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During malignant progression, epithelial cancer cells dissolve their
cell-cell adhesion and gain invasive features. By virtue of its dual
function, g-catenin contributes to cadherin-mediated cell-cell adhe-
sion, and it determines the transcriptional output of Wnt signaling:
via its N terminus, it recruits the signaling coactivators Bcl9 and Pygo-
pus, and via the C terminus, it interacts with the general transcrip-
tional machinery. This duality confounds the simple loss-of-function
analysis of Wnt signaling in cancer progression. In many cancer types
including breast cancer, the functional contribution of g-catenin’s
transcriptional activities, as compared to its adhesion functions, to
tumor progression has remained elusive. Employing the mouse mam-
mary tumor virus (MMTV)-PyMT mouse model of metastatic breast
cancer, we compared the complete elimination of g-catenin with the
specific ablation of its signaling outputs in mammary tumor cells.
Notably, the complete lack of B-catenin resulted in massive apoptosis
of mammary tumor cells. In contrast, the loss of p-catenin’s transcrip-
tional activity resulted in a reduction of primary tumor growth, tumor
invasion, and metastasis formation in vivo. These phenotypic
changes were reflected by stalled cell cycle progression and di-
minished epithelial-mesenchymal transition (EMT) and cell mi-
gration of breast cancer cells in vitro. Transcriptome analysis
revealed subsets of genes which were specifically regulated by
p-catenin’s transcriptional activities upon stimulation with Wnt3a
or during TGF-g-induced EMT. Our results uncouple the signaling
from the adhesion function of $-catenin and underline the impor-
tance of Wnt/f-catenin-dependent transcription in malignant tu-
mor progression of breast cancer.
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he identification and functional characterization of the mo-

lecular pathways underlying the malignant progression of met-
astatic cancers remain prime goals for the development of
innovative cancer therapies. Among many, the Wnt/p-catenin sig-
naling pathway is critical for numerous processes during embryonic
development and in adult tissue homeostasis, including stem cell
maintenance and homeostatic self-renewal, cell differentiation, and
regulation of tissue growth (1). While mutations of components of
canonical Wnt signaling that lead to its activation are observed in
many different cancer types, they are only rarely found in breast
cancer. In contrast, in breast cancer, the Wnt pathway is found
activated by either the increased expression of individual Wnt li-
gands or the loss of the expression of negative pathway regulators.
In fact, Wntl has been first identified as an oncogene in murine
mammary tumor virus-induced tumors in mice (2). In breast can-
cers, the genes encoding for negative pathway regulators, such as
Wht inhibitory factor 1, secreted frizzled-related protein, Dickkopf
1 as well as APC (adenomatous polyposis coli), AXIN1, and
AXIN2, have been found hypermethylated and their expression
levels reduced (3-7). As a consequence, increased nuclear p-catenin
is detected in many breast tumors (8, 9). Consistent with these
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findings, the oncogenic potential of Wnt ligands and other canonical Wnt
pathway components have been confirmed in the mammary gland
(8). For example, the forced expression of stabilized f-catenin or
of LRP5/6 (low density lipoprotein receptor-related protein 5/6)
or the loss of APC in the mammary gland of transgenic mice
leads to mammary gland hyperplasia or tumor formation (10-13).

f-catenin itself has a dual function: it is a crucial component of
E-cadherin and other cadherin-mediated cell-cell adhesion
complexes required for the structural integrity and functional
polarization of epithelia and other tissue structures, yet it is also
the key nuclear effector of the canonical Wnt signaling pathway.
Upon Wnt pathway activation, B-catenin accumulates in the cy-
toplasm and translocates to the nucleus where it binds to TCF/
LEF transcription factors (14, 15). Many different coactivators
are known to bind to p-catenin and thereby to modulate its
transcriptional activity. Some of them bind at the C terminus of
B-catenin, among them CBP (CREB binding protein, CREBBP),
p300 (E1A binding protein P300), TIP60 (lysin acetyltransferase
5, KATS), SWI/SNF (SWItch/Sucrose Non-Fermentable), ISWI
(imitation Switch), and the Mediator complex, and all together
affect chromatin structure and nucleosome rearrangements and
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connect P-catenin to the general transcriptional machinery.
Other coactivators bind the N terminus of p-catenin, including
Bcl9 and Bcl9], which in turn recruit the cofactors Pygopus 1 and
2 and thus indirectly connect p-catenin to histones (15-18).

The dual functions of B-catenin have made it difficult to spe-
cifically study its transcriptional activity independent from its
adhesion function during tumor progression and metastasis for-
mation. Recently, specific p-catenin mutant forms have been
generated which ablate the transcriptional Wnt signaling activity
of B-catenin without affecting its cell adhesion function (19). A
D164A point mutation abrogates the binding of Bcl9 and Bcl9l
to the N terminus of p-catenin, while a C-terminal truncation
(AC) of B-catenin prevents the binding of C-terminal transcrip-
tional cofactors required for chromatin remodeling and tran-
scriptional activation. The combination of these two mutations in
a double-mutant (dm) version of p-catenin completely abrogates
Whnt/B-catenin transcriptional activity but preserves p-catenin’s
functions in cell adhesion (19).

To study the contribution of p-catenin transcriptional activity
to malignant breast cancer progression, epithelial-mesenchymal
transition (EMT), and metastasis, we have compared the com-
plete elimination of p-catenin to its replacement by the signaling-
deficient dm version of p-catenin in tumor cells of the mouse
mammary tumor virus (MMTV)-PyMT tumor mouse model of
breast cancer. MMTV-PyMT transgenic mice exhibit a linear pro-
gression of mammary gland carcinogenesis from hyperplasia, further
progressing via the adenoma stage to an early and then late carci-
noma stage and the formation of lung metastasis (20). We found that
the complete ablation of B-catenin resulted in massive tumor cell
apoptosis. In contrast, the abrogation of the transcriptional output of
p-catenin had more distinct effects: It increased tumor cell apoptosis
and diminished malignant tumor progression and metastasis forma-
tion in vivo and repressed cell cycle progression and EMT in vitro.
The results demonstrate that both of p-catenin’s functions are indis-
pensable for mammary tumor cell survival, while its transcriptional
output defines a critical node in the regulation of mammary gland
tumor growth, malignant progression, and metastasis formation.

Results

Loss of fB-catenin Leads to Tumor Cell Apoptosis. To assess the
functional contribution of p-catenin to mammary gland tumor
progression and metastasis formation, we employed the MMTV-
PyMT mouse model of metastatic breast cancer (20). In MMTV-
PyMT mice, pB-catenin is highly expressed in all stages of mam-
mary gland tumorigenesis, including hyperplasia, adenoma, and
carcinoma, with reduced membrane localization and increased
cytoplasmic and nuclear localization in invasive carcinomas (S
Appendix, Fig. S14). To assess the functional contribution of
p-catenin to mammary gland tumorigenesis, MMTV-PyMT mice
were crossed with p-catenin™? mice and with MMTV-Cre mice,
expressing Cre recombinase exclusively in the mammary epithelial
cells (21). p-catenin™; MMTV-PyMT control mice are designated
as fl/fl genotype mice; B-catenin”;MMTV-PymT;MMTV-Cre
mice are designated as del/del genotype mice. Unexpectedly, del/
del mice did not show significant differences in tumor weights, in
tumor progression from hyperplasia to adenoma to carcinoma,
and in the number of lung metastases as compared to littermate
fl/fl control mice (Fig. 14 and SI Appendix, Fig. S1 B-D) (22).
However, genotype analysis revealed an incomplete deletion of
the B-catenin (Ctnnbl) gene in tumors (SI Appendix, Fig. S24).
Consistent with this, immunofluorescence microscopy analysis of
tumor sections revealed that p-catenin was still present in tumors
of del/del mice (SI Appendix, Fig. S2B). To determine whether Cre
recombinase was active in mammary tumor cells, we introduced an
LSL-GFP reporter allele into the composite transgenic back-
ground. Quantifying the expression of GFP revealed a similar
recombination efficiency between control fl/fl and experimental
del/del mice at 5 wk of age. The Cre-mediated recombination
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efficiency of 20% by GFP expression seems low, specifically also in
pB-catenin wild-type (control) tumors, yet this may be due to the
activity of the MMTYV enhancer/promoter construct used here,
which depends on hormonal induction in mammary epithelial
cells. However, at 12 wk of age, the percentage of GFP-positive
cells per tumor was found substantially reduced in del/del mice as
compared to fl/fl control mice (SI Appendix, Fig. S2C).

These results suggested that mammary tumor cells lacking
fB-catenin were being eliminated. We thus assessed the extent of
apoptosis in tumors of fl/fl control as compared to tumors of wt/fl,
wt/del, and del/del mice. Cleaved Caspase-3 staining was slightly
but not significantly increased in tumor sections of 5-wk-old
mammary gland-specific f-catenin knockout mice as compared to
B-catenin wild-type mice (Fig. 1B and SI Appendix, Fig. S2D),
while tumor cell proliferation was slightly but not significantly
reduced (Fig. 1C and SI Appendix, Fig. S2E). The lack of signifi-
cance might be due to the fact that an inefficient Cre-mediated
recombination at early stages of tumorigenesis hampered the
detection of recombined cells which were rapidly undergoing
apoptosis, while nonrecombined cells started to overgrow.

In order to explore the possibility that mammary tumor cells
might rapidly undergo apoptosis upon the loss of f-catenin ex-
pression, stable tumor cell lines were derived from tumors of
B-catenin™"; MMTV-PyMT (wt/wt) and of f-catenin™;MMTV-
PyMT (fl/fl) mice. As expected, the infection of fl/fl cells with
Adenovirus-Cre-IRES-GFP eliminated the p-catenin gene as
assessed by genotyping. However, the loss of p-catenin expres-
sion also led to a loss of B-catenin—deficient cells and an increase
in the amount of cleaved Caspase-3—positive cells as compared
to fl/fl cells infected with a control Adenovirus-IRES-GFP or to
wt/wt cells infected with Adenovirus-Cre-IRES-GFP (Fig. 1 D
and E). Consistent with these results, we were not able to es-
tablish a stable mammary tumor cell line lacking f-catenin.
Hence, p-catenin appears critically required for mammary tumor
cell survival.

B-catenin Transcriptional Output Promotes Primary Tumor Growth.
To specifically study the functional contribution of Wnt signaling-
induced transcriptional activity of p-catenin to mammary gland
tumor progression and metastasis formation, we employed a
knock-in mouse line carrying a dm version of p-catenin (19). In
this mutant version of f-catenin, the binding of the transcrip-
tional cofactors Bel9 and Bcl9l to its N terminus (D164A mu-
tation) is abrogated and the C terminus of p-catenin (AC) is
lacking, thus preventing the binding of cofactors required for
chromatin remodeling and transcriptional activation (designated
as p-catenin™™: dm/fl mice) (Fig. 24). These mice were inter-
crossed with MMTV-PyMT mice and with MMTV-Cre mice.
The resulting composite transgenic mice expressed either one
allele of the dm form and one allele of a conditional (fl) but fully
functional allele of p-catenin in mammary tumor cells (B-cat-
enin™;MMTV-PyMT = dm/fl mice) or exclusively the dm form
of p-catenin in mammary tumor cells (B-catenindm/ﬂ;MMTV-
PyMT;MMTV-Cre: dm/del mice). At 12 wk of age, the composite
transgenic mice expressing only the dm form of p-catenin showed
a significantly lower tumor mass compared to transgenic mice
expressing only wild-type p-catenin (fl/fl mice; Fig. 2B). Notably,
composite transgenic mice harboring one allele of dm p-catenin
and one fully functional allele of B-catenin (dm/fl mice) also
showed reduced tumor growth, indicating a dominant-negative
effect of the mutant form of B-catenin (see f-catenin Transcrip-
tional Output Promotes Tumor Cell Proliferation). No such effect
was apparent in heterozygous tumors carrying a wild-type and a
floxed allele of B-catenin (wt/fl mice; Fig. 14), thus excluding a
gene dosage effect.

Immunofluorescence microscopy analysis of tumor sections
for Ki67 and keratin (K) 8/18 as indicators of tumor cell-specific
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Fig. 1. Ablation of p-catenin expression leads to mammary tumor cell apoptosis. (A) Cre recombinase-mediated ablation of p-catenin in p-catenin;MMTV-
PyMT;MMTV-Cre triple-transgenic mice did not affect primary tumor growth and lung metastasis formation. Mouse numbers analyzed for primary tumor
growth: p-catenin™® (fl/fl), n = 19; p-catenin™™* (wt/fl), n = 18; p-catenin®™;MMTV-Cre (wt/del), n = 24; p-catenin™;MMTV-Cre (del/del), n = 31. Mouse
numbers analyzed for lung metastasis formation: p-catenin® (fl/fl), n = 15; p-catenin™t (wt/fl), n = 16; p-catenin™tMMTV-Cre (wt/del), n = 23;
p-cateninf;MMTV-Cre (del/del), n = 24. Data are displayed as mean + SEM. Statistical analysis was performed using ordinary one-way ANOVA multiple
comparison test. ns, not significant. (B) Apoptotic mammary tumor cells were detected by immunofluorescence staining for cleaved Caspase-3 and CK8/18 for
tumor cells in preneoplastic lesions of p-catenin®™®;MMTV-PyMT (fl/fl; wild-type control), p-catenin"'!;MMTV-PyMT;MMTV-Cre (wt/del; heterozygous
knockout), and p-catenin™™; MMTV-PyMT;MMTV-Cre (del/del; homozygous knockout) mice at 5 wk of age. The quantification of cleaved Caspase-3-positive/
CK8/18-positive cells revealed only a moderate, nonsignificant increase in apoptotic tumor cells upon p-catenin deletion. Data are displayed as mean + SEM,
n = 3 to 4 mice. A representative image of the immunofluorescence staining is shown in SI Appendix, Fig. S2D. (C) Proliferating mammary tumor cells were
detected by immunofluorescence staining for Ki67 and CK8/18 for tumor cells in preneoplastic lesions of p-catenin™™;MMTV-PyMT (fI/fl; wild-type control),
p-catenin“¥f:MMTV-PyMT;MMTV-Cre (wt/del; heterozygous knockout), and p-catenin®;MMTV-PyMT;MMTV-Cre (del/del; homozygous knockout) mice at
5 wk of age. The quantification of Ki67-positive/CK8/18-positive cells revealed only a moderate, nonsignificant decrease in proliferating tumor cells upon
B-catenin deletion. The dots in the graphs represent the individual imaging fields analyzed. Data are displayed as mean + SEM, n = 3 to 4 mice. A repre-
sentative image of the immunofluorescence staining is shown in S/ Appendix, Fig. S2E. (D) Infection of primary tumor cell lines derived from
B-catenin®;MMTV-PyMT tumors with Adenovirus-Cre-IRES-GFP resulted in rapid cell death of infected cells as compared to cells infected with an
Adeno-IRES-GFP control virus. DAPI was used to visualize nuclei. (Scale bar, 100 pm.) () p-catenin"* (wt/wt; Py2T), p-catenin*¥f! (wt/fl), and p-catenin® (fI/fl)
cells were infected with either Adeno-Cre-IRES-GFP or Adeno-IRES-GFP. The quantification of the number of infected (GFP-positive) and apoptotic (cleaved
Caspase-3—positive) cells revealed a significant increase in the numbers of apoptotic cells upon knockout of p-catenin. Data are displayed as mean + SEM. The
results represent four independent experiments. Statistical analysis was performed using one-way ANOVA multiple comparison test. ****P < 0.001; ns, not
significant.
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Fig. 2. Loss of p-catenin cofactor binding impairs primary tumor growth, tumor progression, and metastasis formation. (A) Schematic representation of the
mutant version of p-catenin used in this study. p-catenin can be divided into three distinct domains: an N-terminal region which binds Bcl9/9l, a central
Armadillo (Arm) repeat region which binds TCF/LEF and E-cadherin, and a C-terminal region that binds several transcriptional coactivators. The dm version of
p-catenin combines a D164A mutation in the first Arm repeat, which carries an amino acid change from aspartic acid to alanine, ablating the binding of Bcl9/9]
to the N terminus, and a AC mutation, which carries a truncation of the C terminus of p-catenin, thereby preventing binding of C-terminal transcriptional
coactivators. The red crosses on top of arrows highlight impaired interactions. It is important to note that the mutant form of p-catenin retains its cadherin-
mediated cell adhesion function. (B) Primary tumor weights of mammary tumors of 12-wk-old MMTV-PyMT transgenic mice expressing in their mammary
tumor cells wild-type (fl/fl) p-catenin, one wild-type and one mutant allele of p-catenin (dm/fl), or only a mutant allele of p-catenin (dm/del). Mouse numbers
analyzed: fl/fl, n = 20; dm/fl, n = 15; dm/del, n = 16. The dots in the graphs represent the individual mice analyzed. Data are displayed as mean + SEM.
Statistical analysis was performed using ordinary one-way ANOVA multiple comparison test. **P < 0.01; ***P < 0.005. (C) Quantification of the immuno-
fluorescence staining for Ki67 positive and K8/18 positive on tumor sections from p-catenin™™;MMTV-PyMT (fI/fl), p-catenin®™ MMTV-PyMT (dnm/fl), and
p-catenin®™f: MMTV-PyMT;MMTV-Cre (dm/del) mice at 12 wk of age. n = 5 mice, 12 imaging fields per mouse. Dots in the graphs represent the individual
imaging fields analyzed. Data are displayed as mean + SEM. (D) Quantification of the immunofluorescence staining for cC3 positive and K8/18 positive on
tumor sections from p-catenin™f; MMTV-PyMT (fl/fl), p-catenin®™f:MMTV-PyMT (dm/fl), and p-catenin®™f;MMTV-PyMT;MMTV-Cre (dm/del) mice at 12 wk of
age. n = 5 mice, 12 imaging fields per mouse. The dots in the graphs represent the individual imaging fields analyzed. Data are displayed as mean + SEM.
Statistical analysis was performed using ordinary one-way ANOVA multiple comparison test. *P < 0.05; ***P < 0.005. (E) Representative images of histological
tumor sections from p-catenin®™®MMTV-PyMT (fl/fl), p-catenin®™;MMTV-PyMT (dm/fl), and p-catenin®™f:MMTV-PyMT;MMTV-Cre (dm/del) mice at 12 wk of
age stained with hematoxylin and eosin and visualized by wide-field stitching microscopy. (Scale bar, 2 mm.) (F) Quantification of tumor stages in mice
expressing wild-type (fl/fl) B-catenin, one wild-type and one mutant allele of -catenin (dm/fl), or only the mutant allele of B-catenin (dm/del). Mouse numbers
analyzed: fl/fl, n = 14; dm/fl, n = 12; dm/del, n = 12. Statistical analysis was performed using ordinary one-way ANOVA multiple comparison test. *P < 0.05. (G)
Quantification of the number of lung metastases in mice expressing in their mammary tumors in wild-type (fl/fl) p-catenin, one wild-type and one mutant
allele (dm/fl), or only a mutant allele (dm/del). Numbers of mice analyzed: fl/fl, n = 16; dm/fl, n = 14; dm/del, n = 16. Data are displayed as mean + SEM.
Statistical analysis was performed using ordinary one-way ANOVA multiple comparison test. *P < 0.05. (H) Metastatic index (number of lung metastases per
primary tumor mass) of 12-wk-old MMTV-PyMT transgenic mice expressing in their mammary tumor cells in wild-type (fl/fl) B-catenin, one wild-type and one
mutant allele (dm/fl), or only the mutant allele (dm/del). Mouse numbers analyzed: fl/fl, n = 16; dm/fl, n = 14; dm/del, n = 16. Data are displayed as mean +
SEM. Statistical analysis was performed using ordinary one-way ANOVA multiple comparison test. *P < 0.05.
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proliferation revealed that the reduced tumor growth in p-catenin
mutant-expressing mice was not due to reduced tumor cell pro-
liferation (Fig. 2C and SI Appendix, Fig. S34). Staining for cleaved
Caspase-3 and K8/18 as markers for tumor cell-specific apoptosis
revealed a significant increase in the amount of apoptotic tumor
cells in the mice expressing dm p-catenin (Fig. 2D and SI Ap-
pendix, Fig. S34). Hence, p-catenin-mediated transcriptional
output appeared to moderately contribute to tumor cell survival.

B-catenin Transcriptional Output Is Required for Metastasis Formation.
We next investigated whether the impairment of p-catenin
transcriptional output in dm mutant tumors had any effect on
malignant tumor progression and metastasis formation. Histo-
pathological quantification of the various stages of tumor progres-
sion identifiable in the PyMT tumor model (hyperplasia, adenoma,
and carcinoma) (22) revealed that mice expressing the dm form of
B-catenin (dm/fl and dm/del) showed a significantly lower carci-
noma burden than control mice (fl/fl), suggesting a delay in tumor
progression (Fig. 2 E and F).

An analysis of the incidence of lung metastasis, the predomi-
nant metastatic spread in MMTV-PyMT mice, revealed that the
complete abrogation of Wnt signaling activity in the dm form of
B-catenin significantly reduced metastasis formation (Fig. 2 G
and H and SI Appendix, Fig. S3B). Transgenic mice harboring
one allele of the dm form and one allele of a conditional but fully
functional allele of p-catenin (dm/fl mice) also showed reduced
tumor progression and metastasis, again indicating a dominant-
negative effect of the mutant form of B-catenin (see f-catenin
Transcriptional Output Promotes Tumor Cell Proliferation). These
results suggest a critical requirement of B-catenin’s transcrip-
tional output for primary mammary tumor growth and its ma-
lignant tumor progression and metastasis formation.

B-catenin Transcriptional Output Promotes Tumor Cell Proliferation.
To examine the effects of dm f-catenin on canonical Wnt activity
and to validate the results observed with tumor cell apoptosis in the
transgenic mouse model, we established epithelial cell lines from
dm p-catenin heterozygous (dm/fl) tumors. The floxed allele of
B-catenin was then removed by infection with Adeno-CRE-IRES-
GFP, and cells expressing only the mutant version of f-catenin were
enriched by flow cytometry sorting for GFP-positive cells and vali-
dated by genotyping (SI Appendix, Fig. S44). To assess whether the
alterations in cell death observed in B-catenin mutant-expressing
tumors in vivo can also be observed in cultured cells in vitro, we
determined the growth curves for wild-type p-catenin fl/fl and dm
mutant B-catenin (dm/del) cell lines. Consistent with the results on
primary tumor growth, the cells expressing the dm form of
B-catenin exhibited reduced cell numbers than a cell line
expressing wild-type p-catenin (Fig. 34 and SI Appendix, Fig.
S4B). Cell cycle analysis by flow cytometry revealed that the
cells expressing dm f-catenin were stalled in the S phase of the
cell cycle (Fig. 3B and SI Appendix, Fig. S4C). We therefore
explored whether cell cycle arrest may be due to senescence
induction, yet the activity of acidic p-galactosidase, a marker for
cell senescence, was rather reduced in dm f-catenin—expressing
cells as compared to wild-type p-catenin—expressing cells (SI Ap-
pendix, Fig. S4 D and E). These results suggest that the lack of
transcriptional output stalls cell cycle progression in mammary
tumor cells.

We next assessed the levels of canonical Wnt signaling output
in wild-type p-catenin—-expressing and dm f-catenin—expressing
cell lines by transfecting the cells with superTOPflash or super-
FOPflash promoter reporter constructs and by treatment with or
without Wnt3a. Indeed, the cells expressing exclusively the dm
form of B-catenin (dm/del) completely lacked Wnt3a-induced
pB-catenin/TCF-dependent transcriptional output, while the cells
expressing only wild-type B-catenin (fl/fl) or both wild-type and
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dm p-catenin (dm/fl) showed high Wnt3a-induced transcriptional
output (Fig. 3C). Notably, the dm form of f-catenin could still be
observed in the nucleus of cells expressing it, suggesting that the
lack of transcriptional output was not due to a lack of nuclear
localization but rather to a failure to interact with its transcrip-
tional cofactors (SI Appendix, Fig. S5A).

Of note, the simultaneous N- and C-terminal mutations in the
dm of B-catenin did not affect its interaction with E-cadherin:
immunoprecipitation experiments (Fig. 3D) and colocalization at
the cell membranes (SI Appendix, Fig. S5B) demonstrated that
the interaction with E-cadherin was retained by dm f-catenin.
Since we were not able to obtain cell lines without any p-catenin
expression, we conclude that it is p-catenin’s adhesion function
which is critical for general mammary tumor cell survival.

Moreover, as already suspected in the experiments described
above, the mutant version of p-catenin exerted a dominant-negative
effect on cell mitosis as determined by phospho-histone 3 (pH3)
staining when transiently transfected in a p-catenin wild-type cell
line (wt/wt; Py2T) (SI Appendix, Fig. S5 C and D). These data,
together with the diminished growth and metastasis formation of
tumors expressing one mutant allele and one wild-type allele of
B-catenin (Fig. 2B), indicate that the dm form of f-catenin exerts
a dominant-negative effect on tumor cell proliferation. Inter-
estingly however, this dominant-negative effect was not observed
when determining Wnt3a-induced p-catenin/TCF-dependent
transcriptional output in the superTOPflash/superFOPflash pro-
moter reporter assay (Fig. 3C).

p-catenin Transcriptional Output Is Required for EMT. Since EMT
has been regarded as a potential mechanism underlying meta-
static spread, we assessed whether the loss of f-catenin coactivator
binding and, thus, the loss of canonical Wnt signaling in the dm
form of p-catenin might affect EMT. Mammary tumor cells
expressing wild-type p-catenin (fl/fl), expressing wild-type and dm
B-catenin (dm/fl), or exclusively expressing dm f-catenin (dm/del)
were treated for 4 d with TGF-f, and their ability to undergo EMT
was analyzed. As expected, fl/fl cells converted from an epithelial to
a more mesenchymal cell morphology upon TGF-§ treatment,
whereas dm/fl and in particluar dm/del cells retained their epithelial
morphology and cluster formation yet exhibited substantial filopo-
dia formation (Fig. 3E). Also, long-term (20 d) TGF-f treatment
did not induce a full mesenchymal morphology of dm/del cells (S1
Appendix, Fig. S64). Moreover, small interfering RNA-mediated
depletion of E-cadherin induced an EMT-like change in cell mor-
phology in fl/fl cells but not in dm/del cells (S Appendix, Fig. S64).
Only in the combination of TGF-f and the knockdown of
E-cadherin, a slight increase in mesenchymal morphology was ob-
served in dm/del cells. Finally, while cell migration of fl/fl cells was
markedly induced by TGF-, this was moderately observed with dm/
fl cells but not at all with dm/del cells (Fig. 3F). As expected, im-
munofluorescence microscopy analysis for different EMT-related
markers (E-cadherin, p-catenin, ZO-1, and vimentin) upon 4 d of
TGFp treatment of fl/fl cells revealed an increased expression of the
mesenchymal marker vimentin and the reduced expression of the
epithelial markers E-cadherin, p-catenin, and ZO-1 at the cell
membranes (Fig. 3G and SI Appendix, Fig. S6B). In contrast, dm/del
cells and to a lesser extent dm/fl cells, failed to undergo EMT upon
TGF-p treatment: they retained E-cadherin, p-catenin, and ZO-1 at
the cell membranes and did not increase the expression of vimentin
(Fig. 3G and SI Appendix, Fig. S6B).

Since EMT has been implicated in the gain of stem cell-like
traits and cell plasticity, we next assessed the functional contri-
bution of B-catenin transcriptional activity to mammosphere for-
mation, a well-established assay to characterize mammary stem
cell-like cells. Surprisingly, dm/del cells formed more mammo-
spheres than fl/fl cells, in particular after stimulation with TGF-$
(SI Appendix, Fig. S7 A and B). Flow cytometry for the expression
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Fig. 3. Loss of p-catenin cofactor binding impairs Wnt signaling activity, tumor cell proliferation, and EMT. (A) Comparison of the growth curves of mammary
tumor cell lines expressing wild-type (fl/fl) f-catenin, one wild-type and one mutant allele of B-catenin (dm/fl), or only the mutant allele of p-catenin (dm/del).
(B) Mammary tumor cells expressing the dm version of p-catenin (dm/del or dm/fl) are stalled in the S phase of the cell cycle. Cell cycle analysis by flow
cytometry quantified from the data shown in S/ Appendix, Fig. S4C. Statistical analysis was performed using ordinary one-way ANOVA multiple comparison
test. *P < 0.05; **P < 0.01. (C) Wnt-induced B-catenin-mediated transcriptional activity as determined by superTOPflash/ superFOPflash promoter reporter
assay. Cell lines derived from tumors of the various genotype MMT-PyMT transgenic mice were treated with Wnt3a, and Wnt-dependent luciferase activity
was determined. fl/fl-1 and fl/fl-2 = two independent cell lines expressing wild-type p-catenin; dm/fl = cell line expressing wild-type p-catenin and the dm
p-catenin; dm/del = cell line expressing only the dm version of p-catenin. The results represent four independent experiments. Data are displayed as mean +
SEM. Statistical analysis was performed using ordinary one-way ANOVA multiple comparison test. ***P < 0.005; ****P < 0.001; ns, not significant. (D) The
mutant form of p-catenin still binds E-cadherin at the adhesion junctions. Coimmunoprecipitation using anti-p-catenin or rabbit IgG control in cell lines
expressing wild-type (fl/fl) or the dm form of g-catenin (dm/del) and subsequent immunoblotting against p-catenin, E-cadherin, and a-tubulin as a loading
control for the input. () Mammary tumor cell lines expressing mutant p-catenin are partially impaired in undergoing a TGF-p-induced EMT. Wild-type
p-catenin—expressing cell lines (fl/fl) readily undergo TGF-p-induced morphological changes to a mesenchymal cell phenotype, while dm B-catenin—-expressing
cells (dm/fl or dm/del) only form filopodia without showing any specific mesenchymal cell morphology. (Scale bar, 100 pm.) (F) Migration of mammary tumor
cells expressing wild-type p-catenin (fl/fl), cells expressing one allele of p-catenin and one allele of dm p-catenin (dm/fl), and cells expressing exclusively dm
p-catenin (dm/del) in the absence of TGF-§ or upon treatment with TGF-p for 20 d was determined in a Transwell migration assay. Data are displayed as
mean + SEM. Statistical analysis was performed using ordinary one-way ANOVA multiple comparison test. **P < 0.01; ***P < 0.005. (G) Immunofluorescence
staining for B-catenin (red) and the EMT-related marker E-cadherin (green) reveals a reduced expression of the epithelial markers E-cadherin at the cell
membrane in wild-type p-catenin—-expressing cells (fl/fl), while in dm p-catenin—-expressing cells (dm/fl and dm/del), E-cadherin and p-catenin are maintained at
the cell junctions. DAPI was used to visualize nuclei. (Scale bar, 50 um.)
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of CD44 and CD24 as markers of cancer stem cells supported this
observation in that after TGF-f stimulation, 36.1% of dm/del cells
exhibited a CD44"#"CD24'°% murine stem cell-like marker ex-
pression, whereas only 2.68% of fl/fl cells did so (SI Appendix, Fig.
S7 C and D).

Since EMT has also been shown to contribute to therapy re-
sistance, we next tested the role of p-catenin transcriptional ac-
tivity in tumor cells’ response to conventional chemotherapies
before and after TGF-p treatment. Treatment with paclitaxel
and doxorubicine and less so with cyclophosphamide showed
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Fig. 4. Ablating the binding of N- and/or C- terminal coactivators to p-catenin affects the expression of specific Wnt target genes. Cell lines derived from
tumors of MMTV-PyMT transgenic mice either expressing wild-type p-catenin (fl/fl) or exclusively the dm version of p-catenin (dm/del) were treated with
Whnt3a or TGF-p for 3 and 4 d, respectively, and then subjected to next generation RNA sequencing. (A) Venn diagram showing the overlap of differentially
expressed genes among the two p-catenin genotype cell lines upon treatment with Wnt3a. (B) Number of differentially up- and down-regulated genes upon
Wnt3a treatment in the fl/fl and the dm/del genotype cell lines. (C and D) Heat maps showing the log2 fold changes of selected canonical Wnt target genes
(C) and Wnt ligands and canonical Wnt pathway components (D) being differentially expressed between fl/fl and dm/del cells upon Wnt3a treatment. Red
represents up-regulated expression, and blue represents down-regulated expression. RNA changes with P < 0.05 and a fold change > 1.5 were considered
differentially expressed. (E) Venn diagram showing the overlap of differentially expressed genes among the two f-catenin genotype cell lines upon treatment
with TGF-B. (F) Number of differentially up- and down-regulated genes upon TGF-f treatment in the fl/fl and the dm/del genotype cell lines. (G-/) Heat maps
showing the log2 fold changes of selected Wnt target genes (G), of Wnt signaling components (H), and of genes encoding for EMT regulators (/) being
differentially expressed between fl/fl and dm/del cells upon TGF-§ treatment. Red represents up-regulated expression, and blue represents down-regulated
expression. RNA changes with P < 0.05 and a fold change > 1.5 were considered differentially expressed.
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more resistance to chemotherapy by fl/fl cells regardless of TGF-
B treatment, while dm/del cells were readily killed by the che-
motherapeutics (SI Appendix, Fig. S8).

The impaired ability of dm/del cells to undergo a full EMT
in vitro are consistent with the reduction in metastasis-observed
dm p-catenin—expressing composite transgenic mice in Vvivo
(Fig. 2 G and H). Thus, the reduced capability of dm/del cells to
undergo EMT may account for the reduced metastatic burden
observed. However, the observations that, after TGF-f treatment,
dm/del cells exhibit more stem cell-like traits than fl/fl cells but are
more rapidly killed by chemotherapy are unexpected and raise the
possibility that cancer cell stemness and chemoresistance may be
mechanistically uncoupled by the loss of p-catenin-mediated
transcriptional output (Discussion).

p-catenin Mediates a Dominant Wnt-Induced Transcriptional Signature.
While the ablation of all cofactor binding in dm p-catenin resulted
in a complete loss of Wnt signaling activity (Fig. 3C), it was not
clear whether all endogenous target genes were similarly affected.
Hence, to assess the overall deficiency of $-catenin—mediated Wnt
signaling and to identify the target genes affected by dm f-catenin,
breast tumor cell lines expressing wild-type (fl/fl) or dm p-catenin
(dm/del) were subjected to next generation RNA sequencing. The
cells were treated for 3 or 4 d with Wnt3a or TGF-, respectively.
At these late time points, EMT-related phenotypic changes were
first sufficiently apparent for analysis (23), and we were motivated
in assessing the functional contribution of pB-catenin’s transcrip-
tional activity to the cellular process of EMT and not to the early
events of TGF-p signaling. Wnt3a has been chosen because it is a
widely used recombinant Wnt ligand to trigger canonical Wnt
signaling.

In wild-type cells, treatment with Wnt3a lead to the up-regulation
of 420 and the down-regulation of 1,171 genes (Fig. 4 A and B). In
the dm f-catenin mutant cells, substantially less genes were differ-
entially expressed upon Wnt3a treatment. Consistent with the
TOPFLASH assay, in dm/del cells, the Wnt response was es-
sentially abolished: only 28 genes were up-regulated, and 20
genes were down-regulated (Fig. 4 A and B), and merely nine
genes were found to be concomitantly regulated by wild-type and
dm B-catenin (Fig. 44 and SI Appendix, Dataset S1).

To identify putative direct Wnt target genes, genes with TCF-
binding sites in their promoter regions (taken from https://web.
stanford.edu/group/nusselab/cgi-bin/wnt/target_genes) were se-
lected from the list of differentially expressed genes and in addition
compared to known Wnt target genes previously identified in the
mammary gland (24) (Fig. 4 C and D). Most canonical Wnt target
genes appeared to be regulated only in wild-type cells. However,
some direct Wnt target genes, such as Tcf7, Tcf712, Stra6, and
Wispl, were still up-regulated in dm/del cells upon Wnt treatment
but to a much lesser extent as in wild-type cells (Fig. 4 C and D).

p-catenin Affects Mainly Wnt Target Genes during TGF-g-Induced
EMT. Next, we sought to identify genes that are transcription-
ally regulated by f-catenin during TGF-p-induced EMT. The
majority of changes in gene expression induced by TGF-p were
not affected by the dm mutation in B-catenin, suggesting that
most of TGF-p—-induced pathways acted independently of p-catenin
signaling (Fig. 4 E and F). However, several Wnt target genes and
genes encoding for Wnt signaling effectors showed differential
expression upon TGF-f-mediated EMT induction between wild-
type and dm B-catenin-expressing cells (Fig. 4 G and H). An
analysis of the expression of EMT-related genes revealed that
Cdhl was only significantly down-regulated in the wild-type cells
and not in dm p-catenin cells, whereas mesenchymal marker
genes, such as Fnl, Snail, Zebl, Zeb2, and Twist2, were up-
regulated in all cell lines. In contrast, Twist] expression was
down-regulated by TGF-p in all cells, and Snai2 expression was
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up-regulated in wild-type cells, whereas it was rather down-
regulated in the p-catenin mutant cells (Fig. 4/ and SI Appen-
dix, Dataset S2).

These results show that TGF- affects the expression of direct
Whnt target genes and also of Wnt pathway components during
the induction of EMT. However, some of the genes show an op-
posite regulation of expression by TGF-p as compared to Wnt3a
treatment, and, hence, their regulation appears context specific.
This complexity was also found when analyzing the expression of
some of the classical Wnt target genes in primary tumors of fl/fl or
dm/del mice. Here, the expression of Wnt targets seemed to be
reduced in the dm tumors yet only with limited significance (S/
Appendix, Fig. S94), most likely due to the high stromal contri-
bution in MMTV-PyMT mammary tumors. As expected, Wnt
target genes widely failed to be regulated by TGF-p in the dm/del
cell lines (SI Appendix, Fig. S9B).

The results suggest that the binding of N-terminal and C-terminal
coactivators of p-catenin affect the expression of direct Wnt target
genes and other genes during TGF-p-induced EMT, likely
explaining the failure of dm p-catenin—expressing cells to undergo
an TGF-p-induced EMT.

Discussion

We have dissected the structural and transcriptional functions of
fB-catenin during tumor progression and metastasis formation in the
MMTV-PyMT mouse model of metastatic breast cancer. First, we
report that the complete absence of any f-catenin protein results in
apoptosis of mammary gland tumor cells in vivo and in established
mammary tumor cell lines in vitro. Consistent with our observations,
the loss of p-catenin in mouse embryonic stem cells has been
reported to lead to increased cell death (25). Moreover, ablation of
fB-catenin expression in head and neck squamous cell carcinomas
and lung cancer cell lines also provokes cell death (26, 27).

To specifically investigate the functional contribution of
B-catenin’s transcriptional functions to malignant breast mam-
mary tumor progression and metastasis, we have employed a
knock-in mouse line carrying a dm allele that lacks the capability
of p-catenin to bind Bcl9/Bcl9l at its N terminus (D164A) and to
the general transcription machinery at its C terminus (AC) yet re-
tains its functions in cadherin-mediated cell adhesion (19). In con-
trast to the complete loss of p-catenin, the cells expressing the dm
f-catenin mutant form survive, despite an almost complete loss of
Wht-induced transcriptional activity. This result indicates that
B-catenin—mediated cell adhesion is more relevant for cell survival
than p-catenin—mediated signaling activity and that the complete
ablation of f-catenin may thus give a false picture when analyzing
pB-catenin—mediated transcriptional activities. Still, abolishing the
binding of the N-terminal and C-terminal coactivators significantly
repressed primary tumor growth in the MMTV-PyMT mouse
model of metastatic breast cancer because of an increase in tumor
cell apoptosis. In contrast, reduced tumor cell proliferation is
found in established cell lines expressing dm f-catenin, in part
based on an S phase arrest of tumor cells. Canonical Wnt signaling
is known to promote cell proliferation at different levels (28, 29).
The levels of p-catenin itself vary during the cell cycle; p-catenin
cytoplasmic and nuclear fractions increase in S phase and peak at
G2/M phase, while they decrease as the cells reenter G1 (30). In
addition, B-catenin is also involved in centrosome regulation and
the formation of bipolar mitotic spindles (30, 31).

The absence of p-catenin—mediated transcriptional activity in
dm f-catenin also delayed malignant tumor progression and di-
minished lung metastasis in the MMTV-PyMT model of breast
cancer, also in a dominant-negative manner. These suppressive
effects of dm p-catenin on malignant tumor progression in vivo
were also found with TGF-f-induced EMT in cell lines in vitro.
While wild-type cell lines readily underwent EMT upon TGF-f
treatment, dm/del cells exhibited a major impairment in under-
going EMT. These findings are in line with previous studies in
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which Bcl9/91 deficiency, also in combination with Pygopus deficiency,
is reported to repress Wnt-driven tumorigenesis and to reduce the
tumor load in mouse models of myeloma and colorectal and intestinal
cancers and also to induce differentiation of tumor cells, thereby
repressing tumor malignancy (7, 12, 32, 33). Most of these recent re-
sults have been found in colorectal and intestinal cancers in which
mutations of Wnt signaling components frequently drive oncogenesis.
These mutations are rather rare in breast cancer, yet activated ca-
nonical Wnt signaling has been demonstrated to promote breast cancer
development (3-7). Here, we have shown that p-catenin—mediated
transcriptional output is required for the growth, malignant progres-
sion, and metastasis formation in the MMTV-PyMT mouse model of
breast cancer, highlighting the functional importance of Wnt signaling
in yet another malignant cancer type.

Notably, the mutant version of p-catenin exerts a dominant-
negative effect over wild-type p-catenin in the parameters of
tumor growth, EMT, cell migration, and metastasis formation
measured in vivo and in vitro. It is even more surprising to find
that this dominant-negative effect is not observed in the TCF
promoter reporter assay. We speculate that the plasmid-borne
reporter assay may respond differently to the stoichiometry of
the equal expression of mutant and wild-type B-catenin and thus
does not detect the dominant-negative impact of dm fp-catenin.

Since the loss of cofactor interaction in dm f-catenin effec-
tively abrogated Wnt-induced transcriptional output, our results
confirm that N- and C-terminal coactivators conjointly contribute to
the expression of specific Wnt targets genes. However, the depen-
dency of the expression of individual Wnt target genes on specific
cofactors and combinations thereof may vary in a cell context-
dependent manner. Consistent with these results, in mouse intesti-
nal tumors, only a subset of Wnt target genes has been found down-
regulated in Bcl9/9l-deficient tumors (7). In conclusion, the results
show that p-catenin regulates its target genes by interacting with N-
and C-terminal coactivators, and the loss of all coactivator binding
leads to an almost complete loss of f-catenin transcriptional activity.

We found that p-catenin’s transcriptional activity is required
for malignant breast cancer progression, and EMT induced upon
TGF-p treatment. Not unexpectedly, in contrast to Wnt3a-
induced gene expression, TGF-f-induced gene expression was
much less affected by the loss of cofactor binding in dm p-catenin
cells. The expression of some EMT-related transcription factors
and mesenchymal markers, known to be regulated by canonical
Wnat signaling (18, 34), was induced upon TGF-p treatment re-
gardless of p-catenin mutation. However, the expression of the
EMT transcription factor Snai2 was only induced in p-catenin
wild-type cells and not in dm B-catenin cells. Accordingly, the
expression of Cdhl was down-regulated only in wild-type cells
and not in mutant cells. Hence, p-catenin’s interaction with its N-
and C-terminal coactivators affected the induction of target
genes and thus EMT and metastasis. In the context of EMT,
TGF-f also induced changes in the expression of Wnt pathways
components, such as Wnt ligands, Wnt receptors, and Wnt
pathway transcription factors (Tcf7, Tcf7l1, Tcf712, and Lefl). In
B-catenin wild-type cells, the expression of the canonical Wnt
target genes Axin2 and Notum was down-regulated upon TGF-f
treatment, whereas it was up-regulated by Wnt3a. Notably, the
expression of these canonical Wnt target genes did not specifi-
cally correlate with the presence of dm f-catenin in primary tu-
mors (SI Appendix, Fig. S94), and Axin2 expression has been
reported to be inversely correlated with breast carcinogenesis
(35). Hence, the regulation of target genes via $-catenin’s N- or
C-terminal coactivators seem highly context dependent or also
regulated by other transcriptional mechanisms, for example, not
only by Wnt ligands but also by TGF-p and other cytokines of the
tumor microenvironment. A functional interaction of Wnt and
TGF-p signaling during EMT and other pathophysiological
processes has been demonstrated before (36-38), and our results
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with cultured cell lines underscore the potential importance of
this crosstalk.

Another curious finding of our work has been that dm
B-catenin rather increased tumor cell stemness as assessed by the
analysis of mammosphere formation and stem cell marker ex-
pression, while it decreased EMT, metastasis, and chemotherapy
responses. Apparently, the dm version uncouples hallmarks which
thus far have been all implicated in the overall process of EMT.
However, the recent findings that EMT occurs in multiple steps
and hybrid stages which represent different phenotypic capabilities
(the EMT continuum) may explain the uncoupling of EMT-
related features (39). In other words, wild-type p-catenin mam-
mary tumor cells can undergo a full EMT, and cells may mainly
reside in more mesenchymal state, while dm p-catenin cells may be
arrested in a hybrid stage, which exhibits more traits of stemness
and less of metastasis and chemoresistance.

In this study, we show that specifically abrogating the binding
of N- and C-terminal coactivators of f-catenin results in a com-
plete loss of transcriptional output and affects mammary tumor
cell proliferation, tumor growth, EMT, malignant progression, and
metastasis formation. In contrast, the complete loss of p-catenin’s
signaling and its adhesion function leads to apoptosis of mammary
tumor cells, suggesting a key role of p-catenin-mediated adhesion
in tumor cell survival. The results suggest the possibility of ther-
apeutically targeting breast cancer by interfering with the inter-
action of B-catenin with its transcriptional cofactors, avenues
which are already being explored (40, 41).

Materials and Methods
Also refer to S/ Appendix, Supplementary Methods for more details.

Antibodies and Reagents. The following antibodies were used: E-cadherin (13-
1900, Thermo Fisher Scientific, used for immunofluorescence staining),
E-cadherin (610182, Transduction Laboratories, used for immunoblotting),
a-tubulin (T-9026, Sigma-Aldrich), fibronectin (F3648 Sigma-Aldrich), vimentin
(NB300-223, Novus Biologicals), Zonula occludens-1 (617300, Thermo Fisher
Scientific), B-catenin (06-734, Cell Signaling Technology, used for immuno-
fluorescence staining), p-catenin (NBP-32239, Novus Biologicals, used for
immunoprecipitation), Caspase-3 (Asp-175) (5A1E) (9664, Cell Signaling
Technology), phospho-Histone 3 (Ser10) (06-570, Merck), cytokeratin 8 + 18
(Fitzgerald Industries, 20R-CP004), Ki67 (Invitrogen, 14-5698-82), Myc-Tag
(9B11) (2276, Cell Signaling Technology), Alexa Fluor 568 Phalloidin
(A12380; Invitrogen), and DAPI (D9542, Sigma-Aldrich).

Recombinant murine Wnt3a (315-20, PeproTech) and recombinant human
TGF-B1 (240-B, R&D Systems) were also used.

Mouse Experiments. Mouse colonies were kept at the animal facility of the
Department of Biomedicine (DBM), University of Basel, Basel, Switzerland. All
animal experiments were carried out in accordance with the guidelines of the
Swiss Federal Veterinary Office and the Cantonal Veterinary Office of Basel-
Stadt. To examine the conditional ablation of p-catenin in breast cancer cells,
B-catenin™t mice were crossed with MMTV-PyMT (a kind gift of N. Hynes,
Friedrich Miescher Institute for Biomedical Research, Basel, Switzerland) (20, 22)
and MMTV-Cre (a kind gift of Lothar Hennighausen, NIH, Bethesda, MD) mice (21).
B-catenin™f; MMTV-PyMT and MMTV-Cre mice obtained were then crossed with
the p-catenin knock-in mutant mouse strain p-catenin®™*, All mouse lines were
maintained in a Friend Virus B NIH Jackson (FVB/N) genetic background, and
experimental mice were always compared to littermate controls. To monitor
MMTV-Cre-mediated recombination, p-catenin™; MPY, MMTV-Cre mice were
crossed with GFP reporter mice (R26-LSL-GFP, kindly provided by V. Taylor, DBM,
University of Basel). For the quantification of recombination, whole tumor sec-
tions were imaged with a Zeiss Axio Imager Scanning Microscope (10x magni-
fication). GFP-positive areas and total tumor areas (DAPI-positive area) were
quantified using ImageJ. All experiments were performed with female mice. For
analysis of the mammary gland, mice were euthanized at 5 wk and before a
tumor volume of 1,500 mm? was reached, usually at 12 to 13 wk of age.

Cell and Tumor Genotyping. To extract genomic DNA, cells from a confluent
10-cm Petri dish were trypsinized, washed in phosphate-buffered saline, and
pelleted by centrifugation. DNA was extracted using GenElute Mammalian
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Genomic DNA Miniprep Kits (G1N70, Sigma-Aldrich) according to the man-
ufacturer’s protocol. Standard PCR was performed using the following pri-
mers: for the B-catenin floxed and mutant allele, sense primer RM41 (5'-AAG
GTA GAG TGA TGA AAG TTG TT-3’) and antisense primer RM42 (5’-CAC CAT
GTC CTC TGT CTA TTC-3') were used, generating 324-base pair (bp) and
221-bp products from the floxed and mutant alleles, respectively. To detect
the floxed allele, sense primer RM68 (5'-AAT CAC AGG GAC TTC CAT ACC
AG-3’) and antisense primer RM69 (5'-GCC CAG CCT TAG CCC AAC T-3') were
used generating a 631-bp product from the deleted allele (42).

I/l dmv/fl
'

RNA Sequencing and Analysis. Established cell lines (3-catenin™", p-catenin
and p-catenin®™9e!) were treated either with 100 ng/mL Wnt3a for 3 d or
with 2 ng/mL TGF-p for 4 d. Untreated cells served as control. Biological
duplicates were prepared, and total RNA was isolated using the miRNeasy
Mini Kit (Qiagen, 217004) with on-column deoxyribonuclease digestion
according to the manufacturer’s instructions. RNA quality control was per-
formed using RNA ScreenTape on an Agilent 4200 TapeStation, and RNA
concentration was measured using Quanti-iT RiboGreen RNA Assay Kit (Life
Technologies). RNA sequencing libraries were prepared from total RNA us-
ing poly(A) enrichment using 200 ng input RNA with TruSeq stranded mRNA
Sample prep (Illumina). RNA quality control was performed on a fragment
analyzer using the DNF-473-33-SS NGS Fragment 1- to 6,000-bp kit. RNA
sequence libraries were sequenced on a NextSeq 500 using the 75-Cycle High
Output Kit (Illumina). Single-end RNA sequencing reads were mapped to
the mouse genome assembly, version mm10, using RNA-STAR (PubMed
identification [PMID]: 23104886) with default parameters except for allowing
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RefSeq mRNA coordinates from University of California, Santa Cruz (http:/
genome.ucsc.edu, downloaded in December 2015) and the gCount function
from QuasR package (version 3.12.1) (PMID: 25417205), we quantified gene
expression as the number of reads that started within any annotated exon
of a gene. The differentially expressed genes were identified using the
edgeR package (version 1.10.1) (PMID: 19910308). Genes with false discovery
rate < 0.05 and minimum log2 fold change of + 1.0 were considered sta-
tistically significant and included in further analysis.

Statistical Analysis. Statistical analysis and graphs were generated using
GraphPad Prism 7.02 software. All data are presented as mean + SEM.

Data Availability. The RNA sequencing data are deposited on the Gene Ex-
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