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Abstract
SnoN is an important negative regulator of transforming growth factor-β (TGF-β) signaling that
was originally identified as a transforming oncogene in chicken embryonic fibroblasts. Both pro-
oncogenic and antioncogenic activities of SnoN have been reported, but its function in normal
epithelial cells has not been defined. In the mouse mammary gland, SnoN is expressed at
relatively low levels, but it is transiently upregulated at late gestation before being downregulated
during lactation and early involution. To assess the effects of elevated levels of SnoN, we
generated transgenic mice expressing a SnoN fragment under the control of the mouse mammary
tumor virus promoter. In this model system, SnoN elevation increased side-branching and lobular-
alveolar proliferation in virgin glands, while accelerating involution in postlactation glands.
Increased proliferation stimulated by SnoN was insufficient to induce mammary tumorigenesis. In
contrast, elevated levels of SnoN cooperated with polyoma middle T antigen to accelerate the
formation of aggressive multifocal adenocarcinomas and to increase the formation of pulmonary
metastases. Our studies define functions of SnoN in mammary epithelial cell proliferation and
involution, and provide the first in vivo evidence of a pro-oncogenic role for SnoN in mammalian
tumorigenesis.

Introduction
The transforming growth factor-β (TGF-β) regulates cell proliferation, apoptosis, motility,
differentiation, and extra-cellular matrix production (1). Upon ligand binding, the activated
TGF-β receptor kinases phosphorylate Smad2 and Smad3, leading to their
heterooligomerization with Smad4 and accumulation in the nucleus. The nuclear Smad
complexes interact with coactivators and sequence-specific DNA binding factors to regulate
the expression of TGF-β–responsive genes (2–5). SnoN is an important negative regulator of
TGF-β signaling (6, 7). It interacts with Smad proteins and represses their transcription
activity by disrupting the active heteromeric Smad complex, blocking the interaction of
Smad2/3 with transcriptional coactivators and recruiting a transcriptional corepressor
complex (6, 8–10).
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SnoN was identified as a proto-oncogene that when overexpressed, induces the anchorage-
independent growth of quail and chicken embryo fibroblasts (11–14). However, the role of
SnoN in human cancer is more complex. Expression of SnoN is elevated in many human
carcinomas (15, 16), due to gene amplification, increased protein stability, and
transcriptional activation (6, 17–21). Reducing SnoN expression in human breast and lung
cancer cells impairs mitogenic transformation in vitro and tumor growth in vivo (22),
supporting a pro-oncogenic activity of SnoN. However, SnoN seems to also possess tumor-
suppressive functions. Deletion of one copy of the sno gene resulted in increased
susceptibility to carcinogen-induced tumor formation (23). More recently, SnoN has been
shown to induce premature senescence and inhibit oncogenic transformation and
tumorigenesis through upregulating PML and p53 levels (24). Finally, SnoN can also inhibit
epithelial-to-mesenchymal transdifferentiation (EMT) and tumor metastasis (22). Thus, the
roles of SnoN in mammalian tumorigenesis are complex and maybe context dependent. In
addition to cancer cells, SnoN is also expressed ubiquitously in normal cells and tissues, but
its function in normal epithelial cells has not been defined (24).

In this study, we used mammary gland as a model system to define the function of SnoN in
development and carcinogenesis. The mammary gland consists of a rudimentary branching
network of small ducts at birth and undergoes a specific pattern of morphogenesis and
differentiation after puberty (25, 26). At puberty, marked growth and branching
morphogenesis occur to form the ductal tree that fills the entire mammary fat pad. Extensive
branching and alveolar growth occur during pregnancy, with functional differentiation
leading to milk production and secretion during lactation. After weaning, the alveolar
epithelium undergoes apoptosis and is remodeled back to the state of a mature virgin gland
(25, 26). TGF-β signaling is known to play an important role in mammary gland
development. All three isoforms, TGF-β1, TGF-β2, and TGF-β3, are expressed in the
mammary epithelial cells in mice (27). They inhibit ductal growth, alveolar proliferation,
and milk production, and induce apoptosis in the involuting gland (28–31). Consistent with
this, mice expressing a dominant-negative type II TGF-β receptor (TβRII) or anti-sense
TβRII, or conditional knockout of the TβRII gene in the mammary epithelium exhibit
lobular-alveolar hyperplasia (32–35). Although inactivation of TβRII alone is not sufficient
for the formation of mammary tumors, in a mouse model of breast cancer induced by the
expression of polyoma middle T antigen [mouse mammary tumor virus (MMTV)-PyVmT;
refs. 36, 37], it shortens the latency of breast cancer development and increases pulmonary
metastasis (32, 38). Conversely, the expression of a constitutively active type I receptor
(MMTV-ALK5 T204D or MMTV-TβR1 AAD) in the mammary gland increased the
incidence of lung metastases when crossed with the MMTV-c-Neu mice (39, 40), suggesting
a tumor-promoting role of TGF-β at late stages of tumorigenesis. TGF-β signaling also
regulates postlactational involution, but the underlying mechanism is complex and poorly
understood. Although mice expressing the dominant-negative TβRII showed delayed
involution, knock out of TβRII displayed increased apoptosis in the developing mammary
gland (32, 34). Moreover, overexpression of the constitutively active ALK5 T204D
exhibited reduced apoptosis during involution (39). The mechanisms underlying these
complex observations remain unclear. The role of the Smad proteins in mammary gland
development and tumorigenesis has not been well defined because homozygous deletion of
many Smad proteins is embryonically lethal. Smad3-null mice survived to adulthood
without apparent defects in mammary gland development. However, these mice showed a
delayed involution with a 30% reduction in apoptosis (41).

In normal mammary tissues and untransformed mammary epithelial cell lines, SnoN is
expressed at a low level in comparison with that in breast cancer tissues and cells (22) and is
predominantly cytoplasmic (42). However, how SnoN expression is regulated during
mammary gland development and what roles it plays in this process is not clear, nor is the
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function of SnoN in breast cancer development in vivo understood. To address these
questions, we generated a transgenic mouse expressing a SnoN fragment under the control
of the MMTV promoter/enhancer. Using this mouse model, we investigated the functions of
SnoN in various stages of mammary gland development and breast cancer progression.

Materials and Methods
Generation of transgenic mice

Exon 1 of human snoN cDNA encoding amino acid residues 1 to 366 was fused to the Flag
tag, subcloned into pBKS-MMTV, and injected into the C57BL6/J embryos. For genotyping
by Southern blotting, genomic DNA were digested with Pst1 and hybridized to a transgene-
specific snoN probe. Alternatively, the snoN transgene was detected by PCR using the
following primer pair: forward primer, 5′-CAGGTGATCTGTGAGAATGC-3′; reverse
primer, 5′-CAGAACTCACTCAGACTGTG-3′.

Whole mount analysis, histology, and immunohisto-chemistry
For whole mount analysis, the right fourth inguinal mammary gland was fixed in Carnoy’s
solution followed by staining with Carmine Alum (43). For anti-SnoN staining, paraffin-
embedded sections were permeabilized with 20 μg/mL proteinase K, blocked, and stained
with anti-SnoN (42). For proliferating cell nuclear antigen (PCNA) stain, paraffin-embedded
sections were performed with anti-PCNA (1:200: PC-10; Lab vision) as previously
described (43). To detect the SnoN transgene, 5-μm cryostat sections were fixed in 4%
paraformaldehyde and stained with anti-Flag 1:500, M2, Sigma). Terminal deoxynucleotidyl
transferase–mediated dUTP nick end labeling (TUNEL) assay was performed on the
paraffin-embedded sections using the DeadEnd Fluorometric TUNEL system kit (Promega).

Western blotting
Frozen tissues including the thoracic second and third mammary glands were homogenized
in lysis buffer (24) and centrifuged. One percent NP40 was added to the supernatant
followed by an additional centrifugation for 15 minutes. Twenty to 50 μg of protein extracts
were analyzed by Western blotting using antibodies specific for AKT 1/2 (H-136), Smad2/3
(Santa Cruz Biotechnology), p-AKT, p-Smad, phospo-signal transducers and activators of
transcription 3 (p-STAT3), STAT 3 (Cell Signaling Technology), pSmad2 (generous gift
from Aris Moustakas), α-Tubulin (Calbiochem), and actin (MP Biomedicals).

Growth inhibition assay
Primary mammary epithelial cells were isolated from virgin females or mammary tumors at
14 weeks of age (44, 45). Cells (7 × 104) were treated with TGF-β1 for 3 days and the
growth of the cells was measured by cell counting (42). All experiments were performed in
triplicates.

Mammary tumor development and lung metastasis
Mice were palpated twice weekly from 4 to 14 weeks of age for the development of
mammary tumors (36). The time of initial tumor appearance was subjected to Kaplan-Meier
analysis and plotted. Once the total tumor size reached 120 mm in diameter, mice were
euthanized and the total weight of the tumors, spleen, and lung was determined. The length
of survival periods for each mouse was recorded and plotted into a modified Kaplan-Meier
survival curve. To analyze lung metastasis, the lungs were fixed in Bouin’s solution and
metastatic nodules were counted. Significance of data represented by the Kaplan-Meier
survival curves was determined using log-rank (Mantel-Cox) tests. All other P values for
various quantifications were determined using unpaired Student’s t tests.
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Reverse transcription-PCR
Frozen tissues were homogenized in RLT buffer and total RNA extracted (RNeasy Mini kit;
QIAGEN). The following primers were used in reverse transcription-PCR (RT-PCR):

Total snoN levels:

forward (F): 5′-AGAGACTCTGTTTGCCCCAAGT-3′;

Reverse (R): 5′-CATGCTAAACTTCTCCTTCATTTC-3′.

PAI-1: F: 5′-GGGGCCGTGGAACAAGAATGAGAT-3′,

R: 5′-AGATGTTGGTGAGGGCGGAGAGGT-3′.

p21CIP1: F: 5′-CAACCCATCTGCATCCGTTTCA-3′,

R: 5′-GAGTGGGGACCATTCCTGTCTTCA-3′.

Results
Expression of SnoN during mammary gland development

We first examined the expression pattern of endogenous SnoN during mammary gland
development by immnohisto-chemistry and RT-PCR. Mammary glands were obtained from
virgin (8, 12, 14, 16, 18, and 20 wk), pregnancy (13.5 and 18.5 d), lactating (0.5 and 5 d),
and involuting (day 1, 3, and 5 postweaning) mice, and immunostaining of the paraffin-
embedded sections was performed with an anti-SnoN antibody that recognize the COOH
terminus of SnoN (Fig. 1A–C; ref. 42). In parallel, total RNA was prepared and
semiquantitative RT-PCR was performed to measure the expression of endogenous snoN
(Fig. 1D). In contrast to the high levels of SnoN in the breast cancer tissues (data not
shown), the level of SnoN was low in the virgin glands during puberty but slightly elevated
at 20 weeks of age (Fig. 1A). During this period of time, SnoN was detected in the
cytoplasm of the quiescent luminal epithelial cells of the ducts and in the proliferating
epithelial cells of the lobuli and lateral ducts (Fig. 1A). SnoN expression remained similar in
early to midpregnancy but increased significantly in late pregnancy and peaked at day 18.5
(Fig. 1B and D). It then decreased dramatically during lactation and became almost
undetectable by day 1 of involution (Fig. 1C and D). Interestingly, SnoN levels increased
again at day 3 of involution in the collapsing luminal epithelial cells and gradually returned
to the basal level observed at puberty (Fig. 1C and D).

Thus, SnoN expression is highly dynamic during mammary gland development, suggesting
that it may play a role in regulating epithelial differentiation, proliferation, and/or apoptosis.

Generation of the MMTV-SnoN transgenic mice
To examine the function of SnoN during mammary gland development, we generated
transgenic mice overexpressing a SnoN fragment (amino acid residues 1–366) in the
mammary gland. We chose this SnoN fragment because it is more stable than full-length
SnoN due to the absence of lysine residues critical for ubiquitin-mediated degradation (20).
In addition, SnoN(1-366) fully retains the transforming and differentiation activity of SnoN
as well as the ability to bind to important cellular partners including the Smad proteins and
PML (24). Thus, it is more potent than full-length SnoN in repressing TGF-β signaling.
Transgenic mice expressing the Flag-tagged human SnoN(1-366) from the MMTV promoter
were generated (Fig. 2A) and four transgenic founders were obtained. Expression of the
Flag-SnoN(1-366) was confirmed by RT-PCR and Western blotting (Fig. 2A). Two of the
founder lines, Tg1 and Tg2, expressed the transgene at high levels and displayed similar
phenotypes. In subsequent experiments, only results from Tg1 are shown.
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The expression of the snoN transgene was only detected in the mammary gland but not in
spleen, kidney, and liver (Fig. 2A), confirming the tissue-specific expression. It was
expressed in the virgin gland at 8 weeks, but this expression was significantly elevated at 12
weeks and remained high throughout pregnancy, lactation, and involution (Fig. 2B, left),
consistent with the activity of the MMTV promoter. Using primers that detect both
endogenous and transgenic snoN gene, we found that the transgene expression was markedly
higher than the endogenous one in most stages of development, especially in the virgin and
involuting glands (Fig. 2B, right). Similar to the endogenous SnoN, Flag-SnoN (1-366) was
detected in the cytoplasm of mammary epithelial cells and was localized to the ducts and
lobular structures during puberty, to the differentiated alveoli during pregnancy and
lactation, and to the collapsing secretory epithelial cells during involution (data not shown;
Fig. 2C). Thus, the SnoN transgene showed similar pattern and localization of expression as
the endogenous protein.

To confirm that overexpression of SnoN antagonizes TGFβ signaling, primary epithelial
cells isolated from wild-type (WT) and Tg females were treated with TGF-β1. As expected,
although WT epithelial cells responded to TGF-β and were growth arrested, the transgenic
cells were significantly less responsive (Fig. 2D, left). Consistent with this, expression of
p21CIP1 (Fig. 2D, bottom left) and PAI-1 (data not shown), two TGF-β target genes, was
also reduced in the Tg glands. In these cells, the levels of phospho-Smad2 and phospho-
Smad3 were indistinguishable from that in the WT cells (Fig. 2D, right), confirming that
SnoN affected downstream Smad signaling.

SnoN promotes lobular-alveolar proliferation and side branching
To investigate how SnoN affects branching morphogenesis, mammary glands from
nulliparous transgenic and WT littermates were collected at 8, 12, 13, 14, 16, 18, and 20
weeks of age and subjected to whole mount and histologic analyses. The transgenic glands
showed a moderate increase in side branching and lobular-alveolar hyperproliferation at 8
and 12 weeks of age (Fig. 3A), and the transgenic ductal branches filled a larger area of
mammary fat pad. In addition, the transgenic glands showed a 2-fold increase in the number
of primary ducts and side branches (secondary and tertiary branches and alveolar structures)
at 8 weeks of age and a 3-fold increase in the number of side branches by 12 weeks (Fig.
3A). These increases were caused by enhanced proliferation as evidenced by an increase in
PCNA (Fig. 3B), bromo-deoxyuridine (BrdUrd), and ki67 staining (data not shown), but not
by alterations in apoptosis (data not shown). This lobular-alveolar hyperproliferation and
increased side branching were maintained until 18 weeks (data not shown). However, by 20
weeks, this difference has disappeared (Fig. 3A, right). Thus, SnoN promotes epithelial
proliferation in the virgin glands. Consistent with this, mammary glands from the SnoN
knockout mice (−/−; ref. 46) displayed hypoplasia with reduced side branching and lobular-
alveolar structures at 12 to 14 weeks than WT littermates (Fig. 3C).

During gestation and lactation, no significant difference in the epithelial content and lobular-
alveolar structures was detected (Fig. 3D).

Thus, SnoN promotes mammary epithelial cell proliferation in the virgin gland, but does not
affect the proliferation and differentiation during gestation and lactation in this transgenic
strain.

SnoN accelerates involution
Postweaning involution consists of two distinct phases. The initial phase is triggered by milk
accumulation and involves apoptosis of the secretory mammary epithelial cells during the
first 48 hours. The second phase is sensitive to the decrease in lactogenic hormones and
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involves remodeling of alveolar structures, degradation of basement membrane, and
replacement of the epithelial cells by adipose tissues (47). To assess the role of SnoN in
involution, we performed a histologic analysis of the mammary glands at 1, 3, 5, and 11
days after weaning the pups at 19 days after birth. As shown in Fig. 4, SnoN accelerated
involution at day 1 and day 3. The lobular-alveolar structures collapsed much faster in the
transgenic mice than those of age- and litter size–matched WT mice (Fig. 4A, left), and
roughly seven times more apoptotic bodies were found in the lumen of transgenic alveoli
(Fig. 4B). The percentage of epithelial cells in the transgenic glands was 67% compared
with 86% in the WT glands at day 1, and 37% compared with 64% at day 3 of involution
(Fig. 4A, right). Consistent with this, TUNEL staining showed that more transgenic alveolar
epithelial cells underwent apoptosis than WT cells at day 1 and 3 of involution (data not
shown; Fig. 4C). However, by day 5 postweaning, the difference between the transgenic and
WT glands had largely disappeared (Fig. 4A).

Although unlikely, the acceleration of involution in the transgenic mice could be due to the
early self-weaning of the pups before day 19. To exclude this possibility, we repeated the
above experiment after force-weaning the pups at day 12 after birth. Under this condition,
the transgenic glands still involuted faster than WT glands at days 1 and 3 of involution,
with a lower epithelial content and more apoptotic bodies in the lumen of the transgenic
alveoli (data not shown). Taken together, our results indicate that SnoN promotes
postlactational involution. STAT3 and Akt are two pathways known to regulate early stages
of involution (39, 48). Although the transgenic mice displayed accelerated involution at day
1 of involution, no significant increase in STAT3 phosphorylation was detected (Fig. 4D).
Interestingly, a lower level of phosphorylated Akt was observed in the transgenic glands
(Fig. 4D), suggesting reduced survival cues. This is consistent with the accelerated
involution of the transgenic glands and also with the previous report that Akt may be
activated by TGF-β signaling to regulate involution (39).

SnoN accelerates tumor development
Although SnoN promotes branching morphogenesis and lobular-alveolar hyperproliferation,
overexpression of SnoN alone was insufficient to drive spontaneous tumor development for
up to 24 months (data not shown). To determine whether high levels of SnoN accelerate
breast cancer progression, we crossed the Tg1 mice with the MMTV-PyVmT mice that
develop spontaneous breast cancer (36, 37). Development of breast cancer in the double
PyVmT/SnoN mice was monitored and compared with that in PyVmT mice. Under our
experimental conditions, the PyVmT mice developed tumors at a median age of 46 days
with a median survival age of 109 days (Fig. 5A and B). Interestingly, the PyVmT/SnoN
mice developed tumors at a median age of 38 days with a median survival period of 93 days
(Fig. 5A and B). Not only did the PyVmT/SnoN mice develop tumors more rapidly, these
tumors were also bigger and more aggressive than those in the PyVmT mice (Fig. 5C and
D). Whole mount analysis showed that the PyVmT/SnoN glands at 8 weeks had more
aggressive primary tumors and were filled with tumor nodules, in contrast to the PyVmT
glands at the same age (Fig. 5C). Histologic analysis showed that both mice developed
highly invasive mammary adenocarcinomas with no apparent differences in the primary
tumors (data not shown).

The PyVmT mice also developed pulmonary metastasis by 14 to 16 weeks of age. To
determine the effects of SnoN on metastasis, we measured the lung and spleen weights in
the PyVmT/SnoN mice. When sacrificed at the same time, the PyVmT/SnoN mice had a
significantly higher wet lung weight than their PyVmT littermates, whereas no difference
was observed in the mean wet spleen weight (data not shown). Ninety percent of the
PyVmT/SnoN mice had pulmonary metastasis versus only 30% of the PyVmT mice at 13 to
14 weeks (Fig. 6A). The level of metastatic lesions in the PyVmT/SnoN mice was also
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increased significantly compared with that in the PyVmT mice, which had very few surface
metastases if any at 13 to 14 weeks (Fig. 6B).

Because high levels of SnoN can antagonize TGF-β signaling, we wondered whether the
PyVmT/SnoN tumor cells displayed a reduced TGF-β signaling. Primary mammary tumor
cells were isolated from either the PyVmT or PyVmT/SnoN mice and treated with TGF-β.
As expected, TGF-β–induced phosphorylation of Smad2 or Smad3 was not significantly
different between the two mice (data not shown). Although the PyVmT tumor cells were
still sensitive to the antiproliferative effect of TGF-β, the PyVmT/SnoN cells were
significantly more resistant (Fig. 6C, left). Moreover, expression of p21CIP1 and PAI-1 was
also lower in the PyVmT/SnoN tumors, consistent with the reduced TGF-β responses in
cells with high levels of SnoN (Fig. 6C, right).

Taken together, our results showed that high levels of SnoN accelerate mammary tumor
growth in vivo and promote pulmonary metastases, possibly through repressing TGF-β
signaling, resulting in increased proliferation and tumor growth.

Discussion
Although SnoN is expressed in all normal tissues and cells, its function has not been
defined. Here, we show that SnoN expression is dynamically regulated during mammary
gland development. It is expressed predominantly in the cytoplasm at a relatively low level
in the virgin mammary gland and throughout all stages of development but is significantly
up-regulated at late gestation/early lactation stages. This suggests that SnoN expression may
be sensitive to hormonal signaling and may play important roles in mammary gland
development. Indeed, using transgenic mice overexpressing a SnoN fragment in the
mammary gland, we found that SnoN promotes mammary epithelial cell proliferation and
accelerates postlactational involution. In the MMTV-PyVmT background, SnoN further
accelerates tumor growth and pulmonary metastases. Thus, our study suggests that SnoN
contains pro-oncogenic activity in vivo.

The observation that SnoN promotes mammary epithelial cell hyperproliferation is
consistent with the phenotypes of mice lacking a functional TβRII in the mammary gland
that showed increased proliferation and even hyperplasia (34, 35). Because SnoN can
repress the Smad proteins, an obvious question is whether the effects of SnoN on
proliferation and involution require antagonism of TGF-β/Smad signaling. The phenotypes
of our transgenic mice as well as the SnoN knockout mice that displayed mammary
hypoplasia are consistent with the Smad-dependent model of SnoN action. Although this is
not sufficient to exclude the possibility that SnoN can also promote cell proliferation in a
Smad-independent manner, it lends a strong support to the notion that the ability of SnoN to
repress Smad signaling contributes significantly to the hyperproliferation phenotypes.

Our study revealed a novel function of SnoN in accelerating involution. Specifically, SnoN
seems to affect the initial phase of involution that involves apoptosis of secretory epithelial
cells in response to milk accumulation. Mutations in other TGF-β signaling components
have also been shown to affect involution. In particular, deletion of TβRII results in an
increase in apoptosis (34) and the constitutively active TβRI T204D delayed involution, due
probably to an increase in phosphoinositide 3-kinase (PI3)/Akt–mediated survival signaling
(39). These results suggested a prosurvival function of TGF-β during involution and are
consistent with the accelerated apoptosis observed in our transgenic mice. Interestingly, our
transgenic mice also displayed a decreased Akt activation during involution, suggesting that
SnoN may reduce PI3K/Akt-mediated survival signaling. How SnoN affects Akt activation
awaits future investigation. Interestingly, Akt activity was not altered in the transgenic
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virgin glands and the PyVmT/SnoN tumors (data not shown), indicating that SnoN may
regulate AKT activity differently in the involuting glands versus virgin glands and tumors.

Both pro-oncogenic and antioncogenic roles of SnoN in mammalian tumorigenesis have
been proposed. The pro-oncogenic activity of SnoN depends on its ability to repress TGF-β
signaling, whereas its antioncogenic activity relies on its ability to activate p53 (24). Our
result that SnoN accelerates PyVmT breast tumor growth and metastasis supports a pro-
oncogenic activity of SnoN in vivo. It is worth noting that in this PyVmT breast cancer
model, the p53 pathway is inactivated by the middle T antigen (49, 50). Thus, the
antioncogenic branch of SnoN may have been silenced, allowing the pro-oncogenic activity
of SnoN to be fully manifested. Supporting this idea, we found that although the PyVmT
tumor cells are still responsive to TGF-β–induced growth inhibition, the PyVmT/SnoN
tumor cells are not, suggesting that SnoN may promote the growth of these tumors through
repressing TGF-β signaling.

Previously, we have reported that SnoN may inhibit epithelial-to-mesenchymal
transdifferentiation and breast cancer metastasis using the MB-MDA-231 model (22). We
did not observe any inhibition of metastasis in this transgenic mouse model. This could be
due to differences in the mechanisms underlying metastasis between the MMTV-PyVmT
mice and MB-MDA-231 model. In the MMTV-PyVmT model, tumor cells may metastasize
“en masse” in a process dependent on the recruitment of bone marrow–derived
proinflammatory cells to the tumor invasion front by the tumor-produced chemokines. TGF-
β suppresses the production of these chemokines and thus inhibits metastasis of MMTV-
PyVmT tumors (38). In contrast in the MB-MDA-231 cell–initiated metastasis model, the
metastasis relies on epithelial-to-mesenchymal transdifferentiation and mobility of the breast
cancer cells, a process enhanced by TGF-β (22). Thus, the complex roles of SnoN in breast
cancer metastasis may depend on the metastasis models used and reflects the complexity of
TGF-β signaling on tumorigenesis.

In summary, our study has provided the first direct evidence for the pro-oncogenic function
of SnoN in vivo and revealed important functions of SnoN in mammary gland development.
Future work will further determine the signaling mechanisms underlying these processes.
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Figure 1.
Expression of SnoN during mammary gland development. SnoN expression in nulliparous
mammary glands at 8, 12, and 20 wk of age (A); mammary glands at day 13.5 and 18.5 of
gestation, and day 5 of lactation (B); glands at day 1, 3, and 5 of postlactational involution
(C). Green, SnoN; blue, Hoechst. D, RT-PCR to measure endogenous SnoN transcript levels
at different stages of mammary gland development. β-Actin was used as a loading control.
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Figure 2.
Generation of MMTV-SnoN transgenic Mice. A, top, the transgene construct. Left, RT-PCR
measuring the expression of Flag-SnoN(1-366) in the mammary gland (MG), spleen (S),
kidney (K), and liver (L) of WT or transgenic line #1 (Tg1) or #2 (Tg2) females. Bottom
right, anti-Flag Western blotting of Flag-SnoN(1-366) isolated by immunoprecipitation from
gestation day 18.5 mammary glands. Anti-α tubulin was used as a loading control. B, left,
RT-PCR showing Flag-SnoN(1-366) levels at various stages of development as indicated.
Ges, gestation; Lac, lactation. Right, comparison of total snoN levels between WT and Tg
glands at the indicated stages by RT-PCR. C, Flag-SnoN(1-366) showed a similar
intracellular localization as endogenous WT SnoN. Immunostaining with anti-Flag (green)
was performed on frozen sections. Blue, Hoechst. D, left, growth inhibition assay. Primary
mammary epithelial cells isolated from WT, Tg1, and Tg2 mice were incubated with 15 or
50 pmol/L TGF-β1. Top left, the growth of cells was measured and compared with that of
unstimulated cells (as 100%). Bottom left, expression of p21CIP1 at 18.5 d of gestation (Ges)
and 1 d of involution (Inv) was measured by RT-PCR. Right, Western blotting measuring
phospho-Smad2 and phospho-Smad3 levels in total cell lysates prepared from WT or Tg
mammary epithelial cells that have been treated with 200 pmol/L TGF-β1 for 30 min. Anti-
actin blotting was performed as loading controls.
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Figure 3.
SnoN promotes lobular-alveolar proliferation in the virgin gland. A, left, representative
whole mount images of mammary glands from 12-week-old nulliparous WT and Tg
littermates. Right, the number of primary ducts and side branches were quantified from
H&E sections from 8-wk-old (n = 4 pairs), 12-wk-old (n = 4 pairs), and 20-wk-old (n = 3
pairs) WT and Tg littermates. The data were plotted as the ratio between the Tg and WT
glands; dotted line, the WT baseline. B, representative PCNA staining on terminal ducts at
12-wk virgin glands. Right, quantification of PCNA-positive nuclei in the WT and Tg
glands (n = 3; P = 0.0140). One thousand nuclei from each mammary gland were counted.
C, left, representative whole mount images of WT and SnoN −/− glands. Right, the number
of primary ducts and side branches were quantified from H&E sections of 12-wk-old (n = 3)
and 14-wk-old (n = 2) WT and −/− glands. Dotted line, WT baseline. D, representative
H&E staining of WT and Tg mammary sections at the indicated stages.
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Figure 4.
SnoN accelerates involution. A, representative H&E staining of WT and Tg mammary gland
sections at day 1, 3, and 5 post involution (d.p.i) after weaning at day 19 after birth. Right,
quantification of the epithelial content in the involuting glands at 1 (P < 0.0001), 3 (P =
0.0026), and 5 (P = 0.4818) d.p.i. B, quantification of the apoptotic bodies in the lumen of
collapsing alveoli at 1 d.p.i. Five sections around the lymph node from each gland were
analyzed (n = 3 pairs; P = 0.0214). C, TUNEL stain of WT and Tg glands at 1 d.p.i. Right,
quantification of apoptotic cells among 2,000 nuclei in each gland was shown to the right (n
= 3 pairs, P = 0.0314). D, Western blotting analysis of mammary tissues at 1 d.p.i showed
that the transgenic glands exhibited a reduced Akt activation.
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Figure 5.
SnoN accelerates tumor development. A, Kaplan-Meier curve showed that mice expressing
PyVmT/SnoN (n = 21) developed tumors with a median latency of 38 d, whereas those
expressing PyVmT (n = 15) developed tumors with a medium latency of 46 d (P = 0.0002).
B, a modified Kaplan-Meier survival curve showed that the PyVmT/SnoN females (n = 11)
die at a median age of 93 d, whereas the PyVmT mice (n = 10) died at 109 d (P = 0.0002).
C, whole mount image of 8-wk PyVmT and PyVmT/SnoN glands. D, total tumor weight of
PyVmT/SnoN (n = 18) and PyVmT (n = 10) mice at 14 wk of age (P = 0.0218).
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Figure 6.
SnoN promotes pulmonary metastases. A, detection of lung metastasis at 14 wk of age in the
PyVmT/SnoN (n = 18) and PyVmT females (n = 10). B, metastatic tumor nodules on the
surface of the lungs were counted and showed in the graph. C, left, primary tumor cells
isolated from PyVmT and PyVmT/SnoN mice were treated with 15 pmol/L or 100 pmol/L
TGF-β1. The growth of cells was measured and compared with nontreated cells. Right, RT-
PCR measuring PAI-1 transcript levels in the PyVmT and PyVmT/SnoN tumors at 14 wk.
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