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plex formed between Smad4 and Smad2/3 (22, 47). Second,
SnoN binds to transcription corepressors such as N-CoR/
SMRT and Sin3A to form a complex with histone deacetylases
(HDACs). SnoN, tethered to Smad proteins, may recruit these
protein complexes to promoters to repress transcription by
mechanisms involving chromatin compaction (22).
Numerous pathways intersect with TGF-␤-mediated signal
transduction to impose posttranslational modification and/or
alter functions of Smad proteins. For example, Ras/mitogenactivated protein kinases phosphorylate and inactivate Smad1,
Smad2, and Smad3 (18). Likewise, Cdk2 and Cdk4 cyclindependent kinases phosphorylate Smad3 to decrease its function (28, 29). Cross talk also occurs by direct protein-protein
interactions between mediators of distinct signaling pathways
(27). One example lies in Smad4 interaction with ␤-catenin
and TCF/LEF1, in response to Wnt signaling, to form an
activation complex that stimulates Xtwn expression during
Xenopus laevis development (35).
Protein-protein interactions may also partly compensate for
weak, intrinsic binding affinity of Smad proteins for their target
elements. SBEs are rarely found in isolation but rather are
buttressed by binding sites for other sequence-specific transcription factors at TGF-␤-responsive promoters. For example,
the Mix.2 promoter harbors binding sites for both Smads and
the winged-helix transcription factor FoxH1, which cooperate
in activation (14). The c-myc oncogene is negatively regulated
by a TGF-␤ inhibitory element that contains overlapping binding sites for Smad3/Smad4 and E2F family members E2F4/5,
plus retinoblastoma family member p107 (13). These interactions between Smad proteins and their binding partners are
thought to enhance TGF-␤ response at a given promoter (26).
Recently, p53 tumor suppressor was added to the growing
list of proteins that collaborate with Smads (5, 41, 45). Smad2/3
and p53 cooperate to activate expression of several TGF-␤

The intersection of signal transduction pathways creates
nodes of regulatory control that allow fine-tuning of target
gene regulation and expansion of downstream responses to
exogenous signals. A paradigm for these regulatory networks is
found in transforming growth factor ␤ (TGF-␤) signaling, wellknown for its broad influence in development and disease. In
this report, we uncover a mechanism by which the TGF-␤
pathway is harnessed by tumor suppressor p53 to confer repression of gene expression. TGF-␤ is part of a large superfamily, which includes TGF-␤s, activins, bone morphogenetic
proteins, nodals, anti-Müllerian hormone, and other structurally related ligands (25). These secreted polypeptides are recognized and bound by cell surface receptors that activate Smad
transcription factors and mediate cell growth arrest, apoptosis,
or differentiation. In response to ligand binding, the TGF-␤1
receptor phosphorylates Smad2 and/or Smad3, which then
bind Smad4 to form active heteromeric complexes. These activated complexes translocate to the nucleus where they bind
to Smad binding elements (SBEs) of TGF-␤-regulated genes
(26, 46).
Smad proteins mediate gene activation or repression as a
result of promoter-specific interactions with transcription coactivators, such as p300/CBP, or corepressors, such as Ski,
SnoN, and TGIF (44). SnoN functions as an important negative regulator in the TGF-␤ pathway by two potential mechanisms, which are not mutually exclusive. First, binding of SnoN
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In hepatic cells, Smad and SnoN proteins converge with p53 to repress transcription of AFP, an oncodevelopmental tumor marker aberrantly reactivated in hepatoma cells. Using p53- and SnoN-depleted hepatoma
cell clones, we define a mechanism for repression mediated by this novel transcriptional partnership. We find
that p53 anchors activated Smads and the corepressor mSin3A to the AFP distal promoter. Sequential
chromatin immunoprecipitation analyses and molecular modeling indicate that p53 and Smad proteins
simultaneously occupy overlapping p53 and Smad regulatory elements to establish repression of AFP transcription. In addition to its well-known function in antagonizing transforming growth factor ␤ (TGF-␤)
responses, we find that SnoN actively participates in AFP repression by positively regulating mSin3A protein
levels. We propose that activation of TGF-␤ signaling restores a dynamic interplay between p53 and TGF-␤
effectors that cooperate to effectively target mSin3A to tumor marker AFP and reestablish transcription
repression.
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MATERIALS AND METHODS
Cell lines and plasmids. Murine hepatoma cells (Hepa 1-6) and human embryonic kidney cells (293) were cultured in Dulbecco’s modified essential medium (Gibco) supplemented with 10% fetal bovine serum and 1% antibiotics.
AFP LacZ has been previously described (19). Myc-Smad4 and -Smad2 constructs were kindly provided by Michael Haymann. Wild-type (WT) and mutant
p53 constructs were kind gifts of J. Manfredi. p53 and SnoN short hairpin RNA
(shRNA) constructs have been previously described (45). The p53 rescue plasmid was generated from a p53-pBABE construct encoding WT murine p53
(generous gift of Guillermina Lozano). Site-directed mutagenesis was performed
to introduce three missense mutations using a Stratagene site-directed mutagenesis kit per the manufacturer’s specifications. The primers used for this purpose
were as follows: p53-pBABE-rescue, 5⬘CACTACAAGTACATGTGCAACAG
CTCCTGCATGGGG and 3⬘CCCCATGCAGGAGCTGTTGCACATGTACT
TGTAGTG.

Transfections and reporter assays. Hepa 1-6 and 293 cells were transfected
with the indicated constructs using Lipofectamine 2000 (Invitrogen Inc.) per the
manufacturer’s instructions and as previously described (19, 45). Samples were
analyzed per the manufacturer’s instructions (Dual-Luciferase assay; Promega).
All transfections were normalized using a Renilla luciferase construct, pRL-TK
(23).
TGF-␤ treatment, RNA isolation, RT-PCR, and primers used. Hepa 1-6 cells
were exposed to TGF-␤1 ligand (R&D Systems) at a concentration of 3 ng/ml or
to vehicle control (4 mM HCl containing 0.1% bovine serum albumin [BSA]) for
the indicated time points. RNA was isolated at the indicated time points using
TRIzol reagent (Invitrogen Inc.) per the manufacturer’s instructions. Synthesis
of cDNA was performed using 1 g of RNA per the manufacturer’s instructions
using a reverse transcription-PCR (RT-PCR) kit (Invitrogen Inc.). PCRs were
set up in 96-well plates and read in an Applied Biosystems 7500 fast real-time
PCR instrument and analyzed using the 7500 fast system sequence detection
software, version 1.3.1 (⌬⌬CT relative quantification method [where CT is threshold cycle]). AFP primers spanning an exon-intron junction were used for accurately measuring pre-mRNA levels. Primers used for the assays are as follows: for
AFP mRNA, 5⬘CAGGCAACAACCATTATTAAGC and 3⬘TTCCTTGGCAA
CACTCCTC; for AFP pre-mRNA, 5⬘CCTTTACCCAGTTTGTTCCGG and 3⬘
CGCTTGCTCTGCTTCAACAGT; for actin mRNA, 5⬘AGGGAAATCGTGC
GTGAC and 3⬘CTCGTTGCCAATAGTGATGAC; for p53 mRNA, 5⬘AACCG
CCGACCTATCCTTACCATC and 3⬘AGGCCCCACTTT CTTGACCATTG;
for SnoN mRNA, 5⬘CGCACAGATCCCCTGACAA and 3⬘GTGCCACTTGG
CTGACTCAA.
Solid-phase protein pull downs. TGF-␤- or vehicle-treated nuclear lysates
from p53 KD (p53 knockdown) Hepa 1-6 cells transfected with either WT p53 or
its DNA binding mutant, 143A, were prepared as described previously (45).
Approximately 500 g of individual lysates was diluted to 500 l with dilution
buffer (60 mM NaCl, 20 mM HEPES [pH 7.8], 5 mM MgCl2, 0.2 mM EDTA,
10% glycerol, 1 mM dithiothreitol, 2% BSA, and 0.1% NP-40) and precleared
with 150 ng of biotinylated control oligonucleotide (⫺1007) and 20 l of streptavidin-agarose (Millipore) for 1 hour at 4°C. The cleared lysates were collected
and further incubated with 500 ng SBE/p53E or control oligonucleotide (⫺1007)
overnight at 4°C. Protein-oligonucleotide complexes were collected by incubation with 50 l of streptavidin-agarose for 2 h, followed by three or four washes
with wash buffer (dilution buffer lacking BSA). The immunoprecipitated complexes were resuspended in 1⫻ sodium dodecyl sulfate (SDS) buffer for analysis
by immunoblotting.
The sequences of biotinylated oligonucleotides are as follows: SBE/p53RE,
5⬘-Bio-GATCCTTAGCAAACATGTCTGGACCTCTAGAC, and ⫺1007, 5⬘Bio-GATCCAATATCCTCTTGAC, where Bio is biotin.
Coimmunoprecipitation assays. Whole-cell lysates from 293 cells transfected
individually with Myc- and hemagglutinin (HA)-tagged proteins were prepared,
and amounts equal to total lysate protein of 500 g were mixed along with
ethidium bromide at a final concentration of 100 g/ml (33). Coimmunoprecipitations were performed in the absence of TGF-␤ treatment, as exogenously
expressed Smad proteins enter the nucleus and bypass the requirement for ligand
stimulation (17, 42). Proteins bound to Myc antibody-agarose beads (Bethyl
Laboratories) were washed with wash buffer containing 25 mM Tris, 500 mM
NaCl, 1 mM EDTA, 0.25% NP-40, and 1 mM phenylmethylsulfonyl fluoride
three times for 10 min at 4°C prior to being directly dissolved in SDS buffer and
processed for Western blot analysis.
Immunoblotting and antibodies used. Immunoblotting of whole-cell lysates
and nuclear/cytoplasmic fractions were performed using standard SDS-polyacrylamide gel electrophoresis methodology as previously described (45). The
primary antibodies used are as follows: p53 (Ab1 [Oncogene] and p53DO1
[Santa Cruz]), SnoN (SC-9141; Santa Cruz), phospho-Smad2 (catalog no. 07392; Upstate), Smad4 (catalog no. 06-693 [Upstate] and SC-7966 [Santa Cruz]),
AFP (SC C-19; Santa Cruz), mSin3A (SC AK11; Santa Cruz), actin (A5316;
Sigma), anti-HA (12CA5; Roche), and anti-Myc (9E10; Santa Cruz). All antibodies were used at a dilution of 1:1,000 with the following exceptions: p53 Ab1,
actin, and anti-HA were used at a dilution of 1:500, 1:10,000, and 1:5,000,
respectively.
ChIPs. The ChIP assay was performed as previously described (45) with the
following modifications. The purified DNA was used as template in real-time
PCRs. Primers against AFP SBE/p53RE and the albumin enhancer were designed with Primer Express 2.0 (Applied Biosystems). Ten-microliter PCRs containing 1⫻ fast TaqMan mix (Applied Biosystems), 4 l of the ChIP-enriched
DNA, and 100 nM primers were set up in 96-well plates and read in an Applied
Biosystems 7500 fast real-time PCR instrument and analyzed using the 7500 fast
system sequence detection software, version 1.3.1 (⌬⌬CT relative quantification
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target genes during Xenopus mesoderm differentiation. This
integration is mediated by phosphorylation of p53 by the RTKRas-MAPK (RTK stands for receptor tyrosine kinase, and
MAPK stands for mitogen-activated protein kinase) pathway,
an event that enables binding of p53 to TGF-␤-activated
Smads (6). Further, p53 is required for full activation of p21
and cell cycle arrest in response to activin signaling in human
epithelial cells (5, 41). We discovered that p53 is a requisite,
molecular partner of Smads during TGF-␤-mediated repression of the hepatic, tumor marker gene AFP encoding alphafetoprotein (AFP) (34, 45). AFP is robustly expressed in the
developing liver and promotes normal female sexual differentiation and reproductive behavior (3, 10). AFP expression is
dramatically shut down at birth but is preferentially reexpressed in liver carcinoma cells and regenerating liver cells.
Aberrantly expressed AFP may promote tumor development
by enhancing cell growth (31) and triggering apoptosis of antigen-presenting cells (43).
AFP is a classical model of developmental-stage- and tissuespecific expression and is one of few examples of p53-dependent repression by sequence-specific DNA binding (15, 19).
The p53 response element of AFP (⫺850 bp) is intercalated
with DNA binding sites for Forkhead protein Foxa1 and Smad
proteins to form a Smad binding element and p53 response
element (SBE/p53RE). Developmental, postpartum silencing
of AFP in hepatocytes correlates with binding of p53, Smad2/4,
and SnoN at the SBE/p53RE and repressive histone modifications (45).
The presence of overlapping binding sites for p53 and Smad
proteins in the SBE/p53RE led us to investigate the hypothesis
that p53 alters or controls Smad and/or SnoN recruitment to
this repressor element. Sequential chromatin immunoprecipitation (ChIP) assays of repressed AFP chromatin in normal,
differentiated liver and molecular modeling of p53 and Smad
proteins bound to the SBE/p53RE support simultaneous binding to the intercalated regulatory elements without steric hindrance. We find that p53 is required to anchor TGF-␤-activated Smads and corepressor mSin3A to the AFP SBE/p53RE.
SnoN, normally an autoregulated repressor of TGF-␤ signaling, plays an essential role in AFP repression by positively
regulating mSin3A protein levels. We propose that TGF-␤ and
p53 cross talk reestablishes a developmental signature of AFP
repression, which relies on the combined action of p53, Smads,
and SnoN to culminate in effective recruitment and maintenance of corepressor mSin3A at the AFP promoter.
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RESULTS
Molecular model for simultaneous interaction of p53 and
Smad proteins at the SBE/p53RE. One potential mechanism
underlying a role for p53 in recruiting Smad proteins is simultaneous occupancy of p53 and Smad proteins at their intercalated binding sites (SBE/p53RE) within the AFP distal promoter. To determine whether this was feasible, we used two
approaches: sequential ChIP (or re-ChIP) of p53 and Smad
proteins in adult mouse liver, where postnatal AFP silencing
occurs, and molecular modeling of structurally defined domains of p53 and Smad proteins bound to the SBE/p53RE.
Previous, locus-specific ChIP studies found correlation between p53, Smad2/4, and SnoN binding to the SBE/p53RE and
developmental repression of AFP (34). Sequential ChIP analyses of liver tissue from 2-month-old mice showed that eluted,
p53-bound chromatin fragments were specifically enriched by a
second round of immunoprecipitation with a Smad4 antibody,
demonstrating that Smad4 and p53 coexist on the AFP SBE/
p53RE (Fig. 1A and B). The efficiency of immunoprecipitation
by Smad4 and p53 antibodies cannot be directly compared to
each other; therefore, we compared protein-chromatin interactions at the repressed AFP locus (SBE/p53RE region) and
the actively expressing ALB gene (ALB enhancer region). Levels of nucleosomal occupancy, measured by histone H3 levels,
are greatly increased at the repressed AFP chromatin, compared to the active ALB locus, supporting an integral role of

chromatin accessibility in establishing regulation of transcription.
The structural feasibility of simultaneous occupation of the
SBE/p53RE by p53 and Smad proteins was modeled by utilizing crystal structures of the p53 core domain bound to DNA
and the Smad3-MH1 domain-DNA complex. The upstream
p53 and Smad consensus sites within the composite SBE/
p53RE were chosen for modeling, as they are essential for p53
binding in vitro and AFP repression in vivo (8, 11, 19, 45, 48).
The resulting model reveals no steric hindrance or interactions
between the p53 core and Smad3-MH1 domains (Fig. 1C).
Even accounting for regions or domains of the proteins not
included in this model, e.g., MH2 for Smads, N and C termini
for p53, this finding suggests that the DNA binding domains of
p53 and Smad proteins simultaneously occupy the AFP SBE/
p53RE and that any interactions between the two proteins are
mediated by regions outside the DNA binding domains.
In vitro system to address mechanisms of p53 and TGF-␤
partnership. To uncover the molecular mechanisms of TGF␤/p53 interplay, we turned to exogenous addition of the
TGF-␤1 ligand and depletion of p53 from cultured hepatoma
cells that express AFP as a tumor marker. Mouse hepatoma
(Hepa 1-6) cells respond to TGF-␤1 ligand addition by repression of endogenous AFP expression in correlation with p53,
SnoN, phosphorylated Smad2 (P-Smad2), and Smad4 recruitment to the SBE/p53RE (45). We generated stable clones of
Hepa 1-6 cells depleted of p53 by shRNA-mediated depletion
of p53 expression to determine the p53 dependence of recruitment of transcription factors and corepressors to chromatin
over the time course of TGF-␤1 treatment. Two zeocin-resistant clones, which stably integrated an shRNA plasmid targeted to p53 RNA, had marked depletion of p53 expression:
knockdown (KD) clones 8 and 16 showed reductions of 5- and
10-fold in the levels of p53 RNA and protein, respectively,
compared to the levels in parental or luciferase shRNA control
cells (see Fig. S1 in the supplemental material). After 24 h of
exposure to TGF-␤1 ligand, p53 KD cells exhibited little or no
decrease in stable, endogenous AFP mRNA levels, which were
repressed three- to fourfold in control cells (Fig. 2A).
TGF-␤ elicits rapid changes in gene expression, typically
within a few hours and often measurably within 1 hour (25). To
determine whether this is true of AFP repression, AFP premRNA levels were measured over the time course of TGF-␤
treatment. Real-time RT-PCR analysis showed that control
Hepa 1-6 cells exhibited almost a 10-fold reduction in the level
of AFP pre-mRNA within 1 h of TGF-␤ treatment. After 1 h,
the response leveled off to an approximately fivefold reduction
for up to 8 h (Fig. 2B, control). By comparison, p53 KD cells
exhibited a blunted response to TGF-␤ treatment at all time
points (Fig. 2B, p53 KD), where the magnitude of repression
was reduced three- to sixfold compared to control cells. A low
level of repression (20% to 40%) can be detected at all time
points, supporting a model where p53 alone is insufficient to
repress AFP expression in the presence of TGF-␤ but is essential for the full response.
To assess whether the results obtained with the p53-targeted
shRNA plasmid were specifically due to depletion of p53 or
due to off-target effects, we performed a p53 complementation
assay with a p53 rescue construct that expresses p53 RNA
refractory to RNAi-mediated degradation (see Fig. S2 in the
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method). Input DNA values were used to normalize the values from ChIP
samples.
The TaqMan primers used for the assay are as follows. For AFP SBE/p53RE,
the TaqMan primers were 5⬘CTACATATGAAGCCTTAGCAAACATGT and
3⬘ACTCAGACGTTGGCGTGTCA, and the Mgb probe was 6FAM-CCTCTA
GACACACAGACT-MGB where 6FAM stands for 6-carboxyfluorescein. For
the albumin gene ALB, the TaqMan primers were 5⬘TGCTGATACCAGGGA
ATGTTTGT and 3⬘AAACTGGCCAAGGCAAACAC, and the Mgb probe was
6FAM-CTTAAATACCATCATTCCGG-MGB.
Sequential ChIPs. Sequential ChIPs were performed exactly as described by
Cui et al. (8) except that 12.5 l of p53 FL393 (SC-6243) antibody was used for
immunoprecipitation.
Generation of p53 and SnoN knockdown stables. The construct used to target
p53 and SnoN for RNA interference (RNAi)-mediated decay has been previously described (45). Hepa 1-6 cells were cotransfected with 1 g of this p53 or
SnoN shRNA expression plasmid as well as 100 ng of an expression plasmid
containing a zeocin-resistant gene expression cassette (pcDNA3.1/Zeo, Invitrogen) followed by G4-18 antibiotic selection at a concentration of 1 mg/ml of
medium for cell clones that had stably integrated the plasmid.
Rescue of AFP repression. Hepa 1-6 cells were cotransfected with 2 g of
green fluorescent protein (GFP) vector (pEGFP) (catalog no. 6077-1; Clontech)
and 300 ng of p53 rescue plasmid or vector control for 24 h, following which the
cells were treated with TGF-␤ at a concentration of 3 ng/ml for 4 h. GFP-positive
cells were enriched using fluorescence-activated cell sorting using the BD
Aria cell sorter (BD, San Jose, CA). GFP-positive cells were collected in 500 l
Dulbecco’s modified essential medium supplemented with 10% serum and 1%
antibiotic and pelleted at 4°C for 10 min at 2,000 ⫻ g. The cell pellet was
resuspended in 100 l TRIzol and processed for cDNA analysis as described
above.
Molecular modeling. To construct a model of p53 and Smad proteins binding
to the upstream, 5⬘ p53 regulatory element of AFP (p53 dimer consensus binding
site), the p53 DNA (1TUP) and the Smad3-MH1 DNA (1QZJ) pdb coordinates
were read into the modeling program O (16), and the model was constructed as
follows. First, the two p53 DNA binding domains that are nonspecifically bound
to the DNA (chain C) or not bound to DNA (chain A) in the 1TUP coordinates
were eliminated, leaving only the specific p53-DNA complex (protein chain B
and the DNA duplex). The DNA was extended to include the Smad site. The
Smad3-MH1 domain was then docked onto the Smad DNA site. The model was
then checked for steric clash using the program CNS (4).
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supplemental material). The p53 rescue construct robustly expressed p53 RNA, exhibiting an eightfold increase compared
to cells that were transfected only with a GFP-expressing construct. Expression of the p53 rescue construct led to a decrease
in AFP pre-mRNA levels by 2.5-fold in response to TGF-␤
(Fig. 2C). These results indicate that the impaired repression
of AFP in the p53 KD cells is primarily the direct result of
depleted levels of p53.
Effect of p53 on expression of TGF-␤ effectors in response to
TGF-␤. We tested whether p53 directly regulates expression of
TGF-␤ effectors, which would in turn alter response to TGF-␤
treatment in p53 KD cells. We determined the levels of Smad4,
phosphorylated Smad2, and SnoN proteins in nuclear extracts
of TGF-␤-treated control and p53 KD cells by immunoblot
analysis (Fig. 2D). In control cells, P-Smad2 levels were robustly induced as early as 2 h after administration of TGF-␤,
whereas Smad4 levels were relatively unchanged (Fig. 2D, control). SnoN protein levels decreased shortly after treatment
and showed partial recovery within 8 h to the levels observed in
the absence of ligand. A similar pattern of P-Smad2, Smad4,
and SnoN expression was observed in p53 KD cells (Fig. 2D),

indicating that p53 does not directly regulate the genes encoding these TGF-␤ effectors. Collectively, these results indicate
that depletion of p53 does not significantly alter nuclear levels
of Smad4, Smad2, and SnoN.
p53-dependent recruitment of P-Smad2 and Smad4. To determine whether p53 promotes recruitment of TGF-␤ effector
molecules to chromatin, we performed ChIP analysis of control and p53 KD cells, incubated with or without TGF-␤1
ligand. Treatment with TGF-␤ greatly increased binding of
P-Smad2 and Smad4 at the SBE/p53RE, as early as 2 h after
the addition of ligand (Fig. 3A and B, control). Rapid recruitment of a Smad heteromeric complex is consistent with reports
demonstrating that Smads are rapidly activated and translocated into the nucleus after TGF-␤ treatment (38). In contrast,
p53 KD cells exhibited little or reduced recruitment of Smad
proteins (Fig. 3A and B), indicating that recruitment of Smad4
and P-Smad2, in response to TGF-␤ signaling, depends on p53.
Determinations of absolute, quantified levels of Smad4 and
P-Smad2 bound to AFP chromatin in the absence of TGF-␤
treatment showed that these effectors resided at the SBE/p53E
at levels near background (data not shown).
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FIG. 1. p53 and Smads simultaneously occupy an intercalated SBE/p53RE. (A and B) ChIP analysis of normal, differentiated liver tissue from
mice correlates with repression of AFP expression. (A) PCR products. Input DNA (diluted 1/10) and DNA enriched by ChIP (histone H3 [diluted
1/10], immunoglobulin G [IgG] control, p53, and Smad4 antibodies) and sequential ChIP (p533Smad4, primary antibody enrichment followed by
secondary antibody enrichment) of p53, Smad4, and both p53 and Smad4 proteins bound to the AFP SBE/p53RE and negative, distal control
albumin enhancer (ALB enh) regions. (B) Quantified ChIP and sequential ChIP of p53 and Smad4 interaction with chromatin, as in panel A. The
graph shows changes in enrichment of indicated proteins bound at AFP SBE/p53RE compared to that of the ALB enhancer region. All values,
generated by real-time PCR analysis, were normalized to control IgG precipitations and represent means plus standard deviations (error bars) of
triplicate determinations. (C) Molecular model of simultaneous binding of p53 and Smad to the AFP SBE/p53RE. DNA sequence shown in its
entirety is the upstream, p53 regulatory element (p53 dimer binding site) with the Smad binding sequence underlined in red, centered at ⫺850 of
AFP. The molecular model reveals no clash between p53 and the Smad3 MH1 domains even without energy minimization, indicating that the two
proteins can bind the site simultaneously.
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In addition to eliciting recruitment of Smad proteins, TGF-␤
signaling may trigger increased binding of p53 itself to the
SBE/p53RE. If this were so, it would provide a simple explanation for how TGF-␤ elicits repression of transcription together with p53, as we showed that p53 is essential for this
process (Fig. 2). We examined whether TGF-␤ treatment had
any effect on the global levels of p53. Immunoblot analysis of
TGF-␤-treated nuclear lysates revealed that while p53 levels
increased only marginally at the earlier time points, there was

a substantial increase observed by 8 h of treatment (Fig. 4A).
Inconsistent with its global expression levels, ChIP analysis
revealed that p53 is bound to the SBE/p53RE region of AFP,
even in the absence of TGF-␤ (Fig. 4B). Furthermore, the
amount of p53 bound to the AFP regulatory region actually
decreased in level (albeit modestly) at the earliest time of
analysis after TGF-␤ treatment (2 h in Fig. 4B, control cells).
While TGF-␤ did increase p53 binding at 8 h (Fig. 4B, control
cells), repression of AFP transcription was well established by
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FIG. 2. Stable depletion of p53 compromises AFP repression in response to TGF-␤. (A) Quantitative RT-PCR analysis of AFP RNA. Hepa
1-6 parental cells (control), mock selected cells, and two independent p53 knockdown (KD) clones (p53 KD clone 8 [KD8] and KD16) were treated
with TGF-␤ for 24 h and harvested for RNA analysis. AFP RNA levels in untreated cells were set at 1. All the values, normalized to actin RNA
levels represent averages plus standard deviations (SD) (error bars) from three experiments. Black and gray bars indicate vehicle- and TGF-␤treated samples, respectively. p53 RNA levels were regularly monitored (data not shown) to ensure maintenance of p53 depletion. In subsequent
analyses, p53 KD clone 8 was used, since these cells maintained p53 knockdown more effectively over passage of the cells (data not shown).
(B) Graph showing the changes in AFP pre-mRNA levels compared to the time zero value over the indicated time course of TGF-␤ treatment
in control and p53 KD Hepa 1-6 cells. Values represent averages plus SD (error bars) from three or four experiments. (C) Rescue of AFP
repression by introduction of p53 in KD cells. AFP repression was monitored by measuring AFP pre-mRNA levels under the conditions described
above for panel B. All values were normalized to actin and represent means plus SD (error bars) for triplicate determinations. (D) Stable depletion
of p53 does not significantly alter the global levels of TGF-␤ effectors. Western blot analysis performed on nuclear extracts of control and p53 KD8
Hepa 1-6 cells for the indicated proteins over the time course of TGF-␤ treatment. Actin was used to control for loading and to normalize
quantified protein levels. The amount of change (n-fold) in normalized protein expression is shown below the lanes in the immunoblots. The
expression levels of each protein at the 0-h time point were set at 1.
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this time of incubation (Fig. 2B). As expected, p53 KD cells
had no measurable binding of p53 to the AFP SBE/p53RE
(Fig. 4B). The discovery that p53 is bound to AFP chromatin in
the absence of TGF-␤ treatment implies that p53 binding,
while necessary, is not sufficient to confer transcriptional repression. Interaction of p53 with P-Smad2 and Smad4 may be
required, as recruitment of Smad proteins to the AFP regulatory region is dependent on both TGF-␤ and p53 (Fig. 3). In
line with this prediction, Smad3 and p53 have been shown to
interact directly via the N terminus of p53 in both Xenopus
embryos and mammalian cells (6). These observations would
predict that TGF-␤ signaling prompts the formation of a
Smad-p53 complex that is targeted to gene promoters.
Binding of p53 to DNA is essential for TGF-␤-mediated AFP
repression. We previously showed that repression of AFP transcription by p53 displays a strict requirement for DNA binding
to the SBE/p53RE (19). It was therefore surprising to note that
binding of p53 to AFP chromatin decreased modestly at the
early time points of Smad recruitment and AFP repression
(Fig. 2 and 4). Although p53 recruitment subsequently increased in parallel with maximal recruitment of Smad2 and

Smad4, it is formally possible that Smad proteins are recruited
independently of p53 at the SBE/p53RE due to their affinity
for Smad binding elements. We therefore tested whether p53
DNA binding was essential for TGF-␤-mediated AFP repression by performing two sets of experiments. We examined
binding of Smads to the AFP promoter in the presence of WT
p53 and, in parallel, a mutant form of p53, compromised in its
ability to bind DNA (Fig. 4C). Nuclear extracts of p53 KD
cells, which were transfected with either a plasmid expressing
WT or mutant p53 (p53-143A), were incubated with biotinylated oligonucleotides spanning the SBE/p53RE of AFP (residues ⫺860 to ⫺830) and harvested with streptavidin-coupled
agarose beads. The SBE/p53RE affinity-purified protein complexes were analyzed by immunoblotting by serial additions of
Smad4, P-Smad2, and p53 antibodies. WT p53 displayed high
affinity for the SBE/p53RE oligomers in both TGF-␤-treated
and untreated nuclear extracts (Fig. 4C, lanes 2 and 5), but
DNA binding mutant p53-143A failed to bind with any robustness in either condition (lanes 3 and 6). Surprisingly, binding of
Smad4 was detected even in the absence of p53 in both untreated and treated conditions (lanes 1, 2, 4, and 5). Similarly,
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FIG. 3. p53 anchors Smads to the AFP SBE/p53RE. (A and B) Quantified ChIP analysis of phosphorylated Smad2 (p-Smad2) (A) and Smad4
(B) binding to SBE/p53RE. Control Hepa 1-6 cells and p53 KD cells were treated with TGF-␤ and harvested at the indicated time points for pSmad2
and Smad4 ChIP analyses. The graphs show the levels of the indicated proteins recruited to SBE/p53RE in control and p53 KD clone 8 cells over the
indicated time course. All data were normalized to input measurements and represent averages plus standard deviations (error bars) of triplicate
determinations. Control immunoglobulin G immunoprecipitations were performed in parallel to quantify antibody specificity (not shown).
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P-Smad2 interaction at the SBE/p53RE, while dependent on
TGF-␤ signaling, occurred even in the absence of p53 (lanes
4 and 5). p53-independent interactions of Smad proteins in
this assay are likely to occur due to the presence of Foxa1
protein bound at this element (data not shown; also see
Discussion). However, in extracts of cells that express p53143A, which does not bind DNA, P-Smad2 and Smad4 fail
to bind the SBE/p53RE oligomers (lanes 3 and 6), and
TGF-␤ treatment had no effect. The interaction of freely
soluble p53 and Smad proteins is supported by previous
work of Cordenonsi and colleagues (5) and coimmunoprecipitation of p53-Smad protein complexes from extracts of
Hepa 1-6 cells (see Fig. S3 in the supplemental material).
Mutant p53-143A cannot bind the SBE/p53RE or tether

p53-Smad protein complexes to DNA, acting in a dominantnegative manner for Smad-DNA interaction. Taken together, these results suggest that soluble p53-Smad protein
complexes form independently of DNA in vitro and are
recruited and anchored to the SBE/p53RE in a WT p53dependent manner.
We complemented the in vitro binding assays with a functional assessment of TGF-␤-mediated repression of AFP by
either WT p53 or p53-143A expression in p53 KD Hepa 1-6
cells (Fig. 4D). The AFP reporter construct harbors an SBE/
p53RE at ⫺850 within 3.8 kb of upstream AFP regulatory
sequences, fused to a bacterial ␤-galactosidase gene (AFP/
lacZ) (19). Introduction of WT p53 alone (Fig. 4D, WT p53,
control) repressed AFP reporter expression twofold, whereas
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FIG. 4. DNA binding of p53 at the SBE/p53RE is essential for AFP repression by TGF-␤. (A) Immunoblot analysis of p53 protein levels in
response to TGF-␤ treatment in control and p53 KD cells, performed as described in the legend to Fig. 2D. (B) p53 is poised at the AFP
SBE/p53RE prior to TGF-␤ treatment. The absolute levels of p53 bound to SBE/p53RE in control and p53 KD Hepa 1-6 cells treated with TGF-␤
over the indicated time course, as determined by ChIP analysis of p53, are shown. All data were normalized to input and represent averages plus
standard errors of the means (error bars) from four or five experiments. (C) Interaction of Smad proteins at the SBE/p53RE depends on p53-DNA
binding. The panel represents Western blot analyses for endogenous P-Smad2, Smad4, and exogenous p53. Lanes 2 and 5 show protein complexes
from p53 KD Hepa 1-6 cells transfected with wild-type p53 (p53-wt), untreated (⫺) or treated with TGF-␤ (3 ng/ml) (⫹), were precipitated using
biotinylated oligonucleotides containing the SBE/p53RE consensus. Lanes 3 and 6 show the same experimental conditions as described for lanes
2 and 5 except that the cells were transfected with a DNA binding mutant of p53 (p53-143A) (⫹). For a negative control, the protein complexes
were precipitated using biotinylated oligonucleotides containing distal promoter elements of AFP (⫺1007 to ⫺977). (D) p53 KD Hepa 1-6
hepatoma cells were transfected with the AFP/lacZ reporter construct (1 g/plate) along with the indicated expression vectors (WT p53 or
p53-143A, 50 ng/plate each). Each plate was also cotransfected with the Renilla luciferase (500 ng/plate) to standardize and control for transfection
efficiency. Eight hours posttransfection, the cells were treated with TGF-␤ or its vehicle (control) for 24 h. Expression levels relative to baseline
are indicated for AFP/lacZ (black). Relative AFP expression is shown as the ratio of ␤-galactosidase to luciferase expressed (␤-gal/luc).
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FIG. 5. SnoN is essential for TGF-␤-mediated AFP repression. (A) SnoN recruitment to SBE/p53RE is independent of p53. Quantified ChIP
analysis for SnoN protein bound to SBE/p53RE was performed with a SnoN-specific antibody as described in the legend to Fig. 3. (A and B) Stable
depletion of SnoN compromises AFP repression in response to TGF-␤. (B) Analysis of SnoN protein levels. Control and SnoN KD Hepa 1-6 cells
were treated with vehicle (V) or TGF-␤ and harvested for nuclear extract preparation. Standard Western blot analysis was performed to determine
the levels of SnoN protein depletion. Actin levels were used to control for loading errors. (C) Quantitative RT-PCR analysis of SnoN RNA was
performed as described in the legend to Fig. S1 in the supplemental material to ensure maintenance of SnoN KD under the experimental
conditions shown in panel D. (D) Quantitative RT-PCR analysis of AFP RNA was performed as described in the legend to Fig. 2A for the indicated
cell types. Black and gray bars indicate vehicle- and TGF-␤-treated cells, respectively.

p53-143A (Fig. 4D, p53-143A, control) conferred minor activation. The addition of TGF-␤ ligand, together with expression
of p53, caused synergistic repression of approximately fivefold
(Fig. 4D, WT p53, TGF-␤). This repression was dramatically
reduced in the presence of p53-143A (Fig. 4D, p53-143A,
TGF-␤). The changes do not reflect differences in the expression of p53, as determined by immunoblot analysis of p53
protein (Fig. 4C, input; also data not shown). Interestingly, the
addition of TGF-␤ ligand activated the AFP reporter construct
in the absence of p53, further supporting binding of Smad
proteins to the SBE/p53RE, observed in vitro (Fig. 4C). Collectively, these experiments highlight the importance of DNA
binding by p53 in mediating AFP repression in the presence of
active Smad complexes.
SnoN plays an essential role in TGF-␤-mediated AFP repression. We previously showed that SnoN is required for AFP
repression and is recruited to the AFP promoter in response to
TGF-␤ (45). We predicted that SnoN recruitment would be
impaired in p53 KD cells, since these cells are compromised
for Smad binding at the SBE/p53RE (Fig. 3). Previous studies

supported a model of Smad-dependent recruitment of SnoN to
TGF-␤-regulated genes, as SnoN does not directly bind DNA
(22). Loss of SnoN binding would potentially explain lack of
AFP repression, since SnoN associates with corepressors and
HDAC proteins (22). However, to our surprise, SnoN recruitment in p53 KD cells was nearly equal to levels seen in control
cells (Fig. 5A). It is important to note that SnoN, although
bound to chromatin, is not sufficient to repress AFP expression
in p53 KD cells (Fig. 2B), which lack p53 and Smad2/4 interaction at the SBE/p53RE (Fig. 3 and 4).
In order to clarify a role for SnoN in AFP repression, we
generated SnoN KD Hepa 1-6 cells (Fig. 5B and C). SnoN KD
cells, which stably express an shRNA plasmid targeted to SnoN
RNA, had marked depletion of SnoN protein (Fig. 5B) and
RNA (Fig. 5C) levels compared to parental control cells. Similar to p53 depletion, continuous depletion of SnoN abrogated
AFP repression in response to TGF-␤ (Fig. 5D). Thus, SnoN is
clearly required for cross talk of p53 and TGF-␤ and, although
bound to AFP chromatin in p53 KD cells, needs p53 to promote AFP repression.
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p53 and SnoN are both needed to recruit the mSin3A corepressor. Current models of p53-mediated repression of transcription generally invoke mSin3A protein as a predominant
corepressor in complex with HDAC protein(s) (15, 32).
HDAC proteins provide enzymatic activity and promote transcription repression by deacetylating histones (39). Previously,
we showed that developmentally repressed AFP displays hallmarks of repressed chromatin and recruitment of mSin3A/
HDAC1 repressor complexes (34, 45). A connection between
SnoN and mSin3A is provided in studies showing that SnoN
binds to mSin3A and related corepressor complexes (22, 36).
We predicted that SnoN and/or p53 were likely important for
mSin3A recruitment to the AFP SBE/p53RE. To test this directly, ChIP assays for mSin3A in control, p53 KD, and SnoN
KD cells were performed. TGF-␤ stimulation engendered a
robust recruitment of mSin3A to the SBE/p53RE (Fig. 6A)
over 4 h of TGF-␤ treatment, whereas recruitment was severely impaired in both p53 and SnoN KD cells (Fig. 6B).
Loss of mSin3A recruitment could potentially result from
loss of global levels of mSin3A protein, although no regulatory
role for p53 or SnoN in mSin3A expression has previously been
reported. Analysis of mSin3A levels in control, p53 KD, and
SnoN KD Hepa 1-6 cells revealed that mSin3A protein levels
were drastically reduced in SnoN KD cells, whereas mSin3A
levels were maintained in p53 KD cells and control Hepa 1-6
cells (Fig. 6C). Two independent SnoN KD clones, both of
which were compromised for AFP repression, displayed similar
reductions in mSin3A protein levels compared to control cells
(data not shown). Since TGF-␤ treatment results in initial
degradation of SnoN protein (Fig. 2D), we tested whether

mSin3A levels decreased in parallel as well, which would further support a role for SnoN in regulating mSin3A protein
stability. As seen in Fig. S4A in the supplemental material, the
levels of SnoN and mSin3A proteins mirror each other, after
TGF-␤ treatment, in a cycle of degradation and resynthesis
that peaks approximately 4 h after ligand exposure. This time
point coincides with maximal recruitment of these factors at
the SBE/p53RE (Fig. 5A and 6A).
SnoN-mediated regulation of mSin3A likely occurs at the
level of protein stability or translation, as mSin3A mRNA
levels are not altered in p53 KD and SnoN KD cells (see Fig.
S4B in the supplemental material). Future studies will determine this, as well as the contribution of SnoN regulation of
corepressor mSin3A in the oncogenic function of SnoN. Collectively, our results show that mSin3A is an essential component in p53/TGF-␤-mediated repression of AFP transcription.
Chromatin-bound p53 recruits mSin3A and maintains Smad
protein interactions with the SBE/p53RE. Surprisingly, the
essential role of SnoN is in maintaining mSin3A protein levels.
DISCUSSION
AFP SBE/p53RE, a novel p53/TGF-␤ response element. Utilizing an experimentally accessible, TGF-␤- and p53-responsive hepatoma cell line as a model system, we addressed key
features of p53 as a partner for transcription repression conferred by TGF-␤. We find that p53 is essential for temporal
recruitment and anchoring of an activated Smad heteromeric
complex and mSin3A corepressor to the AFP distal promoter.
Our finding that p53 is required for stable association of Smad
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FIG. 6. p53 recruits mSin3A to the AFP SBE/p53RE, while SnoN acts to maintain mSin3A protein levels. (A and B) ChIP analysis of mSin3A
interaction with chromatin in control cells (A) and p53-SnoN KD cells (B). (A) Graph showing levels of mSin3A recruitment to AFP SBE/p53RE
at the indicated times after TGF-␤ treatment. PCR amplifications were performed with albumin primers as a distal control of specificity. (B) Graph
showing the levels of mSin3A recruited to SBE/p53RE in control cells, p53 KD cells, and SnoN KD cells 4 h after TGF-␤ treatment. (C) SnoN
is required to maintain mSin3A protein levels in Hepa 1-6 cells. Western blot analysis for mSin3A levels in nuclear extracts prepared from control,
p53 KD, and SnoN KD cells. Actin levels serve to normalize loading errors.
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Smad activity (40). It is therefore interesting to note that
mSin3A protein levels mirror this response at early time points
of TGF-␤ stimulation, suggesting that SnoN, mSin3A, and
perhaps HDACs associated with this complex are subject to
regulation by TGF-␤. This regulation would be critical in determining activation versus repression mediated by Smad-p53
complexes, which can associate with either corepressor and
coactivator proteins.
The functional consequences of a regulatory connection between SnoN and mSin3A are manifold. mSin3A is essential for
embryonic development and positively regulates cellular proliferation and survival, in part by controlling p21 gene expression and deacetylation of p53 (9). The corepressor SnoN is
aberrantly overexpressed in multiple tumor-derived cells, including Hepa 1-6 (24, 45, 49), which may lead to increased
mSinA protein. Such an event could directly alter the activity
of p53, leading to abrogation of its tumor suppressor functions
and, as a consequence, increased proliferation and survival.
Although oncogenic SnoN is typically thought to antagonize
TGF-␤-mediated gene activation by disrupting Smad complexes, our work and recently published studies of others suggest that SnoN retains the ability to be harnessed by the TGF-␤
pathway for active participation in gene regulation together
with Smad proteins (20, 45). When TGF-␤ ligand is added,
overexpressed SnoN protein is degraded in a process mediated
by the E3-ubiquitin ligase Arkadia (20). Only when existing
SnoN is depleted and then synthesized de novo, can the machinery of TGF-␤ signaling proceed with normal, Smad-mediated regulation of gene expression. Control of mSin3A protein
levels may also be integral to this regulation. Our temporal
studies of chromatin binding support this view and further
suggest that degradation of SnoN, while necessary, is not sufficient to promote an ordered progression of transcription factor interactions with chromatin and regulation of expression.
Understanding whether aberrant reactivation of AFP is due
to dysfunction in p53, TGF-␤ signaling, or both has prognostic
and therapeutic value. AFP is reactivated as a tumor marker in
70% to 85% of cases of hepatocellular carcinoma and is widely
used to stage aggressiveness and growth of the tumor. Progression, but not initiation, of hepatocellular carcinoma is frequently associated with mutations in p53 (37). Our studies
suggest that when p53 is not mutated, reactivation of TGF-␤
signaling is sufficient to reinstate differentiation-associated regulation of transcription at the level of tumor marker AFP
expression in hepatoma cells.
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