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Metastatic tumor antigen 3 is
a direct corepressor of the
Wnt4 pathway
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Here we show that expression of MTA3 inhibits ductal
branching in virgin and pregnant murine transgenic
mammary glands. MTA3 also suppresses the Wnt4 path-
way and, thus, these findings parallel phenotypic
changes in Wnt4-null mice. MTAS3 represses Wni4 tran-
scription and Wnt4 secretion, inhibiting Wnt-target
genes in mammary epithelial cells. Accordingly, knock-
down of endogenous MTA3 stimulates Wnt4 expression
and Wnt cellular targets. The MTA3-NuRD (nucleo-
some remodeling and deacetylase) complex physically
interacts with the Wnt4 chromatin in an HDAC-depen-
dent manner, leading to suppression of the Wnt4 gene
and Wnt4-dependent morphogenesis. These findings
identify MTA3 as an upstream physiologic repressor of
Wnt4 in mammary epithelial cells.
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Multiprotein complexes, including the vertebrate Mi-2/
nucleosome remodeling and deacetylase (Mi-2/NuRD)
complex, have been implicated in chromatin remodeling
in normal and pathologic states (Kumar 2003; Kumar et
al. 2003). The NuRD complex is composed of subunits
specializing in ATP-dependent chromatin remodeling
and histone deacetylation, and involved in chromatin
compaction and transcriptional repression. In spite of
the similarity in the mode of action among the subunits,
the functional specialization of each is bestowed by the
presence of different metastatic tumor antigen (MTA)
family members in the NuRD complex. MTA1 was the
first member of the family, initially identified as a dif-
ferentially expressed gene in breast cancer cell lines
(Pencil et al. 1993). Subsequently, the two other mem-
bers, MTA2 and MTA3, were identified and found to be
present in distinct NuRD complexes, which lack func-
tional redundancy. Using cancer cell lines, MTA3 was
shown to be an estrogen-responsive gene whose expres-
sion depends on the presence of estrogen receptor o (ERa)
(Fujita et al. 2003; Mishra et al. 2004).
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Our understanding of MTAS3 functions is primarily de-
rived from the cancer cell line-based models. For ex-
ample, MTA3 interacts with the promoter of the tran-
scription repressor Snail and down-regulates its expres-
sion in a HDAC-dependent manner in cancer cell lines.
Since Snail is known to promote epithelial-to-mesenchy-
mal transitions primarily via down-regulating the ex-
pression of E-cadherin, MTA3-induced repression of
Snail has been linked to the differentiation and increased
expression of E-cadherin in human breast cancer cell
lines (Fujita et al. 2003). The second known target of
MTA3 was BCL6. MTA3 Mi2/NuRD complex deacety-
lates BCL6, and regulates differentiation of B lympho-
cytic cell lines (Fujita et al. 2004). Although cell line-
based findings have provided important insights into the
biological activity of MTA3, its physiologic role in
whole mammary gland development remains unknown.

The Wnt family of secreted proteins, which bind to
specific cell surface receptors, influences mammary
gland development and tumorigenesis. Wntl and Wnt3
were the first Wnt family members implicated in mouse
mammary carcinomas (Nusse and Varmus 1992). Wnt4
is maximally expressed in the mammary epithelium dur-
ing early to mid pregnancy (Bradbury et al. 1995). Mutant
Wnt4-null mammary glands in early pregnancy showed a
specific defect in progesterone-induced ductal side
branching, implicating Wnt4 as a downstream effector of
progesterone signaling (Brisken et al. 2000). In an at-
tempt to achieve a greater clarity of MTA3’s biological
functions in a physiological setting, here we investigated
the effect of targeted overexpression of MTA3 in mouse
mammary gland. We found that Wnt4 is a direct target of
MTAS3 and that phenotypic changes in the MTA3 trans-
genic mammary glands remarkably resemble those from
the Wnt4-null mice.

Results and Discussion

MTAS3 deregulation in mouse mammary epithelium
leads to a defective ductal branching

To understand the influence of MTA3 on mammary
gland development and morphogenesis, we generated a
transgenic mice expressing human T7-MTA3 ¢cDNA un-
der the control of the mouse mammary tumor virus long
terminal repeat (Supplementary Fig. SIA). Three trans-
genic founder mouse lines with variable copy number of
MTAS3 transgene were generated (Supplementary Fig.
S1B,C). Transgene T7-MTA3 was expressed in a variety
of organs with the highest expression in the mammary
gland (Supplementary Fig. S1D). Immunofluorescence of
a mammary gland with an anti-T7 Ab further revealed a
mosaic nature of MTA3 transgene expression in the
nucleus of epithelial cells (Supplementary Fig. S1E). Ex-
pression of T7-MTA3 in mammary glands was further
confirmed by immunoprecipitation followed by Western
blot analysis using an anti-T7 mAb (Supplementary Fig.
S1F).

To determine the contribution of MTA3 to mammary
gland development, we analyzed the status of ductal
branching in the virgin glands from wild-type and
MTAS3-TG female mice. Glands were isolated and whole
mounted, and compared at the developmental stage (4
wk) and mature stage (10-18 wk). At 4 wk of age, termi-
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Figure 1. MTAS3 leads to a defective ductal branching in mouse
mammary epithelium. (A) Whole-mount analysis of virgin 16-wk
mammary glands from the wild-type (WT) and the MTA3-TG mice.
Bars: whole-mount, 500 pm; H&E, 50 pm. (B) Quantitation of ductal
side branches. (C) BrdU labeling of epithelium in virigin 16-wk
mice. Bars, 50 um. (D) Quantification of BrdU-labeling index of epi-
thelium.

nal end buds were present and appeared normal in the
transgenic mice (data not shown). At maturity, the ducts
had reached nearly to the end of the fat pads; however,
significantly less secondary and tertiary ductal branches
were observed in the MTA3-TG mouse glands. These
phenotypic changes were observed in mammary glands
in three founder lines (Fig. 1A). The number of ductal
side branches in wild-type branches (107.8 + 13.7, n = 12)
was higher than the number in transgenic branches
(48.8 = 7.1, n = 11] (Fig. 1B).

Ductal branch defect is due to impaired epithelial
cell proliferation

To determine whether the defect in mammary gland de-
velopment was the result of reduced cell proliferation or
increased cell death, BrdU incorporation and TdT-medi-
ated dUTP-X nick-end labeling (TUNEL) assays were
performed. Wild-type and MTA3 virgin females (16-wk-
old) were administered BrdU for its incorporation into
DNA (Fig. 1C). The proliferation rate of the MTA3-TG
mammary epithelium (4.8% = 2.7, n=6) was approxi-
mately half that of the wild-type mammary epithelium
(10.2% =+ 2.2, n =5) (Fig. 1D). There were no significant
differences in the apoptosis rates, measured by TUNEL
assay, between wild-type and MTA3 mammary glands
(data not shown). These results suggested that MTA3
status might be a determinant of mammary epithelium
proliferation. Interestingly, there was no effect of MTA3-
TG on the levels of Snail (a direct target of MTA3 in
cancer cell lines) or E-cadherin in the mammary gland
(Supplementary Fig. S2A,B). The noticed lack of any sig-
nificant effect of MTA3-TG on the level of Snail expres-
sion is not in line with a previous report showing Snail
repression in cell lines (Fujita et al. 2003). These differ-
ences may be possibly due to the lack of a normal epi-
thelial cell line in the previous study or MTA3 represses
Snail expression only in cancer cell line or both.
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Defective Wnt4 pathway in mammary gland epithelial
cells of MTA3-TG mice

Since progesterone receptors (PRs) and Wnt signaling are
the major regulators of ductal branching in mammary
glands (Robinson et al. 2000) and because PR and Wnt
knockout females exhibit a defect in mammary gland
development (Lydon et al. 1995) similar to that in the
MTAS3-TG females, we next determined whether deregu-
lation of MTAS3 affects PR or Wnt expression and func-
tion in mammary epithelium. We first examined PR ex-
pression in the wild-type and MTA3-TG virgin mam-
mary glands. IHC analysis revealed that wild-type cells
were 34.7% + 12.7 positive for PR versus 31.2% = 14.2 in
the MTA3-TG cells. Similarly, levels of ERa-positive
cells (47.2% = 9.2 wild-type cells and 46.3% + 8.3 TG
cells were ER positive), showed no variation between the
wild-type and TG virgin mammary glands, suggesting
that the observed phenotypic changes in the MTA3-TG
mice are not due to the change in the ER or PR status
(Supplementary Fig. S3A,B).

Next we examined the levels of B-catenin, a key com-
ponent of the canonical Wnt pathway. We found that
B-catenin levels were much lower in the MTA3-TG
mammary glands than in the wild-type glands (Fig. 2A),
suggesting a potential role of MTA3 in repressing Wnt
pathway. Accordingly, the levels of cyclin D1, one of the
Wnt targets, were reduced to 14.6% = 8.6, n =5) in the
MTA3-TG as compared with 35.4% + 7.3 cyclin DI1-
positive cells in the wild-type mammary epithelial cells
(Fig. 2B). Interestingly, we also discovered a considerable
decrease in the in situ levels of Wnt4 as well as of WNT4
protein in the MTA3-TG mammary gland when com-
pared with the wild-type mammary gland (Fig. 2C,D).
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Figure 2. Impaired Wnt pathway in the MTA3-TG mammary tis-
sue. (A) Western blot analysis of B-catenin in the virgin mammary
tissue. (B) IHC analysis of cyclin D1 in the wild-type (WT) and TG
mammary tissues. Bars, 100 pm. (C) In situ hybridization of digoxi-
genin-labeled Wnt4 cDNA antisense transcripts to mammary tissue
sections. Bars, 100 pm. (D) Western blot analysis of Wnt4 from
tissue lysates. Mammary glands used were from the virgin 12-wk-
old female mice.



Secretion of Wnt4 ligand is suppressed by MTA3

To elucidate the role of MTA3 in the Wnt pathway in
mammary gland epithelium, we next generated stable
pooled clones of T7-MTA3 in the HC11 murine mam-
mary epithelial cell line (Fig. 3A), which has been exten-
sively used as a valid model to study the proliferative and
differentiating effects of Wnt genes (Humphreys and
Rosen 1997; Civenni et al. 2003). To assess the effect of
MTAS3-TG on the WNT4 pathway, we compared the lev-
els of Wnt4 mRNA in the HC11/MTAS3 cells with the
levels in the control pcDNA clones, and found a drastic
reduction in the level of WNT4 mRNA in the HC11/
MTAS cells (Fig. 3B). The observed decreased WNT4 ex-
pression in the HC11/MTAS3 cells was accompanied by
reduced Wnt4 secretion in the conditioned media as
compared with the control pcDNA cells (Fig. 3C). These
findings suggested a negative regulatory role of MTA3 on
Wnt4 expression and secretion in mammary epithelial
cells.

MTAS3 suppresses the canonical Wnt pathway

The drastic down-regulation of Wnt4 secretion in HC11/
MTA3 cells is expected to inhibit the canonical Wnt
pathway. Accordingly, we found a significant reduction
in the level of B-catenin in the HC11/MTAS3 clones as
compared with the levels in the HC11/pcDNA clones
(Fig. 3D). We also found lower levels of phosphorylated
Ser9-GSK3B in the HC11/MTA3 clones than in the
HC11/pcDNA clones (Fig. 3D) showing more active
GSK38, which leads to greater phosphorylation and deg-
radation of B-catenin in HC11/MTAS3 clones. To validate
the repression of the canonical Wnt pathway by MTA3,
we show that MTAS3 suppresses the B-catenin/LEF sig-
naling using a TOP-Flash-luc activity (Fig. 3E). We also
found a significant inhibition in the levels of WISP2

MTAS3 regulation of WNT4

mRNA, a Wnt target gene, in the HC11/MTAS3 clones
(Fig. 3F).

MTAS3 is a physiologic negative regulator
of Wntd expression

To further strengthen the noticed causative correlation
between the levels of MTA3 and repression of the Wnt4
pathway, we next silenced the endogenous MTA3 ex-
pression in the HC11/pcDNA cells by an MTA3-specific
small interfering RNA (siRNA) and assessed the status of
Wnt4 pathway. We found that a conditional reduction in
the amount of MTA3 leads to an enhancement in the
levels of Wnt4 and its target WISP2 mRNA (Fig. 3G,H).
We next explored the potential involvement of the
MTAS3/NuRD complex in the repression of Wnt4 expres-
sion by MTAS3. Treatment of the HC11/MTAS3 cells with
a general HDAC inhibitor TSA resulted in an increased
Wnt4 expression (Fig. 31) as well as accumulation of the
secreted Wnt4 (Fig. 3]) in the HC11/MTAS3 cells as com-
pared with its levels in the control cells. These findings
suggested that MTAS3 represses Wnt4 expression in an
HDAC-dependent manner in mammary epithelial cells,
and that MTAS3 status may be an upstream determinant
of the Wnt4 expression, and consequently, functions in
mammary epithelial cells.

MTA3/NuRD complex associates with two putative
regions of the Wnt4 regulatory chromatin

The negative regulatory chromatin region of the mouse
Wnt4 gene has been mapped up to 7 kb upstream of the
start site (Devagan et al. 2005). To examine the physical
interaction of the MTA3/NuRD complex with the Wnt4
chromatin, we carried out a promoter walk for the 10-kb
region upstream of the Wnt4 gene using chromatin im-
munoprecipitation (ChIP) analysis. Initially, ChIP ly-
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Figure 3. MTAS3 status affects Wnt4 expression and signaling. (A) Expression of T7-MTA3 protein in the indicated pooled HC11 clones. (B)
Northern blot analysis of the Wnt4 mRNA. (C) Western blot showing Wnt4 protein in the culture media. (D) Western blot analysis of B-catenin
and Ser9 phosho-GSK3g. (E) Top-flash-Luc activity in the HCI11 clones. (RLU) Relative light unit. (F) RT-PCR analysis of the WISP2 mRNA.
(G,H) Effect of MTA3-siRNA on the levels of Wnt4 and WISP2 mRNAs. (I) Effect of TSA on the levels of Wnt4 mRNA by RT-PCR. (/) Effect

of TSA on secreted Wnt4 protein.
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sates from the HC11/MTAS3 cells were precipitated with
an anti-T7 mAD to pull down T7-MTA3 or with IgG as a
control and eluted DNA was tested by PCR analysis
with primers designed against every 500-base-pair (bp)
region of the 10-kb Wnt4 chromatin. This analysis iden-
tified two Wnt4 promoter MTA3-interacting regions, en-
compassing roughly a 1-kb region (-2681 bp to -3793 bp;
i.e., region 6 and 7) and a 1.5-kb region (-7688 bp to
-9352 bp; i.e., regions 15, 16, and 17) (Fig. 4A,B). Since
HDACs are integral components of the MTA3/NuRD
complex and MTAS3 represses WNT4 expression in an
HDAC-dependent manner (Fig. 3LJ), we next tested
whether HDAC?2 is also recruited to the MTA3-interact-
ing Wnt4 chromatin. ChIP analysis with an HDAC2-
specific antibody showed that HDAC2 was present on
the same 1.0-kb (-2681 bp to -3793 bp) and 1.5-kb (-7688
bp to -9352 bp) regions of the Wnt4 chromatin as MTA3,
raising the possibility of recruitment of the MTA3/
NuRD complex to the above regions of the Wnt4 chro-
matin (Fig. 4B). ChIP in HC11/MTAS3 cells for Mi2, the
largest subunit of the NuRD complex, showed the re-
cruitment of Mi2 to both the 1-kb and the 1.5-kb regions
of the Wnt4 chromatin (Fig. 4B, lower panel). In the 1-kb
region, a greater association of Mi2 was observed with
the region 6 (-2681 bp to -3234 bp); whereas a stronger
association of Mi2 was seen to the regions 16 and 17
(-8802 bp to -9352 bp) within the 1.5-kb region. We next
performed ChIP analysis of lysates from HC11/pcDNA
and HC11/T7-MTA3 cells, and found a clear increased
recruitment of T7-MTAS3 to regions 6 (-2681 bp to -3234

10kb Wnt4 regulatory chromatin regions
7 6 5 4 3 2 1

18 17 16 15 14 13 2 11 10 9 8

i.5 ki

B Regions of Wnt4 chromatin

1’0 sb

HC11 Clone

bp) and 15 (-7688 bp to -8243 bp) of Wnt4 chromatin in
HC11/T7-MTA3 cells over the albeit basal levels in
HC11/pcDNA cells (Fig. 4C).

Further, we performed a double ChIP assay in the
HC11/MTAS3 clones; the initial ChIP analysis was done
with anti-T7 mAb to precipitate the T7-MTA3-bound
DNA sequences, and the subsequent ChIP analysis was
done using the anti-HDAC2 antibody. Results showed
the simultaneous association of MTA3 and HDAC2
with the region 6 (-2681 bp to -3234 bp) and regions en-
compassing 15 and 16 (-7688 bp to -8801 bp) but not
regions 7 and 17 (Fig. 4D), confirming that the MTA3/
NuRD complex is associated with these two specific re-
gions of the Wnt4 chromatin. Regions 3 and 4 of the
Wnt4 chromatin, where no association of MTA3 was
seen in ChIP assays were used as negative controls. To
explore the potential decreased acetylation status of the
histones associated with the MTA3-interacting Wnt4 re-
gions, we performed ChIP using acetyl-Histone3 (H3)-
specific antibody, and found a considerable decrease in
the levels of the acetylated H3 associated with the 1-kb
(-2681 bp to -3793 bp) and with the 1.5-kb (-7688 bp to
-9352 bp) regions of the Wnt4 chromatin in the HC11/
MTA3 cells as compared with the corresponding Wnt4
regions in the HC11/pcDNA cells (Fig. 4E).

Recruitment of MTAS3 to the Wnt4 chromatin was
specific, as there was no recruitment of MTA1 to the
above regions of Wnt4 chromatin (Supplementary Fig.
S4A), and no association of MTA3 to an unrelated Wnt1
gene chromatin (Supplementary Fig. S4B), further con-
firming the specificity of MTAS3 regula-
tion of Wnt4 chromatin. To assess the
functionality of the noted Wnt4 chroma-
tin in the context of MTA3, we cloned
the 1-kb and 1.5-kb regions of the Wnt4
into pGL3 basic luciferase vector and
tested the ability of MTAS to affect the
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Figure 4. MTA3/NuRD complex targets Wnt4 regulatory chromatin. (A) Schematic dia-
gram of 10-kb regulatory chromatin of mouse Wnt4 gene. (B) ChIP analysis showed T7-
MTA3, HDAC2, and Mi2 binding to the 1-kb and 1.5-kb regions of the Wnt4 chromatin.
Regions 3 and 4 were the negative control. (C) ChIP assay showing differential recruitment
of T7-MTAS3 to regions 6 and 15 of Wnt4 chromatin in HC11/MTA3 cells (D) A double
ChIP assay, first with T7 Ab followed by the HDAC2 Ab for the two regions of Wnt4
chromatin. (E) Status of the acetylated histone H3 in the MTA3-NuRD complex-bound
Wnt4 chromatin in the HC11/pcDNA and HC11/MTA3 by ChIP analysis (left) and the
relative acetyl-H3 levels at MTA3-binding regions of the Wnt4 chromatin (right).
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S5), suggesting a direct role of MTA3 in
repressing Wnt4 transcription.

MTAS3 suppresses mammary gland
ductal side branching
during early pregnancy

Wnt4 is essential for mammary gland de-
velopment and side branching in early
pregnancy (Brisken et al. 2000). We ex-
amined the effect of MTA3-TG upon the
ductal branching in mammary glands
from pregnant day 2 female mice. Simi-
lar to the virgin mammary gland, we
found reduced branching and BrDU in-
corporation in the early pregnancy
(Supplementary Fig. S6A,B). As Wnt4
was shown to play a major role in mam-
mary gland development downstream
from progesterone signaling (Brisken et
al. 2000), we tested whether MTA3
could repress the functions of PR. In a
luc-based assay conducted in the HC11/



pcDNA and HC11/MTA3 cells, MTA3 was found to be
potent repressor of progesterone-stimulated activity of
PR (Supplementary Fig. S6C). Consistent with a poten-
tial suppression of the PR action, we found an inability
of progesterone to stimulate Wnt4 expression in the
HC11/MTA3 cells as compared with HC11/pCDNA
cells (Supplementary Fig. S6D). Next, we tested the abil-
ity of progesterone to modulate the level of MTA3, an
inhibitor of Wnt4 gene expression (this study). However,
we found no effect of progesterone upon the level of
MTA3 mRNA in the HCI11 cells (Supplementary Fig.
SG6E). Together, these results suggested that the noticed
proliferation defect and hypobranching in the MTA3-TG
mammary epithelium might be causally linked with the
repressed Wnt4 pathway.

Mammary gland differentiation and morphogenesis is
hindered by MTAS3 overexpression

Wnt signaling is also required for differentiation pro-
cesses during organogenesis (Moon et al. 2002). There-
fore, we investigated whether the inhibition of Wnt4
pathway in HC11/MTAS3 cells would affect their ability
to undergo differentiation. One of the physiological ef-
fects of the differentiation-stimulating signals in mam-
mary epithelial cells is to accumulate neutral lipid drop-
lets, which can be easily detected by oil red-O staining.
We compared the extent of differentiation in the HC11/
MTAS3 clones with the extent in the control HC11/
pcDNA clones in response to the lactogenic hormones
dexamethasone, insulin, and prolactin (DIP). We found
that HC11/pcDNA cells underwent complete differen-
tiation, whereas cellular differentiation in HC11/MTA3
clones was considerably suppressed (Fig. 5A).
Whole-mount analysis of the lactating mammary
gland from the MTA3-TG mice revealed a profound sup-
pression of mammary gland morphogenesis as compared
with the wild-type mice (Fig. 5B). Histologic study of the
mammary gland on lactation day 2 by H&E staining
showed a lower density of alveolar lobules in the MTA3-
TG mice than in the wild-type mice, another indicator of
a decreased differentiation (Fig. 5B). The inhibitory effect
of the MTA3-TG upon differentiation was further vali-
dated by a distinct reduction of levels of the phosphory-
lated Tyr694-STAT5a in the MTA3-TG mice compared
with the wild-type mice (Fig. 5B). Since phosphorylated
STAT5a has been closely linked to mammary gland dif-
ferentiation (Liu et al. 1997), our findings were consis-
tent with the idea of an overall suppressed mammary
gland differentiation in MTA3-TG mice, possibly by the
suppressed expression and secretion of bioactive Wnt4.
Next we examined the status of Wnt4 and its negative
regulator MTA3 during mammary gland development in
the wild-type mice. Western blot analysis showed an in-
verse correlation of the levels of Wnt4 and MTA3 protein
in the virgin and pregnant mammary glands, and to some
extent, in the lactating mammary glands (Fig. 5C). The
suppression of the mammary gland morphogenesis in
the MTA3-TG mice indicated the possible hindrance of
lactation. To evaluate whether MTA3 could affect the
expression of milk proteins, we examined its effect on
the B-casein transcription using a p-casein promoter-luc
reporter. A significant repression of the basal as well as
DIP-induced B-casein promoter-luc activity was ob-
served in the HC11/MTA3 cells (Fig. 5D), suggesting a
corepressive activity of MTA3. This was supported by
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Figure 5. MTA3 suppresses mammary gland differentiation and
morphogenesis. (A) Status of the oil red-O-stained neutral lipid drop-
lets in the HC11 clones treated with DIP for 3 d. (B) Whole-mount
staining, H&E staining, and immunostaining for P-STAT5 of mam-
mary tissues at lactation day 2. (C) Status of Wnt4 and MTA3 pro-
teins in various stages of the wild-type mammary gland develop-
ment. (V) Virgin day (12 wk); (P) pregnancy day 4; (L) lactation day 1;
(I) involution day 5. (D) Repression of B-casein-luc activity in HC11/
MTAS3 cells (E) Repression of the levels of B-casein mRNA in HC11/
MTAS3 cells in comparison with the levels in HC11/pcDNA cells. (F)
ChIP showing association of MTA3 with a 250-bp region of the
B-casein promoter encompassing -250 bp to =500 bp. (G) Northern
blot analysis of the WAP1 in mammary glands from the lactation
day 2 wild-type (WT) and MTA3-TG mice. (H) Pup body weight at
lactation days 5 and 10. Values are average weight + standard devia-
tion. P < 0.05 for L1 and L4 according to Student’s t-test. (I) Sche-
matic diagram of regulation of Wnt4 expression by the MTA3/
NuRD complex and its consequences on mammary gland develop-
ment.

lower levels of B-casein mRNA in the HC11/MTA3
clones when compared with HC11/pcDNA cells (Fig.
5E). Next we performed a ChIP analysis, where binding
of the MTA3 to 500 bp DNA upstream of the B-casein
gene, a region shown to contain lactogenic-responsive
regulatory elements (Saito and Oka 1996), was assessed
in the HC11/MTAS3 cells. We found a strong association
of T7-MTA3 with the region B (-251 to -500 bp), while
there was no association of the T7-MTA3 promoter re-
gion A (-1 to 1250 bp) (Fig. 5F), suggesting a role of
MTAS3 in the repression of the B-casein gene.

Since MTAS3 transgene resulted in reduced secretion of
Wnt4, we explored the effect of Wnt4 expression on B-ca-
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sein gene in the HC11 cells. Transient overexpression of
Wnt4 resulted in no noticeable change in the B-casein
luc activity (Supplementary Fig. S7A), whereas Wnt4
knockdown with Wnt4-specific siRNA showed a modest
reduction in the B-casein luc activity upon DIP treat-
ment (Supplementary Fig. S7B). To further decipher the
effect of Wnt4 on the differentiation of mammary cells,
Wnt4 expression was silenced in the HC11 cells using
Wnt4 siRNA and cells were stimulated with DIP for 48
h. Oil red-O staining showed a noticeable decrease in the
accumulation of neutral oil droplets in cells with Wnt4
knockdown in comparison with the control cells
(Supplementary Fig. S7C). The effect was not as pro-
nounced as in the HC11/MTAS3 clones (Fig. 5A), where it
might be due to long-term depletion of Wnt4.

In addition to the B-casein gene, we also observed re-
duced steady-state mRNA levels of another marker of
lactogenesis, whey acidic proteinl (WAP1) in mammary
glands of four independent MTA3-TG mice in compari-
son with the levels of WAPI mRNA in the wild-type
mice (Fig. 5G). The repressive effect of MTA3 overex-
pression on the B-casein and WAP1 suggested a potential
lactation defect in the MTA3-TG mice. This was sup-
ported by the presence of milk in the belly of 6-d-old pup
born to the wild-type female mice, whereas there was no
or albeit milk in the belly of age-matched pups from the
MTA3-TG female (Supplementary Fig. S8). The body
weight of the pups in two MTAS3-TG founder lines, 5 and
10 d after birth, was consistently lower than was the
weight of wild-type pups of the same age (Fig. 5H), pre-
sumably because of the reduced milk production in the
MTA3-TG mice. These findings supported the notion
that a reduction in the level of Wnt4 may be closely
associated with a reduced differentiation, which along
with reduction in milk proteins may contribute to the
observed lactation defect in the MTA3-TG mice.

A principle finding of this study is an inhibitory effect
of MTA3 transgene on the ductal side branching in
mammary glands due to the suppression of Wnt4 signal-
ing resulting in reduced cell proliferation and differen-
tiation. MTA3 was a direct repressor of Wnt4 transcrip-
tion, and this repression could not be rescued by proges-
terone signaling in HC11 mammary epithelial cells. It is
of interest to note that the effects of MTA3 overexpres-
sion in the mammary gland development were opposite
of those seen in the MTAI1-TG mice. Overexpression of
MTAI-TG resulted in an excessive branching and
precocious development of the mammary gland due to
a higher degree of proliferation and differentiation
(Bhageri-Yarmand et al. 2004). These findings also sup-
port the notion of physiologic differences between the
MTA family members, and lack of functional redun-
dancy between MTA3 and MTAL. In summary, we iden-
tified Wnt4 as a novel target of MTA3, making it the first
direct corepressor of Wnt4 transcription in a physiologic
setting.

Materials ands methods

Generation of transgenic mice and genotyping

An MMTV-human MTA3-TG construct was created by subcloning T7-
tagged MTA3 ¢cDNA into MMTV-SV40-BssK vector (Bagheri-Yarmand
et al. 2004), and summarized in the Supplemental Material.

Whole-mount analysis and histology

The whole-mount analysis, and histology was performed as previously
described (Bagheri-Yarmand et al. 2004), and summarized in the Supple-
mental Material.
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In situ hybridization, RT-PCR, and ChIP

Digoxigenin-labeled in vitro transcripts were generated from plasmid
containing mouse Wnt4 fragments (Brisken et al. 2000). RT-PCR and
ChIP were performed as summarized in the Supplemental Material.
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