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SnoN represses TGF-p signalling to promote cell prolifera-
tion and has been defined as a proto-oncogene partly
due to its elevated expression in many human cancer
cells. Although the anti-tumourigenic activity of SnoN
has been suggested, the molecular basis for this has not
been defined. We showed here that high levels of SnoN
exert anti-oncogenic activity by inducing senescence.
SnoN interacts with the promyelocytic leukaemia (PML)
protein and is recruited to the PML nuclear bodies
where it stabilizes p53, leading to premature senescence.
Furthermore, overexpression of SnoN inhibits oncogenic
transformation induced by Ras and Myc in vitro and
significantly blocks papilloma development in vivo in a
carcinogen-induced skin tumourigenesis model. The few
papillomas that were developed displayed high levels of
senescence and spontaneously regressed. Our study has
revealed a novel Smad-independent pathway of SnoN
function that mediates its anti-oncogenic activity.
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Introduction

Tumour development involves inactivation of tumour sup-
pressors and activation of proto-oncogenes. Some oncogenes
have been shown to also possess anti-oncogenic activities,
which makes it difficult to design targeted drugs. SnoN is a
member of the Ski family of proteins identified based on
sequence homology with v-Ski, the transforming protein of
Sloan Kettering virus (Nomura et al, 1989; Pearson-White,
1993). It is expressed ubiquitously in most cell types with a
relatively high level of expression in the embryos but at a
lower level in adult cells (Pelzer et al, 1996). It was classified
as an oncoprotein based on its transformation ability when
overexpressed in chicken or quail embryo fibroblast (Boyer
et al, 1993). The role of SnoN in mammalian tumourigenesis,
however, is much more complex and even controversial.

*Corresponding author. Department of Molecular Cell Biology,
University of California, 16 Barker Hall, MC3204, Berkeley,
CA 94720, USA. Tel: +1 510 643 3183; Fax: + 1 510 643 6334;
E-mail: kluo@berkeley.edu

Received: 4 June 2009; accepted: 29 July 2009; published online:
10 September 2009

3500 The EMBO Journal VOL 28| NO 22 | 2009

Although elevation in SnoN expression is often detected in
many human carcinoma tissues and cell lines due to either
gene amplification, transcriptional activation or enhanced
protein stability (Imoto et al, 2001; Zhang et al, 2003; Buess
et al, 2004; Edmiston et al, 2005; Zhu et al, 2006; Bravou et al,
2009; Guzman-Ayala et al, 2009), downregulation of SnoN
expression has also been observed in human cancers. In
tissue samples from patients with Barrett’s oesophagus, a
precancerous condition that associates with an increased
risk for adenocarcinoma, SnoN was found at high levels in
low-grade dysplasia but absent in high-grade dysplasia or
adenocarcinoma (Villanacci et al, 2008). In colorectal cancer
with microsatellite instability, SnoN is downregulated in 39 %
of samples and upregulated in 33% of samples (Chia et al,
2006). These observations suggest that high levels of SnoN,
although beneficial to certain stages of tumour development,
may not always be advantageous for malignant progression.
More importantly, these studies enforce the hypothesis that
SnoN may possess both pro-oncogenic and anti-oncogenic
activities in mammalian carcinogenesis. The strongest sup-
port for a pro-oncogenic activity of SnoN comes from the
observation that reducing SnoN expression in human lung
and breast cancer cells inhibits cancer cell growth in vitro and
in vivo (Zhu et al, 2006). However, other studies also sup-
ported an anti-oncogenic activity of SnoN. The loss of one
allele of SnoN in mice results in a slightly higher incidence of
tumour formation and increased susceptibility to chemical
carcinogen-induced tumourigenesis (Shinagawa et al, 2000),
and reducing SnoN expression in human lung and breast
cancer cells enhances EMT and tumour metastasis in vivo
(Zhu et al, 2006). In Drosophila, overexpressed dSnoN in-
hibits cell growth (Ramel et al, 2007). Finally, SnoN can
cooperate with p53 in silencing of the a-fetoprotein gene,
which is aberrantly overexpressed in liver cancer cells
(Wilkinson et al, 2008). The mechanisms through which
SnoN exerts these differential effects on malignant progres-
sion have not been defined.

SnoN is an important negative regulator of TGF-f signal-
ling. TGF-B is a pluripotent cytokine that regulates many
cellular processes, including cell proliferation, survival, cell-
matrix interaction and differentiation (Schilling et al, 2008).
Smad proteins are critical mediators of many TGF-B-induced
signals. On the binding of TGF-f to its receptor complex, the
receptor-activated Smads (R-Smad), Smad2 and Smad3,
become phosphorylated by the active receptor kinase
complex, form a heteromeric complex with Smad4 and
translocate into the nucleus. In the nucleus, the Smad hetero-
meric complex binds to TGF-B responsive promoters either
directly or through association with other sequence-specific
transcriptional factors and regulates the expression of TGF-f
responsive genes (Moustakas et al, 2001; Shi and Massague,
2003; Feng and Derynck, 2005). We and others have shown
that SnoN interacts with Smad proteins and represses their
transactivation activity by disrupting functional heteromeric
Smad complexes, recruiting transcription co-repressor
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complex and blocking the binding of transcriptional co-
activators to Smads, (Stroschein et al, 1999; Sun et al,
1999; Wu et al, 2002). Through these mechanisms, SnoN
acts as a co-repressor of Smad proteins. Indeed, overexpres-
sion of SnoN blocks the growth inhibitory responses to TGF-
. This ability to antagonize TGF-f signalling may be respon-
sible for the oncogenic activity of SnoN at early stages of
tumourigenesis (He et al, 2003).

Although SnoN represses the activity of Smads, its own
expression is also tightly regulated by R-Smads. Shortly after
TGF- stimulation, R-Smads bind to SnoN and recruit various
E3 ubiquitin ligases, including the anaphase promoting com-
plex (APC/C), Smurf2 or Arkadia to SnoN for inducing its
polyubiquitinylation and degradation (Stroschein et al, 1999,
2001; Bonni et al, 2001; Wan et al, 2001; Levy et al, 2007;
Nagano et al, 2007), allowing the activation of Smad-
mediated transcription. Interestingly, the snoN gene itself is
a transcription target of Smads and its expression is upregu-
lated 2 h after TGF-P stimulation (Stroschein et al, 1999; Zhu
et al, 2005). This later increase in SnoN expression may turn
off TGF-B signalling in a negative feedback manner or reg-
ulate cell proliferation and differentiation in a TGF-B-inde-
pendent manner (Zhu et al, 2005).

To elucidate the physiological function of the SnoN-Smad
interaction, we generated knock-in mice substituting the
endogenous snoN gene with a mutant deficient in binding
to both R-Smads and Smad4. Mice expressing the mSnoN
gene are resistant to chemical carcinogen-induced tumour-
igenesis probably due to the accumulation of senescent
cells in tumours. Accordingly, mouse embryonic fibroblasts
(MEFs) prepared from the knock-in mice also show prema-
ture senescence. We showed here that the ability of SnoN to
promote premature senescence is dependent on p53 and PML
proteins, and functions to block oncogenic transformation
in vitro and tumour development in vivo. Our study, there-
fore, revealed a new function for SnoN in promoting senes-
cence and provided a potential mechanism to understand the
tumour suppressor functions of SnoN.

Results

Generation of knock-in mice expressing a mutant SnoN
To understand the functions of the SnoN-Smad interaction,
we generated a knock-in mouse replacing the endogenous
snoN gene with a snoN mutant (mSnoN) containing point
mutations that alter amino-acid residues 88-92 and 267-277
to alanine through homologous recombination. These muta-
tions disrupt the interaction of SnoN with both R-Smads and
Smad4, and abolish the ability of SnoN to repress TGF-f
signalling (Wu et al, 2002; He et al, 2003; Zhu et al, 2006).
The mSnoN gene can be distinguished from the WT allele by
the introduction of the Swal and Sphl restriction enzyme
cleavage sites with point mutations (Figure 1A). Mice carry-
ing a targeted allele of mutant exon 1 were crossed with
CMV-Cre transgenic mice to vyield the knock-in mice.
Expression of the knock-in allele was confirmed by isolating
the exon 1 of the snoN gene from the genomic DNA by PCR
followed by Sphl digestion (Figure 1B). Although WT snoN
gene yielded a 1-kb fragment, the mutant allele produced a
0.8-kb fragment. As it is not possible to distinguish between
the WT and mutant SnoN protein by western blotting, we
resorted to functional assays to confirm the expression of
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mSnoN. MEFs from multiple E13.5 embryos were derived
from both knock-in mice and WT littermates, and subjected
to various assays to measure TGF-B responsiveness. As
expected, the homozygous mutant (m/m) MEFs showed
increased transcription responses to TGF-p in a luciferase
reporter assay (Figure 1C) and were more sensitive to
TGF-B-induced growth arrest (Figure 1D), consistent with
the elevated Smad activity in m/m MEFs due to the lack of
antagonism by SnoN.

Knock-in mice are resistant to carcinogen-induced skin
tumourigenesis

Among the pups that were born, 15.7 % were homozygous for
the knock-in allele, 52.4% were heterozygous and 31.9%
were WT, indicating that approximately 37.2% of the homo-
zygous embryos died before birth and 62.8% survived. The
survived homozygous mice lived up to 24 months without
any apparent defects. No increase in spontaneous tumour
development was observed in these mice for up to 24 months
(data not shown).

To determine whether the knock-in mice are more or less
susceptible to chemical-induced carcinogenesis, a two-step
skin tumourigenesis protocol was used (Balmain et al, 1988)
(Figure 2A). WT or 8-week old m/m mice were administered
with one dose of DMBA followed by twice weekly treatment
of TPA for 30 weeks. Development of papilloma was mon-
itored for 30 weeks. Under this regime, papilloma was
detected first at 14-15 weeks after the initial DMBA treatment
in both + /+ and m/m mice. However, although more than
80% of + /+ mice developed tumour by 30 weeks, less than
40% of m/m mice showed a tumor development (Figure 2B).
In the m/m mice that developed tumours, the average
number of papillomas per mouse was significantly reduced
(Figure 2C). More importantly, most tumours in m/m mice
ceased to grow after only a short period of time and sponta-
neously regressed, and few reached a size larger than 2 mm in
diameter, whereas papillomas in WT mice continued to grow
to be larger than 10mm (Figure 2D). This strongly suggests
that mSnoN blocked papilloma development in vivo.

Cellular senescence is a permanent non-proliferative state
that can be triggered by telomere shortening or accumulation
of physiological stress (Hayflick, 1965; Campisi, 2001;
Collado et al, 2007). It has been shown to be an important
tumour suppressive mechanism in mouse models of human
cancer (Braig et al, 2005; Chen et al, 2005; Michaloglou et al,
2005; Xue et al, 2007) and can cause tumour regression. To
determine whether papillomas from the m/m mice showed
increased senescence, sections from papilloma sized 2 mm in
diameter, collected from WT or m/m mice, were subjected to
H&E analysis and staining of senescence markers. Papillomas
from these mice were indistinguishable histologically from
each other (Figure 2E) and showed similar levels of phospho-
ERK (Figure 2F), indicating that mSnoN did not affect Ras
signalling. However, although no senescence associated p-gal
(SA-B-gal) staining could be detected in WT papillomas, they
were readily observed in m/m papillomas (Figure 2G). In
addition, the expression of another senescence maker,
p19”%F was also detected in the nucleolus in m/m tumours
but not in +/+ tumours (Figure 2H). Consistent with this,
p53, but not p16™*?, expression was significantly increased
in m/m tumours (Figure 2F). Thus, expression of mSnoN
induces senescence in tumour tissues, and this may contri-
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Figure 1 Generation of SnoN knock-in mice. (A) Targeting constru
and the flanking sequences were subcloned into pBluescript. The

cts. The BamHI fragment of mouse snoN genomic DNA containing exon I
R-Smad binding site between residues 85-88 and Co-Smad binding site

between residues 266-267 in exon [ were mutated to alanine (shown as 85-88AAAA and 266, 267AA, respectively), and a neomycin resistance
gene flanked by two LoxP sequences was inserted into intron I. These mutations also generated new Sphl and Swal cleavage sites. (B) Genomic
DNA was prepared from MEF. DNA fragment encompassing exon I was amplified by PCR and digested using Sphl to yield a 1-kb fragment for

WT snoN and 0.8-kb fragment for mSnoN. (C) Mutant MEF showed

enhanced TGF-B transcription. p3TP-Lux was transfected into the WT and

m/m MEF. Luciferase activity was measured 16 h after TGF-f treatment. (D) Mutant MEFs are more sensitive to TGF-B-induced growth arrest. A
total of 5 x 10* WT or m/m MEFs were cultured in the presence of TGF-B. The growth of cells was measured four days later by cell counting and

compared with that of un-stimulated cells.

bute to the resistance of the m/m mice to chemical carcino-
gen-induced tumourigenesis.

MEF-expressing mutant SnoN showed premature
senescence

To determine the molecular mechanism underlying the sene-
scence phenotype, we isolated primary MEFs from WT and
m/m mice. During the initial passages, the m/m MEFs were
indistinguishable from the WT MEFs in morphology
and growth under the normal serum concentration. When
cultured by a 3T9 protocol, WT MEFs gradually lost their
growth capability and entered senescence at around passage
10 (P10) (Todaro and Green, 1963; Sherr and DePinho, 2000).
The cells then remained in senescence for another eight
passages until a small group of cells became spontaneously
immortalized at around P18 (Figure 3A). The m/m MEFs
proliferated and incorporated BrdU at a rate similar to WT
MEFs during the first three passages (Figure 3A and B). BrdU
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incorporation by the m/m MEFs decreased gradually after P4,
and by P6 more than 80% of the cell population was negative
for BrdU (Figure 3B). At this passage, more than 80% of m/m
MEFs entered senescence prematurely (Figure 3A) and were
positive for SA-B-gal staining (Figure 3C). These m/m MEFs
stayed in senescence for a longer duration and immortalized
only after P25. This premature senescence was observed
for all independently established m/m MEF lines (data
not shown).

Premature senescence is caused by the elevated SnoN
expression

The premature senescence found in m/m MEFs could be
attributed to either the increased Smad activity due to the
lack of repression by mSnoN or to the elevated expression of
mSnoN. Previously, we have shown that interaction of SnoN
with R-Smads results in polyubiquitination and degradation
of SnoN (Stroschein et al, 1999, 2001; Sun et al, 1999; Bonni
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Figure 2 The snoN knock-in mice are resistant to chemical carcinogen-induced skin tumourigenesis. (A) Schematic representation of the two-
step skin carcinogenesis protocol. (B) Percentage of mice that developed papilloma within a 30-week window is shown in the graph. Graph in

(C) shows average number of papilloma per mouse. (D) The size

distributions of papillomas from WT and m/m mice. (E) H&E staining of

papilloma sections from + /4 or m/m mice (scale bar: 200 um). (F) Lysates from papilloma samples were subjected to western blotting to

measure the expression of p53, p16™NK4

m/m mice were stained using SA-B-Gal (scale bar: 100 pm). (H) Tum

boxed areas were amplified to show the nucleolus staining of p19”F

et al, 2001; Levy et al, 2007; Nagano et al, 2007). An mSnoN
defective in Smad binding is not polyubiquitinated
(Stroschein et al, 2001) and as a result, accumulated to a
higher level in m/m MEFs at P6 (Figure 4A).

To determine whether elevated Smad activity might be
responsible for the observed premature senescence, we first
prepared MEFs from snoN knockout (—/—) embryos and
subjected them to the 3T9 protocol. The —/— MEFs also
show enhanced Smad signalling but do not express the SnoN
protein. Interestingly, —/— MEFs did not show premature
senescence at P6 (Figure 4B), rather, they showed a slightly
reduced senescence compared with WT MEFs even at P13.
The lack of premature senescence in the —/— MEFs is not due
to any defect in the senescence machinery because they
continue to respond to UV- and TGF-B-induced senescence
(data not shown). Thus, elevated Smad signalling is not
sufficient to cause premature senescence.

To directly confirm that increased Smad signalling does
not induce premature senescence, a sSiRNA mixture, targeting
both mouse Smad2 and Smad3, was introduced into
WT or m/m MEFs at P4 through transfection. The transfected
cells were then examined for senescence at P6. As shown
in Figure 4C, the siRNA mixture effectively reduced the
expression of Smad2 and partially decreased the level of
Smad3. Consistent with this, the expression of Smad7, a
transcription target of Smad2 and Smad3, was significantly
reduced (Figure 4C). However, premature senescence in m/m
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or phospho-ERK. Tubulin was used as a loading control. (G) Frozen papilloma sections from +/+ or

our sections were stained using anti-p19**" (green; scale bar: 100 um). The
F (scale bar: 30 pum). Nuclei were stained using DAPI (blue).

MEFs continued to occur efficiently (Figure 4D), suggesting
that elevated Smad activity is not responsible for
premature senescence. Similarly, introduction of an shRNA
specific for mouse Smad3 into m/m MEFs through retroviral
infection effectively reduced the expression of Smad3 and its
target Smad7 (Figure 4E), but did not affect the senescence
of these cells at P6 (Figure 4F). Finally, treatment of m/m
MEFs with SB431542, a pharmacological inhibitor of
type I TGF-B receptor, effectively blocked Smad3 phosphor-
ylation and activation, but did not affect premature
senescence (Supplementary Figure 1). Taken together,
our data suggested that elevated Smad activity in m/m
MEFs is not responsible for the observed premature
senescence.

To determine whether the elevated mSnoN expression is
responsible for premature senescence, we introduced
shRNA for murine SnoN into m/m MEFs. As shown in
Figure 4G and H, when SnoN level was reduced by more
than 80%, premature senescence was blocked significantly
with <10% SA-B-gal-positive cells. This suggests that
senescence of MEFs is sensitive to the expression level of
SnoN. Consistent with this, ectopic overexpression of WT
SnoN or mSnoN in WT MEFs induced premature senescence
(Figures 4G-H and 6I). Thus, elevated SnoN expression in m/
m MEFs, independent of its ability to antagonize
Smad signalling, is responsible for the observed premature
senescence.
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Figure 3 MEFs from the snoN knock-in mice showed premature senescence. (A) WT or m/m MEFs were passaged according to the 3T9
protocol. Population doubling was measured by cell counting every 3 days. (B) BrdU incorporation. WT or m/m MEFs, at P6, were incubated in
a medium containing BrdU followed by staining with anti-BrdU (scale bar: 40 um). Quantification of BrdU-positive cells is shown in the graph.
(C) SA-B-gal staining. WT or m/m MEFs, at P6, were subjected to staining with SA-B-gal (scale bar: 100 um). Quantification is shown in

the graph.

p53 upregulation is required for SnoN-induced
premature senescence
Stress-induced senescence of human fibroblasts is controlled
by both p53 and Rb pathways but that of mouse fibroblasts is
mostly regulated by the pS53 pathway (Sharpless and
DePinho, 2002; Wadhwa et al, 2004; Campisi, 2005; Rodier
et al, 2007; Courtois-Cox et al, 2008). Inactivation of p53
either by homologous deletion (p53—/—) or by deleting
pl192RF (p192RF_/_) in MEFs bypasses senescence and re-
sults in spontaneous immortalization, but pl6™¥*4A_/—
MEFs undergo senescence in a manner same as WT MEFs
(Sharpless et al, 2001). To determine which pathways are
involved in SnoN-induced senescence, we compared the
expression of p53 and pl6™X*A at passages representing
pre-senescence (P4), m/m senescence (P6), senescence for
both (P13) and after immortalization (Im) between WT and
m/m MEFs. At the pre-senescence stage, both proteins were
maintained at an undetectable level. Interestingly, at P6 when
most m/m MEFs had entered senescence prematurely, the
level of p53 was significantly elevated in m/m MEFs but to a
much lesser extent in WT MEFs, most of which had not
entered senescence (Figure SA). The elevated p53 expression
was maintained through senescence and returned to back-
ground level on immortalization. Thus the profile of p53
expression correlated well with the senescence status of m/m
and WT MEFs. In contrast, the level of p16™f** did not
change appreciably during this process, nor did Rb phosphor-
ylation (at residues 780 and 795) and expression (Figure 5A).
Thus, p53 seems to be the major regulator in SnoN-induced
premature senescence. This is consistent with our earlier
observation that p53, but not p16™*?, was upregulated in
tumour samples derived from m/m mice (Figure 2F).
Increase in p53 level is not due to an increase in transcrip-
tion (data not shown), but most likely is due to the stabiliza-
tion of p53 protein. p53 stability can be regulated by many
proteins, such as p19”RF, ATM/ATR and Chk1/Chk2 kinases
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(Efeyan and Serrano, 2007; Rodier et al, 2007). Although
activities of ATM/ATR and Chk1/Chk2, as represented by the
phosphorylation of these proteins, did not change in either
m/m or WT MEFs, the expression of p19”% was elevated as
soon as m/m MEFs entered senescence at P6 and remained
high thereafter (Figure 5A). This increase in p19°kF expres-
sion occurred at the transcription level, as detected using
RT-PCR (data not shown).

To determine whether increased p19”*F and p53 levels are
necessary for SnoN-induced senescence, we introduced
shRNA for p19”FF or p53 into m/m MEFs through retroviral
infection at P3 and examined senescence at P6. An efficient
knock down of p53 (Figure 5B) effectively blocked premature
senescence of m/m MEFs at P6 (Figure 5C), confirming that
p53 is indeed a critical mediator of SnoN-induced senescence.
Surprisingly, reducing p19”RF expression by shRNA did not
have any effect on premature senescence (Figure 5C) or p53
expression even though more than 90% of p19”FfF was
eliminated by the shRNA (Figure 5D). This indicates that
although p19”%F is upregulated in the m/m MEFs, it is not
primarily responsible for the increased p53 expression or the
premature senescence of the cells. The upregulation of
p19°”F expression most probably occurred as a consequence
but not as a cause of premature senescence.

Taken together, our studies have established p53 as a
critical mediator of SnoN-induced premature senescence.

PML mediates SnoN-induced p53 stabilization

and premature senescence

To determine how SnoN induces upregulation of p53, we
examined the intracellular localization of SnoN before and
during senescence. In pre-senescence WT and m/m MEFs,
endogenous SnoN was distributed throughout the nucleus
(Figure 6A: + /+ MEFs at P3 and P6, and m/m MEFs at P3).
However, upon entry into senescence, SnoN was observed to
be accumulated in numerous small nuclear speckles

©2009 European Molecular Biology Organization
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Figure 4 Elevated SnoN expression is responsible for premature senescence of m/m MEFs. (A) SnoN expression is elevated in m/m MEFs.
Total cell lysates from WT and m/m MEFs were subjected to western blotting with anti-SnoN. Tubulin was used as a loading control. (B)
snoN—/— MEFs do not undergo premature senescence. MEFs prepared from snoN—/— or WT mice were passaged according to the 3T9
protocol. SA-B-gal staining was carried out on cells at P6 and P13 (scale bar: 100 pm). (C) A siRNA mixture targeting both Smad2 and Smad3
was transfected into m/m MEFs at P4. Levels of Smad2, Smad3 and Smad7 were assessed by western blotting 48 h after the transfection. (D)
Reducing Smad signalling does not affect premature senescence of m/m MEFs. WT or m/m MEFs, expressing the siRNA mixture, were stained
with SA-B-gal at P6 (scale bar: 100 um). (E) Reducing Smad3 expression by shRNA. The expression of Smad3 and Smad7 was measured by
western blotting. (F) Senescence of MEFs expressing shSmad3 was assessed by SA-B-gal staining at P6 (scale bar: 100 pum). (G) shRNA targeting
SnoN or HA-SnoN cDNA in retroviral vectors was introduced into m/m MEFs. (H) SnoN expression was evaluated by western blotting, and
senescence of these cells was evaluated by SA-B-gal staining at P6 (scale bar: 100 um).

(Figure 6A: + /+ MEFs at P13 or m/m MEFs at P6 and P13).
These senescence-associated SnoN speckles are reminiscent
of promyelocytic leukaemia (PML) nuclear bodies in size and
morphology. Indeed, using markers of various nuclear do-
mains, SnoN was found to co-localize only with the PML
protein in PML bodies (Figure 6A), but not in heterochro-
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matic foci or DNA damage/repair foci (data not shown).
Localization of SnoN in PML bodies occurred in both WT
and m/m MEFs during senescence, but not before senescence
or after immortalization (Figure 6A and data not shown).
Finally, in WT MEFs that undergo premature senescence due
to overexpression of SnoN, SnoN also localized in PML
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bodies (Figure 6B). Thus, the accumulation of SnoN in PML
nuclear bodies seems to correlate with the senescence status
of MEFs.

PML nuclear bodies are discrete nuclear domains consist-
ing of large number of proteins and have been linked to many
fundamental cellular processes, including transcriptional
control, anti-viral response, DNA repair, apoptosis and senes-
cence (Pearson and Pelicci, 2001; Salomoni and Pandolfi,
2002). The PML tumour suppressor protein is essential for
the formation of PML nuclear bodies and for the recruitment
of diverse proteins to the nuclear domain (Goddard et al,
1995; Seeler and Dejean, 1999; Dellaire et al, 2006; Shen et al,
2006; Bernardi and Pandolfi, 2007). Of particular interest is its
role in p53 stabilization in response to different stimuli. PML
bodies may serve as scaffolds to increase the local concentra-
tions of factors implicated in p53 stabilization by enhancing
phosphorylation and acetylation, or regulating the ubiquiti-
nation and proteasome-dependent degradation of p53
(Pearson et al, 2000; Pearson and Pelicci, 2001; Bode and
Dong, 2004; Takahashi et al, 2004). Loss of PML allows MEFs
to bypass senescence due to the lack of p53 activation
(Ferbeyre et al, 2000; Pearson et al, 2000; Marcotte and
Wang, 2002; de Stanchina et al, 2004). Thus, it is possible
that SnoN localizes to PML nuclear bodies to allow the
stabilization of p53, leading to premature senescence.

To test whether PML is a critical intermediate for SnoN-
induced p53 stabilization and premature senescence, we
introduced shRNA for PML into m/m MEFs through retroviral
infection. Interestingly, efficient reduction of PML expression
(Figure 6C) completely inhibited premature senescence
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(Figure 6D) and prevented the stabilization of p53 in m/m
MEFs (Figure 6C). Thus, PML is required for SnoN-induced
p53 stabilization and premature senescence.

SnoN physically interacts with PML to promote
premature senescence

As SnoN is localized in PML nuclear bodies during senes-
cence, we hypothesized that PML may physically interact
with SnoN to recruit it to the PML bodies. To test this, Flag-
SnoN was co-transfected with His-PML into 293T cells and
isolated by immunoprecipitation with anti-Flag antibody. The
PML protein that is associated with SnoN was then detected
by western blotting with anti-PML. As shown in Figure GE,
PML associated with both WT SnoN and mSnoN to the same
extent, indicating that SnoN interacts with PML indepen-
dently of its ability to antagonize the Smad proteins. This
interaction also occurred at the endogenous level in m/m
MEFs at P6 as endogenous SnoN was found to co-precipitate
with PML efficiently (Figure 6F). In WT MEFs, endogenous
WT SnoN also interacted with PML but to a much lesser
extent, probablybecause of relatively lower level of SnoN in
WT MEFs (Figure 6F).

We next mapped the domain in SnoN that is required for
interaction with PML. Various SnoN deletion mutants were
co-transfected into 293T cells with PML, and their ability to
interact with PML was evaluated by co-immunoprecipitation
assay. As shown in Figure 6G, 366 amino-terminal amino-
acids of SnoN, encoded by exon 1, were sufficient for binding
to PML, whereas the carboxy-terminal 367-684 fragment
failed to bind. Further deletional analysis identified a short
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region immediately after the SAND-like domain between
residues 322-366 as being critical for binding to PML.
Deletion of residues 322-366 (SnoNA322-366) abolished
the SnoN-PML interaction (Figure 6G), but did not affect
the binding of SnoN to Smad4 (data not shown) nor its ability
to repress TGF-B-induced transcription (data not shown).
This suggests that the deletion did not disrupt the structural
integrity of SnoN but specifically blocked the interaction
between SnoN and PML. More importantly, binding of
SnoN to PML is independent of the SnoN-Smad interaction
and does not interfere with the ability of SnoN to antagonize
Smad signalling.

Next we examined the ability of this deletion mutant to be
recruited to PML bodies and to induce p53 stabilization and
premature senescence. As shown earlier, ectopic expression
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of WT SnoN in WT MEFs resulted in the stabilization of p53,
premature senescence and localization of SnoN in PML
bodies. In contrast, ectopic expression of SnoNA322-266
did not lead to p53 stabilization and premature senescence
(Figure 6I). Furthermore, this mutant SnoNA322-366 was
distributed throughout the nucleocytoplasm and failed to
accumulate in PML bodies (Figure 6J). These results strongly
indicate that the interaction between SnoN and PML is critical
for the recruitment of SnoN to PML bodies and the subse-
quent p53 stabilization and premature senescence.

PML expression is upregulated in m/m MEFs

During the course of our investigation, we noticed that m/m
MEFs seemed to express a higher level of PML than WT
MEFs. This prompted us to compare the expression of PML
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between WT and m/m MEFs. Using RT-PCR and western
blotting, PML mRNA and protein levels were both increased
in the m/m MEFs (Figure 7A and B). Interestingly, SnoN is
necessary for the upregulation of PML in m/m MEFs.
Knocking down SnoN by shRNA significantly decreased the
level of PML (Figure 7B).

Relationship between SnoN, PML and p53 during
senescence

Despite a higher level of SnoN and PML proteins in m/m
MEFs, it still takes 6 passages for the cells to enter senes-
cence. Consistent with this, the level of p53 did not peak until
P6 in m/m MEFs (Figures 4A and 7C). To investigate the
cause of this delay in entering senescence by m/m MEFs, we
examined the expression levels of endogenous SnoN, PML
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also observed to be elevated progressively and reached
maximal level at P6 in m/m MEFs. In WT MEFs, the levels
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P13. Interestingly, PML and p53 levels in WT MEFs at P13
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that PML and p53 may need to accumulate to certain levels to
induce cells to enter senescence. In the cells that entered
senescence, SnoN and p53 were found to form a complex and

P1 P6 P13
+/+ m/m +/+ mim +/+ m/m
p53 - i
PML = U [1p: snoN
SnoN — — - "
p53 — - -
~BE o .-
Tubulin ' - —-——— -
Merge E
- sh-PML
+/+ m/m +/+ m/m
SnoN . 2
p53 —
PML ‘
Tubulin ' s v ow— ou—

_wPMLA
F—noN =

O

SnoN

ps3 HIRAY =

CBP  HPi/ =

PM @

p534

l

Senescence

Figure 7 SnoN upregulates PML expression to mediate p53 stabilization. PML expression is upregulated in the m/m MEFs as measured by (A)
RT-PCR and (B) western blotting at P6. (B) SnoN is required for PML upregulation. The levels of PML and SnoN in control or shSnoN-
expressing cells were determined by western blotting. (C) SnoN interacts with both PML and p53 in senescent cells. The levels of SnoN, PML
and p53 in nuclear extracts prepared from WT or m/m MEFs at P1, P6 and P13 were measured by western blotting. Interaction of SnoN with
PML and p53 was examined by immunoprecipitation with anti-SnoN antibody followed by western blotting with anti-PML or anti-p53
antibody. (D) SnoN and p53 co-localized in senescence cells. Endogenous SnoN (red) and p53 (green) were stained with anti-SnoN or anti-p53,
respectively, in MEFs at P13. (E) SnoN level is not affected by PML. The levels of SnoN, PML and p53 in MEFs expressing sh-PML were
determined by western blotting. (F) Model for the pro-oncogenic and anti-oncogenic functions of SnoN.

3508 The EMBO Journal VOL 28| NO 22 | 2009

©2009 European Molecular Biology Organization



co-localize in PML nuclear bodies as shown by both
co-immunoprecipitation assay (Figure 7C) and by immuno-
fluorescence staining (Figure 7D).

To determine whether the accumulation of mSnoN is
required for p53 expression, we examined p53 levels in
SnoN knockdown cells by western blotting (Figure 7B).
When SnoN level was reduced, accumulation of PML and
p53 in m/m MEFs stalled, indicating that elevation in SnoN
expression precedes PML and p53 accumulation. In contrast,
when PML expression was reduced by shRNA, SnoN
accumulation was not affected, suggesting that SnoN acts
upstream of PML (Figure 7E).

As mSnoN accumulation is a pre-requisite for the elevation
of PML and p53 expression, and the peak mSnoN level is not
reached until P6, senescence of m/m MEFs was not observed
until P6. This gradual accumulation of mSnoN is, therefore,
the rate-limiting step in inducing premature senescence and
explains why it takes six passages for m/m MEFs to enter
senescence. Our data so far suggest a model for how SnoN
induces premature senescence (Figure 7F). In cells expressing
high levels of SnoN, SnoN not only antagonizes TGF-f
signalling, but also upregulates the expression of PML and
more importantly, interacts directly with PML. This interac-
tion enables SnoN to be recruited to PML nuclear bodies in
which it stabilizes p53 and/or other proteins, leading to
premature senescence. This ability of SnoN to induce senes-
cence suggests an anti-oncogenic function of SnoN.

High levels of SnoN inhibit transformation of MEFs by
oncogenes

As m/m MEFs show enhanced senescence, we wondered
whether these cells were more resistant to transformation
by oncogenes. It is known that in MEFs, although over-
expression of an individual oncogene induces senescence
(Serrano et al, 1997; Di Micco et al, 2007), co-expression
with another oncogene results in transformation. To assess
the transforming ability of m/m MEFs, we introduced a
constitutively active Ras(Q61L) or c-Myc, either alone or
together into WT or m/m MEFs through retroviral infection.
After a brief drug selection, the infected cells were evaluated
for the ability to undergo anchorage-independent growth
through a soft-agar assay. When Ras(Q61L) was introduced
individually into WT MEFs, it triggered senescence
(Figure 8B) but not transformation (Figure 8A). However,
overexpression of both Ras(Q61L) and c-Myc together re-
sulted in oncogenic transformation (Figure 8A). In m/m
MEFs that already overexpressed mSnoN, introduction of
Ras(Q61L) or c-Myc alone did not result in transformation
(Figure 8A and data not shown). However, Ras(QG6lIL) trig-
gered a slightly more severe senescence (Figure 8B), suggest-
ing that mSnoN did not function as an oncogene. In the
presence of both Ras(Q61L) and c-Myc, m/m MEFs showed a
much reduced level of transformation (Figure 8A and
enlarged figures in Supplementary Figure 2). Approximately
30% of these cells still showed senescence, whereas none of
the WT MEFs expressing Ras(Q61L) and c-Myc was senescent
(Figure 8B). This suggests that mSnoN inhibits oncogene-
induced transformation of MEFs. To confirm that this inhibi-
tion of transformation is due to the high-level expression of
mSnoN but not due to the enhanced Smad activity, shRNA for
SnoN or Smad3 was introduced into MEFs along with
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Ras(Q61L) and c-Myc. Consistent with the role of SnoN in
supporting premature senescence, reducing SnoN level in
m/m MEFs restored the high level of soft-agar colony
formation, whereas reducing Smad3 had no effect
(Figure 8A). This ability to inhibit oncogenic transformation
is not unique to mSnoN but is also shown by WT SnoN.
Overexpression of WT SnoN together with Ras(Q61L)
and Myc in WT or m/m MEFs significantly reduced the
colony formation (Figure 8A). Taken together, these results
suggest that SnoN displays anti-tumourigenic activity and
inhibits oncogene-induced transformation possibly through
inducing senescence.

Blocking the SnoN-PML interaction or abolishing p53
eliminates the anti-oncogenic activity of SnoN

Our results predict that the tumour suppressor activity of
SnoN is dependent on the SnoN-PML interaction and on p53.
Thus disruption of the SnoN-PML interaction or elimination
of p53 should abolish the tumour suppressor activity of SnoN
and turn it into a bona fide oncogene. To test this, we first
examined the activity of SnoNA322-366 that is defective in
interaction with PML in the soft-agar colony assay. Indeed,
although WT SnoN failed to transform WT MEFs with active
Ras oncogene, SnoNA322-366 and Ras readily induced an-
chorage-independent growth as effectively as Ras and Myc
(Figure 8C and enlarged panels in Supplementary Figure 2).
Interestingly, co-expression of SnoNA322-366 and Myc did
not result in transformation (Figure 8C).

We also examined the ability of WT and mSnoN to induce
transformation of p53—/— MEFs. In these cells, expression of
the active Ras alone is sufficient for transformation
(Figure 8D and enlarged panels in Supplementary Figure 2).
Interestingly, expression of WT SnoN or SnoNA322-366
alone was sufficient for transformation of p53—/— MEFs
(Figure 8D), confirming that they function as oncogenes. In
contrast, mSnoN failed to induce transformation of p53—/—
MEFs (Figure 8D), most probably because it cannot repress
Smad signalling and therefore is defective in the pro-onco-
genic branch. Consistent with this idea that repressing
Smad activity is critical for the transformation of MEF by
SnoN, knocking down both Smad2 and Smad3 through
siRNA, or Smad3 alone by shRNA was sufficient to induce
transformation of MEF when p53 is absent (Figure 8D).
Although the extent of transformation induced by reducing
Smads was not as strong as overexpression of WT SnoN
or SnoNA322-366, most probably due to the incomplete
knock down of Smads (Figure 4C), it nevertheless supports
the idea that antagonizing Smad activity is critical for
the transforming activity of SnoN. Taken together, these
results indicate that SnoN possesses pro-oncogenic activity
through antagonizing Smad proteins and anti-oncogenic
activity through PML and p53 proteins. Disruption of the
PML-p53 pathway is sufficient to inactivate the tumour
suppressor activity of SnoN but preserves the oncogenic
function of SnoN.

Discussion

Senescence has been recognized as an anti-tumourigenic
mechanism in vitro and in vivo to prevent the accumulation
of harmful oncogenic mutations. Here we have shown that
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Figure 8 Oncogenic transformation of MEFs. (A) SnoN inhibits the transformation of MEFs. WT or m/m MEFs at P3 were first infected with
retroviruses expressing shRNA or HA-SnoN, and infected again with retroviruses expressing H-Ras (Q61L) and c-Myc, either individually or
together, and subjected to a soft-agar assay (scale bar: 40 um). The colonies were visualized by MTT staining and quantified (shown in the
graph to the right). (B) m/m MEFs enhanced oncogene-induced senescence. WT or m/m MEFs expressing H-Ras (Q61L) either alone, or
together with c-Myc or SnoNA322-366 were subjected to SA-B-gal staining (scale bar: 100 pm). (C) Disruption of the SnoN-PML interaction
turns SnoN into a bona fide oncogene. WT MEFs at P3 were sequentially infected with retroviruses expressing SnoN (WT or SnoNA322-366)
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Inactivation of p53 abolishes the tumour suppressor activity of SnoN. WT or p53—/— MEFs expressing either WT, mutant SnoN, various siRNA
or shRNA were subjected to a soft-agar assay. The soft-agar colonies were visualized by MTT (left; scale bar: 40 um) and quantified. (* enlarged

figures are showed in Supplementary Figure 2).

elevated SnoN triggers premature senescence by binding to
and co-localizing with the PML protein in PML nuclear
bodies. This interaction results in the stabilization of p53
and subsequent premature senescence. The ability of SnoN to
induce senescence is independent of its ability to bind to and
antagonize Smad proteins but is dependent on high levels of
SnoN expression. The premature senescence triggered by
SnoN does not involve DNA damage responses but is remi-
niscent of tumour suppressor-induced senescence. Indeed,
MEFs with high levels of SnoN are less susceptible to
transformation by oncogenes. More importantly, knock-in
mice are more resistant to carcinogen-induced skin tumour-
igenesis possibly because of the induction of senescence in
the epidermis. Thus, we have elucidated a new tumour
suppressor activity of SnoN by inducing senescence and
have revealed the molecular pathway for this activity for
the first time.
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Although the induction of senescence by SnoN only occurs
under conditions of SnoN overexpression, it is nevertheless
physiologically relevant. In many human cancer cells, SnoN
expression is highly elevated because of the amplification of
the 3q26 amplicon, increased transcription of the snoN gene
or inhibition of SnoN degradation to a level similar to that
found in m/m MEFs. As SnoN has been classified as an
oncogene in the past, one could argue that SnoN-induced
senescence is a typical case of oncogene-induced senescence
(Serrano et al, 1997; Di Micco et al, 2007). However, SnoN
induced senescence is different from oncogene-induced se-
nescence in several important aspects. First, senescence
induced by oncogenes such as hyperactive Ras requires
activation of the INK4A/ARF locus (Serrano et al, 1997;
Sharpless, 2005; Courtois-Cox et al, 2008). However, neither
p16™K4A nor p19A8F is critical for SnoN-induced senescence.
Second, the DNA damage pathway is a critical mediator of
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oncogene-induced senescence (Bartkova et al, 2006; Di Micco
et al, 2006; Mallette and Ferbeyre, 2007). Oncogenes such as
activated Ras cause unbalanced DNA replication and initiate
a classic p53-dependent DNA-damage response pathway.
However, in SnoN-induced senescence, activation of DNA
damage or check point pathways is not detected. Third,
oncogenes co-operate with each other to induce transforma-
tion of MEFs. However, not only did the expression of SnoN
fail to induce transformation in the presence of an active Ras
or Myg, it even inhibited the transformation induced by Ras
and Myc. Finally, data from mouse skin carcinogenesis model
confirmed that the mSnoN functions as a tumour suppressor
in vivo. Therefore, SnoN can show a tumour suppressor
activity by inducing cellular senescence.

The idea that SnoN possesses both pro-oncogenic and anti-
oncogenic activities is consistent with earlier observations of
SnoN expression patterns in human cancer tissues and cell
lines (Villanacci et al, 2008). The pro-oncogenic activity and
tumour suppressor activity of SnoN are clearly mediated
through two separate pathways (Figure 7F), with the
pro-oncogenic activity depending on the antagonism of the
TGF-B/Smad pathway (Zhu et al, 2006) and the tumour
suppressor activity relying on PML and p53. Selective inacti-
vation of the PML/p53 branch allows the oncogenic activity
of SnoN to be fully manifested as in the case of SnoNA322-
366 or the transformation of p53—/— MEFs, whereas
mutation of the Smad binding activity of SnoN exposes the
tumour suppressor activity of SnoN. The co-existence of both
pro-oncogenic and anti-oncogenic activities in one protein is
not unique to SnoN. The Ndy1 protein, a Jumonji C domain-
containing histone demethylase, also harbours both
pro-oncogenic activity by inhibiting senescence, and tumour
suppressor activity by maintaining genomic integrity and
inhibition of cell proliferation (Suzuki et al, 2006; Frescas
et al, 2007; Pfau et al, 2008). This emerging group of proteins
with both pro-oncogenic and anti-oncogenic activities
highlights the complexity of cellular events accompanying
malignant progression.

Tumour suppressors are often inactivated or deleted
during malignant progression. If SnoN contains anti-tumouri-
genic activity, why is it upregulated in many human cancer
cells? We speculate that at early stages of tumourigenesis,
tumour cells may upregulate SnoN expression in an attempt
to halt tumour growth by inducing senesence. Thus, SnoN
upregulation may initially serve as a barrier for malignant
progression. To overcome this barrier, tumour cells may
specifically inactivate the SnoN senescence pathway by
downregulating p53 or PML, leaving cells with high levels
of SnoN, but do not undergo senescence. These high levels
of SnoN may then promote tumour growth through its
pro-oncogenic activity. Thus, high levels of SnoN expression
may be the outcome of a complex evolving process during
tumourigenesis. This model also implies that it is more
advantageous for the cancer cells to maintain a high level
of SnoN expression while inactivating its anti-oncogenic
pathway at downstream points than to delete it. Indeed,
our results that SnoN potently induces oncogenic transforma-
tion of p53—/— MEFs and that SnoNA322-366 functions as
an oncogene support this model. Future experiments will
determine whether human cancer cells with high levels of
SnoN expression also harbour mutations in downstream
components of the SnoN senescence pathway. This may
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have important implications in potential targeting of SnoN
in human cancer.

Materials and methods

Mice

To generate knock-in mice, the targeting vector was introduced into
the E14 mouse embryonic stem (ES) cells derived from 129P2/
OlaHsd mice and injected into the blastocysts of C57BL/6 back-
ground. The resulting chimeras were crossbred with a CMV
(cytomegalovirus immediate-early promoter)-cre transgenic mice
to generate the knock-in mice and backcrossed to C57BL/6 for
additional five generations. SnoN knockout mice in C57BL/6
background were obtained from Dr S Pearson-White. p53 knockout
mice were obtained from The Jackson Laboratory. All studies
conducted on the animals were approved and confirmed by the
Animal Care and Use Committee at UC Berkeley.

Cells, antibodies and constructs
293T cells and Hep3B cells were maintained as described before by
Zhu et al (2005). Anti-Flag antibody was purchased from Sigma;
antibodies against p53 (ab26) and p19*** (ab80) from Abcam; anti-
PML antibody (Mab 3738) from Chemicon; antibodies against
phosphorylated ATM, ATR, Chk1, Chk2 and Rb from Cell Signaling
Technology; antibodies against p16™**4, Smad3 (FL245), Smad?
(H79), Chkl (FL478) and Tubulin from Santa Cruz Biotechnology.
Primary MEFs were prepared from E13.5 day embryos as
described previously by Serrano et al (1997) and maintained in
DMEM medium with 10% FBS. A standard 3T9 protocol was used
to compare population doubling (Blasco et al, 1997) shRNAs in
pSuper-Retro-puro were introduced into MEFs through retroviral
infection as described previously by Zhu et al (2006). Mixture of
siRNA duplex targeting mouse Smad2 and Smad3 was purchased
from Dharmacon and transfected into MEFs using Nucleofector
system (Amaxa). The sequences of various shRNAs are:
sh-Smad3: 5/-g§ccatcaccacgcagaac-3’ ; sh-SnoN: 5'-ctccattctgcagag-
gaag-3'; sh-p19”*F: 5'-caccggaatcctggaccag-3'; sh-p53: 5'-gtactctecte
ccctcaat-3'; and sh-PML: 5'-cccacttagaagacaggac-3'.

RT-PCR

Total RNA extraction, cDNA preparation and PCR were carried out
using the standard protocol. The primers used to amplify different
genes by PCR are: p53: 5'-actgccatggaggagtcac-3'/5'-tcagtctgagtcagg
ccce-3'; PML:  5'-agcaggaggcttctcagacagt-3'/5'-cttgatgatcttectggag
caa-3'; and p19°RF: 5'-gttttcttggtgaagttcgtge-3'/5'-tcatcacctggtecagga
tte-3'.

Retroviral infection

cDNAs or shRNAs in retroviral vectors were transfected into the
Phoenix-E cells to generate high titre of viral supernatants, which
were used subsequently to infect the MEFs at P3. After 48h,
infected cells were selected by culturing in the presence of 2 pg/ml
puromycin. Pools of puromycin-resistant cells were analysed in
various experiments. For two rounds of infection, puromycin-
resistant cells were infected again with retroviruses that express
neomycin-resistant genes. At 48h after infection, doubly infected
cells were selected on 600 pg/ml G418 for 4 days.

Transfection, co-immunoprecipitation and luciferase assays
293T, Hep3B or MEF cells were transiently transfected using
lipofectamine plus (Invitrogen). Co-immunoprecipitation assay
was carried out as described previously by Zhu et al (2005).
Luciferase assay was carried out as described by Zhu et al (2005).

SA-B-gal staining

MEFs were fixed and stained for the expression of the
B-galactosidase activity at pH 6.0 (senescence-associated [-gal)
according to the manufacturer’s instruction (Senescence detection
kit, Calbiochem). To detect senescence in mouse tissues, frozen
tissue sections of 6-pm thickness were stained for SA-B-gal.

BrdU incorporation assay

Cells were incubated with medium containing 0.1 mg/ml BrdU
(Roche) for 6h. After fixation in methanol, cells were incubated
with anti-BrdU working solution (Roche) for 30 min at 37°C, stained
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with Alexa Fluor 488-conjugated goat anti-mouse IgG (Invitrogen)
and visualized by fluorescent microscopy.

Immunofluorescence

MEFs were grown on glass cover-slips, fixed, permeabilized with
0.1% Triton X-100 for 5 min, stained with the appropriate antibodies
and visualized using a Zeiss 510 confocal microscope. Cell nuclei
were detected by 4,6-diamidino-2-phenylindole (DAPI) staining.
Immunofluorescence for frozen tissue sections was carried out
using the same procedure except that the samples were permeabi-
lized with 0.5% Triton X-100 for 15 min.

Soft-agar assay

A total of 3 ml of growth medium containing 0.66 % Bacto Agar was
added to a 50-mm dish for the bottom agar layer. A total of 6 x 10°
MEFs were re-suspended in 2 ml medium containing 0.4% agar and
overlaid on the hardened bottom layer. A total of 2ml of fresh
medium containing 0.4% agar was added to the dish once a week
for 4 weeks. The colonies were visualized by staining with 0.5 mg/
ml 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide
(MTT) (Sigma) for 4h at 37°C.

Skin tumourigenesis

The dorsal skins of 8-week-old mice were shaved and treated
topically with 7,12-dimethylbenz(o)anthracene (DMBA; 100 pg/
200 ul in acetone). One week later, 12-O-tetradecanoyl-phorbol-13-
acetate (TPA; 20nmol/200 pl in acetone) was applied twice weekly
to the same area for 20 weeks (Balmain et al, 1988). Mice were
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