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Background: Human SKIL gene encodes for SNON, a negative regulator of the TGF-�/SMAD pathway.
Results:We provide a molecular mechanism of transcriptional regulation of SKIL gene expression by TGF-�/SMADs.
Conclusion: Transcriptional cofactor complex SNON-SMAD4 negatively controls the expression of SKIL gene.
Significance: The formation and function of complex SNON-SMAD4 are impaired in cancer cells lacking SMAD4, which
affects TGF �-target gene regulation.

The human SKI-like (SKIL) gene encodes the SMAD tran-
scriptional corepressor SNON that antagonizes TGF-� signal-
ing. SNON protein levels are tightly regulated by the TGF-�
pathway: whereas a short stimulation with TGF-� decreases
SNON levels by its degradation via the proteasome, longer
TGF-� treatment increases SNON levels by inducing SKIL gene
expression. Here, we investigated the molecular mechanisms
involved in the self-regulation of SKIL gene expression by
SNON. Bioinformatics analysis showed that the human SKIL
gene proximal promoter contains a TGF-� response element
(TRE) bearing four groups of SMAD-binding elements that are
also conserved in mouse. Two regions of 408 and 648 bp of the
human SKIL gene (�2.4 kb upstream of the ATG initiation
codon) containing the core promoter, transcription start site,
and the TRE were cloned for functional analysis. Binding of
SMAD and SNON proteins to the TRE region of the SKIL gene
promoter after TGF-� treatment was demonstrated by ChIP
and sequential ChIP assays. Interestingly, the SNON-SMAD4
complex negatively regulated basal SKIL gene expression
through binding the promoter and recruiting histone deacety-
lases. In response to TGF-� signal, SNON is removed from the
SKILgenepromoter,andthentheactivatedSMADcomplexesbind
the promoter to induce SKIL gene expression. Subsequently, the
up-regulated SNONprotein in complexwith SMAD4 represses its
ownexpressionaspart of thenegative feedback loop regulating the
TGF-� pathway. Accordingly, when the SNON-SMAD4 complex
is absent as in some cancer cells lacking SMAD4 the regulation of
some TGF-� target genes is modified.

TGF-� cytokine regulates several cellular processes such as
proliferation, differentiation, and apoptosis mainly through the
activation of SMAD transcriptional factors (1–4). Because of
the variety of SMAD2 (S2),3 SMAD3 (S3), and Co-SMAD4 (S4)
heteromeric complexes that can be generated, the transcription
of most TGF-� target genes can be differentially regulated in a
cell context-dependent manner (4). In addition, many of the
TGF-�/SMAD actions can be antagonized by nuclear SKI and
SKI-novel (SNON) proteins, which are two closely related
members of the SKI family of oncoproteins that were identified
by their homology with the viral transforming protein v-SKI
(5–8). SNONand SKI act as SMADcorepressors by interacting
with SMAD complexes to inhibit their transcriptional abilities
and by recruiting other corepressors and histone deacetylases
(HDACs) to diverse TGF-�-responsive gene promoters (5,
9–11). So far, only a few TGF-� target genes have been shown
to be directly regulated by SKI and SNON. The SMAD7 gene, a
negative regulator of theTGF-� pathway, is likely the best char-
acterized gene negatively regulated by SKI and SNON core-
pressors (12, 13). In addition, SNON and SKI proteins can also
be localized in the cytosol where they might be able to block
TGF-� signals by sequestering SMAD proteins and preventing
their translocation to the nucleus (5, 14).
TGF-� tightly regulates SNON and SKI protein stability by

inducing their degradation via the ubiquitin-proteasome sys-
tem (UPS) in a SMAD-dependent manner (15–22). Interest-
ingly, the TGF-�/SMAD pathway regulates SNON protein lev-
els in a biphasic manner: it causes a rapid and transient SNON
protein degradation via the proteasome followed by an up-reg-
ulation of SNONmRNAandprotein levels after a longerTGF-�
treatment. This newly synthesized SNON protein seems to
establish a negative feedback loop to turn off TGF-� signaling;
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this is an important but poorly understood event (13, 23). The
regulation of SNON expression is relevant because SNON has
an essential role during embryonic development as well as in
homeostasis in the adult organism. SNON is expressed at low
levels in embryonic and postnatal tissues, but its expression can
be increased in some tissues at specific stages of embryonic
development or in different physiological contexts (5, 6).More-
over, SNON protein up-regulation may have a relevant role in
regulating the magnitude and duration of TGF-� signaling.

SKIL knock-out causes lethality in mice because Sno gene is
required for blastocyst formation (5, 6). Sno�/�micewith very
low SNON protein expression are more susceptible to tumori-
genesis, suggesting a tumor suppressor role for SNON (5, 6, 24).
In contrast, high levels of SNONmRNA and protein have been
reported in many cancer cell types, also suggesting an onco-
genic role. In fact, the overexpression of SNON seems to con-
tribute to cell resistance to TGF-�-induced growth arrest in
some cell types and also induces anchorage-independent
growth of chicken and quail embryo fibroblasts (10, 14, 24–27).
Therefore, it has been proposed that high levels of SNON pro-
teinmight lead to tumor growth, whereas low levelsmay lead to
tumormetastasis (26). Interestingly, SNONmRNA and protein
levels are up-regulated during liver regeneration, amodel of cell
proliferation distinct from cancer where SNON probably func-
tions in restraining the mitoinhibitory effect of the TGF-�/
SMADpathway (28); in contrast, low levels of SNONhave been
observed in renal fibrosis where it might favor TGF-� profi-
brotic actions (29, 30).
It is clear that a tight regulation of SNON expression is crit-

ical for SNON to function adequately in space and time. How-
ever, the transcriptional regulation of skil gene is not com-
pletely understood. Recently, the mouse Sno (SKIL) gene
promoter was cloned and partially characterized in fibroblasts
(25). This promoter bears a TGF-� response region with four
SMAD-binding element (SBE) groups that bind S2-S4 com-
plexes to activate SKIL gene expression. The promoter also
contains a SMAD inhibitory element downstream of the SBE
region that binds the inhibitory S3-S4 complex, and that study
clearly demonstrated that mouse SKIL gene is a TGF-�/SMAD
pathway target. Intriguingly, the authors also observed a pro-
longed induction of SNON expression by TGF-�, which was
shown to have a critical role in fibroblast transformation (25).
Here, we cloned and analyzed a fragment of the human SKIL

gene promoter bearing the core and proximal promoter as well
as a TGF-� response element (TRE) containing several SBEs.
We focused on studying themolecularmechanisms involved in
the self-regulation of SKIL gene expression by SNONprotein in
different cell contexts.

EXPERIMENTAL PROCEDURES

Bioinformatics Analysis—A genomic DNA sequence of �5
kb located immediately upstream from the ATG of human
SKIL gene was obtained from GenBankTM (accession number
AC073288). This sequence was analyzed to predict the putative
promoter region, transcription factor binding sites, and TSS of
human SKIL gene by using several software tools including
GenBank, FPROM, FirstEF, DBTSS, GPminer, and ALGGEN-
PROMO (supplemental Table S1 and Fig. S1).

Cloning of the Human SKIL Gene Promoter Bearing TRE and
Generation of Plasmid Constructs—Two fragments of the SKIL
gene harboring the promoter (408 and 648 bp) were amplified
by PCR from human genomic DNA (obtained from freshly iso-
lated human blood leukocytes) usingAccuPrimeGC-richDNA
polymerase (Invitrogen) and specific primers flanked by KpnI
and SacI restriction sites. These SKIL gene fragments are
located at positions �3100/�2692 (408 bp) and �3100/�2451
(648 bp) upstream fromATG (�1). The reporter plasmidswere
constructed by cloning each fragment into KpnI and SacI sites
of pGL3-Basic vector (Promega) to obtain the reporter genes
skilSBEs(408)-Luc (408-bp fragment) and skilSBEs(648)-Luc
(648-bp fragment). The cloned 408- and 648-bp fragments of
the SKIL promoter contained all four SBE groups and the TSS
(�1). The SKIL promoter region of 408 bp was also cloned with
an inverted orientation in the pGL3-Basic vector by subcloning
the insert into KpnI and XhoI sites of pcDNA3.1 and then sub-
cloned into HindIII and XhoI sites of pGL3-Basic to obtain the
reporter skilSBEs(408, 3�–5�)-Luc. The region of 408 bp was
also subcloned into KpnI and SacI sites of pGL3 minimal pro-
moter-E1B-Luc to obtain the reporter skilSBEs(408)-E1B-Luc.
All constructs were sequence-verified.
Cell Lines—A549 (human lung carcinoma) cells were main-

tained in Ham’s F-12 medium, and SW480 (human colon car-
cinoma) cellswere cultured in amixture ofDulbecco’smodified
Eagle’s medium (DMEM)/F-12 medium (1:1), whereas HepG2
(human hepatoma) and AD293 (a clone derived from HEK293
human embryonic kidney cell line) cells were maintained in
DMEM. Growth medium was supplemented with 10% fetal
bovine serum (FBS) plus antibiotics (penicillin/streptomycin),
and cells weremaintained under a 5%CO2 atmosphere at 37 °C.
AD293 and A549 cells stably expressing pRS/shSnoN (catalog
number TR309425 from OriGene), pRetroSuper/shSmad4J
hygro (Addgene plasmid 19151), or pBABE/Smad4J Rescue
(Addgene plasmid 19153) (31) weremaintained in the presence
of 10 �g/ml puromycin or 200 �g/ml hygromycin as selection
antibiotics.
SNON Site-directed Mutagenesis—DmSNON(�S2/S3/S4)

and UBmSNON(K437A,K446A) were generated by site-di-
rectedmutagenesis on the pCIneo/HA-SnoN (wild typemouse
SNON) using specific primers (supplemental Table S3) accord-
ing to the manufacturer’s instructions (Stratagene). All con-
structs were sequence-verified.
Luciferase Assays—For TGF-�-inducible luciferase assays,

A549, HepG2, SW480, and AD293 cells were transiently trans-
fected with the reporter plasmids containing fragments of the
SKIL gene promoter and pCMV/�-gal with or without any of
the following plasmids: pCMV5/T�RI-HA (wild type (WT)),
pCMV5/T�RI-HA (T204D), pCMV5/T�RI-HA (K232R),
pCMV5/FLAG-Smad2, pCMV5/FLAG-Smad3, pCMV5/HA-
Smad4, pCIneo/HA-Ski, pCIneo/HA-SnoN, pCIneo/HA-Dm-
SnoN, or pCIneo/HA-UBmSnoN. Cells were seeded at 60%
confluence in 12-well plates and transiently transfected with
0.5–1 �g of total DNA/well using the Lipofectamine method
for A549 cells or calcium phosphate method for SW480 and
AD293 cells as described previously (3, 13). 24 h postransfec-
tion, cells were treated for 12 h with 100 pM TGF-�1 (Prepro-
Tech), then they were lysed, and luciferase activity (Promega)
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wasmeasured in a luminometer (Turner Biosystems). �-Galac-
toside activity was used to normalize for transfection efficiency.
RT-PCR Assay—SNON and �-actin mRNA levels were

detected by RT-PCR using the primers and conditions
described previously (13). In brief, total RNAwas isolated using
TRIzol (Invitrogen) from cells treated with or without 300 pM
TGF-� for the indicated times. Total RNA (2 �g) was used for
cDNA synthesis using random hexamers and Moloney murine
leukemia virus RT (Invitrogen), and PCR was carried out using
Taq PCR Master Mix kit (Qiagen) using specific primers (sup-
plemental Table S2). PCR products were analyzed by electro-
phoresis on agarose gels.
Immunoprecipitation and Western Blot—Cells were lysed

with TNTE buffer (50 mM Tris-HCl, pH 7.4, 150 mM NaCl, 5
mM EDTA containing 0.5%Triton X-100 plus amixture of pro-
tease and phosphatase inhibitors) as described previously (13).
Proteins were immunoprecipitated with specific anti-SMAD2/
SMAD3 (N-20), anti-SMAD4 (C-20), anti-SNON (H-317)
polyclonal antibodies (Santa Cruz Biotechnology) or rabbit
polyclonal anti-SMAD4 (Upstate/Millipore), and then proteins
were separated by SDS-PAGE and detected by immunoblotting
with specific primary antibodies and either anti-rabbit or anti-
goat secondary HRP-conjugated antibody (Zymed Laborato-
ries Inc.) by using an enhanced chemiluminescence assay (ECL
kit from Amersham Biosciences). Phospho-SMAD2 was
detected with a specific polyclonal antibody (Chemicon/
Millipore).
Chromatin Immunoprecipitation (ChIP) and Sequential

ChIP (Re-ChIP) Assays—ChIP assays were carried out as
described previously (13) with the following modifications.
Cells were treated with 1% formaldehyde at 37 °C for 15 min
and then sonicated on ice for 10 cycles of 30 s eachwith a Fisher
Sonic Dismembrator 300. The desired amount of protein-
cross-linked DNA extract was precleared in batches, and spe-
cific antibodies were used for immunoprecipitation. Oligonu-
cleotide sequences used for PCRwere the sameused for cloning
the human SKIL gene promoter (supplemental Table S2). PCR
products were analyzed by electrophoresis on agarose gels. For
re-ChIP, the DNA-protein complexes immunoprecipitated
with the indicated antibodies were eluted with 10 mM dithio-
threitol, diluted 20� in re-ChIP buffer (1% Triton X-100, 2 mM

EDTA, 150mMNaCl, 20mMTris-HCl, pH 8.0), and then reim-
munoprecipitated with the indicated antibodies (32).
ChIP on Reporter Plasmid—AD293 cells were transiently

transfected with 3 �g of skilSBEs(408)-Luc reporter plasmid by
the Lipofectamine method. Cells were cross-linked with form-
aldehyde 48 h post-transfection and harvested, and then a ChIP
assay was performed as described previously (33). The obtained
DNA fragments were analyzed by PCR with specific primers to
amplify the region of SKIL promoter on the reporter (supple-
mental Table S2).
Northern Blot—Total RNA was purified from either primary

cultured mouse hepatocytes or the human HepG2 cell line
using TRIzol (Invitrogen). Northern blots were performed as
described previously (28).
Wound Healing Assay—Confluent A549 cells were serum-

starved for 12 h, and then awoundwas generated across the cell
monolayer using a 1-mm plastic tip. Cell pictures were taken at

different time points (0, 24, 48, and 72 h) after wounding. Data
were expressed as a percentage of wound closure.
Statistical Analysis—A Student’s t test was used to calculate

statistical significance. A p value �0.05 was considered to be
significant.

RESULTS

SNON Expression Is Regulated by TGF-� at the Transcrip-
tional Level—SNON is a regulatory protein capable of antago-
nizing TGF-�/SMAD signaling. Several studies have shown
that TGF-� tightly regulates the expression levels of SNON
protein and mRNA (13, 15–23, 25, 28, 34, 35). Northern blot
analysis using total RNA from HepG2 cells or mouse hepato-
cytes showed that SNON mRNA was induced after 1-h treat-
mentwith 300 pMTGF-�.Wedetected threemainmRNA tran-
scripts for human SKIL gene (�6.2, 3.5, and 3.0 kb) and for
mouse Skil gene (�6.2, 3.6, and 3.2 kb) (Fig. 1A). The main
difference in the size of these transcripts is probably due to
different lengths of their 3�-UTRs as has been reported previ-
ously (34, 35). In fact, the largest transcript reported in
GenBank (accession number NM_005414.4) contains two
poly(A) sites in the 3�-UTR (supplemental Fig. S1). Further-
more, the cycloheximide pretreatment induced an accumula-
tion of SNONmRNA transcripts in both HepG2 cells (Fig. 1A)
and mouse hepatocytes (data not shown). These results con-
firm that TGF-� positively regulates SNON expression at the
transcriptional level, and it does not require de novo protein
synthesis.
Interestingly, the analysis of SNON and SNON2 isoform

expression showed that human cell lines such as HepG2 and
A549 mainly expressed SNON protein isoform, which was also
the main isoform induced by TGF-� treatment (Fig. 1B). In
contrast, in mouse cell line C2C12 (Fig. 1B) andmouse hepato-
cytes (data not shown), both SNON and SNON2 protein iso-
forms were expressed, although SNON2 was the most abun-
dant isoform expressed and the main isoform induced by
TGF-�.

To better understand the transcriptional regulation of
human SKIL gene, we first performed a bioinformatics analysis
of an �5-kb genomic DNA sequence from human chromo-
some 3, which is located immediately upstream of the ATG of
SKIL gene (GenBank accession number AC073288). We used
the prediction programs GPminer, Genomatix, ALGGEN-
PROMO, DBTSS, FPROM, and FirstEF (supplemental Table
S1) to determine the promoter region of SKIL gene including
the TSS. We also performed an alignment between a human
chromosome 3 clone (GenBank accession number AC073288)
and the �7.2-kb clone of human SNON mRNA (accession
number NM_005414.4) using NCBI-BLAST andAspic. Results
revealed that the promoter of SKIL gene including a regionwith
some potential TSSs was located at �2.6 kb upstream from the
ATG. The analysis showed that the promoter region of SKIL
gene has a high G�C content with GC boxes, but neither
TATAAnor CAAT boxes were found. Also, we detected a CpG
island (�1.6 kb) spanning the promoter of SKIL gene by using
the CpG Island Searcher and EMBOSS programs (supplemen-
tal Fig. S1C and Table S1).
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FIGURE 1. TGF-� regulates SNON expression at the transcriptional level. A, TGF-� induces the early expression of three main SNON mRNA transcripts.
HepG2 cells and mouse hepatocytes were treated for 1 h with 300 pM TGF-�. HepG2 cells were also pretreated in the absence or presence of 20 �g/ml
cycloheximide (CHX) for 20 min. Total RNA was isolated, and Northern blot analysis of SNON mRNA was performed. rRNAs (18 and 28 S) are shown as an RNA
loading control. B, to analyze SNON and SNON2 protein expression, whole cell protein extracts from human HepG2 or A549 or mouse C2C12 cells were
immunoprecipitated and then detected by WB with specific anti-SNON antibodies (upper panel), or total RNA was obtained from human HepG2 or mouse
C2C12 cells treated for 1 h with or without 300 pM TGF-� to analyze SNON and SNON2 mRNA levels by RT-PCR (lower panel). C, the assembled SKIL gene map
shows the localization of promoter, TRE, putative TSS, ATG (�1), exon 1 (E1), and exon 2 (E2). D, the pGL3 reporter gene constructs bearing different fragments
of the SKIL gene promoter or empty vectors are schematically shown. E, AD293 cells transiently transfected with the indicated reporter plasmids were
incubated for 12 h in the absence or presence of 100 pM TGF-�, and cell extracts were analyzed for luciferase activity. F, AD293 cells were transfected with the
skilSBEs(408)-E1B-Luc reporter along with plasmids bearing full-length cDNA for S2, S3, or S4, and then cells were incubated for 12 h in the absence or presence
of 100 pM TGF-�. Cells were lysed, and samples were analyzed for luciferase activity. Luciferase activity was normalized using �-gal expression and expressed
as -fold induction over control. Values are mean � S.E. (error bars) of three separate experiments in triplicate. *, p � 0.05; **, p � 0.01 compared with control (C).
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Further analysis showed that a �450-bp sequence spanning
the core promoter of the SKIL gene has four groups of putative
binding sites for SMAD transcription factors (SBEs) (supple-
mental Figs. S1, S2, and S3); this region corresponds to the TRE
that is conserved in themouse Skil gene promoter (supplemen-
tal Figs. S1, S2, and S3). These SBEs found in the human SKIL
promoter showed high identity to those previously identified
on the mouse Skil promoter by footprinting (25). Each one of
the four SBEs in the SKIL promoter has one or two consensus
sites for SMAD binding that were identified previously as
important regulatory motifs for the expression of the mouse
Skil gene controlled by TGF-� (25).

On the other hand, the analysis of the 5�-region of SKIL gene
structure showed the presence of a small first exon (�170 bp)
followed by the first intron (1933 bp) and part of the second
exon (633 kb) (supplemental Fig. S1A). Thus, the SKIL gene
contains seven exons, the first exon is noncoding, the ATG is
localized at 5�-half of the second exon (supplemental Fig. S1A),
and the size of the main SNON mRNA transcript generated is
�7.2 kb (supplemental Fig. S1B). The position of the putative
TSS (�1) of SKIL genewas localized between SBE3 and SBE4 of
TRE from data obtained via partial cloning of the 5�-UTR by
RT-PCR assay (supplemental Fig. S2, A, B, and C). The 5�-UTR
fragment of SNON mRNA (839 bp) was cloned and sequence-
verified (supplemental Fig. S2D). This partial nucleotide
sequence of the 5�-UTR (from�2738 to�2571 and from�635
to �37 nucleotides) was submitted to GenBank under acces-
sion number JX103164 (supplemental Fig. S3).
In addition, we found several consensus sites for different

transcription factors on this region by bioinformatics analysis
(supplemental Fig. S4). Some of these transcription factors are
known SMAD partners such as CCAAT/enhancer-binding
proteins, p53, NF�B, STATs, MYOD, and YY1 among others
(11). These data support that this region contains a functional
gene promoter that is probably regulated by different signaling
pathways under specific cellular contexts or in cross-talk with
the TGF-� pathway.
The TGF-�-responsive Region of the SKIL Gene Promoter Is

Also SMAD-responsive—To study the regulation of the TRE
region of the SKIL promoter by TGF-�, we made two main
reporter plasmids that include the SBE region and TSS,
skilSBEs(408)-Luc and skilSBEs(648)-Luc, each one bearing a
fragment of 408 or 648 bp, respectively (Fig. 1, C andD). These
reporter gene constructs were transiently transfected into
AD293 cells; pGL3-Basic vector was used as a control. As
expected, both reporters were clearly responsive to the TGF-�
stimulus (Fig. 1E). Thus, our results indicate that the region of
the human SKIL gene promoter that contains the SBEs is part of
the proximal promoter of SKIL gene and is TGF-� responsive.
We also obtained similar results with a reporter plasmid bear-
ing the mouse Skil gene promoter (data not shown).
We also observed that the transcriptional activity of the SKIL

gene promoter (skilSBEs(408)-Luc) is specific and orientation-
dependent because the same sequence cloned in an inverted
orientation into pGL3-Basic (skilSBEs(408, 3�–5�)-Luc) lost
TGF-�-induced activity (Fig. 1E). We made another reporter
gene named skilSBEs(408)-E1B-Luc, which contains the mini-
mal E1B promoter and the 408-bp fragment of the SKIL pro-

moter; this reporter had a response to TGF-� similar to that of
the reporter lacking the E1B promoter (Fig. 1E). These results
support the conclusion that the region corresponding to the
promoter of SKIL gene is spanned by the TRE.
We used the skilSBEs(408)-Luc reporter construct to char-

acterize the response to TGF-�; thus, different epithelial cell
lines were transiently transfected with this reporter, and its
activity was measured by a luciferase assay. This reporter was
responsive to TGF-� stimulus in all the different cell lines
tested such as AD293, A549, and HepG2 (data not shown). We
observed that the induction of this reporter was also dependent
on TGF-� concentration in all cells tested (data not shown). In
addition, the constitutively active form of the TGF-� receptor
ALK5 (T204Dmutation) was able to induce the SKIL gene pro-
moter, whereas the WT ALK5 and a kinase-deficient ALK5
(K232R mutation) were inactive in AD293 cells (data not
shown). Moreover, a pretreatment with the ALK5 inhibitor
SB431542 (10 �M) (Tocris), which specifically blocks SMAD2
and SMAD3phosphorylation, clearly prevented SKIL gene pro-
moter induction by TGF-� in AD293 cells (data not shown).

We then analyzed the activation of SKIL gene promoter by
overexpressing different SMAD proteins in AD293 cells. The
S2 or S2-S4 overexpression increased SKIL gene promoter
expression and also enhanced the induction byTGF-�, whereas
S3, S4, S2-S3, S3-S4, or S2-S3-S4 overexpression showed an
inhibitory effect (Fig. 1F). Thus, TGF-� positively regulates
SKIL promoter activity mainly through specific S2-S4 com-
plexes. Our results agree with data reported previously for the
mouse Skil promoter (25).
SMAD and SNON Proteins Bind to and Regulate SKIL Gene

Promoter—To examine whether SNON was able to negatively
regulate its own expression, we performed luciferase assays by
transiently co-transfecting AD293 cells with the skilSBEs(408)-
Luc reporter along with plasmids bearing WT HA-Ski or HA-
SnoN cDNAs. We observed that SNON and SKI were potent
inhibitors of SKIL gene promoter activity (Fig. 2A) and that the
SKIL promoter expression inhibited by SNON was dependent
on the concentration of the transfected pCIneo/HA-SnoNplas-
mid (Fig. 2B).
Several studies have proposed that SNON and SKI can asso-

ciate with some repressor factors that interact with HDACs to
inhibit gene expression (10, 13, 36–39). To understand how
SNON inhibits the transcriptional expression of its own gene,
we evaluated the effect of HDAC inhibitors trichostatin (TSA)
and sodium butyrate (NaB). SNONmRNA levels were analyzed
in A549 cells pretreated for 1 h with or without 0.1 �M TSA or
5mMNaB and then incubated in the presence or absence of 300
pM TGF-� for 2 h. Data showed that HDAC inhibition by TSA
or NaB increased basal SNON mRNA levels and facilitated
induction of SKIL gene by TGF-� (Fig. 2C). These inhibitors
also increased the basal and TGF-�-induced activity of
skilSBEs(408)-Luc gene reporter (Fig. 2,D, E, and F). The S2-S4
complexes increased skilSBEs(408)-Luc reporter activity, and
this was favored by TSA treatment (Fig. 2D). Interestingly,
HDAC inhibitors also blocked the repression of skilSBEs(408)-
Luc reporter caused by SNON protein (Fig. 2, E and F). Data
showed that SNON self-represses its gene by forming a repres-
sor complex with HDAC activity.
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Expression of the SKIL gene is positively regulated by
SMADs and negatively regulated by SNON. Thus, we evaluated
the binding of endogenous SMAD and SNON proteins to the
SKIL gene promoter by ChIP on a plasmid assay. We first ana-
lyzed the binding of endogenous S2, S3, and S4 proteins on
skilSBEs(408)-Luc reporter plasmid previously transfected
along with HA-SnoN cDNA in AD293 cells. Cell extracts were
immunoprecipitated with specific antibodies for anti-S2/S3,

-S2, -S3, -S4, or -SNON, whereas anti-�-actin antibody was
used as a control, and the DNA that co-immunoprecipitated
with these proteins was used to amplify the region of the pGL3
vector bearing the SKIL promoter fragment (630 bp) by PCR. It
was observed that endogenous S2 and S3 proteins interacted
with the SBE region only in response to TGF-�, whereas SNON
was bound to that region only at the basal state. Intriguingly,
S4 was bound to the SKIL promoter in basal conditions, and the
binding was further increased by TGF-� stimulation (Fig. 2G).
These results demonstrate that SNON and SMAD proteins
bind differentially to the human SKIL gene promoter and indi-
cate that the repression and activation of the SKIL gene pro-
moter occur at different time points during TGF-� signaling.

We further evaluated the dynamic of endogenous SMADand
SNON binding to the SKIL gene promoter in response to
TGF-�, considering that TGF-� exerts a fine-tuned time-de-
pendent regulation of SNON levels.We performedChIP assays
using A549 cells treated with 500 pM TGF-� for different time
points (0, 45, and 120min). Immunoprecipitationswere carried
out with anti-S2/S3 and anti-SNON specific antibodies, and
then the co-immunoprecipitated DNA was amplified by PCR
with specific primers for the SKIL gene promoter (430 bp). Data
showed that the endogenous activated S2 and S3 were tran-
siently bound to the SKIL gene promoter after TGF-� treat-
ment (45 min), and then their binding decreased at 120 min
(Fig. 2H). In contrast, we observed that endogenous SNONpro-
tein was associated with the SKIL gene promoter at the basal
level, but this association decreased shortly after TGF-� treat-
ment, which coincides with SNON down-regulation induced
by TGF-�. Interestingly, after a longer TGF-� treatment (	2 h)
when SNON protein levels were up-regulated, the SNON pro-
tein was observed to bind back to the SKIL promoter to repress
it probably as part of a negative feedback loop generated by
TGF-� itself (Fig. 2H). This result demonstrates that SNON
and SMADs bind to the SKIL gene promoter and also provides
a molecular mechanism for the temporal repression and acti-
vation of SKIL gene promoter during TGF-�/SMAD signaling.
The Expression of SNON Is Regulated at Different Levels—

SNON expression is regulated at multiple levels such as gene
transcription, mRNA stability, and translation as well as at the
level of protein stability. For this reason, it is difficult to find the
correlation between SNONmRNAand protein levels at specific
time points after TGF-� stimulus. Therefore, to analyze the
time course of induction of SNON mRNA in response to
TGF-�, A549 cells were incubated for different times with or
without 300 pM TGF-�. Total RNA was then isolated, and a
fragment (308 bp) of SNONmRNA and a fragment (317 bp) of
SMAD7mRNA were amplified by RT-PCR with specific prim-
ers (Fig. 3, A and B). Analyzing the time course of induction of
SNON, we observed that SNON mRNA levels were increased
2 h after stimulus and remained elevated until 4 h later (Fig. 3A).
We observed that 2 h after TGF-� stimulation the SNON-S4
repressor complex was again positioned on the SKIL promoter
instead of the S2-S4 activator complex; thus, under this sce-
nario, we investigatedwhy the levels of SNONmRNA remained
elevated for so long.
To evaluate whether the levels of SNON mRNA remained

elevated due to an increase in its stability or to continuous SKIL

FIGURE 2. SNON binds to the SKIL promoter and represses its own expres-
sion. AD293 cells were transiently transfected with skilSBEs(408)-Luc along
with HA-Ski or HA-SnoN cDNAs (A) or with different amounts of pCIneo/HA-
SnoN (B). Cells were incubated for 12 h in the absence or presence of 100 pM

TGF-�, then lysed, and analyzed for luciferase activity. Luciferase activity was
normalized using �-gal expression and is reported as -fold induction over
control. Values are expressed as means � S.E. (error bars) of three separate
experiments in triplicate. C, A549 cells were pretreated for 30 min with or
without the HDAC inhibitors TSA (100 nM) (upper panel) and NaB (5 mM) (lower
panel) and then incubated for 2 h in the absence or presence of 300 pM TGF-�.
Total RNA was isolated, and SNON (308-bp) and �-actin (237-bp) mRNAs were
amplified by RT-PCR with specific primers (n 
 3). D, AD293 cells transfected
with skilSBEs(408)-Luc reporter along with plasmids bearing cDNAs for S2
and S4 were pretreated for 30 min with or without 100 nM TSA and then
incubated for 12 h in the absence or presence of 100 pM TGF-�. E and F, AD293
cells transfected with skilSBEs(408)-Luc reporter with or without HA-SnoN
were pretreated for 30 min with or without 5 mM NaB or 100 nM TSA and then
incubated for 12 h in the absence or presence of 100 pM TGF-�, and then cells
were lysed and analyzed for luciferase activity. Luciferase activity was normal-
ized using �-gal expression and is reported as -fold induction over control.
Values are expressed as means � S.E. (error bars) of three separate experi-
ments in triplicate. *, p � 0.05; **, p � 0.01 compared with control (C).
G, AD293 cells were transiently transfected with skilSBEs(408)-Luc reporter,
and 48 h post-transfection, cells were incubated for 45 min in the absence or
presence of 500 pM TGF-� (n 
 2). H, A549 cells were incubated for 45 min
or 2 h in the absence or presence of 500 pM TGF-� (n 
 2). ChIP on plasmid
(G) or ChIP (H) assays were carried out using anti-S2/S3, anti-S2, anti-S3, anti-
S4, or anti-SNON antibody. PCRs were done with primers spanning the SBE
region either from the pGL3 vector bearing the promoter fragment (630 bp)
or a region from the endogenous SKIL promoter (430 bp).
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gene transcription, we used actinomycin D to inhibit transcrip-
tion and SB431542 to inhibit SMAD activation. A549 cells were
incubated for 2 h in the presence or absence of 300 pM TGF-�,
and then 5�g/ml actinomycinD or 10�MSB431542was added
for different times (Fig. 3B). Total RNA was isolated, and RT-
PCR was performed with specific primers for SNON. We
observed that SB431542 induced a faster decrease of SNON
mRNA levels than actinomycin D, suggesting that activated
SMADs may play a role not only in inducing SKIL gene tran-
scription but also in controlling SNON mRNA stability (Fig.
3B). Similar results were obtained when SMAD7mRNA levels
were analyzed (Fig. 3, A and B); SMAD7 was identified previ-
ously as a SNON target gene (13).
Because multiple factors are involved in controlling SNON

expression, it has been difficult to observe a correlation
between SNONmRNA and protein levels. Thus, we studied the
effect of SB431542 on SNON expression. Serum-starved A549
cells were preincubated for 30min in the absence or presence of
10�MSB431542 and then incubated for 2 hwith orwithout 300
pM TGF-�. Total RNA was isolated, and RT-PCR was per-
formed with specific primers for SNON (Fig. 3C), or whole cell
protein extracts were immunoprecipitated with anti-SNON or
anti-S2/S3 antibody and then detected by immunoblot with
anti-SNON or anti-phospho-S2 (Fig. 3D). Data showed that
SB431542 treatment decreased SNON mRNA levels but
increased SNON protein levels at the basal conditions. Thus,
the inactivation of SMADs seems to promote low levels of
SNON mRNA and high levels of SNON protein, suggesting a
role for SMADs in controlling both SNONmRNA and protein
stability.
SNON Is Removed from SKIL Gene Promoter upon TGF-�

Stimulation Independently of Its Degradation—It has been pro-
posed that SNON and SKI corepressors maintain some TGF-�
target genes repressed in the absence of ligand; however, only a

few SKI and SNON target genes have been identified so far.
Upon TGF-� stimulation, S2 and S3 translocate into the
nucleus and induce a rapid degradation of SNON and SKI
proteins via the proteasome. Thus, it has been argued that
SNON and SKI degradation induced by TGF-� is necessary to
allow the activation of different TGF-� target genes, but the
exact underlying mechanisms have not been clearly deter-
mined. TGF-�/SMAD signaling induces SNON protein degra-
dation via the UPS involving E3 ubiquitin ligases such as Arka-
dia, SMURF2, or anaphase-promoting complex; activated
R-SMADs participate as adapters that recruit the E3 ubiquitin
ligases required for the polyubiquitination of SKI and SNON
(15–22). Previously, we reported that the antibiotic anisomycin
(ANISO) can also down-regulate SNON and SKI proteins via
the proteasome but through a new mechanism that is inde-
pendent of SMAD proteins and from its known ribotoxic
effects, and now anisomycin has become a useful tool to down-
regulate SKI and SNON levels in specific cell types (16, 40).
We set up an assay to evaluate whether SNON degradation

induced by TGF-� was required to induce SKIL gene expres-
sion. A549 cells were preincubated for 2 h with or without 50
�M MG132, a specific proteasomal inhibitor, and then cells
were incubated for 45min in the absence or presence of 300 pM
TGF-� or 10 �MANISO. TGF-� and ANISO decreased SNON
protein levels in the absence of a proteasome inhibitor, whereas
treatment with MG132 prevented SNON down-regulation but
not S2 phosphorylation (Fig. 4A).We also observed that SNON
protein levels were increased over basal in A549 cells preincu-
bated with MG132 likely because of greater protein stability,
whereas the basal mRNA levels did not change significantly.
However, SNONmRNA levels were induced by TGF-� with or
without MG132 pretreatment, but the induction was lower in
cells pretreated with MG132 (Fig. 4B). These data indicated
that TGF-� and ANISO reduce SNON protein levels by the
UPS as shown previously (13, 16).
MG132 pretreatment showed a slight inhibitory effect on

TGF-� actions such as the increase of SNONmRNA levels (Fig.
4B), SNON binding to SKIL gene promoter (Fig. 4C), and acti-
vation of SKIL gene promoter (Fig. 4D). In the latter case,
MG132 pretreatment decreased basal skilSBEs-Luc reporter
gene expression, whereas the TGF-�-induced expression of the
SKIL promoter was only slightly affected (Fig. 4D). These data
suggest that TGF-� promotes SNON protein down-regulation
to fully induce SKIL gene expression. To test this, we used a
SNON mutant (UBmSNON) unable to be polyubiquitinated
and degraded (17). We observed that UBmSNON repressed
skilSBEs-Luc reporter activity in a similar way as WT SNON
(Fig. 4E). We also performed ChIP on a reporter plasmid assay
using skilSBEs-Luc and UBmSNON. We observed that
UBmSNONwas recruited to the SKIL gene reporter similarly to
WT HA-SNON, and it is very interesting that TGF-� was able
to remove the UBmSNON protein from the SKIL promoter
even though TGF-� did not cause its degradation (Fig. 4F).
Thus, we demonstrated that SNONprotein degradation is not a
prerequisite for SNON to be removed from its target gene pro-
moters. However, we also showed that it is important for
TGF-� signaling that activated SMAD complexes remove
SNON from the promoter to bind the promoter and fully

FIGURE 3. SNON mRNA and protein levels are regulated at different levels
after TGF-� stimulus. A, A549 cells were incubated for different times with or
without 300 pM TGF-�. Total RNA was isolated, and then SNON (308-bp),
SMAD7 (317-bp), and �-actin (237-bp) mRNAs were amplified by RT-PCR with
specific primers (n 
 3). B, A549 cells were incubated for different times in the
presence or absence of 300 pM TGF-�, and in the indicated cases, 5 �g/ml
actinomycin D (ACD) or 10 �M SB431542 (SB43) was added 2 h post-treatment
with TGF-�. Total RNA was isolated, and RT-PCR was performed with specific
primers for SNON (308 bp), SMAD7 (317 bp), and �-actin (237 bp) (n 
 2). C and
D, A549 cells were preincubated for 30 min in the presence or absence of 10
�M SB431542 and then incubated for 1 h with or without 300 pM TGF-�. Total
RNA was isolated, and RT-PCR was performed with specific primers for SNON
and �-actin (n 
 2) (C), or whole cell protein extracts were immunoprecipi-
tated with anti-SNON or anti-S2/S3 antibody and then detected by WB with
anti-SNON or anti-phospho-S2 antibody (n 
 3) (D).
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induce SKIL gene expression as it has been suggested previously
(17).
SNON Protein Negatively Self-regulates Its Expression at

Transcriptional Level—To demonstrate that SNON can regu-
late its own expression at the transcriptional level, we used two
different strategies to down-regulate SNON protein levels and
evaluated their effect on SKIL gene expression. First, A549 cells
were pretreated with or without 10 �MANISO for 1 h and then

incubated for 45 min in the absence or presence of 300 pM
TGF-�, and SNON protein levels were evaluated by immuno-
precipitation (IP)/Western blot (WB) (Fig. 5A). These data
showed that SNON protein was degraded after TGF-� or
ANISO treatment as we reported previously (13, 16). Thus, we
evaluated how SNON protein down-regulation induced by
ANISO contributes to the regulation of SKIL gene expression.
First, SNON mRNA levels were analyzed by RT-PCR in A549
cells pretreated for 20 min with 20 �g/ml cycloheximide to
inhibit protein synthesis and then incubated for 2 h in the
absence or presence of TGF-� or ANISO. �-Actin mRNA (237
bp) was amplified as an RNA loading control. These data
showed that TGF-� induced an increase of SNON mRNA lev-
els, whereasANISO increased basal andTGF-�-induced SNON
mRNA levels (Fig. 5B). It is possible that SNON protein down-
regulation induced by ANISO caused a derepression of SKIL
gene. This was supported by the observation that endogenous
SNON was not positioned on the SKIL promoter when A549
cells were pretreated with ANISO (Fig. 5C). These data suggest
that SNONprotein down-regulation byANISOmay relieve the

FIGURE 4. TGF-� signal removes SNON from SKIL gene promoter inde-
pendently of its degradation. A, A549 cells were pretreated for 2 h without
or with 50 �M MG132 and then incubated for 45 min in the absence or pres-
ence of 300 pM TGF-� or 10 �M ANISO. Proteins were immunoprecipitated
with anti-SNON or anti-SMAD2 antibody followed by WB (n 
 2) (A), or total
RNA was isolated, and SNON (308-bp) and �-actin (237-bp) mRNAs were
amplified by RT-PCR with specific primers (n 
 2) (B), or ChIP assays were
carried out using anti-SNON antibody, and PCRs were done with primers
spanning SKIL SBE region (430 bp) (n 
 3) (C). D, A549 cells transfected with
the skilSBEs(408)-Luc reporter were pretreated for 2 h without or with 50 �M

MG132 and then incubated for 12 h with or without 100 pM TGF-�. Luciferase
activity was evaluated and normalized using �-gal expression and is reported
as -fold induction over control. Values are mean � S.E. (error bars) of three
separate experiments in triplicate. *, p � 0.05 compared with control (C). E, to
further analyze whether SNON degradation was required to regulate SKIL
gene, we used UBmutSNON, which is unable to be ubiquitinated or
degraded. AD293 cells were transiently transfected with skilSBEs(408)-Luc
reporter along with WT SNON or UBmSNON, and 24 h post-transfection, cells
were incubated for 12 h with or without 100 pM TGF-�. Luciferase activity was
evaluated and normalized using �-gal expression and is reported as -fold
induction over control. Values are mean � S.E. (error bars) of three separate
experiments in triplicate. F, AD293 cells were transiently transfected with the
skilSBEs(408)-Luc reporter with or without UBmSNON. Cells were incubated
for 45 min with or without 500 pM TGF-�, and a ChIP on plasmid assay was
carried out using anti-SNON antibody for IP. PCRs were done with primers
spanning the SBE region cloned into pGL3 vector (630 bp) (upper panel).
Endogenous SNON and UBmSNON protein levels were detected by Western
blot (lower panel).

FIGURE 5. SNON negatively self-regulates its expression at the transcrip-
tional level. A, A549 cells were preincubated for 1 h in the absence or pres-
ence of 10 �M ANISO and then incubated for 45 min with or without 300 pM

TGF-�. Whole cell protein extracts were immunoprecipitated with specific
anti-SNON and anti-S2/S3 antibodies and then analyzed by immunoblotting
with specific anti-SNON and anti-phospho-SMAD2 (p-S2) antibodies. B, A549
pretreated with cycloheximide (CHX) for 20 min were then preincubated for
1 h in the absence or presence of 10 �M ANISO and then incubated for 2 h with
or without 300 pM TGF-� (n 
 2). Total RNA was isolated, and RT-PCR was
performed with specific primers for SNON and �-actin. C, A549 cells were
pretreated for 1 h without or with 10 �M ANISO and then treated for 45 min
with or without 500 pM TGF-�, and a ChIP assay was carried out using anti-
SNON antibody for IP (n 
 3). PCRs were done with primers spanning the SKIL
SBE region. A549 (D) or AD293 (E) cells stably expressing an shRNA to knock
down SNON were co-transfected with the skilSBEs(408)-Luc or smad7SBE-Luc
reporter plasmid, and 24 h post-transfection, cells were incubated for 12 h in
the absence or presence of 100 pM TGF-�. Luciferase activity was normalized
using �-gal expression and is reported as -fold induction over control (C).
Values are mean � S.E. (error bars) of three separate experiments in triplicate
(upper panels). Endogenous SNON protein levels were detected in each cell
type by Western blot (lower panels).
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basal repression of SKIL gene and may facilitate the TGF-�
effect on SKIL gene induction.
To validate the hypothesis that SNON was involved in basal

repression of SKIL gene promoter, the endogenous SNONpro-
tein expression was knocked down using shRNA in AD293 and
A549 cells. SNON knockdown cells (shSnoN) with low SNON
protein levels (Fig. 5, D and E, lower panels) showed higher
skilSBEs(408)-Luc reporter basal expression as well as higher
TGF-�-induced activity (Fig. 5,D and E, upper panels). Because
the levels of SNON expression could affect the expression of
several TGF-� and SNON target genes, we also investigated the
SMAD7 gene expression. We observed that basal and TGF-�-
induced activity of smad7SBE-Luc was also increased in SNON
knockdown cells (Fig. 5,D and E, upper panels). Therefore, it is
very likely that the levels of SNON protein may affect the basal
expression of most of its target genes.
SMAD4 Protein Is Required to Induce SKIL Gene Expression

by TGF-� and to Bind and Repress SKIL Gene Promoter by
SNON—We evaluated the role of S4 in recruiting R-SMAD and
SNON proteins to the SKIL promoter. SNON and SKI do not
possess DNA binding ability, and they seem to be recruited to
TGF-�-responsive gene promoters through their interaction
with SMAD proteins, mainly S4 (41, 42). Moreover, the SKIL
gene seems to be induced by TGF-� in either an S4-dependent
or S4-independent manner (43, 44).
To study the participation of S4 in the regulation of the

human SKIL promoter by TGF-�/SMADs and SNON, we used
the AD293 cell line stably expressing pRetroSuper/shS4J
hygro (shS4; cells with low levels of SMAD4 protein by RNAi)
or pRetroSuper/shS4J hygro plus pBABE/Smad4J Rescue (S4R;
cells that overexpress SMAD4 protein because S4mRNA can-
not be degraded) (Fig. 6A, upper panel). TGF-� transiently
increased SNONmRNA levels in AD293 cells, and the highest
levels were observed between 2 and 4 h after treatment (Fig. 6A,
middle panel). We also observed that TGF-� increased SNON
mRNA levels at 2 h in control and S4R cells but not in shS4 cells
where the induction of SKIL gene by TGF-� was reduced (Fig.
6A, lower panel). Interestingly, the basal expression of SNON
mRNA was increased in shS4 cells with respect to control and
S4R cells (Fig. 6A, lower panel). Our data indicate that S4 is
necessary not only for repressing SKIL gene expression at the
basal level but also for inducing its expression by TGF-� in
these cells.
SNON protein levels were also evaluated in control and shS4

AD293 cells. We observed that its levels decreased at 45 min
and then increased after 2 h of TGF-� treatment in control cells
(Fig. 6B), whereas TGF-� was unable to induce SNON expres-
sion at 2 h in the shS4 cells (Fig. 6B). Phospho-SMAD2 levels
were increased after TGF-� treatment in both control and shS4
AD293 cells (Fig. 6B). Furthermore, we also observed that SKIL
gene promoter activity induced by TGF-�was dependent on S4
expression because this effect only occurred in control and S4R
cells (Fig. 6C). TGF-� was also able to active 3TP-Lux in a
SMAD4-dependent manner (data not shown) as reported pre-
viously (43, 44). Intriguingly, SNON could not repress its
expressionwhen SMAD4was absent, and as a consequence, the
levels of SNONmRNA as well as the activity of SKIL promoter
were increased (Fig. 6, A and C). Our results show that S4 pro-

tein is needed to induce SKIL gene expression byTGF-� and for
the self-repression caused by SNON in AD293 cells.
To further evaluate the relevance of SNON-SMAD interac-

tion in the regulation of SKIL gene expression, we constructed a
double mutant of SNON (DmSNON) unable to associate with
R-SMAD and SMAD4 (41). We observed that, in contrast to
WTSNON, theDmSNONwas unable to repress both basal and
TGF-�-induced activity of skilSBEs(408)-Luc reporter (Fig.
6D). Our data indicated that SNON requires interaction with

FIGURE 6. SNON depends on SMAD4 protein for SKIL promoter binding
and repression. A, control AD293 cells (C) or cells stably expressing shSmad4
(shS4) or shSmad4 plus rescue S4 cDNA (S4R) were incubated for 2 h with or
without 300 pM TGF-�. Whole cell protein extracts were subjected to IP with
anti-S4 specific antibody followed by immunoblotting (upper panel). Total
RNA was also isolated from control AD293 cells (upper and lower panels) or
from shS4 or S4R AD293 cells (lower panel) incubated with or without 300 pM

TGF-� for different times, and SNON (308-bp) and �-actin (237-bp) mRNAs
were amplified by RT-PCR with specific primers (n 
 2). B, control AD293 cells
or stably expressing shSmad4 (shS4) AD293 cells were incubated for different
times with 300 pM TGF-�. Whole cell protein extracts were subjected to IP
with anti-SNON, anti-S2/S3, or anti-S4 antibody followed by WB with anti-
SNON, anti-phospho-S2 (p-S2), or anti-S4 antibody (n 
 2). Control or shS4
AD293 cells were transiently transfected with skilSBEs(408)-Luc reporter plas-
mid with or without plasmids bearing cDNA for SMAD4 rescue (S4R) (C), and
AD293 cells were transiently transfected with skilSBEs(408)-Luc reporter
along with plasmids bearing cDNA for WT SNON or DmSNON (D). Twenty-four
hours post-transfection, cells were incubated for 12 h in the absence or pres-
ence of 100 pM TGF-�. Luciferase activity was normalized using �-gal expres-
sion and is reported as -fold induction over control. Values are mean � S.E.
(error bars) (n 
 6). AD293 cells were transiently transfected with skilSBEs-Luc
reporter, and 48 h post-transfection, a re-ChIP assay was carried out (n 
 2) (E),
or a ChIP assay was carried out in shS4 and S4R AD293 cells (F); both assays
were performed using anti-S4, anti-FLAG, or anti-SNON antibody for the first
IP; anti-S4, anti-S2/S3, anti-SNON, or anti-SKI antibody for the second IP; and
anti-�-actin antibody as a control. PCRs were performed with primers for
pGL3 plasmid bearing SKIL promoter (630 bp) or for SKIL promoter (430 bp).
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SMADs to repress the expression of SKIL gene, and previous
studies have shown that SKI requires S4 to inhibit the SMAD7
gene promoter (12, 42). To evaluate whether the regulation of
SKIL gene by SNON also requires its association with SMAD4,
a re-ChIP assay on reporter plasmid was carried out in AD293
cells expressing skilSBEs-Luc using anti-SNON and anti-S4
antibodies for first and second IPs. Our results showed that
endogenous SNON and SKI associate with endogenous S4, and
this association appears to mediate the binding of SNON and
SKI proteins to the SKIL promoter (Fig. 6E). We also observed
by endogenous ChIP assays in S4R and shS4 AD293 cells that
SNON can bind the SKIL promoter only when S4 is expressed
(Fig. 6F). It is possible that SKI and SNONmay also depend on
S4 to bind to other TGF-� target gene promoters as occurs
with the SKIL gene. We also found that SNON interacts with
S4 to negatively regulate its own basal and TGF-�-induced
expression.
TheAbsence of SNON-SMAD4ComplexAffects the Biological

Outcome of TGF-� Signaling—In the epithelial AD293 cell line,
we observed that TGF-� requires S4 to induce SKIL gene
expression, whereas SNON depends on S4 protein for binding
and repression of SKIL gene promoter. Because the response of
cells to TGF-� depends on the cell context, we evaluated the
effect of TGF-� on SKIL gene expression in two different cell
types: A549 cells that undergo epithelial-mesenchymal transi-
tion in response to TGF-� and exhibit a high level of SNON
protein and a low level of SKI protein and the colon cancer cell
line SW480 that lacks S4, has a mesenchymal phenotype, and
contains very high levels of both SNON and SKI proteins that
are not down-regulated in response to TGF-�. We first exam-
ined the SNON expression levels in these cells by WB. The
levels of SNON protein were very high in SW480 cells com-
paredwithAD293 andA549 cells (Fig. 7A). Thus, we decided to
study the role played by SNON and S4 expression levels in the
formation of SNON-S4 complex as well as the role of this com-
plex in the regulation of human SKIL gene by TGF-� in differ-
ent cellular contexts.
We evaluated SNON protein levels after TGF-� treatment

for different times in shS4 and S4R A549 cells (Fig. 7B), SW480
cells lacking endogenous S4 expression, and SW480 cells tran-
siently expressing S4 (Fig. 7C).Weobserved that SNONprotein
levels decreased at 45min and then increased at 2 h in both shS4
and S4R A549 cells; however, we also observed a higher basal
level of SNON protein expression as well as high levels of
SNON protein after 4 h or longer times of TGF-� treatment in
shS4 cells than in S4R cells (Fig. 7B).
In the case of the SW480 cell line, both control or overex-

pressing S4, SNONprotein levels were just slightly increased in
response to TGF-� even though the phospho-S2 levels were
highly increased (Fig. 7C). Interestingly, TGF-� was unable to
cause SNON degradation at any time point even though the
phospho-S2 levels remained elevated until 20 h after TGF-�
treatment (Fig. 7C, upper panel). Also, we observed a strong
interaction among SNON, SKI, and phospho-S2 in control
SW480 cells after TGF-� treatment (Fig. 7C, lower panel).
However, we observed an interaction between SNON and S4
only in SW480 cells transiently expressing S4. Furthermore,
TSAwas unable to increase SNONmRNA levels in SW480 cells

(data not shown), supporting the idea that in these cells the
basal SNON-S4 repressor complex is absent.
Interestingly, we observed that the induction of SKIL gene

reporter by TGF-� was independent of S4 expression in A549
cells because this effect occurred in both shS4 and S4R A549
cells (Fig. 7D). Similar data were obtained in SW480 cells (Fig.
7E). Additionally, the analysis of smad7-Luc reporter showed a
similar regulation (data not shown). Intriguingly, when SMAD4
was absent or its levels were low, SNON could not repress its
own expression, and as a consequence, the activity of SKIL pro-
moter was increased (Fig. 7, D and E). Our results showed that

FIGURE 7. The absence of SNON-SMAD4 complex affects TGF-� signaling
outcome. A, the levels of SNON protein were detected by WB in total protein
extracts from AD293, A549, and SW480 cells. The levels of tubulin were used
as a loading control (n 
 3). For IP/WB assays, the following cell types were
incubated for different times with or without 300 pM TGF-�: A549 cells stably
expressing shSmad4 (shS4) or expressing shSmad4 plus rescue S4 cDNA (S4R)
(n 
 2) (B) and total cell lysates from control or transiently expressing S4
SW480 cells were subjected to WB (upper panel) or IP with anti-SNON or anti-
SMAD2/3 specific antibody (lower panel) followed by WB with anti-SNON,
anti-SKI, anti-S4, or anti-phospho-S2 (pS2) antibody (n 
 2) (C). For reporter
gene assays, the following cell types were transiently transfected with
skilSBEs(408)-E1B-Luc: A549 cells stably expressing shSmad4 (shS4) or
expressing shSmad4 plus rescue S4 cDNA (S4R) (D) and control (�) or tran-
siently expressing S4 or SNON SW480 cells (E). Transfected cells were then
incubated for 12 h with or without 100 pM TGF-�, and then luciferase activity
was measured and normalized using �-gal expression. Data are reported as
-fold induction over control. Values are mean � S.E. (error bars) of three sep-
arate experiments in triplicate (upper panels). *, p � 0.05; **, p � 0.01 com-
pared with control (C). F, confluent and serum-starved A549 cells stably
expressing empty vector pRSV (� and f) or shSnoN (Œ and ●) were
wounded, and then the wound closure was monitored for different times in
the absence or presence of 50 pM TGF-� (T�) (f and ●). The graph shows a
representative experiment, and data are shown as percentage of wound closure
(mean � S.E. (error bars), n 
 3).
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S4 protein is always indispensable for the SKIL gene repression
caused by SNON.
To further study the relevance of SNON levels in regulating

the response of the cell to TGF-�, we evaluated themigration of
A549 cells by using a wound healing assay. Confluent and
serum-starved A549 cells stably expressing empty vector
(pRSV) or shSnoN were wounded, and the wound closure was
monitored for different times in the presence or absence of
TGF-� (Fig. 7F). We observed that the knockdown of SNON
increased themigratory phenotype of A549 cells and promoted
the TGF-� effect. These data show the relevance of SNON lev-
els to control TGF-� signals.

DISCUSSION

SNON is a negative regulator of SMAD transcriptional fac-
tors that may control many actions of TGF-� (1–9, 41, 42).
Changes in SNON levels have been associated with diverse
physiological processes such as embryonic development,
hepatic regeneration, and muscular differentiation as well as
with some diseases such as fibrosis and cancer, which are also
related to altered TGF-� signaling (26–30, 45). Much evidence
suggests that the regulation of SNON expression is essential in
homeostasis and very complex. So far, TGF-� and hepatocyte
growth factor are the main known signals that can induce
SNONexpression (25, 46). Because SNONexpressionmight be
critical in diverse physiological and pathological processes,
here we aimed to describe the molecular mechanisms control-
ling human SKIL gene expression by the SNON-SMAD4 com-
plex and TGF-� signaling.
Our bioinformatics analysis showed that the TRE spans the

SKIL gene promoter. Also, the TSS of SKIL gene was located
between SBE3 and SBE4 of TRE by partial cloning of the
5�-UTR of SNON mRNA by RT-PCR assay. A previous report
showed by ChIP assay that TGF-� induced RNA polymerase II
recruitment to the TRE of SKIL gene (47), which supports our
finding that the TRE region spans the core promoter of SKIL
gene. Intriguingly, TGF-�-responsive SKIL gene promoter is
spanned by four groups of SBEs (supplemental Fig. S1). The
affinity of SMAD proteins for one SBE is very low, but the pres-
ence of multiple SBEs probably increases the SMAD binding
affinity to improve transcriptional activation through coopera-
tive interactions between multiple SMAD-SBE contacts by the
activated SMAD complex as suggested previously (1, 2, 4,
11–13, 48, 49).
Our analysis also showed that the ATG is located in the

5�-half of the second exon of the SKIL gene, whereas the first
exon is small, GC-rich, and non-coding, and the first intron is
very large. Interestingly, these particular characteristics of SKIL
gene show that the first exon and first intron contain the previ-
ously identified regulatory sequences, the SMAD inhibitory
element and hepatocyte growth factor-responsive element,
which were identified as relevant elements for the regulation of
SKIL gene expression by TGF-� and hepatocyte growth factor,
respectively (25, 46, 50). We also found that the SKIL promoter
is a TATA-less core promoter, and it is spanned by a large CpG
island (supplemental Fig. S1) (51).

In the TGF-� pathway, SKI and SNON are two important
SMAD corepressors (5, 6). SNON can form homodimers or

heterodimers with SKI, and they play a crucial role in cellular
transformation and transcriptional repression (7, 8). Interest-
ingly, SNON and SKI protein levels can be regulated by TGF-�
because the UPS rapidly degrades them upon ligand stimulus
(15–22). In addition, TGF-� induces an increase of SNON
mRNA and protein levels at treatments longer than 1 h (13, 23).
Our work focused on demonstrating that SNON protein nega-
tively regulates the basal expression of SKIL gene and its induc-
tion by the TGF-�/SMAD pathway; we also demonstrated that
this last event is part of a negative feedback loop generated
by TGF-� itself (Figs. 3 and 5). Our data support the idea that
the transcriptional regulation of SKIL gene by SKI and SNON
could be considered as a general mechanism to control other
TGF-� target genes because the SMAD7 gene appears to be
similarly regulated by SKI and SNON (Fig. 3) (12, 13). There-
fore, it is clear that the transcriptional self-regulation of SNON
could potentially affect the expression of many of its target genes,
which can be analyzed when more SNON target genes are
identified.
Because SNON and SKI cannot bind directly to DNA, we

explored how these corepressors bind to the SKIL promoter. It
has been reported that SKI binds DNA through S4 to repress
the basal activity of SMAD7 gene independently of R-SMADs
(12, 13, 52). Here, we demonstrated that SNON negatively self-
regulates its expression because SNON binds to the SKIL pro-
moter and recruits a repressor complex that also contains SKI,
SMAD4, and proteins with HDAC activity. We also provide
evidence that activated R-SMADs promote SNON protein
removal from SKIL promoter independently of inducing its
degradation. However, SNON degradation via the UPS is
important to decrease the availability of SNON protein that
may compete with activated R-SMAD complexes for TGF-�
target gene promoters.
SMAD4 is not always required in SMAD transcriptional

complexes to activate TGF-� target genes, and some TGF-�
target genes can be differentially regulated by S4 and R-SMADs
(43, 44, 53, 54). In fact, tumor cells deficient in S4 or expressing
mutant S4 or cells with low levels of S4 due to shRNAs display a
differential regulation of some but not all TGF-� target genes
(43, 55, 56). Interestingly, SKIL was identified previously as a
TGF-� target gene that may be regulated via an S4-dependent
or S4-independent manner (43, 57). Here, we showed that the
induction of SKIL gene byTGF-� effectivelymay rely on S4, but
it depends on the cell type, which is similar to previous reports
(43, 57).
Notably, the self-repression mediated by SNON is clearly

S4-dependent because SNON was unable to inhibit the basal
andTGF-�-induced SKIL gene expressionwhen S4 protein lev-
els were decreased in all cell types tested. After restoring S4
expression or when S4 was overexpressed, it was possible to
rescue the interaction of SNONwith S4 and the recruitment of
S4-SNONcomplex to SKILpromoter and as a result to decrease
SNONmRNA levels.We confirmed that SNON associates with
activated R-SMADs, S4, and SKI. Thus, when SNON does not
bind S4, then it cannot repress the SKIL promoter. Using a
re-ChIP assay, we confirmed that SNON and SKI proteins in
combination with S4 bind and repress the SKIL promoter basal
expression. Furthermore, we demonstrated that the absence of
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the SNON-S4 repressor complex affects the regulation of SKIL
gene expression by TGF-�. Because S4 is a functional partner
for SNON and SKI, it is very likely that S4 is also required for
transcriptional repression of many other TGF-� target genes.
It is possible that the self-regulation of SNON expression

could be affected in some cellular contexts. It was reported
previously that a prolonged induction of SNON expression by
TGF-� in fibroblast plays a critical role for cell oncogenic trans-
formation; intriguingly, in these cells, the negative feedback
loop seems to be absent (25). Nevertheless, we have demon-
strated that when high levels of SNON mRNA are observed in
cells where SMAD proteins remain activated for a long time, it
is possible that the negative feedback loop is functioning to stop
the gene transcription, but at the same time, a mechanism con-
trolling the stability of mRNAs might be also participating.
The absence of this self-regulation of SNON could be a new

mechanism causing up-regulation of TGF-� inhibitors such as
SMAD7 and SKIL (Sno) genes in some diseases such as cancer,
and it may favor TGF-� resistance in cancer cells by affecting
the regulation of TGF-� target genes. This new mechanism
could also be evident mainly in cancer cells lacking SMAD4 such
as those from colon and pancreas (58) where the absence of the
SNON-SMAD4 repressor complex might be responsible for the
changes observed in cell phenotype (25, 26). Furthermore, it is
highly probable that in those cancerous cells lacking SMAD4 the
functions of both corepressors SNON and SKI are impaired.
In summary, SNON and SKI are bound to the SKIL gene

promoter to repress its basal expression in a manner similar to
that for SMAD7 gene regulation. The SKIL gene is a target of
SKI and SNON corepressors, and both seem to be involved in
maintaining the SKIL promoter in a repressed state in the
absence of TGF-� signaling. That this effect depends on the
association with SMAD4 is noteworthy. In contrast, upon
TGF-� stimulus, SNON and SKI are removed from the SKIL
promoter and replaced by the activated SMAD complex. Thus,
TGF-� positively regulates the human SKIL gene expression
through the S2-S4 complex. Later, after longer TGF-� treat-
ment, SNON protein levels are increased, and SNON binds
back to the SKILpromoter. Thus, SNON functions as a negative
feedback control regulating SKIL (Sno) expression (supplemen-
tal Fig. S5). This regulation of SNON levels could be critical for
appropriate control of the TGF-� signal and for cell homeosta-
sis. Thus, any deregulation of this negative feedback loopmight
be involved in the development of diverse diseases such as
fibrosis and cancer.
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