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Members of the transforming growth factor-� superfamily play critical roles in controlling cell growth and
differentiation. Effects of TGF-� family ligands are mediated by Smad proteins. To understand the mechanism
of Smad function, we sought to identify novel interactors of Smads by use of a yeast two-hybrid system. A
396-amino acid nuclear protein termed SNIP1 was cloned and shown to harbor a nuclear localization signal
(NLS) and a Forkhead-associated (FHA) domain. The carboxyl terminus of SNIP1 interacts with Smad1 and
Smad2 in yeast two-hybrid as well as in mammalian overexpression systems. However, the amino terminus of
SNIP1 harbors binding sites for both Smad4 and the coactivator CBP/p300. Interaction between endogenous
levels of SNIP1 and Smad4 or CBP/p300 is detected in NMuMg cells as well as in vitro. Overexpression of
full-length SNIP1 or its amino terminus is sufficient to inhibit multiple gene responses to TGF-� and
CBP/p300, as well as the formation of a Smad4/p300 complex. Studies in Xenopus laevis further suggest that
SNIP1 plays a role in regulating dorsomedial mesoderm formation by the TGF-� family member nodal. Thus,
SNIP1 is a nuclear inhibitor of CBP/p300 and its level of expression in specific cell types has important
physiological consequences by setting a threshold for TGF-�-induced transcriptional activation involving
CBP/p300.
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TGF-� is the prototypic member of a large family of
structurally related cytokines including the TGF-�s, ac-
tivins, and bone morphogenetic proteins (BMPs), which
regulate cell fate and extracellular matrix deposition
through the transcriptional regulation of diverse gene
targets. These ligands initiate intracellular signals by as-
sociating with two classes of interacting transmembrane
receptor serine-threonine kinases (Derynck and Feng
1997; Massagué 1998). Smad proteins, which serve as
direct targets of phosphorylation by the activated type I
receptors, have been demonstrated to be downstream
mediators of specific TGF-�/BMP-signaling pathways
from the receptors to the nucleus.

Three classes of Smads have been identified and are
referred to as the receptor-activated Smads, co-Smads,
and inhibitory Smads. Receptor-activated Smads (R-
Smads), Smad2, and Smad3 are specific mediators of

TGF-� and activin signaling pathways, whereas Smad1,
Smad5, and Smad8 are involved in BMP responses (Mas-
sagué 1998). Smad4 is a co-Smad and is not regulated by
phosphorylation, but acts as a common and essential
mediator of TGF-�, activin, and BMP-signaling re-
sponses (Candia et al. 1997; de Caestecker et al. 1997). A
third class of Smads includes Smad6 and Smad7, and act
as an inhibitor of this pathway by binding to the acti-
vated receptors or to R-Smads, thereby sequestering the
transcriptionally active complex from the promoter.

Like many transcription factors, the R-Smad proteins
interact with the paralogous transcriptional coactivators
CBP and p300 through their MH2 domains (Feng et al.
1998; Janknecht et al. 1998; Pouponnot et al. 1998; Top-
per et al. 1998). Although these two proteins were char-
acterized by different means, they are now considered to
be orthologous and to act as a crucial scaffold to bring
together transcription factors and basal factors in the
transcriptional initiation complex. They are essential co-
activators for a wide variety of transcriptional factors
including nuclear hormone receptors and NF-�B (Man-
nervik et al. 1999). Besides possessing intrinsic histone
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acetyltransferase (HAT) activity, these proteins are also
able to interact with other HATs such as p/CAF and
steroid receptor coactivators (SRCs) (Torchia et al. 1998).
Although recent publications have concentrated on the
HAT activity of CBP/p300, these proteins also contain
three highly conserved cysteine-histidine-rich domains
(C/H1, C/H2, and C/H3). Among these, the C/H1 do-
main was shown to interact with the Smad activation
domain (SAD) of Smad4, which is necessary for tran-
scriptional activating activity of the Smads (de Cae-
stecker et al. 2000), whereas the C/H3 domain is the
locus of interaction with R-Smads (Feng et al. 1998;
Janknecht et al. 1998; Nishihara et al. 1998; Shen et al.
1999).

Many recent investigations have focused on identifi-
cation of proteins that interact with Smad proteins to
modulate both their trafficking and stability in the cy-
toplasm and their transcriptional activating activity in
the nucleus. Cytoplasmic interactors include Smurf1,
which was found to modulate the BMP signal-transduc-
tion pathway by regulating the level of Smad1 and
Smad5 in the cell (Zhu et al. 1999), and SARA, which
interacts directly with Smad2 and Smad3 and functions
to recruit Smad2 to the TGF-� receptor (Tsukazaki et al.
1998). An increasing number of nuclear activators in-
cluding the AP-1 complex, vitamin D receptor, and TFE3
transcriptional factor (Hua et al. 1998; Zhang et al. 1998;
Yanagi et al. 1999; Yanagisawa et al. 1999) have been
shown to interact specifically with Smad proteins. In
addition, a number of transcriptional inhibitors have
been shown to interact with Smad proteins and to re-
press their transcriptional activating activity. These in-
clude the oncoproteins Evi-1 (Kurokawa et al. 1998), Ski
and SnoN, (Luo et al. 1999), TGIF, which recruits the
histone deacetylase HDAC (Wotton et al. 1999), and the
�EF1/Zfh-1 family member SIP1 (Verschueren et al.
1999).

In this study, we characterize a novel nuclear protein,
termed SNIP1 for Smad nuclear interacting protein 1,
which also serves to suppress the TGF-�-signaling path-
way. We demonstrate that, whereas this inhibitor can
interact with the MH2 domain of Smad4 in a TGF-�
dependent manner, its principal mechanism of action
appears to be through inhibition of transcription by bind-
ing to CBP/p300 and interfering with the ability of these
coactivators to interact with Smad4.

Results

Cloning and characterization of SNIP1

To identify proteins that could be involved in the down-
stream signaling of the Smad proteins, we screened a
human fetal brain cDNA library using the full-length
Smad1 as bait in the yeast two-hybrid system. Several
positive clones were identified, one of which was SNIP1.
The full-length cDNA was subsequently cloned from a
human cardiac cDNA library using as a probe the 3�-
fragment of SNIP1 cDNA that was cloned from the yeast
two-hybrid assay. The full-length cDNA clone contained

an insert of 2496 bp, in which the largest ORF encoded a
protein of 396 amino acids with an estimated MW of
∼50kD. BLAST search of the Genbank database revealed
that the SNIP1 gene (Accession no. AL034379) is located
on chromosome 1 (1p32.2–1p32.3) (Altschul et al. 1997).
The putative genomic structure of SNIP1 shows that the
gene is composed of four exons interrupted by three in-
trons (Fig. 1A). SNIP1 contains a sequence homologous
to a bipartite nuclear localization signal (NLS) at the
amino terminus and a Forkhead-associated (FHA) do-
main at its carboxyl terminus (Fig. 1B).

Northern hybridization was carried out to determine
the expression pattern of SNIP1 mRNA in various hu-
man tissues (Fig. 1C). Three SNIP1 transcripts of 4.4, 2.4,
and 1.5 kb are present at similar levels in multiple hu-
man tissues, with the highest transcript levels in heart
and skeletal muscle (Fig. 1C). An antibody against SNIP1
was raised by injecting rabbits with a GST fusion protein
of a region of SNIP1 from amino acids 215 to 324. West-
ern blot analysis of COS-1 cell lysates transfected with
various SNIP1 constructs showed that the antibody rec-
ognizes the full-length SNIP1 and SNIP1-C (amino acids
121–396), whereas SNIP1-N (amino acids 2–140), which
does not contain the region of SNIP1 against which the
antibody was raised, was not detected (Fig. 1D). The
specificity of this antibody was also demonstrated in im-
munoprecipitation assays by use of this antibody and
pre-immune serum from the same rabbit (data not
shown). Use of this antibody for Western blot analysis of
extracts from various cell lines identified a specific band
of ∼50 kD (Fig. 1E), confirming that the predicted ORF
from sequence analysis was correct. The monkey kidney
cell line COS-1 and mink lung epithelial cell line Mv1Lu
do not express detectable levels of SNIP1, whereas spon-
taneously immortalized primary murine hepatocyte cell
lines D6 and D10 (Williams et al. 1996), and the mouse
mammary cell line NMuMg, show good expression of
endogenous SNIP1 (Fig. 1E). The fact that SNIP1 was
undetected in COS-1 and Mv1Lu cell lysates could result
from specificity of the antibody for mouse and human
proteins or could indicate a restricted pattern of expres-
sion of the protein. Western blot analysis of extracts of
multiple tissues from adult mice showed that SNIP1 is
expressed in all tissues examined (Fig. 1F). Whereas these
data demonstrate that SNIP1 mRNA and protein are
widely expressed, immunohistochemistry of rat kidney
sections at various stages of development shows that
SNIP1 is localized specifically to epithelial elements,
suggesting that its expression may be tightly controlled
in different cell types (A. Perantoni, pers. comm.).

SNIP1 interacts with Smads

To test the specificity of the interaction of SNIP1 with
Smad proteins in yeast, truncated SNIP1 (amino acids
142–396) cloned from the yeast two-hybrid assay, was
cloned into the prey vector pJG4-5 and transformed into
yeast. Transformants expressing this truncated SNIP1
were then transformed again with the indicated LexA–
Smad fusion constructs in the bait construct pEG202.

Kim et al.

1606 GENES & DEVELOPMENT



Four separate colonies from each group of transformants
were streaked. Blue color, indicating a positive interac-
tion was detected for the transformants of SNIP1/Smad1
and SNIP1/Smad2 (Fig. 2A). However, Smad 3 and
Smad4 were unable to activate the assay indicating that
the interaction of the carboxyl terminus of SNIP1 used
in this assay was specific to Smad1 and Smad2.

To ascertain the physiological relevance of these in-
teractions, we next investigated whether complexes
might be found between the endogenous Smad proteins
and SNIP1 in mammalian cells. NMuMg cells were
grown to confluence and serum starved overnight. These
cells were treated with or without TGF-� or BMP2 for 1
hr, harvested, and lysates used for immunoprecipitation
with the antibody against SNIP1. As shown in Figure 2B,
endogenous Smad4 and SNIP1 interact strongly follow-
ing TGF-� treatment. In contrast, no interaction be-
tween SNIP1 and endogenous Smad1 or Smad2 could be
detected following treatment with the appropriate li-
gand, although these Smads were expressed at detectable
levels in NMuMg cells (Fig. 2B). Next, we sought to de-
termine a direct interaction between Smad4 and SNIP1.
Incubation of the in vitro-transcribed and translated
product of Smad4 with various deletion constructs of
SNIP1 linked to GST and expressed in bacteria (Fig. 3A)
showed that Smad4 was able to interact directly with the

amino terminus of SNIP1 (Fig. 2C). On the basis of this
strong and direct interaction of SNIP1 and Smad4, we
decided to focus on the interaction of SNIP1 with
Smad4.

To begin to understand the interaction of SNIP1 and
Smad4 in more detail, various Smad4 deletion constructs
were produced by use of a coupled in vitro transcription/
translation reaction (Fig. 3A,C) and tested for interaction
with various GST–SNIP1 fusion proteins expressed in
bacteria (Fig. 3A,C). As shown in Figure 3B, SNIP1 inter-
acts with Smad4 through two different regions. The
middle region of SNIP1 (GST–SNIP1–215) interacts with
the MH1 domain (S4 1–136) of Smad4 and somewhat less
strongly with the MH2 domain (S4 322–552). However,
the amino terminus of SNIP1, which contains the NLS
(GST–SNIP1–2), clearly interacts with the MH2 domain
of Smad4 (S4 322–552), whereas inclusion of middle
linker sequences precludes this interaction (Fig. 3B).

To delineate the region in Smad4 that interacts with
SNIP1 in vivo, NMuMg cells were transfected with vari-
ous deletion fragments of Smad4. Immunoprecipitation
with the antibody against SNIP1 demonstrated that en-
dogenous SNIP1 binds to the MH2 domain (Flag-S4 322–
552) of Smad4 in a ligand-independent fashion (Fig. 3D).
Similar to the results obtained in vitro, inclusion of the
middle linker region (136–552) or simply the SAD do-

Figure 1. Cloning and characterization of
SNIP1. (A) Putative genomic structure of
human SNIP1 gene is shown. Black boxes
represent untranslated regions and the
white boxes represent translated regions.
The exon numbers are noted inside their
respective white boxes with the sizes of in-
trons written at the bottom. Numbers at
the edges of the boxes denote the amino
acid number from the human protein se-
quence. (B) Schematic diagram of human
SNIP1 protein is shown with two conserved
domains noted in shaded boxes, which are a
bipartite NLS and a FHA. Numbers at the
edges of the boxes denote the amino acid
number from the deduced protein se-
quence. The sequence of the human SNIP1
protein is shown with the arrow indicating
the starting methionine and an asterisk star
representing the stop codon. The NLS is en-
closed in a box and the FHA domain is un-
derlined. (C) Commercially available
Northern blot was purchased from Clon-
tech and hybridized with the carboxy-ter-
minal fragment of SNIP1. The sizes of three
transcripts are indicated. (D) COS-1 cells
were transfected with HA-tagged SNIP1
constructs as indicated. The specificity of
an antibody against SNIP1 was monitored
by Western blotting of the lysates. HA–
SNIP1 and HA–SNIP1-C are indicated by
arrows. (NS) Nonspecific band. (E) Western
blot of cell lysates from various cell lysates.
A single band of ∼50 kD was detected. (F)
Western blot of lysates from various adult
mouse tissues.
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main (266–552) prevented the SNIP1 interaction. This
suggests that these elements may be altering the confor-
mation of the MH2 domain in such a way as to interfere
with the ability of SNIP1 to interact both directly in
vitro and in the cell.

SNIP1 is a nuclear protein involved in transcriptional
suppression

To begin to understand its physiological function, we
investigated the pattern of subcellular localization of
SNIP1. Indirect immunofluorescence demonstrates that

full-length SNIP1 localizes to the nucleus constitutively
(Fig. 4A). Indirect immunofluorescence was also used to
test whether the NLS located at the amino terminus of
SNIP1 was functional. As shown in Figure 4A, the con-
struct HA–SNIP1-N, which encompasses the region of
SNIP1 from amino acids 2 to 140 and contains the NLS,
localizes predominantly to the nucleus (>70%, Fig. 4B),
whereas the construct HA–SNIP1-C, that stretches from
amino acids 121 to the carboxyl terminus and lacks this
NLS, is preferentially localized to the cytoplasm (>70%,
Fig. 4B). On close examination, the full-length SNIP1 has
a punctuate pattern of localization in the nuclei that
suggests a possible involvement of SNIP1 in transcrip-
tional complexes. These data suggest that the TGF-�-
dependent interaction of SNIP1 with Smad4 may result
from the signal-dependent nuclear translocation of
Smad4. In contrast, the MH2 domain of Smad4 (322–552)
has been shown to be constitutively nuclear (R.H. Kim et
al., unpubl.).

To examine the role of SNIP1 in the regulation of tran-
scriptional responses induced by TGF-� different TGF-
�-responsive reporters were used in transient transfec-
tion assays. Both the basal and ligand-induced activity of
3TP-Lux, which contains TGF-�-responsive elements
from the plasminogen activator inhibitor-1 and collage-
nase promoters (Wrana et al. 1992), and SBE4-Luc, which
contains four copies of a Smad consensus-binding ele-
ment CAGA (Zawel et al. 1998), were suppressed in a
dose-dependent fashion by overexpression of SNIP1 (Fig.
4C). Moreover, SNIP1-N was able to inhibit the TGF-�-
dependent activation of these reporters with activity
similar to that of the full-length protein (Fig. 4C),
whereas SNIP1-C was inactive. Interestingly, all of these
reporters have been shown to be p300 dependent
(Janknecht et al. 1998), suggesting that the inhibitory
action of SNIP1 may result from interference with the
functional interaction of CBP/p300 with the activated
Smad complex.

These data indicate that binding of Smad4 to SNIP1
through the carboxy-terminal three-quarters of SNIP1
(GST–SNIP1–215) is not sufficient to inactivate TGF-�-
dependent transcriptional responses. However, because
this carboxy-terminal SNIP1 construct lacks a NLS, fail-
ure to inhibit TGF-�-dependent transcriptional re-
sponses could result instead from its exclusion from the
nucleus (Fig. 4A,B). Taken together, these data indicate
that the NLS is essential for the transcriptional suppres-
sor function of SNIP1.

SNIP1 acts in vivo to inhibit TGF-� signal
transduction pathway

In vitro and coimmunoprecipitation data indicate that
SNIP1 can interact with components of the TGF-�-sig-
naling pathway, and transient transfection assays using
reporter constructs responsive to TGF-� suggest a role
for SNIP1 in modulating signals induced by TGF-�. To
determine whether SNIP1 could play a role in regulating
physiological responses to TGF-� family signaling path-
ways in vivo, we injected RNA for SNIP1 or various de-

Figure 2. SNIP1 interacts with Smad proteins in vivo and in
vitro. (A) Truncated SNIP1 cloned from the yeast two-hybrid
assay was cloned into the prey vector pJG4-5 and was trans-
formed into yeast. The truncated SNIP1 transformants were
then transformed again with the indicated LexA–Smad fusion
constructs in the bait construct pEG202. Four separate colonies
from each group of transformants were streaked. (Blue) A posi-
tive interaction was detected for the transformants of SNIP1/
Smad1 and SNIP1/Smad2. (B) NMuMg cell lysates treated with
or without 5 ng/ml TGF-� or 50 ng/ml BMP2 for 1 hr was
subjected to immunoprecipitation with �-SNIP1 and blotted
with antibodies against indicated Smads. No IP lane was im-
munoprecipitated with rabbit IgG. The presence of SNIP1 and
Smads in these cells were monitored by direct immunoblotting
using antibodies against SNIP1 and Smads. (C) In vitro product
of Smad4 made using reticulocyte lysate was incubated with
various GST–SNIP1 deletion constructs. (Arrow) Smad4 prod-
uct. (D) GST–SNIP1 (25%) constructs used in the reactions were
subjected to SDS-PAGE and stained.
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letion constructs produced in vitro into early stage Xeno-
pus embryos. In these assays, inhibition of TGF-� family
signaling in the dorsal embryo inhibits notochord and
head formation, presumably through inhibition of nodal
signaling (Harland and Gerhart 1997). When RNA from
SNIP1 or SNIP1-N was injected into the two dorsal blas-
tomeres of 4-cell Xenopus embryos, dose-dependent
truncation of anterior structures resulted, whereas
SNIP1-C was without effect in this assay (Fig. 5, G–I).
Marker gene analysis by in situ hybridization showed
that goosecoid, a marker of dorsal mesoderm induced by
nodal, was suppressed following injection of either
SNIP1 or SNIP1-N, but that SNIP1-C had no effect (Fig.
5, A–F). These data demonstrate that ectopic expression
of SNIP1 in vivo inhibits developmental processes attrib-
uted to the TGF-� family member nodal, correlating
with in vitro findings of inhibition of reporter gene ac-
tivity.

SNIP1 interacts with endogenous CBP and p300

Because p300 has been shown to be an important coac-
tivator that interacts with the Smads in the nucleus and
is critical for their transcriptional activating activity
(Feng et al. 1998), and because SNIP1 was shown to in-
hibit the activation by TGF-� signaling of reporter con-
structs that are p300 dependent (Fig. 4C; Janknecht et al.
1998; Pouponnot et al. 1998; Topper et al. 1998), we next
sought to determine whether SNIP1 could also interact
with CBP and/or p300. NMuMg cells were grown to con-
fluence and treated with TGF-�. As shown in Figure 6
lysates of cells immunoprecipitated with �-SNIP1 and
subjected to Western blotting using antibodies against
either CBP or p300 showed that endogenous SNIP1 in-
teracts with both endogenous CBP and p300 in a ligand-
independent manner (Fig. 6A,B). An in vitro interaction
experiment carried out by use of various bacterially ex-

Figure 3. Deletion mapping of the inter-
acting regions of SNIP1 and Smad4. (A)
Schematic diagram of the SNIP1 protein
with the GST fusion protein of SNIP1 de-
letion constructs used in these experi-
ments shown below (left). Numbers indi-
cate the starting amino acid number of the
deletion constructs. Smad4 and its dele-
tion constructs used to produce in vitro
transcribed/translated products used in
the experiment (right). (B) Smad4 deletion
constructs from the above diagram were
used to make protein using reticulocyte
lysate. The Smad4 deletion proteins were
used in in vitro-binding assay using vari-
ous bacterially expressed GST fusion of
SNIP1 deletions constructs as indicated.
After extensive washing, the beads were
subjected to SDS-PAGE and autoradiogra-
phy. (C) Twenty-five percent of the reticu-
locyte lysates used in the reaction was
subjected to SDS-PAGE and autoradiogra-
phy to monitor for expression of Smad4
constructs (top) GST fusion proteins (25%)
were also subjected to standard SDS-PAGE
and stained as per experimental protocol
to control for equal loading of proteins in
the experiments (bottom). (D) NMuMg
cell lysates transfected with the indicated
deletion constructs Smad4 were treated
with or without 5 ng/ml TGF-� for 1 hr.
These lysates were subjected to immuno-
precipitation with �-SNIP1 and blotted
with �-Flag and �-HA. No IP lane was im-
munoprecipitated with rabbit IgG. The
presence of SNIP1 in these cells was moni-
tored by direct immunoblotting using an-
tibodies against SNIP1. These lysates were
also used for direct immunoblotting with
antibodies against Flag and HA to deter-
mine the expression of transfected Smad4
deletion constructs. HC and LC denote
heavy and light chain of mouse IgG, re-
spectively. (NS) Nonspecific band.
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pressed GST fusion constructs of SNIP1 and p300 con-
structs (Ogryzko et al. 1996) prepared with a coupled in
vitro transcription/translation reaction showed that the
amino terminus of SNIP1 (GST–SNIP1-2) is able to in-
teract directly with the amino terminus of p300 (Fig. 6D).

Functional assays were also used to determine the re-
gion of CBP/p300 through which SNIP1 exerts its inhibi-
tory function. Cotransfection of various SNIP1 con-
structs with Gal4 constructs of full-length p300 or its
deletions (Snowden et al. 2000) showed that full-length
SNIP1 as well as SNIP1-N are able to specifically sup-
press the activity of the C/H1 domain of p300, which
was also the locus of the SNIP1 interaction (data not
shown). This domain of p300 interacts with a number of
transcription factors such as Stat2 and Stat3 (Bhat-
tacharya et al. 1996; Nakashima et al. 1999), ets-1 (Yang
et al. 1998), p53, MDM2 (Grossman et al. 1998), and the
p65 subunit of NF-�B (Perkins et al. 1997), suggesting
that the inhibition of p300-dependent transcriptional ac-
tivity by SNIP1 may not be restricted to Smad-dependent
signaling downstream of TGF-� family receptors. In fact,
cotransfection of SNIP1 inhibits the transcriptional ac-
tivity to the carboxy-terminal transcriptional activation
domain of the p65 subunit of NF-�B linked to the Gal4
DNA-binding domain, whereas the transcription of
Gal4–VP16, which is independent of p300, is not affected
by SNIP1 (Fig. 6F). Interestingly, the transcription of

Gal4–p53, which, like Smad4 and p65, is dependent on
the C/H1 domain of p300, is not inhibited by SNIP1 (Fig.
6F), suggesting that the region of p300 to which SNIP1
binds is different from that of p53.

Competition between SNIP1 and Smad4 for binding
to p300

To address the mechanism whereby SNIP1 suppresses
the transcriptional activation of the TGF-� signal-trans-
duction pathway, cells were transfected with Smad2,
Smad4, and SNIP1, and the interaction between Smad4
and the endogenous p300 examined. Immunoprecipita-
tion of endogenous p300 followed by Western blotting
with �-Myc antibody to detect transfected Smad4
showed that overexpression of SNIP1 interfered with the
interaction between p300 and Smad4 in the presence of
Smad2 (Fig. 7A). SNIP1-N was as effective as full-length
SNIP in preventing the Smad4–p300 interaction,
whereas SNIP1-C had little effect (Fig. 7A). These data
suggest that SNIP1 inhibits Smad signaling activity by
competing with Smad4 for binding to p300. Importantly,
SNIP1 had no effect on the interaction of R-Smads with
p300 (data not shown), consistent with the finding that
R-Smads interact with the C/H3 domain of p300, which
is not important for the SNIP1–p300 interaction. More-
over, the reverse experiment to determine whether

Figure 4. SNIP1 localizes to the nucleus con-
stitutively and is involved in transcriptional in-
hibition. (A) HA–SNIP1, HA–SNIP1-N, and
HA-SNIP1-C expression vectors were transiently
cotransfected into NMuMg cells. After an over-
night serum starvation, cells were analyzed by
indirect immunofluorescence using �-HA mono-
clonal antibody. (Top) FITC staining of the cells
to localize transfected SNIP1 and its deletion
constructs. (Bottom) DAPI staining for the nu-
clei. (B) Cellular localization was determined by
an independent observer, blinded as to the con-
struct transfected, counting 200 cells per well to
determine the percentage of each SNIP1 con-
struct present in each of the sub-cellular com-
partments. Cytoplasmic (open bars) represents
fluorescent signal present only in the cytoplasm
of the cell, weak nuclear (hatched bars) represent
signal in both the cytoplasm and nucleus, and
nuclear (solid bars) represent signal present only
in the nucleus. Results are presented from a
single experiment, representative of three inde-
pendent experiments. (C) NMuMg cells were co-
transfected with 500 ng of 3TP–Lux, or SBE4–Luc
with indicated amounts of HA–SNIP1 and its de-
letions. TGF-� was either not added (open bars)
or added (solid bars) at a final concentration of 5
ng/ml, 24 hr before lysis, and analyzed for lucif-
erase activity. Results are expressed as means
(±S.D.) of triplicate assays, normalized for trans-
fection efficiency using �-galactosidase activity.
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Smad4 could interfere with the interaction of SNIP1 and
p300 was also carried out. Cells were transfected with
Smad4 and SNIP1 and the interaction between SNIP1
and endogenous p300 was examined. Immunoprecipita-
tion of endogenous p300, followed by Western blotting
with �-HA antibody to detect transfected SNIP1, showed
that overexpression of Smad4 interfered with the inter-
action between SNIP1 and p300 in a dose-dependent
manner and only in the presence of TGF-� (Fig. 7B).

Discussion

We now describe the isolation and characterization of a
new transcriptional suppressor of TGF-� signal-trans-
duction pathways. SNIP1 is a novel nuclear protein, lo-
cated on chromosome 1 (1p32.2–1p32.3), that has no pre-
viously identified homologs. Recognizable motifs in-
clude a NLS, which we have shown to be critical to the
overall function of SNIP1, and a FHA domain, which is
dispensable for the transcriptional inhibitory activity of
SNIP1. The FHA domain has recently been shown to be
a modular phosphothreonine recognition motif ex-
pressed on a variety of nuclear proteins, and suggested to
play a docking role analogous to that of the modular
phosphotyrosine domain recognition site, SH2 (Du-
rocher et al. 1999). It will be important to determine
whether this motif might mediate protein–protein inter-
actions that regulate the selectivity or modulate the ac-
tivity of SNIP1.

An amino-terminally truncated version of SNIP1 was
originally isolated from a yeast two-hybrid screen as a
novel interactor of Smad1 and was also shown to bind
Smad2 in a yeast two-hybrid system. Although similar
interactions can be shown in mammalian cells when
SNIP1-C and Smad1 and Smad2 are transiently overex-
pressed (data not shown), interaction of endogenous
SNIP1 appears to be restricted to the common mediator,
Smad4, suggesting that it represents the physiologically
relevant interaction. The ligand-dependent nature of the
SNIP1–Smad4 association is consistent with nuclear lo-
calization of SNIP1 and the ligand-dependent transloca-
tion of Smad4 to the nucleus in association with
R-Smads. (Lagna et al. 1996; de Caestecker et al. 1997,
2000). Whereas weak interactions of SNIP1 215–324
with the MH1 domain of Smad4 are detectable, the prin-
cipal interaction, and the interaction that is sufficient for
transcriptional repression by SNIP1, is the association of
the amino-terminal domain of SNIP1 with the carboxy-
terminal MH2 domain of Smad4. The Smad4 MH2 do-
main, which is necessary for interaction with R-Smads
and essential for mediating transcriptional responses to
signals from members of the TGF-� superfamily (Candia
et al. 1997; Hata et al. 1997), is also the locus for the
interactions of Smad4 with two other recently described
transcriptional inhibitors, the oncoproteins Ski and
SnoN (Luo et al. 1999; Sun et al. 1999). This hypothesis
suggests that interference with the structure or activity
of the MH2 domain of Smad4 could be the basis of a

Figure 5. Injection of SNIP1 into Xenopus
embryos leads to a suppression of Gsc ex-
pression and anterior truncations. A total of
1 ng of SNIP1-FL (C,D,H), or SNIP1-N (E,F,I)
or 2 ng of SNIP1-C (B,G) RNA were injected
into the two dorsal blastomeres of a 4-cell
embryo. Embryos were allowed to develop
until stage 10.5 and fixed for whole mount
in situ analysis for Xgsc expression, or em-
bryos were cultured until stage 33, fixed,
and photographed. SNIP1-FL or SNIP1-N-
injected embryos exhibited a suppression of
Xgsc expression as compared with the unin-
jected control (A) or to the SNIP1-C injected
embryos. At stage 33, SNIP1-C injected em-
bryos were phenotypically normal, whereas
SNIP1-FL and SNIP1-N-injected embryos
often showed loss of anterior structures.
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broader mechanism of transcriptional repression of
Smad pathways, not confined to SNIP1.

Our laboratory has previously identified a region of
Smad4 called the SAD (de Caestecker et al. 1997). This
region, which is located in the middle linker region just
amino-terminal to the MH2 domain (amino acids 275–
322), has been shown to be both necessary and sufficient
for the transcriptional-activating activity of Smad4
through its interaction with CBP/p300 (de Caestecker et
al., 2000). It is noteworthy that Smad4 deletion con-
structs of the MH2 domain inclusive of the SAD motif
were unable to bind SNIP1 either in vitro or in vivo. A
recent crystallographic structural analysis of the tran-
scriptionally active domain of Smad4 including the SAD
(amino acids 276–552) has shown that inclusion of the
SAD alters the previously published structure of the in-

active MH2 domain (Shi et al. 1997) by stabilizing a glu-
tamine-rich helical extension from the core (Qin et al.
1999). Thus, we suggest that inclusion of this domain, in
the absence of other constraints imposed by the MH1
domain, may restrict interactions of SNIP1 with the
MH2 domain.

Importantly, SNIP1 also interacts constitutively with
CBP/p300 through the same amino-terminal domain
that mediates its principal interaction with Smad4. On
this basis, we propose a model in which the relative lev-
els of SNIP1 and nuclear Smad4 contribute to setting
limits on both the basal activity as well as the maximum
level of transcriptional activation of target genes that can
be achieved in a cell following ligand activation. In this
model, high levels of SNIP1 relative to nuclear Smad4
will restrict the interaction between the activated Smad

Figure 6. Endogenous SNIP1 interacts with endog-
enous CBP/p300 through its amino terminus.
NMuMg cell lysates treated with or without TGF-�
were subjected to immunoprecipitation using
�-SNIP1 and blotted with �-p300 (A) or �-CBP (B).
The expression of these proteins in the cells was
monitored by direct immunoblotting as shown at
bottom. (C) Schematic diagram of p300 and location
of the deletion constructs used to make an in vitro-
transcribed/translated product. (D) p300 deletion
constructs from the above diagram were used to
make protein using reticulocyte lysate. The p300 de-
letion proteins were used in in vitro-binding assay
using various bacterially expressed GST fusion of
SNIP1 deletions constructs as indicated. After ex-
tensive washing, the beads were subjected to SDS-
PAGE and autoradiography. (E) A total of 25% of the
reticulocyte lysates used in the reaction was sub-
jected to standard SDS-PAGE and autoradiography
to detect the amounts used in each reactions (top). A
total of 25% of GST fusion proteins used in the ex-
periments was subjected to standard SDS-PAGE and
stained as per experimental protocol to control for
equal loading of GST proteins in the experiments
(bottom). (F) NMuMg cells were cotransfected with
pG5E1B with (+) or without (−) 0.5 µg of HA–SNIP1-
FL, as indicated along with Gal4 fusion proteins of
p65, p53, and VP16. Results are expressed as means
(±S.D) of triplicate assays, normalized for transfec-
tion efficiency using �-Galactosidase activity.
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complex and CBP/p300 with resultant inhibition of the
ligand-dependent transcriptional response. However,
high levels of Smad4 relative to that of SNIP1 will favor
the formation of transcriptionally active Smad4/coacti-
vator complexes and Smad4/SNIP1 complexes, which

may initiate proteasomal degradation of SNIP1 as dis-
cussed below (Lin et al., in prep.). In the case of the ho-
meodomain repressor TGIF, which, like SNIP1, sup-
presses both basal and TGF-�-activated transcription, a
competitive mechanism has also been proposed whereby
the relative levels of TGIF and Smad2 determine forma-
tion of mutually exclusive Smad2/inhibitor and Smad2/
coactivator complexes (Wotton et al. 1999). Suppression
of signaling responses from TGF-� family ligands by the
adenoviral oncoprotein E1A, which interacts with the
MH2 domain R-Smads, has also been shown recently
to involve competition for binding of these Smads to
the C/H3 domain of p300 (Nishihara et al. 1999). Our
data suggest that SNIP1 acts in a similar fashion to in-
hibit interaction of Smad4 with the C/H1 domain of
p300.

SNIP1 mRNA and protein are broadly expressed, and,
in the limited number of cell lines examined, did not
change with TGF-� treatment (data not shown). How-
ever, our preliminary observations of highly selective
patterns of immunohistochemical staining for SNIP1 in
tissues suggest that its expression is under stringent con-
trol (A. Perantoni, pers. comm.). In closely related find-
ings (Lin et al., in prep.) show that activation of BMP or
TGF-�-signaling pathways can lead to degradation of
SNIP1 through a process involving antizyme and the pro-
teasome � subunit HsN3. Proteolytic degradation has
also been suggested to be important in regulation of the
suppressor activity of Ski and SnoN, where it has been
proposed that a TGF-�-signal leads to activation of
Smad3, which then mediates degradation of SnoN and
Ski (Luo et al. 1999). Mechanisms such as these suggest
that the balance of activated Smad complexes and repres-
sor proteins in the nucleus is critical to regulation of the
signal-transduction pathways from TGF-� family li-
gands.

Although the cloning and characterization of SNIP1
was based on its ability to bind to Smad proteins and to
inhibit Smad-dependent signaling, its ability to inhibit
the transcriptional activating activity of the NF-�B tran-
scriptional activator p65 shows that its action is not lim-
ited to Smad-dependent signaling pathways. Because NF-
�B, like Smad4, interacts with p300 through the C/H1
domain, we speculated that SNIP1 might also suppress
transcription dependent on other factors interacting
with this same domain of p300 including Stat2 and Stat3
(Bhattacharya et al. 1996; Nakashima et al. 1999), ets-1
(Yang et al. 1998), p53 and MDM2 (Grossman et al.
1998). However, the inability of SNIP1 to inhibit the
p300-dependent activity of Gal4–p53 now suggests that
the specificity of SNIP1 may be more narrowly defined
in terms of the region of p300 with which it interacts
and may possibly also be restricted by other parameters
such as direct binding to the transcription factor itself.
As such, SNIP1 could both limit the magnitude of a par-
ticular cellular response and serve to mediate an addi-
tional level of crosstalk between various transcriptional
regulators that interact with it to fine tune cellular pro-
liferation, differentiation, and response to injury and
stress.

Figure 7. SNIP1 is able to inhibit the interaction of Smad4
with p300. (A) NMuMg cells were transfected with HA-tagged
SNIP1 constructs and indicated Flag-tagged full-length Smad2
and Myc-tagged Smad4 expression constructs. The activation of
the system was achieved by treating the cells with (+) or with-
out (−) 5ng/ml TGF-� for 1 hr before lysis. Interaction between
p300 and Smad4 was analyzed by immunoblotting the �-p300
immunoprecipitates with �-Myc antibody. The amount of im-
munoprecipitated p300 was monitored by immunoblotting
25% of p300 immunoprecipitate with �-p300 antibody. The ex-
pression of the transfected constructs was monitored by immu-
noblotting with antibodies against HA for SNIP1 or Myc and
Flag for Smads. The control lane was immunoprecipitated with
normal rabbit IgG. (B) COS-1 cells were transfected with HA-
tagged SNIP1 constructs and increasing amounts of Myc-tagged
Smad4 expression construct. The activation of the system was
achieved by treating the cells with (+) or without (−) 5ng/ml
TGF-� for 1 hr before lysis. Interaction between p300 and SNIP1
was analyzed by immunoblotting the �-p300 immunoprecipi-
tates with �-HA antibody. The amount of immunoprecipitated
p300 was monitored by immunoblotting 25% of p300 immuno-
precipitate with �-p300 antibody. The expression of the trans-
fected constructs was monitored by immunoblotting with an-
tibodies against HA for SNIP1 or Myc Smad4. The control lane
was immunoprecipitated with normal rabbit IgG.
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Materials and methods

Cell lines, antibodies, and expression constructs

NMuMg and COS-1 cells were maintained in DMEM (Life
Technologies) with 10% FBS (Life Technologies) and antibi-
otics.

Antibodies used in these experiments are as follows: mouse
monoclonal �-HA (clone 12CA5), �-Myc (clone 9E10), �-Flag-
M2 (Sigma), �-Smad4 (clone B8, Santa Cruz Biotechnoloy, CA),
and �-p300,CT (Upstate Biotechnology); rabbit polyclonal
�-Smad2 (clone 51–1400, Zymed), �-p300 (clone N15), �-p300
(clone C20), �-CBP (clone C20, Santa Cruz Biotechnology). An-
tibody against SNIP1 (rabbit polyclonal 1413-B) was a kind gift
of Dr. Steve Tronick (Santa Cruz Biotechnology, CA).

HA-tagged SNIP1 constructs were generated by use of pfu
polymerase (Stragene) with oligonucleotides corresponding to
the specified regions of SNIP1 and subcloned into pcDNA3
mammalian expression vector (Invitrogen). GST fusion proteins
of SNIP1 constructs were also generated by the same protocol
and subcloned into pGEX 4T3 bacterial expression vector (Phar-
macia). Smad4 deletion constructs used in GST pull-down as-
says were generated by use of pfu polymerase (Stratagene) with
oligonucleotides corresponding to the specified regions of
Smad4 and cloned into pCRII-TOPO (Invitrogen) vector. Dele-
tion constructs of p300 were obtained from Dr. John Brady
(Ogryzko et al. 1996). All PCR-generated products were se-
quenced by the dideoxynucleotide method. Gal4–p300 con-
structs used for Luciferase assays were described previously
(Snowden et al. 2000)

Northern hybridization

Multiple tissue Northern blot (Clontech) was hybridized with
the carboxyl terminus of SNIP1 (amino acids 121–396).

Indirect immunofluorescence

NMuMg cells were transiently transfected in 6-well plates with
the HA–SNIP1, HA–SNIP1-N, or HA–SNIP1-C using Lipofect-
amine (Life Technologies) according to the manufacturer’s pro-
tocol. After 24 hr, cells were serum starved overnight, fixed, and
permeabilized as described previously (de Caestecker et al.
1998). The epitopes were detected by incubating with �-HA at
room temperature for 1 hr, followed by incubation with goat
�-mouse FITC secondary antibody (Kirkegaard & Perry Labora-
tories, MD) for 1 hr at room temperature. The cells were
mounted with medium containing DAPI (Vectashield, Vector
Labs). Cells were visualized by use of a fluorescence micro-
scope.

Yeast two-hybrid assay

SNIP1 was isolated as a Smad1 interactor in the yeast two-
hybrid system. The full-length Smad1 was used as the bait and
a human fetal brain library as prey. To test the ability of SNIP1
to interact with other Smads, B42–SNIP1 fusion in the prey
vector pJG4-5 was transformed into the yeast strain EGY48
(Leu-2, His-3, Trp-1, Ura-3), which contains both an integrated
LexAop–Leu-2 reporter and a transfected LexAop–LacZ reporter
with a Ura-3 selective marker. Yeast transformants were se-
lected on U-W- plates. The B42–SNIP1 transformants were then
transformed again with the indicated LexA–Smad fusion con-
structs in the bait construct pEG202. Yeast transformants were
then selected on U-H-W- plates. Four separate colonies from
each group of transformants were streaked onto two sets of

X-Gal plates, U-H-W- glucose and U-H-W- galactose plate. The
expression of B42–SNIP1 fusion protein is under the control of
the GAL1 promoter. The glucose plate serves as the negative
control.

Immunoprecipitation and Western blots

To detect in vivo interaction of transfected constructs, COS-1
cells were transfected with the indicated constructs by use of
Lipofectamine as described above. After 24 hr, cells were
switched to 0.2% serum overnight, and lysed in 0.5 ml of Triton
X-100 lysis buffer A (25 mN HEPES at pH 7.5, 150 mM NaCl,
10% Glycerol, 5 mM EDTA, 1% Triton X-100) in the presence of
phosphatase and protease inhibitors for Smad interaction with
SNIP1, or 0.5 ml of Triton X-100 lysis buffer B (25 mN HEPES at
pH 7.5, 75 mM NaCl, 10% Glycerol, 5mM EDTA, 1% Triton
X-100) in the presence of phosphatase and protease inhibitors
for CBP/p300 interaction with SNIP1. Lysates were either di-
rectly separated by SDS-PAGE and transferred onto Immobi-
lon-P membranes (Millipore), and/or first immunoprecipitated
with the indicated antibody. Western blots were detected using
the appropriate HRP-conjugated secondary antibody, and visu-
alized by chemiluminescence (Pierce).

GST pull-down assay

For GST pull-down assays, GST fusion proteins for the various
SNIP1 deletion constructs were expressed in bacteria, quanti-
tated by SDS-PAGE, and stained using GELCODE Blue Stain
(Pierce) following affinity purification on glutathione beads
(Pharmacia). Equal amounts of fusion protein were incubated in
Triton X-100 lysis buffer B with in vitro transcribed/translated
Smad4 and its deletions or p300 deletions made with TnT Mas-
ter mix (Promega) according to manufacturer’s protocol. Prod-
ucts were incubated with GST fusion proteins for 2 hr and
washed with the same lysis buffer before subjecting them to
autoradiography using X-OMAT MR films (Kodak).

Transcriptional assays

The 3TP-Lux, SBE4-Luc, and p800 reporter vectors were used to
measure TGF-�-induced gene expression. Transfection, TGF-�
treatment, and luciferase assays were performed as described
previously, cotransfecting pSV-�-galactosidase to allow for nor-
malization of transfection efficiency (de Caestecker et al. 1997).
The total amount of transfected DNA was standardized by ad-
dition of pcDNA3 control vector as required, and all assays were
performed in triplicate, and represented as mean (± S.E.M.) of
three independent transfections.
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