MG cells, in
combination with various B-catenin mutant plasmids and TCF
constructs (see Materials and Methods for further details). All
of the B-catenin mutant plasmids express proteins at similar
levels relative to one another and have a half-life of longer
than 6 h (in comparison, wild-type B-catenin has a half-life of
only 30 min) (47). Cotransfection of the 4145B-catenin, NLS,
or wtf3-catenin construct enhanced the luciferase activity of the
1.1-kb mBTEB?2 promoter construct less than twofold in both
293 cells (averages of two independent triplicate experiments
are shown in Fig. 6) and C57MG cells (data not shown). These
B-catenin plasmids readily transcriptionally activate TopFlash,
the luciferase reporter used as the positive control. Further-
more, cotransfection of a wild-type TCF plasmid (wt TCF)
does not alter the luciferase activity of the mBTEB2 promoter
construct. Cotransfection of the dn TCF plasmid, which can
bind to DNA but cannot bind to B-catenin, appears to slightly
enhance the luciferase response of the 1.1-kb mBTEB2 pro-
moter construct, in striking contrast to the decreased luciferase
response observed for TopFlash. Similar results were obtained
from transient cotransfections using the 1.5-kb mBTEB2 pro-
moter reporter (data not shown). These results suggest that the
B-catenin—Lef/TCF transcription factor complex does not reg-
ulate the transcriptional activity of this promoter in response to
Whnt-1 signaling.

The effect of B-catenin on the endogenous mBTEB2 pro-
moter in C57MG cells was also investigated. Two independent
stable C57MG cell lines which overexpress the nondegradable,
stable form of B-catenin (4145B-catenin) were generated, and
the transcript levels of mBTEB2 were compared to the levels of
mBTEB2 mRNA in C57MG cells cocultured with Wnt-1-ex-
pressing cells. The half-life of the B-catenin protein produced
in these stable cell lines is longer than 6 h (47). Expression of
B-catenin at high levels does not transcriptionally induce the
mBTEB?2 promoter, whereas Wnt-1 signaling has the opposite
effect, suggesting that the transcriptional response of the
mBTEB?2 promoter to Wnt-1 occurs through a 3-catenin-inde-
pendent mechanism (Fig. 7A). In addition, coculture of these
C57MG cell lines overexpressing 41453-catenin with Wnt-1-
expressing cells demonstrates an increase in the mBTEB2
mRNA to comparable levels observed in the coculture of Wnt-
1-expressing cells with C57MG cells (Fig. 7B). These results
corroborate the previous endogenous promoter results and
further suggest that mBTEB?2 is regulated independently of
high levels of B-catenin.

Role of MAPK and PMA/PKC in regulation of the mBTEB2
promoter by Wnt-1. Given that the mBTEB2 promoter is tran-
scriptionally regulated by Wnt-1 signaling in a B-catenin-inde-
pendent manner, other models for its regulation were postu-
lated to explain how Wnt-1 signaling activates this promoter.
The human gene is expressed at high levels in smooth muscle
cells, and it is transcriptionally regulated by the early growth
response gene 1 (Egr-1) protein product in a phorbol ester
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FIG. 6. The mBTEB2 promoter is not responsive to elevated levels
of B-catenin or TCF protein. Transient transfections were performed
in 293 cells and C57MG cells (data not shown), using 2.0 pg of total
plasmid DNA (0.5 pg of reporter plasmid, 1.0 ng of B-catenin or TCF
plasmid, and 0.5 pg of vector). The reporter constructs used included
the pGL2Basic luciferase reporter vector (pGL2B) as a negative con-
trol, TopFlash as a positive control, and one of the mBTEB2 promoter
reporters (pGL2B 1.1, 1.3, 1.5 kb). The results are shown for the 1.1-kb
promoter construct. Luciferase activity of the transfected cells was
measured after 48 h using a luminometer. Cells were also cotrans-
fected with a B-galactosidase reporter to normalize for transfection
efficiency such that the reported luciferase values are normalized to
B-galactosidase activity. The results are representative of three inde-
pendent experiments, each done in triplicate.

(PMA)- and MAPK-dependent manner (19). The presence of
several GC boxes (sequences to which Egr-1 can bind) within
the mBTEB?2 promoter suggested that perhaps the mouse pro-
moter is regulated in a similar fashion. Therefore, MAPK and
a PMA-sensitive isoform of PKC (PMA/PKC) were tested to
determine if they regulate the mBTEB2 promoter and what
role, if any, these molecules play in the response of this pro-
moter to Wnt-1 signaling.

Role of MAPK. The human BTEB2 promoter has been re-
ported to be regulated through a PMA-sensitive, MAPK-de-
pendent mechanism (19). We therefore set out to determine
whether the mouse promoter alone, or in the presence of
Wnt-1 signaling, is regulated in a similar fashion. C57MG/
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FIG. 7. Wnt-1 signaling transcriptionally activates the mBTEB2
promoter through a B-catenin-independent mechanism in both the
parental C57MG cell line and the C57MG cell line overexpressing
4145B-catenin. (A) Two C57MG cell lines that stably express 41453-
catenin were generated, and cocultured with QT6Wnt-1 cells for the
indicated times. mBTEB2 mRNA levels were determined by Northern
blot analysis using 10 pg of total RNA isolated from the parental
C57MG cell line, the two stable 414583-catenin-expressing cell lines,
and the QT6Wnt-1-plus-C57MG cocultures. Blots were reprobed for
GAPDH as a loading control. Signals were visualized by autoradiog-
raphy and quantitated using a PhosphorImager. (B) The sample des-
ignated #1 was cocultured with QT6Wnt-1 cells for various times, and
Northern blot analysis was carried out as for panel A.

Wnt-1 and C57MG/Vector cells were pretreated for 1 h with
10 wM MEK inhibitor U0126 and then treated with 10 nM
PMA for 4 h; Northern blot analysis was then performed to
assess the mBTEB?2 transcript levels. The results indicate that
the MAPK pathway may negatively regulate the Wnt-1 signal-
ing pathway, as there is a reproducible increase in the mBTEB2
transcript levels in C57MG/Wnt-1 cells treated with U0126 (Fig.
8). Treatment with only PMA causes an increase in mBTEB2
mRNA in C57MG/Vector cells but no further increase in
C57MG/Wnt-1 cells treated with PMA. These results suggest
that regulation of the mBTEB2 promoter is sensitive to PMA
and that the MAPK pathway negatively regulates the response
of the promoter to Wnt-1 signaling. It is not yet clear whether
transcriptional activation of the mBTEB2 promoter by Wnt-1
signaling occurs through a PMA-dependent pathway or if two
different pathways (one sensitive to PMA and one activated by
Wnat-1 signaling) act on the mBTEB2 promoter.

Role of PMA/PKC. The mBTEB?2 promoter is transcription-
ally activated by low concentrations (10 nM) of the phorbol
ester PMA (Fig. 9),, and high concentrations (100 uM) re-
sult in cell death (data not shown). These results are in close
agreement with the ability of PMA to transcriptionally activate
the human promoter (19). Experiments were designed to in-
vestigate whether PKC activation was necessary for the activa-
tion of the mBTEB2 promoter in response to Wnt-1 signaling.
This was an attractive idea given the role of other Wnts which
modulate gene expression through the activation of PKC and
Ca" fluxes (the so-called Wnt/Ca*>* pathway) (reference 28
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FIG. 8. Regulation of the mBTEB2 promoter by Wnt-1 signaling
does not depend on the MAPK pathway. C57MG cells stably infected
with either the Wnt-1 (Wnt-1) or empty vector (Vector) retrovirus
were pretreated with 10 uM U0126 (an inhibitor of MEK) or an equal
volume of water for 1 h. PMA was added to a final concentration of
10 nM (or the equivalent volume of water), and the cells were incu-
bated for 4 h at 37°C. Total RNA was isolated from each sample, and
Northern blot analysis was performed on 5 pg of total RNA to deter-
mine the effects of PMA and U(0126 treatments on mBTEB2 transcript
levels. The blot was also probed for GAPDH to normalize for differ-
ences in loading. Signals were visualized by autoradiography and quan-
titated using a PhosphorImager.

i

and references therein). Northern blot analysis was performed
on C57MG/Wnt-1 and C57MG/Vector cells that had been
treated for various times in the presence or absence of 100 uM
myristoylated PKC inhibitor. These results suggest that the in-
hibition of PKC in the Wnt-1-infected cells decreases the tran-
scriptional response of mBTEB2 to Wnt-1 signaling by approx-
imately 50% (Fig. 10A). No change is apparent upon treatment
of the empty vector-infected cells with the PKC inhibitor. This
inhibition is also observed in C57MG cells cocultured with
Wnht-1-expressing cells (data not shown). Furthermore, the
Whnt-1-dependent transcriptional activation of mBTEB?2 is sen-
sitive to inhibition of PKC in a dose-dependent manner, in
both the coculture assay and in retrovirus-infected cells (shown
for cocultured cells in Fig. 10B). These results suggest that at
least half of the response of mBTEB2 to Wnt-1 signaling de-
pends on the activation of PKC, and that further downstream
of the Wnt-1 signal there are other pathways that can contrib-
ute to the transcriptional activation of this promoter in re-
sponse to Wnt-1 signaling.

DISCUSSION

Using cDNA subtraction between a Wnt-1-transformed cell
line (C57MG/Wnt-1) and the parental cell line (C57MG), we

Hours of PMA Treatment

0 1hr. 3 hrs. 8 hrs. 48 hrs.

mBTEB2

FIG. 9. Transcription of the mBTEB2 promoter is induced in re-
sponse to low concentrations (10 nM) of the phorbol ester PMA.
C57MG cells were incubated with 10 nM PMA for the indicated times,
and total RNA was isolated. Northern blot analysis was performed
using 5 pg of total RNA to assess mBTEB2 mRNA levels. The blot was
probed for GAPDH to control for differences in loading. Signals were
visualized by autoradiography and quantitated using a PhosphorIm-
ager.
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FIG. 10. Inhibition of PKC activity decreases the Wnt-1-dependent transcriptional activation of mBTEB2 in a dose-dependent manner. (A)
C57MG cells infected with the Wnt-1 (C57MG/Wnt-1) or empty vector (C57MG/Vector) retrovirus were treated in the presence or absence of 100
wM myristoylated PKC inhibitor for the indicated times. Northern blot analysis was performed on 5 pg of total RNA in order to assess the
expression of mBTEB2 mRNA. The blot was probed for GAPDH as a loading control. Signals were quantitated using a PhosphorImager, and the
data are presented in graphical form. (B) C57MG cells were cocultured with QT6 or QT6Wnt-1 cells for 2.5 h in the presence or absence of various
concentrations of a myristoylated PKC inhibitor. Northern blot analysis, signal quantitation, and graphical analysis were carried out as described

for panel A.

have identified a novel target of the Wnt-1 signaling pathway,
a mouse homolog of the human transcription factor BTEB2. In
independent retrovirus infections of C57MG cells, as well as in
a coculture assay with Wnt-1-expressing cells, mBTEB?2 is tran-
scriptionally up-regulated in response to Wnt-1 signaling. The
mBTEB?2 promoter is activated by 3 h after exposure to Wnt-1,
and this activation persists at high levels throughout a 48-h
coculture assay and up to 3 weeks in a Wnt-1 retrovirus infec-
tion of C57MG cells. To determine if mBTEB?2 is up-regulated
by the Wnt-1 signaling pathway in the absence of new protein
synthesis, coculture experiments were performed in the pres-
ence of cycloheximide. Treatment with cycloheximide in the
absence of coculture, however, induces mBTEB2 mRNA ex-
pression in C57MG cells (data not shown), eliminating this
approach. That the mBTEB?2 transcript is strongly and rapidly
up-regulated by Wnt-1 signaling suggests that Wnt-1 regulates
the mBTEB?2 promoter through the activation of another tran-
scription factor. In addition, mBTEB?2 is a biologically relevant
target of Wnt-1 signaling in vivo. Wnt-1 transgenic mouse mam-
mary tumors and mouse mammary gland tissue prior to tumor
formation express high levels of mBTEB2 mRNA, establishing
a clear correlation between high Wnt-1 expression levels and
the transcriptional up-regulation of mBTEB2. Low levels of
mBTEB2 mRNA are detected in wild-type mouse mammary
glands.

Surprisingly, while the mBTEB2 gene is consistently respon-
sive to Wnt-1 signaling, it is not regulated through the B-cate-
nin-Lef/TCF pathway. Transient transfection experiments us-
ing various mBTEB2 promoter constructs in combination with
stable B-catenin mutants, as well as studies on the endogenous
mBTEB?2 promoter, indicate that the response of the promot-
er to Wnt-1 is not mediated by B-catenin-Lef/TCF. Rather,
mBTEB2 appears to be responsive to Wnt-1 signaling in a
manner that depends on the activation of PKC. This is a novel
finding, given that most of the reported Wnt-1/Wg target
genes respond to the growth factor through the binding of the
B-catenin-Lef/TCF complex within their promoters. In the

transfection experiments performed in 293 cells, the mBTEB2
promoter appears to be transcriptionally regulated by the pres-
ence of high levels of dominant negative TCF, as promoter
activity is twofold higher than for the control (Fig. 6). One
possible explanation for this increase is that the mutated TCF
construct is now unable to interact with another factor that,
when in a complex with TCF, normally negatively regulate
transcription from this promoter. The twofold increase, how-
ever, was not robust enough to warrant further investigation.
The activation of Wnt target gene expression through the use
of a PKC/Ca®*-dependent pathway is a mechanism used by
other Wnts, such as XWnt-5a, which do not signal through the
B-catenin-Lef/TCF complex. Thus, mBTEB2 is a transcrip-
tional target of Wnt-1 signaling that does not rely on the
B-catenin—Lef/TCF complex but is instead activated at least in
part (50%) through a PKC-dependent pathway.

Human BTEB2 was originally cloned from a human placenta
cDNA library using the BTEB cDNA as a probe (38). The
BTEB?2 gene encodes a 219-amino-acid protein with an amino-
terminal proline-rich transcriptional activation region, a basic
region, and three zinc fingers of the C,H, type that mediate
DNA binding (16). A biological function for BTEB2 was re-
cently demonstrated in the rabbit aorta, in which BTEB2 binds
to a region (SE1) in the promoter of the rabbit embryonic
smooth muscle myosin heavy chain B gene (SMemb/NMHC-B)
and regulates its expression in a rabbit smooth muscle cell line
(46). Furthermore, using the model system of vascular smooth
muscle cells, the transcriptional regulation of human BTEB2
has been shown to be dependent on the binding of Egr-1 within
its promoter in a PMA- and MAPK-dependent manner (19).
Like the human BTEB2 promoter, the mouse promoter is
regulated through a PMA-sensitive pathway. The mouse pro-
moter, however, is not modulated by the MAPK pathway in the
absence of Wnt-1 signaling. In striking contrast to the regula-
tion of the human promoter, the Wnt-1 signaling pathway
activates a MAPK pathway that negatively regulates the ex-
pression of mBTEB2.
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The canonical Wnt signaling pathway employs the B-cate-
nin-Lef/TCF complex to transcriptionally activate target genes.
Recent evidence suggests that some Wnts can signal through a
B-catenin—Lef/TCF-independent pathway to activate target
gene expression. This pathway, known as the Wnt/Ca®* path-
way, uses the PI pathway, and its activation of the second
messengers PKC and calcium, to regulate the expression of
downstream genes (28). Calcium is a well-characterized second
messenger molecule, and it appears that increases in intracel-
lular calcium levels are the end result of XWnt-5A signaling.
This effect is specific to Xwnt-5A, a Wnt that does not normally
induce ectopic axis formation in embryos but instead perturbs
morphogenetic movements upon overexpression (10). Injec-
tion of Xwnt-54 RNA into zebrafish embryos elicits increases
in intracellular calcium, whereas injection of Xwnt-8 RNA,
representing a Wnt that normally induces ectopic axis forma-
tion, does not (41). In addition, injection of either Xwnt-54 or
rat Frizzled 2 (Rfz-2) RNA into zebrafish embryos has been
shown to increase intracellular calcium, and coinjection of
these RNAs into zebrafish embryos leads to a synergistic effect
on calcium release (40).

Moreover, injection of Xenopus embryos with RNAs for
Xwnt-5A and Rfz-2 results in the translocation of PKC to the
plasma membrane in a manner that is dependent on G-protein
signaling, while injection of Rfz-1 (which functions to stabilize
B-catenin in response to Wnt signaling) has no effect on PKC
(38). Xwnt-5a and Rfz-2 can also stimulate PKC activity in an
in vitro kinase assay. In addition, other Frizzled RNAs have
been tested for the ability to induce PKC movement to the
membrane as well as induce expression of two B-catenin target
genes, Xnr-3 and siamois. Interestingly, Frizzled receptors
which induce translocation of PKC to the membrane (mouse
Frizzled 3 [Mfz3], Mfz4, and Mfz6) cannot activate the expres-
sion of Xnr-3 and siamois, whereas expression of Frizzled re-
ceptors that do not cause a change in PKC location (Mfz7 and
Mfz8) do activate B-catenin-mediated gene expression (38).

A recent report, however, argues that Wnt signaling through
one receptor can activate both the canonical (B-catenin stabi-
lization) and noncanonical (calcium and PKC) Wnt signaling
pathways. Xenopus frizzled 7 (Xfz7) encodes a protein that can
activate both the canonical and noncanonical downstream
pathways in response to different Wnts (27). Injection of Xfz7
RNA into the ventral side of Xenopus embryos does not cause
secondary axis formation, but it does inhibit cell movement and
decreases the adhesive properties of the cells expressing the
receptor. This phenotype for a Frizzled receptor is consistent
with it having a role in the noncanonical pathway, and over-
expression of Xfz7 RNA does indeed lead to translocation of
PKC to the plasma membrane. The Xfz7 receptor, however,
can also activate the canonical Wnt signaling pathway upon
binding of the Xwnt-8b ligand, as demonstrated by the tran-
scriptional activation of siamois and Xnr-3 (genes activated by
the B-catenin-Lef/TCF complex). Thus, this study shows that a
Frizzled receptor can discriminate among different Wnt li-
gands and select which downstream pathway(s) becomes acti-
vated upon binding of the ligand to the receptor.

The parental C57MG cell line and the C57MG/Wnt-1 cell
line express high levels of Mfz6 RNA (which encodes a protein
that can induce PKC translocation but not elevate B-catenin
levels) and lower levels of Mfz7 and Mfz8§ RNA (which encode
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proteins that can stabilize B-catenin levels but not induce
PKC translocation) (D. Pennica, personal communication). Al-
though low levels of Mfz2 RNA are also detected in these cell
lines, mammary gland and mammary tumor tissue taken from
the Wnt-1 transgenic mouse exhibit high levels of Mfz2 RNA
(Pennica, personal communication). Presumably, this mouse
homolog of Rfz2 functions to regulate PKC, and the presence
of high levels of Mfz2 RNA in these particular tissues is in good
agreement with the up-regulation of mBTEB2.

The presence of different Frizzled proteins on the surface
of C57TMG and C57MG/Wnt-1 cells suggests that binding of
Wnt-1 to one or more Frizzled proteins may permit both the
translocation of PKC to the plasma membrane (and its subse-
quent activation) and the stabilization of B-catenin concomi-
tantly in the same cell. In light of the recent evidence reported
for Xfz7, it is highly probable that one (or more) of the Friz-
zled receptors on the surface of C57MG cells are capable of
binding Wnt-1 and eliciting both the canonical and noncanoni-
cal downstream pathways. The presence of Mfz2 and Mfz6 in
these cells suggests a mechanism by which Wnt-1 signaling may
activate PKC, for these Frizzleds have been reported to foster
PKC activation (21). In our experiments, it appears that both
pathways are activated in Wnt-1-treated C57MG cells because
the transcriptional activation of mBTEB2 relies, in part, on the
activation of PKC. Furthermore, B-catenin levels are also sta-
bilized, presumably due to the ability of Wnt-1 to interact with
those Frizzled receptors that permit the stabilization of B-cate-
nin (Mfz7 and Mfz8). These results are also in agreement with
the previous finding that another Wnt family member, Xwnt-
Sa, can bind to both the Hfz5 and Rfz2 receptors and elicit the
canonical and noncanonical downstream pathways, respec-
tively (15).

In summary, we have identified a novel target gene,
mBTEB2, whose expression is correlated with Wnt-1 signaling.
Surprisingly, mBTEB?2 is transcriptionally activated through a
B-catenin-independent mechanism. The regulation of this gene
by Wnt-1 appears to occur, in part, through a PKC-dependent
pathway, although this particular pathway is not the only
means by which Wnt-1 signaling activates this promoter. The
results presented here suggest a model in which Wnt-1 binding
to one or more Frizzled receptors on the surface of C57MG
cells results in both the activation of PKC and the concurrent
stabilization of B-catenin. The activation of two downstream
pathways could occur through the binding of Wnt-1 to two
different Frizzled receptors, each eliciting a separate down-
stream pathway, or binding of Wnt-1 to one receptor, which in
turn activates both pathways. Given the recent observation that
those Wnts which activate PKC can also elicit downstream
responses through the activation of calcium/calmodulin-depen-
dent protein kinase II (21), it is also possible that Wnt-1 sig-
naling can regulate the mBTEB2 promoter through the acti-
vation of this kinase and its subsequent downstream effectors.
The transcript levels of mBTEB2 remain high throughout
Wnt-1 signaling, possibly due to its ability to positively auto-
regulate its own promoter, a phenomenon that occurs for other
GC box binding factors such as mouse gut-enriched Kriippel-
like factor (24).

Although the human BTEB2 promoter is transcriptionally
regulated by the Egr-1 protein, no change in Egr-1 protein
levels were detected in the presence of Wnt-1 signaling. Fur-
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thermore, experiments performed to assess changes in the
phosphorylation status of threonine residues in Egr-1 in re-
sponse to Wnt-1 signaling were not definitive and appeared
negative. Thus, we can conclude that the mouse and human
BTEB?2 promoters are regulated differently with respect to the
role of Egr-1. This is not surprising, given the sequence differ-
ence in their promoter/enhancer regions. Comparison of these
two sequences reveals some homology in the 5’ untranslated
region but little homology further 5" within the promoter/en-
hancer region (see reference 19 for the sequence of the human
BTEB?2 promoter/enhancer region and GenBank accession
number AF285184 for the partial mBTEB2 promoter/enhancer
sequence).

The 50% decrease in the Wnt-1-induced activation of the
mBTEB2 promoter in the presence of the PKC inhibitor im-
plies that other pathways that regulate the mBTEB2 promoter
are also activated by Wnt-1 binding to Frizzled. Experiments
performed using the MEK inhibitor U0126 suggest that Wnt-1
signaling in C57MG cells activates an ERK (extracellular sig-
nal-regulated kinase)-type MAPK pathway that negatively
regulates the mBTEB2 promoter. Although PKC is a known
activator of the ERK-based MAPK cascade (20, 26), the PKC-
dependent and MAPK-dependent pathways activated by Wnt-
1 in C57MG cells are mutually exclusive because treatment
with the PKC inhibitor results in a down-regulation of mBTEB2
transcript levels. Thus, regulation of the mBTEB2 promoter in
response to Wnt-1 signaling involves the activation of several
downstream pathways, two of which include a MAPK/ERK-
based signaling pathway and a PKC-dependent pathway.

It will be of interest to determine what other intracellular
pathways are activated in response to Wnt-1 and in turn im-
pinge upon the mBTEB2 promoter. In particular, it is not yet
known whether the Egr-1 protein regulates the mBTEB2 pro-
moter in the same manner as it regulates the human BTEB?2
promoter. Furthermore, it will be of interest to determine how
changes in intracellular calcium levels affect the response of
the mBTEB?2 promoter to Wnt-1 signaling and whether this
effect depends on the coupling of G proteins to the Frizzled
receptor. The identification of mBTEB2 as a Wnt-1-responsive
gene will aid in the search for new target genes of Wnt-1
signaling whose expression is modulated by mBTEB2.
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