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Abstract

Background: The simplicity of Transforming Growth Factor 3 (TGFB) signaling pathway, linear and non-amplified,
hardly sustains its variety of responses. This is often justified by the complex regulation showed by Smad proteins,
TGFR signaling intracellular transducers, object of post-translational modifications that modulate TGF3-dependent
transcription. Protein acetylation is emerging as a compelling mechanism affecting the activities of significant
transcription factors, including p53, FOXO or NF-kB. Smad proteins might be controlled by this mechanism,
implying that accessory factors capable of altering Smads-transcriptional complexes acetylation status and
hence regulate TGF{3 responses remain to be identified. Understanding this interaction may help in the
assessment of TGFB signaling outcomes, extending from healthy physiology to pathological conditions and
cancer.

Methods: A two-hybrid chimera interacting system allowed to identify Sirt1, a NAD+ dependent type |ll
histone deacetylase, as a novel Smad2 interactor. Several well stablished cellular models were applied to
characterize this interaction by means of co-immunoprecipitation of tagged proteins and immuno-fluorescence
staining. The occurrence of the interaction at Smad2 driven transcriptomic complexes was studied by means of DNA-
pull-down and chromatin immunoprecipitation (ChIP), while its effects were assessed by protein over-expression and
SiRNA applied into a TGFB3-dependent reporter gene assay.

Results: The interaction was confirmed and observed to be enhanced upon Smad? acetylation, a known feature of
active and nuclear Smad2. However, Sirt1 did not play a major role in Smad2 deacetylation. Anti-Sirt1 ChIP showed
increased recovery of promoter regions corresponding to Smad2-driven genes after TGF3-stimulation, while its
occurrence at Smad2-dependent transcriptomic complexes on DNA was found to effectively modulate gene
expression.

Conclusions: Sirt1 presence on Smad2-driven TGFB-dependent regulatory elements was detected and found
to increase after TGF@ treatment. Moreover, Sirt1 overexpression resulted in a decrease of the activity of a
Smad?2-driven TGFR-dependent reporter gene, while Sirt1 interference increased its activity. This would confirm
the relevance of the discovered Sirt1-Smad?2 interaction for the regulation of TGF3-dependent gene transcription.
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Background
TGEP regulates numerous cellular responses involved in
cell proliferation and differentiation, embryonic develop-
ment, wound healing, angiogenesis and apoptosis [1, 2].
Upon TGEFp binding, TGEp receptor (TGFR) sub-units I
and II interact and form a heterotetramer with an active
cytosolic serine/threonine kinase domain. TGEP signal-
ing mediators, the receptor-regulated (R-Smads), Smad2
and Smad3, are then phosphorylated to become active
and mobilized into the nucleus. Once there, they interact
with common-mediator (co-Smad), Smad4, in order to
conform protein complexes that execute transcription
regulation [3]. However, the simplicity of the linear and
non-amplified TGFpB pathway does not justify the wide
diversity of biological responses observed [4]. These re-
sponses, which are cell-type specific and dependent on
cell physiological status, often depict a controversial role
for TGEP in pathological conditions, especially in cancer
where suppressive and pro-oncogenic roles have been
demonstrated for this cytokine [5, 6]. This implies a
complex regulation of TGFp signaling [7], and suggests
that unidentified factors may regulate Smad activities
and thus modulate the TGFf responses.
Post-translational modifications of the factors involved
in TGEP signaling appears as a main system to function-
ally modulate the TGFEp transducing pathway. On top of
the triggering phosphorylation events, several works
have shown the capital influence that changes to the
acetylation status of Smads have on their activities [8].
TGEP stimulation has been shown to promote CBP/
p300- and PCAF-dependent acetylation of active Smad2,
thereby promoting Smad2 nuclear accumulation by de-
creased nuclear export [9]. Likely, Smad3 has been
shown to be subjected to acetylation, also promoting its
nuclear accumulation [10]. Interestingly, these acetyla-
tions targeting both R-Smads have been shown to result
in increased TGFp-dependent transcription [9-11]. Also,
Smads deacetylation has been shown to play an essential
role in the regulation of TGEp signaling. TGFf stimula-
tion has been shown to trigger Smad7 deacetylation,
prior to the ubiquitination and proteasome degradation
of this inhibitory Smad (i-Smad) which blocks Smad2 ac-
cess to the active TGFp receptor [12]. Deacetylation of
Smad7 is mediated by several histone deacetylases
(HDACs), mainly HDAC1, HDAC5 and HDAC6 [13].
Interestingly, Sirtl, a type III HDAC, has also been de-
scribed to be involved in the inactivation of Smad7 [14].
HDACSs are receiving more and more attention, as
their ability to perform activities on substrates different
from histones has been revealed. Sirtl is a NAD+
dependent HDAC, which was described initially to dea-
cetylate nuclear histones H1, H2 and H4 [15]. However,
reports now indicate that Sirtl acts on significant non-
histone nuclear proteins, such as p53, FOXO, E2F1 or
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NE-kB, as well as cytosolic proteins [16-18]. Sirtl ac-
tions are highly dependent on the cellular context and
its activity has been involved in a wide range of bio-
logical processes and pathologies, ranging from modulat-
ing energy metabolism and metabolic syndromes,
cellular senescence and ageing, development and degen-
erative processes, as well as immune disorders and in-
flammatory disease [19-21]. Notably, in addition to its
demonstrated role on Smad7, Sirtl has been recently
shown to deacetylate Smad3 in a process linked to de-
creased Smad3 transcriptional output [22]. Intriguingly,
similar to above mentioned role of TGEp, Sirtl also dis-
plays a paradoxical role in cancer [17, 20, 21, 23]. Histo-
logical studies have revealed increased and decreased
expression patterns for Sirtl, depending on cancer type
and/or stage [23, 24]. More importantly, Sirtl activities
had been lately shown to have an impact in epithelial-
mesenchymal transition (EMT) process [25-27], a
known hallmark of TGFP deregulation [28].

In this work, using a two-hybrid chimera interacting
system, we report the specific interaction of Sirtl with
Smad?2. Subsequent analyses confirmed and further char-
acterized this interaction, revealing the presence of Sirtl
in transcriptomic complexes and its relevance for the
modulation of Smad2-driven gene transcription. Due to
the complexity of TGFP signaling, we postulate that this
interaction and its role in Smad2-dependent signaling,
may help in better understanding the complex regula-
tion of TGEP signaling and its diversity of outcomes.
The implications towards Smads physiology and gene
expression regulation are discussed.

Methods

Cyto Trap® yeast two hybrid assay

A screening for proteins interacting with Smad2 was
performed by using the Cyto Trap® Yeast Two Hybrid
System (Cyto Trap® X Premade Libraries, Stratagene,
Agilent technologies, Santa Clara, CA, USA) following
manufacturer’s instructions. Briefly, Smad2 was cloned
into provided pSos vector to generate a bait construct.
Smad2 fusion products were then validated against
Smad4-pMyr target fusion product. Once validated, a
commercial Human lung plasmid cDNA library (Strata-
gene, Agilent technologies, Santa Clara, CA, USA) was
cloned into the pMyr vector and target constructs were
applied for screening using the S. cerevisiae strain
Cdc25H (a) provided with the kit. Within the system,
just bait-target interactions allow for Ras activation and
yeast growth at 37 °C temperature, which is used as se-
lective condition.

Cell culture and treatments
Human hepatocellular carcinoma cells (Hep3B) [11], a
kind gift of Dr. Isabel Fabregat, were grown in MEM
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Eagle-EBSS (EMEM) (LONZA, Basel, Switzerland). Hu-
man spontaneously immortalized Keratinocyte cell line
(HaCaT)(kindly given by Dr. Caroline S. Hill) [29], Hu-
man embryonic kidney cells (HEK293T) [30] and mouse
fibroblasts (NIH-3 T3) [31] were grown in Dulbecco’s
Modified Eagle Medium (DMEM) (LONZA, Basel,
Switzerland). Both media were supplemented with 10%
Fetal Bovine Serum (FBS) (GIBCO, Thermo Fisher Sci-
entific, Waltham, MA, USA), 1% Penicillin/Streptomycin
and 1% L-Glutamine (LONZA, Basel, Switzerland).
HaCaT-EGFP-Smad2 cells [32], a kind gift from Dr.
Caroline S. Hill, were grown in DMEM media supple-
mented, as above, and kept in selection with 0.5 mg/ml
of G418 (Acros Organics, Thermo Fisher Scientific, Wal-
tham, MA, USA).

Stimulation with TGFP was performed for the indi-
cated times with 2 ng/ml recombinant TGFp1, that was
reconstituted  following manufacturer instructions
(PEPROTECH, PeproTech, Rocky Hill, NJ, USA). Treat-
ment with the TGEp type I receptor inhibitor SB-431542
10 uM or the type I and II deacetylase inhibitor
Trichostatin-A (TSA) 2.5 pM (both from Sigma-Aldrich,
St Louis, MO, USA) is indicated where used.

Transfection and expression of epitope tagged proteins
Transfection of HEK293T, Hep3B and NIH-3 T3 cell
lines was performed using Lipofectamine (Invitrogen,
Thermo Fisher Scientific, Waltham, MA, USA) accord-
ing to manufacturer’s instructions. Human Smad2 was
amplified by PCR and cloned into the expression vector
pEF-Flag [31], kindly gifted by Dr. Caroline S. Hill. Hu-
man Sirtl obtained by CytoTrap Two Hybrid system
was directly cloned by enzymatic digestion into pEF-HA
[33]. Two different Smad2 mutants (K19R, K20R, K39R
and K19Q, K20Q, K39Q) were obtained over pEF-Flag-
Smad2 construct using QuikChange Site-Directed Muta-
genesis Kit (Invitrogen, Thermo Fisher Scientific, Wal-
tham, MA, USA). Same strategy was used to obtain the
Sirt1H363Y mutant [34]. HA-Mixer, Flag-Mixer, Flag-
FoxH1 and pEF-XC, and the reporters ARE-Luc, and
DE-Luc were all a kind gift of Dr. Caroline S. Hill [31,
33]. After transfection, cells were allowed to express dif-
ferent proteins for 24 h before experiments were per-
formed. pEF-XC was used to normalize concentration of
DNA transfected in luciferase assay. Transfection effi-
ciency was assessed using pRL-TK (Promega, Madison,
WI, USA). Dual-Luciferase Reporter Assay System was
used following manufacturer instructions (Promega,
Madison, WI, USA).

Bacterial expression of proteins and protein pull-down
assays

Smads-GST fusion proteins were obtained by cloning
different fragments of Smad2 and Smad3 from pEF-
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vectors into pGEX-4 T-1 (GE Healthcare Life Science,
Pittsburgh, PA, USA). Obtained plasmids were trans-
ferred into BL21 E. coli strain, and selected colonies
were sequenced, tested for the expression and expected
size of GST-fusion proteins. Purification of fusion prod-
ucts was performed using Glutathione-Sepharose™ 4B
(GE Healthcare Life Science, Pittsburgh, PA, USA) and
reduced glutathione (Sigma-Aldrich, St Louis, MO,
USA) elution method. To obtain 6xHis tagged versions
of Sirtl, corresponding cDNA were PCR-cloned into
pQE-70 vector (Qiagen, Venlo, The Netherlands).
Resulting plasmids were transferred into M15[pREP4] E.
coli strain. Selected colonies were sequenced and tested
for the expression of expected protein-6xHis fusions.
Purification of the different 6xHis-proteins was done
using QIAexpress Ni-NTA Fast Start kit (Qiagen, Venlo,
The Netherlands) following instructions from the
manufacturer.

For protein pull-down assays, 4 ug of GST-fusion pro-
teins were mixed with 20 pl (10-20 pg) of previously
blocked 6xHis resin-coupled fusion proteins in 400 ul of
50 mM HEPES pH 7.2, 300 mM NaCl, 1 mM EDTA,
1.2 mM MgCl,, 1% Triton X-100, 10% Glycerol (all from
Sigma-Aldrich, St Louis, MO, USA) supplemented with
10 mM NaButyrate, 1 mM DTT, 25 mM NaF, 25 mM f-
glycerophosphate, 1:100 phosphatase inhibitors (I and
II), 1:100 protease inhibitors (all from Sigma-Aldrich, St
Louis, MO, USA) and BSA 0.2 mg/ml (Santa Cruz Bio-
technology, Heidelberg, Germany). Protein mix was in-
cubated for 2 h at 4 °C and later, resin was washed three
times with previously described buffer. When pull-down
assay was performed with Flag-Smad2, the expressed
protein was affinity-purified from transfected HEK293T
cells using M2 anti-Flag antibody (Sigma-Aldrich, St
Louis, MO, USA) and eluted by competition with
400 pg/ml of FLAG peptide (Sigma-Aldrich, St Louis,
MO, USA) in 20 mM HEPES, 100 mM KCI, 0.5 mM
EDTA and 10% Glycerol (all from Sigma-Aldrich, St
Louis, MO, USA). Affinity purified Flag-Smad2 was
added to the pull-down mixture containing Sirtl-6xHis
or different fragments of it coupled to 6xHis epitope.
This mix was incubated for 2 h at 4 °C and then resin
was washed with buffer previously described. In all
cases, samples were analyzed by western blot.

Immunoprecipitation, western blot, immunostaining and
antibodies

Total protein extracts were obtained by lysis of har-
vested cells using lysis buffer: 50 mM HEPES pH 7.2,
150 mM NaCl, 1 mM EDTA, 1.2 mM MgCl,, 1% Triton
X-100, 10% Glycerol (all from Sigma-Aldrich, St Louis,
MO, USA), supplemented with 10 mM NaButyrate,
1 mM DTT, 25 mM NaF, 25 mM [-glycerophosphate,
1:100 phosphatase inhibitors (I and II) and 1:100
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protease inhibitors (all from Sigma-Aldrich, St Louis,
MO, USA). Nuclear extracts were obtained as described
elsewhere [32, 35]. For immunoprecipitation, 500 ng of
appropriate antibody was added to 400 pg of protein
total extract and incubated for 1 to 2 h at 4 °C. Anti-
bodies were purified using A and G protein coupled
sepharose (GE Healthcare Life Science, Barcelona,
Spain) previously blocked with BSA 0.2 mg/ml (Santa
Cruz Biotechnology, Heidelberg, Germany) in lysis buf-
fer. In all cases, samples were analyzed by SDS-PAGE
followed by western blot with appropriate antibodies.
Quantification of the experimental data western blot sig-
nal was performed using Quantity One software by Bio-
Rad (Hercules, CA, USA). Fold increase was calculated
as the ratio between final value (B) and the original value
(A): (B/A). At this point, sometimes, we observed that
Sirtl has a tendency to bind to nonspecific-antibody
conjugated Sepharose, different buffers did not resolved
that issue. We quantified that value (background value).
To find out the Sirtl specific binding value, the experi-
mental value was decreased with the background value,
then, the fold increase was calculated and represented in
the figures. Immunostaining techniques were performed
as described elsewhere [36, 37]. Images were taken using
a confocal microscope LSM 510 META (ZEISS, Jena,
Germany). Co-localization analyses were performed
using the co-localization module of the ZEN software
(ZEISS, Jena, Germany).

The following commercial antibodies were used:
phospho-Smad2, phospho-Smad3, acetyl-Lys (all from
Cell Signaling Technology, Danvers, MA, USA); Smad4,
GST, Smad2 and Sirtl (all from Santa Cruz Biotechnol-
ogy, Heidelberg, Germany); Flag M2, 3-Actin (all from
Sigma-Aldrich, St Louis, MO, USA); Smad2/3 (BD
Transduction Laboratories, Beckton Dickinson, Franklin
Lakes, NJ, USA); HA-Peroxidase (ROCHE, Sigma-
Aldrich, St Louis, MO, USA); Sirtl (Millipore, Darm-
stadt, Germany); Penta-His (Qiagen, Venlo, The
Netherlands).

DNA pull-down assay

DNA pull-down assays were performed as previously
described [38]. Briefly, for each condition, 5 pg of 5'-bi-
otinylated double-stranded oligonucleotides correspond-
ing to the wild-type DE of the goosecoid promoter [33]
(5°CTAGC CATTA ATCAG ATTAA CGGTG AGCAA
TTAGA CTAG3 [TAAT motifs are in bold type]), or a
version mutated for the Mixer/Smad binding sequence
(5CTAGC CAGTC ATCAG AGTCA CGGTG AGCAA
GTCGA CTAG3 [mutated nucleotides are in bold
typel), or corresponding to the wild-type c-jun SBR of
the ¢-JUN promoter [39] (5'GGAGG TGCGC GGAGT
CAGGC AGACA GACAG ACACA GCCAG CCAGC
CAGGT CGGCA 3’ [the AGAC motifs are in bold
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type]), or a version mutated in the Smad3/Smad4 bind-
ing sites and flanking CCAG repeats (5 GGAGG
TGCGC GGAGT CAGGC ATATA TATAT ATACA
GCATG CATGC ATGGT CGGCA 3’ [mutated mo-
tifs are in bold type]) were bound to 30 pl of NeutrAvi-
din°®-Agarose Resin (Thermo Fisher Scientific, Waltham,
MA, USA). DNA pull-down was performed using
300 pg nuclear extract, supplemented with 5 pg of Sirtl-
6xHis when indicated, in buffer containing 20 mM
HEPES pH 7.6, 20% Glycerol, 140 mM NaCl, 1.5 mM
MgCl,, 0.2 mM EDTA, 10% Triton X-100, supplemented
with protease inhibitor 1:1000 (all from Sigma-Aldrich,
St Louis, MO, USA) and containing 20 pg of non-
biotinylated mutant oligonucleotides to reduce nonspe-
cific binding. Assays were incubated overnight and after
washing, bound proteins were detected by western blot.
The c-Jun promoter DNA pull-down assay was per-
formed similarly using oligonucleotides already de-
scribed [39].

Protein expression interference plasmids

Tet-inducible pTER siRNA vector was a kind gift from
Dr. Hans Clevers, and cloning was performed as previ-
ously described [40]. Briefly, the Sirtl siRNA Tet-
inducible expression vectors pTER-siRNA1 and pTER-
siRNA2 were generated by cloning the following
annealed oligonucleotides into pTER. siRNA1: 5’GATCC
CCGAT GAAGT TGACC TCCTC ATTCA AGAGA
TGAGG AGGTC AACTT CATCT TTTTG GAAA3’
and 5AGCTT TTCCA AAAAG ATGAA GTTGA
CCTCC TCATC TCTTG AATGA GGAGG TCAAC
TTCAT CGGG3; this generates an siRNA directed
against the sequence GATGAAGTTGACCTCCTCA,
corresponding to nucleotides 1291 to 1309 of Sirtl rela-
tive to the ATG. siRNA2: 5’GATCC CCCCT TCTGT
TCGGT GATGA ATTCA AGAGA TTCAT CACCG
AACAG AAGGT TTTTG GAAA3 and 5AGCTT
TTCCA AAAAC CTTCT GTTCG GTGAT GAATC
TCTTG AATTC ATCAC CGAAC AGAAG GGGG3j;
this generates an siRNA directed against the sequence
CCTTCTGTTCGGTGATGAA, corresponding to nucle-
otides 435 to 453 of Sirtl relative to the ATG. To distin-
guish transfected cells and measure siRNAs efficiency,
GFP cDNA was cloned together with a CMV promoter
from plasmid pEGFP-C1 into pTER-siRNA1 and pTER-
siRNA2. GFP positive cells were isolated by means of
high-speed cell sorting (Beckman Coulter, CA, USA)
24 h after transfection.

Chromatin immuno-precipitation and quantitative PCR

Chromatin immuno-precipitation (ChIP) was performed
using the MAGnify reagent kit (Life Technologies, CA,
USA) following manufacturer’s instructions. Briefly, semi-
confluent HaCaT cells were exchanged to OPTIMEM
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medium (GIBCO, Thermo Fisher Scientific, Waltham,
MA, USA) and cultivated overnight. Then, cells were
treated with 2 ng/ml TGFp for 1.5 h. Afterwards cells
were washed twice with PBS and fixed using formaldehyde
to a final concentration of 10% at room temperature (RT)
for 8 min. The cross-link reaction was stopped by incubat-
ing cells for 8 min at RT in glycine 0.125 M. Cells were
washed twice and scraped using cold PBS. The cell pellet
was washed with PBS and re-suspended to determine total
cell number. Then, cells were lysed using the supplied buf-
fer supplemented with protease inhibitor cocktail for
10 min at RT. Cell lysates were sonicated in a Bioruptor™
Next Gen (Diagenode, Seraing, Ougrée, Belgium) to ob-
tain 350—650-bp fragments. Chromatin corresponding to
0.75 million cells per condition and antibody were diluted
using supplied IP buffer to a final volume of 100 pl. Dyna-
beads A/G beads provided in the kit were incubated for
1 h at 4 °C with supplied control IgG or the following spe-
cific antibodies: RNAPol II (Covance, NJ, USA); phospho-
Smad2/3 (Abcam, Cambridge, UK); Sirtl (Millipore, MA,
USA). Diluted chromatin was incubated for 16 h at 4 °C
with bead-combined-antibodies to capture the immune
complexes. Magnetic beads were collected and washed
following manufacturer’s directions and chromatin ex-
tracts were treated for reverse-crosslinking using supplied
reagents. Samples of extract taken prior to IP were proc-
essed in parallel with the IPs and considered as inputs.
Real time q-PCR was performed in triplicate for each IP
reaction using respective primer set: PAI-SBR Fwd 5'cagc-
cagacaaggttgttgacaca3’; PAI-SBR Rvs 5'ccagccacgtgattgtc-
taggttt3’; PAI-TSS Fwd 5'acacacacacacacacatgcctca3’;
PAI-TSS Rvs 5’ccagatgtgggcaggaaatagatg3’; JUN-SBR Fwd
5'ctgctcgtagaagecgagag3’; JUN-SBR Rvs 5'gegeccacta-
taaaaactge3’; JUN-TSS Fwd 5’gctggctgtgtetgtetgte3’;
JUN-TSS Rvs 5'gggtgacatcatgggctatt3’. A standard curve
was calculated from 8 different dilutions of input DNA,
which was used to normalize the qPCR data from the IPs.
Beads alone incubated with extract in the absence of anti-
body were used as a control for non-specific genomic
DNA binding.

Statistical analysis

In all statistical analysis shown in the figures, data repre-
sent mean + SEM. Data was analyzed by ANOVA ana-
lysis. In all cases, we used Prism’s Graph Pad software
for data calculation and representation. At the figure leg-
ends, the asterisks denote statistically significant differ-
ences between the treatments (*p < 0.05, **p < 0.005 and
**#p < 0.001, ****p < 0.0001).

Results

Sirt1 interacts with Smad2

In order to look for new players involved in the regula-
tion of the transcriptional responses to TGEP, we used
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the Cyto Trap Two-Hybrid System. This Cyto Trap ver-
sion allows working with transcriptional factors such as
Smad2, as bait/target interactions occurs in the cytosol
and not on a promoter. Human Smad2 was cloned along
with Smad4 and the positive interaction test of both fac-
tors was considered as a proof for the reliability of the
system. A library from human lung epithelial cells was
then used to perform a screening for Smad2-interacting
proteins. We found 300 different protein-representing
clones positively interacting with Smad2, which corre-
sponded to 110 proteins (data not shown), including hu-
man Sirtl. Sequence analysis of the positive Sirtl clone
showed it corresponded to a full length open reading
frame and revealed lack of any mutations when com-
pared to the human genome database.

To check whether Sirtl binds to Smad2 in vivo, HA-S
irtl and Flag-Smad2 were overexpressed in Hep3B cells.
Following treatment with TSA, which broadly inhibits
protein deacetylation [11], cells were stimulated with
TGEFB and Smad2 was purified by immunoprecipitation.
Although Sirtl exhibited certain tendency to stick (see
Materials and Methods), immuno-blots revealed that
Sirtl and Smad?2 specifically interacted in HEP3B cells in
vivo, and that the interaction seemed to be enhanced by
TGEP stimulation (Fig. la). Moreover, by using an in
vitro protein pull-down applying His tagged Sirtl beads
and Flag tagged Smad2 purified from TGEFp-stimulated
HEK293T cells, we could observe that the interaction
Smad2/Sirtl was clearly enhanced when TGFf activated,
i.e. phosphorylated Smad?2, was used (Fig. 1b).

Altogether, these results imply that Sirtl and Smad2
interact both in vitro and in vivo. Moreover, our data
suggest that this interaction can happen in the absence
of TGFp stimulation, although it is enhanced by TGEp
ligand.

Interaction with Sirt1 is modulated by Smad2 acetylation
status

Upon TGEP stimulation, Smad2 and Smad3 are acti-
vated by phosphorylation. Additionally, it has been re-
ported that TGEP induces the acetylation of Smad2 at
lysine residues 19, 20 and 39 [9, 11]. Indeed,
immunoprecipitation assays of «cell extracts from
Hep3B cells treated with TSA showed an increase of
Smad2 acetylation up to 2 h after TGFP stimulation
(Additional file 1: Figure Sla). In order to clarify
whether Smad2 acetylation status had an impact on
the interaction with Sirtl, we co-transfected
HEK293T cells with Flag-Smad2 and HA-Sirtl and
performed immunoprecipitation studies after treat-
ment with or without TGFp and TSA. Flag immuno-
precipitation of these cell extracts revealed that
inhibition of types I and II deacetylases significantly
enhanced the interaction between Sirtl and Smad2,
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Fig. 1 Sirt1 interacts with resting and active Smad2 in vitro and in vivo. a Hep3B cells transfected with HA-Sirt1 and either Flag-Smad2 or EF-Flag
were treated with TSA for 8 h followed by TGF{3 for the indicated times. Smad2 was purified by immunoprecipitation and Sirt1 or Smad2 were
detected by Western Blot. Fold increase (lane 4-6 over lane 4) of HA/Flag levels are indicated at the bottom. Weak Sirt1 binding to control
samples were taken into account for calculations. b HEK293T cells transfected with Flag-Smad2 were treated overnight with SB-431542, then
washed out and treated with TGF(3 for 1 h. Flag-Smad2 was purified with a flag peptide competitor and used for His-Pull-down assay. Flag-
Smad2, PSmad?2 and Sirt1-6xHis were detected by Western Blot. Fold increase (lane 2 and 4 over lane 2) of Flag/HIS levels are indicated at the
bottom. The vertical lines across the blot indicate that two distant parts of the very same blot were put together. Lanes are considered left to
right. All the experiments of this figure were repeated at least three times. Representative results are shown. IP: Immunoprecipitation

Fold increase
His-Pulldown

while TGEB treatment showed some influence on the
interaction (Fig. 2a) (Weak Sirtl binding to control
samples were taken into account, see above). To fur-
ther study the involvement of the acetylation of
Smad2 lysine residues 19, 20 and 39 in the Smad2/
Sirtl interaction, we generated two Smad2 mutants
which were co-transfected along with HA-Sirtl into
HEK293T cells: a first one which cannot be acetylated
(Smad2K19R K20R, K39Ry, 5nq a second one which is
functionally similar to the fully acetylated form
(Smad2"1?Q K20Q K39Q) (Additional file 1: Figure S1b)
[11]. HA-Sirtl immunoprecipitation of Flag proteins
showed that Sirtl/Smad2'*? X202 X39Q jnpteraction
was stronger as compared to acetylation-devoid and
native Smad2 forms (Fig. 2b). To test whether
Smad?2/Sirtl interaction could be conditioned by Sirtl
catalytic activity, we engineered the catalytically in-
active mutant version Sirt1™®3Y (Additional file 1:
Figure Slc) [34]. Extracts obtained from Hep3B cells
co-transfected with Flag-Smad2 and either HA-Sirtl
or HA-Sirt1"%3Y were immunoprecipitated for Flag
(Smad2). Interestingly, both native and mutant Sirtl
proteins exhibited similar level of interaction with
Smad2, although slightly higher interaction was ob-
served for wild type Sirtl in the case of TGEp-
stimulated cell extracts (Fig. 2c).

Jointly, these data suggest that, although Sirtl/Smad2
interaction may occur in the absence of stimulation, it is
favored by Smad2 acetylation. Moreover, our data

support that this interaction might be
dependent on Sirtl catalytic activity.

partially

The interaction of both proteins occurs via Smad2
globular domains and Sirt1 N-terminal segment

The previous results prompted us to study the Smad2
and Sirtl proteins domains that mediate the interaction.
As preliminary observations were made on Smad2 Cyto
trap, we decided to engineer different fusion-proteins
composed of GST and Smad2 domains (Fig. 3a). His-
pull-down showed that full length GST-Smad2 and
GST-Smad3 were able to directly bind to His-tagged
Sirtl, while GST protein alone did not interact with
Sirtl (Fig. 3b). Interestingly, when portions of Smad2
were used, we found that MH1 domain interaction with
Sirtl had similar affinity than full length Smad2, in con-
trast to MH2 domain that showed weak affinity. Strik-
ingly, although Linker domain alone did not interact, the
GST-Linker-MH2 fusion protein showed similar affinity
for Sirtl, as the MH1 alone or the Linker-MH1 domains
(Fig. 3b). The catalytically inactive mutant Sirt1"3%** re-
vealed a similar interaction pattern with full length
Smads and Smad2 fragments to that observed with wild
type Sirtl (data not shown). To investigate which do-
mains of Sirtl might be involved in the interaction with
Smad2, pull-down assays, using different fragments of
Sirtl fused to His tag, were also performed to identify
interaction domains with Flag-Smad2 (Fig. 3c). Interest-
ingly, the strongest interaction was reported for the AB
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fragment, while interaction with A or B fragments separ-
ately were very weak or undetectable (Fig. 3d).

Altogether, these results strongly suggest that Smad2-
Sirtl interaction is direct and occurs via motifs located
in the globular MH1 and MH2 domains of Smad2, and
in the N-terminal, residues 1 to 364, of Sirtl.

Sirt1 and Smad2 colocalize in response to TGFf3

Nuclear localization of Smad2 and Smad3 has been re-
lated to their role in TGFP-dependent transcriptional ac-
tivation [32, 41]. As an enhancement of Sirtl/Smad2
interaction was observed upon Smad2 activation and
subsequent acetylation, we decided to study the subcel-
lular localization of Smad2 and Sirtl in response to
TGFB stimulation. Sirtl typically has a nuclear
localization [42], that can vary during embryo develop-
ment or depending on either the tissue type or cell dif-
ferentiation [43]. Immunostaining of HEK293T cells
exhibited a predominantly nuclear staining of Sirtl with
a weak cytosolic localization, and the usual Smad2 cyto-
solic and nuclear localization [32]. Upon TGEFf treat-
ment, Sirtl labeling appeared to be slightly more
abundant in the nucleus while Smad2, as expected,
turned completely nuclear (Additional file 2: Figure S2a).

Interestingly, confocal microscope image co-localization
analysis of whole cell-fields revealed, in cells treated with
TGEP, an increase of pixels with high fluorescence in-
tensity for both proteins, in comparison with untreated
cells which exhibited weaker co-localization (Fig. 4a). In
this fashion, when we analyzed separately the nuclear re-
gion of single cells, co-localization plots depict an in-
crease of high intensity pixels for both Sirtl and Smad2
into the nucleus of TGEp treated cells, in contrast to un-
treated cells in which very little nuclear Smad2 immuno-
staining, and thus poor colocalization with Sirtl, is
observed (Fig. 4b). On the contrary, when analyzing the
cytosolic region, intense Smad2 immuno-labelling
quickly vanished upon TGEFP treatment, whereas the
poor Sirtl immuno-labelling contribution moved away
as well (Fig. 4b). In an effort to further corroborate those
observations, we applied a similar strategy using HaCaT
cells stably expressing GFP-Smad2 [32]. TGEpB-
stimulated HaCaT-GFP-Smad2 cells show intense nu-
clear staining both for GFP-Smad2 and Sirtl (Additional
file 2: Figure S2b). Also in this case, the colocalization
analysis reveals an increase of high fluorescence intensity
pixels for both markers in the nucleus, along with an ob-
vious cytosolic decrease after TGFp treatment (Fig. 4c).
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It is worth noting that in our hands, HEK293T and
HaCaT cells did not show changes in Sirtl expression in
response to TGFf stimulation (Data not shown).

These data indicate that, in cultured cells, Sirtl and
Smad2 may share very close, roughly the same,
topological localizations in the nucleus of cells treated
with TGFp.

Sirt1 interacts with Smad complexes on DNA in vitro

To clarify whether Sirtl/Smad2 interaction could take
place during Smad2-driven regulation of TGEFj-
dependent promoters, we studied Sirtl presence on the
DE element of the goosecoid promoter from Xenopus
laevis. Within this system, Smad2 binding to the DE
element is conditioned by the presence of the Xenopus
transcription factor Mixer [33, 44, 45]. Nuclear extracts
from HaCaT cells stimulated with TGFp were supple-
mented with HA-Mixer, purified from transfected
HEK293T cells, and/or Sirtl-6xHis, purified from bac-
teria, then used for DNA-pull-down assays for the DE
elements. In the absence of Mixer, recovery of either
activated-Smad2 or Smad4 was poor with the wild type
DE probe, and negligible when DE mutant probe was
used, despite TGEB stimulation (Fig. 5a). As expected,
when Mixer was present, recovery of both activated-
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Smad2 or Smad4 was patently enhanced from TGEp-
stimulated nuclear extracts. Interestingly, the presence
of Smad3 was also revealed in these complexes (Fig. 5a).
Sirtl recovery, within the Smad2-Smad4-Mixer setup,
was very poor in the absence of TGFp or with the mu-
tant DE probe. However, when TGFf was present, Sirtl
recovery from the wild type DE probe clearly increased
(Fig. 5a).

To further complement the aforementioned observa-
tions, HaCaT nuclear extracts, supplemented with puri-
fied His tagged Sirtl, were used to examine the presence
of Sirtl on the Smad Binding Region (SBR) of the c-jun
promoter, by DNA-pull-down assays. Immunoblots
showed that Sirtl presence on DNA can be detected in-
dependently of probes and of TGEFp stimulation. How-
ever, Sirtl presence on SBR was clearly enhanced with
nuclear extracts from TGFp-stimulated cells, i.e. in the
presence of activated Smad2 (Fig. 5b). Strikingly, this
only occurs when wild type probe is used, which also
promotes recruitment of phosphorylated Smad3, Smad4,
along some levels of Smad2. Interestingly, the presence
of Sirtl neither interfered nor improved the Smads
recruitment to DNA. Strikingly, Sirtl recovery was
highly impaired in the absence of nuclear extract pro-
teins (Fig. 5b).
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Altogether, our DNA-pull-down results indicate that
Sirtl interaction with DNA is favored by the presence of
nuclear proteins, and further increased specifically on
Smad-driven promoters upon TGFp stimulation. This
recruitment process would not compromise the access
of Smad proteins to their target sequences.

Sirt1 is recruited to TGFp regulated genes in vivo

In order to test if the observed Sirtl access onto Smad-
regulated promoters indeed occurs in culture, we per-
formed chromatin immuno-precipitation (ChIP) assays
from HaCaT cells stimulated with TGFP for 90 min. Real
time qPCR was performed on ChIP eluates to reveal the
presence of regulatory regions of two TGEFp-target
genes, JUN and PAI-1. In these genes, the regions
corresponding to SBR and to the transcription start site
(TSS) were studied. Recovery from anti-phosphorylated-
Smad2/3 and anti-RNA polymerase II immunoprecipita-
tions were used as optimal TGFp stimulation readouts.
As Sirtl presented with DNA binding affinity (see Fig.
5), also its main function relates to histones metabolism,
it was not surprising to find detectable recovery levels of
both SBR and TSS regions from anti-Sirtl ChIP reac-
tions of unstimulated cells. However, upon TGEp stimu-
lation, recovery of SBR region of JUN from anti-Sirtl
reactions was increased, while that of TSS remained
stable (Fig. 6a). Similarly, for PAI-1 gene regulatory
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regions (Fig. 6b), recovery of the SBR from anti-Sirtl
ChIP reactions showed an increase, which again was not
observed for the TSS region. As it can be observed, al-
though recovery from anti-phosphorylated-Smad2/3
ChIP reactions was generally increased in TGFp stimu-
lated samples, this trend was matched by anti-Sirtl reac-
tions for the SBR regions, in which the enhancement of
phosphorylated-Smad2/3 recovery was in fact more
apparent.

Conjointly, these results support the notion that Sirtl
can be actively recruited along with Smads onto TGFp-
regulated gene promoter regions.

Sirt1 activity can modulate the transcription of TGF(3-
dependent genes

We next decided to study whether the observed Sirtl/
Smad-complexes interaction may control the transcrip-
tion of TGFp target genes. For that purpose, we used a
luciferase assay to study potential effects on two Smad2
TGFB dependent Xenopus laevis genomic regions: the
goosecoid promoter (DE-Luc) and the Mix.2 promoter
(ARE-Luc). Smad2/Smad4 complexes require additional
transcription factors to activate transcriptional activity of
these reporter genes, Mixer in the case of DE-Luc, and
FoxH1 for ARE-Luc [33]. In Hep3B cells transfected with
the DE-Luc reporter, luciferase assays revealed how Sirtl
overexpression partially repressed TGFp-dependent
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transcription induction. On the other hand, it also af-
fected, to some extent, the activity detected in resting
cells. Interestingly, overexpression of the catalytically in-
active mutant Sirt1H363Y did not cause any significant
luciferase activity alteration within this setup (Fig. 7a).
Furthermore, when we applied the same approach on
NIH3T3 cells similar results were obtained, as Sirtl
overexpression effectively reduced TGFP dependent lu-
ciferase activity. In this case, overexpression of
Sirt1H363Y increased significantly TGFJ dependent
transcriptional activity (Fig. 7b). Additionally, when we
studied if Sirtl could affect the activity derived from the
ARE-Luc expression system, again, luciferase assays
reported reduced activity for NIH3T3 cells overexpress-
ing Sirtl, while a slight yet not significant increase of ac-
tivity was observed for the case of Sirt1H363Y
(Additional file 3: Figure S3a).

To further explore the contribution of endogenous
Sirtl on TGFfB-dependent gene transcription, we per-
formed a Sirtl interference study in combination with
the luciferase strategy. Two different siRNA for Sirtl
were designed, cloned into pTER-GPF plasmid and
transfected into Hep3B cells. The interference efficiency
of both siRNA was assessed by means of confocal mi-
croscopy (Additional file 3: Figure S3b) and western blot
analysis of transfected cells, with average reduction of
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Sirtl expression levels of 82% and 79% for siRNA1 and
siRNA2, respectively (Additional file 3: Figure S3c).
Assays performed on cells carrying either siRNA1 or
siRNA2 constructs together with the DE-Luc system
clearly show how, upon TGEFp stimulation, luciferase
activity was increased far beyond the levels achieved by
scrambled-siRNA or non-TGFp-stimulated cells (Fig.
7c). It is worth noting that basal luciferase activity was
also increased by the Sirtl siRNA (Fig. 7c).

Summing up, luciferase assays results support the no-
tion that Sirtl has access to Smad-driven promoters and
it is recruited to these regions upon TGFp stimulation.
Moreover, our results suggest that its deacetylase activity
may provide an inhibitory input on the regulation of
TGEp dependent gene transcription.

Discussion

In this work, by using a two-hybrid chimera interacting
system, we provided first evidence of a direct interaction
involving Sirtl and Smad2. Subsequent analyses con-
firmed the interaction and allowed to characterize the
relevance of the Smad2 acetylation status for the mo-
lecular interplay. Moreover, we determined that the
interaction involves Sirtl recruitment into functional
complexes on DNA, both in vivo and in vitro, thereby
affecting transcriptional output and supporting previous
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observations involving Smad factors and Sirtl. Our work
has implications in the understanding of Smad-mediated
gene expression regulation.

In the past, conventional Two-Hybrid Systems had
been successfully used to identify proteins interacting
with Smads [46—50]. However, these systems, which re-
lied on the reconstitution of a functional Gal4 transcrip-
tion activator, pose some limitations to its use with
proteins that are capable to activate transcription on
their own, i.e. to transcription factors [51, 52]. In our
case, we used the Cyto Trap Two-Hybrid System, which
rely on interactions occurring in the cytosol and thus
overcome such limitations and provide greater sensitiv-
ity. Implementing an expression library from human
lung epithelial cells within this system allowed perform-
ing a screen for Smad2-interacting proteins and identify-
ing a set of 110 different proteins that positively
interacted with Smad2. From the whole set of identified
sequences, computational analysis helped in (i) detecting
proteins previously known to interact with Smad2, as
MANI1 or CKle [53, 54]; (ii) noticing proteins which
have been described to be connected to TGFp signaling,
as ICAM1 or HEF1 [55, 56]; and (iii) identifying new po-
tential players interacting with Smad2. Among the pro-
tein set, which interactions with the TGEFP signaling
pathway and Smad2 was not previously reported, a
complete ORF clone for Human Sirtl was isolated and
identified. Strikingly, while different reports indicated in
the past the ability of Sirtl to interact with Smad3 and
possibly Smad4 [22, 26], its interaction with Smad2 had
remained elusive so far. In cultured Hep3B cells, we
demonstrated that HA-Sirtl and Flag-Smad2-tagged
products effectively interacted. Altogether, the small
number of positive clones obtained within the cytosolic
Two-Hybrid system, along with the confirmation of the
Smad2/Sirtl interaction, supports the suitability and
convenience of the approach used. Moreover, taking in
account the number of previous established interactions
revealed in the analysis, this confirms the reliability of
this system for the characterization of subtle protein in-
teractions occurring natively in the nucleus, as is the
case with Smad2 and Sirtl.

Mammalian sirtuins are orthologous of the silent in-
formation regulator-2 gene, which in yeast was described
to extend life span. They comprise a family of proteins
(Sirt1-7), usually described as NAD+ dependent type III
histone deacetylases (HDACs), which perform a gate-
keeping role in the configuration of the cell transcrip-
tome. However, in these last years, additional
competences had been described for several sirtuins
members [15], which is in line with similar observations
involving type I and type II HDACs. Precisely Sirtl, on
top of its default role as histone deacetylase, has also
emerged as an important modulator of the activities of
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relevant non-histone nuclear proteins involved in tran-
scriptional regulation, among which p53, FOXO, E2F1
or NF-kB [16-18]. Consequently, this myriad of targets
confers great influence of Sirtl activities in regulating a
significant portion of the proteome, as evidenced by its
relation to an array of comprehensive biological pro-
cesses and associated pathologies, including develop-
ment, cellular senescence and aging or inflammation,
with an important role in the modulation of energy me-
tabolism [19-21]. The family of Smad signal transducers
comprises eight members in humans, five of which (1, 2,
3, 5, 8), are called receptor-regulated Smads (R-Smads)
as they are phosphorylated in their C-terminal end in re-
sponse to TGFP (Smad2 and 3) or BMP (Smadl, 5 and
8) ligand binding to their receptors. Phosphorylated R-
Smads then integrate in a heterotrimer with Smad4, the
co-Smad, which contributes in the recruitment of add-
itional factors required for optimal TGFp transcriptional
regulation, through interaction with complementary
Smad Binding Elements (SBEs) at the chromatin or dir-
ectly binding to specific transcription factors on chroma-
tin [3, 57, 58]. In addition, TGFp signaling is negatively
regulated via the I-Smad, Smad6 and Smad7. Smad7
plays a key role, as it functions as an inhibitory factor
blocking Smad2 access to the active TGFp receptor.

TGEp signaling is subjected to fine modulation involv-
ing posttranslational modifications of the many pathway
molecular transducers, including acetylation and deace-
tylation. Interestingly, deacetylation of Smad7 has been
shown to target the factor for ubiquitination and later
proteasome degradation [12]. Smad2 is also known to be
acetylated at the lysine residues 19, 20 and 39 [9, 11], in
response to TGFp stimulation [7, 10, 11]. This process is
crucial for optimal and sustained TGEp transcriptional
regulation, since acetylation by CBP/p300 and PCAF re-
tains activated R-Smads in the nucleus, by slowing down
their shuttling back to the cytoplasm [9-11]. Interest-
ingly, Sirtl is capable to bind and deacetylate phosphor-
ylated Smad3, thereby decreasing Smad3 transcriptional
activity [22]; similar dynamics had been also suggested
in the case of Smad4 [11, 26]. Indeed, in our hands,
GST-Smad3 was able to interact with Sirt1WT-6xHis.
More importantly, the Smad2-Sirtl interaction was sus-
tained when cells were stimulated with TGFP. This
phenomenon, which was further confirmed in vitro by
protein pull-down assays from TGFp stimulated
HEK293T cells, would be coherent with the ability of
TGEp to promote acetylation of R-Smads.

Although not characterized yet, type-I and type-II dea-
cetylases are known to take part in modulating the dy-
namics of Smad2 acetylation. Consequently, treatment
with TSA, a specific inhibitor of type-I and -II deacety-
lases, is known to favor the acetylation of Smad2 [11].
This has particular relevance in the case of HEK293T
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cells, which express low p300 levels [11]. Interestingly,
while Sirtl catalytic activity is not affected by TSA treat-
ment [59, 60], our immunoprecipitation assays from
TSA treated samples distinctly showed enhanced Sirtl-
Smad2 interaction. Whereas this result would confirm
the ability of both proteins to directly interact, it could
also indicate that the interaction would be dependent on
Smad2 acetylation status, thus envisaging a role for Sirtl
in deacetylating Smad2. In that sense, Smad7, which
acetylation status is increased by TSA, is known to be
deacetylated by complexes integrating Type-I and Type-
IT deacetylases along with Sirtl [13, 14]. It is important
to mention that p53 has been shown to be subjected to
a similar modulation mechanism with the contribution
of Sirtl [34, 61, 62]. Surprisingly, our data suggest that
Sirtl, although better binding Smad2 when it is catalytic-
ally active, would not play a main part in deacetylating
Smad2, as over-expression of wild-type Sirtl did not
alter significantly acetylated-Smad2 levels (data not
shown). However, acetylation status of Smad2 may be
important to promote the Smad2/Sirtl interaction. In-
deed, acetylation mimicking Smad2 mutants interacted
strongly with Sirtl in HEK293T cells, as compared to
native Smad?2. In any case, the fact that the Sirt1-Smad2
interaction could be similarly detected independently of
TGEP stimulation-dependent acetylation, as revealed by
using both the native Smad2 protein or the acetylation
deficient Smad2 mutant, confirms the existence of a
strong interplay between both factors and TGEf signal-
ling. Notably, this circumstance could enable for aug-
mented  transcriptional modulation, since = Sirtl
recruitment depending on Smad2 activation and nuclear
acetylation could potentially affect the acetylation status
and the activities of different transcription factors inte-
grating the Smad2 driven transcriptomic complexes.
Protein subcellular localization is important to under-
stand protein function. While Smads nucleocytoplasmic
shuttling is crucial for proper transduction of TGEp sig-
naling [63], Sirtl typically shows a nuclear localization
[42] which could vary in different situations [43]. In our
case, the interaction between Sirtl-Smad2 detected using
molecular techniques was also evidenced by means of
immunofluorescence labeling. Confocal image co-
localization analysis allowed us to further characterize
this interaction based in measuring individual pixels on
merged fluorescence fields. Both fluorophores are repre-
sented and related using fluorescence intensity levels.
Surprisingly, rapidly after TGFB stimulation, numerous
pixels appeared concentrating into the nucleus, showing
high intensity for both markers. This phenomenon was
similarly observed in the two cell lines used. This con-
comitance could be deemed to Sirtl being recruited to
active genes in response to histone acetylation changes.
However, previous literature indicating Sirtl deacetylase
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activities over Smads [11, 26] also suggested the possibil-
ity that Sirtl specifically integrated complexes at TGFp-
regulated promoters. In that sense, DNA-pull-down as-
says performed using the validated TGFp-dependent
promoter constructs DE-goosecoid and c-jun-SBR,
allowed us to corroborate recruitment of Sirtl onto pro-
moters along with Smads in response to TGEp in vitro,
thus in the absence of histone/chromatin. Although we
observed the binding of Sirtl to DNA in the absence of
TGEP signaling and independently of Smad binding ele-
ments, a clearer and stronger signal for Sirtl was de-
tected upon activation of Smads. It has been suggested
that nuclear proteins may be involved in a scanning
process to locate specific binding sites [32, 64]. Despite
Sirtl lacks a DNA binding domain, it relates to it by
interacting with different DNA-binding nuclear proteins
[65, 66]. This would explain the detection of Sirtl on
DNA in the absence of DNA-bound Smads but in the
existence of such nuclear proteins. Nevertheless, the
presence of TGF{3-activated Smads robustly and specific-
ally enhanced the binding of Sirtl to DE-goosecoid and
c-jun-SBR.

In the same line, the development of ChIP assays for
well-established TGFp-dependent promoters further
supported recruitment of Sirtl in vivo. As Smad2-Smad4
interaction only occurs upon TGFp stimulation, R-
Smads activation and translocation to the nucleus [57],
these results would support the notion that Sirtl joins
active Smads-borne transcription complexes. Thus, al-
though these experimental setups cannot exclude the
natural presence of Sirtl related to histone acetylation
modulation in response to transcription activation, it is
our understanding that these observations strongly point
to a specific role for Sirtl in modulating TGEp-
dependent transcription regulation, as the presence of
factors on DNA-bound protein complexes is usually
regarded as denoting a transcriptomic functional contri-
bution [67]. Moreover, these findings strongly suggest
that spatial co-localization observed for both Sirtl and
Smad2 in the case of TGFp stimulated cells, would be
the consequence of their concomitant recruitment onto
the vicinity of SBEs in vivo.

All mammalian Sirtuins (Sirt 1-7) are characterized by
a conserved 275 amino acid catalytic core domain [16].
This core is flanked by N-terminal and C-terminal se-
quences of variable length and composition, which influ-
ence to different extents the enzymatic activity [68].
However, relatively little is known about the regulatory
mechanisms modulating Sirtl activity. On the other
hand, Smads structure and physiology are better under-
stood. Smad4 and R-Smads are composed of two con-
served globular domains, named MH1 and MH2, held
together by a poorly conserved Linker region [3]. On the
N-terminal part the MH1domain, while able to interact



Garcia-Vizcaino et al. Cell Communication and Signaling (2017) 15:50

with some factors like c-JUN or SP1, is mainly involved
in DNA binding, directly as in the case of Smad3, or
through transcription factor interaction for Smad2 [69].
At the C-terminal end, the MH2 domain usually medi-
ates protein-protein interaction with effector proteins,
including the TGEP receptors and different cofactors
and chromatin modifiers, including histone acetylases
and deacetylases. Importantly, the central linker region
incorporates additional posttranslational modification
sites [3, 8]. Intriguingly, although it is acknowledged that
mutations in the MH2 domain are linked to dysfunc-
tional TGEP signaling, epithelial-mesenchymal transition
(EMT) and cancer, no common recognition motifs have
been determined for interactions with this domain [28,
70]. Our observations indicate that despite the Smad2
MH2 shows some affinity for Sirtl, the combination of
the linker with the MH2 domain displayed greater inter-
action. Interestingly, for both Smad3 and Smad4, it has
been described that close to the MH2, the linker has a
proline-rich area, the Smad activation domain (SAD), re-
sponsible for interactions with p300 [71], and that par-
ticipates in R-Smads acetylation. Intriguingly, we also
found that Sirtl strongly interact with the MH1 domain
of Smad2. Worth reminding, functional acetylation of
residues at positions 19, 20 and 39 in this domain re-
sulted in increased interaction with Sirtl. Notably, Blast
sequence comparisons (data not shown) between Smad2
and Smad7 reveal considerable homology in this area, a
feature that is also shared by Smad3. In Smad7, the N-
terminal domain mediates interaction with p300 and
Sirtl, which acetylate and deacetylate lysine residues in
the same region [14].

Regarding Sirtl, we found that the interaction with
Smad2 only involved the non-catalytic N-terminal seg-
ment. The N-terminal domain has been recently de-
scribed to be responsible of mediating interaction with
the NF-kB subunit, p65, and thus to promote its deace-
tylation [72], while Sirtl C-terminal segment has been
shown to mediate interaction with inhibitors [73]. More-
over, SKl-interacting-protein (SKIP), an essential co-
regulator known to potentiate the activity of different
transcription factors including R-Smads, has been dem-
onstrated to interact within the same Sirtl N-terminal
region [74, 75]. Thus, all those evidences strongly sup-
port the notion that relevant interactions occur through
the domains of Sirtl and Smad?2, identified in our study.
As mentioned earlier, literature reports that whereas
Smad3 directly binds to target DNA sequences, Smad2
interaction with DNA apparently requires the concur-
rence of additional factors [58]. Interestingly, this opens
the possibility for a role of Smad2 in recruiting Sirtl as a
common regulator of associated transcription factors
physiology. In that context, it should be noted that in
EMT, usually considered as a hallmark of TGEP
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deregulation [28], Sirtl has been reported to play both
supportive and suppressive roles [25-27]. In any case,
considering that our data did not allow to fully establish
the root for Sirtl-Smad2 interaction but confirmed Sirtl
recruitment on Smad/DNA complexes, we further stud-
ied the significance of the interaction. For that purpose,
we designed experimental setups relying on the specific
Smad2-dependent expression constructs DE-Luc and
ARE-Luc [33]. Strikingly, results in over-expression as-
says revealed that increased native Sirtl activity de-
creased reporter gene outputs. In contrast, results in
interference assays coherently showed that reduced Sirtl
activity resulted in increased reporter gene activity. This
increase was not only detected when cells were stimu-
lated with TGEP but also at the resting state, suggesting
that a Sirtl-mediated basal promoter repressing activity
may be at play. This would be in line with the relatively
high amount of Sirtl found at the ChIP assays. The sum
of these data, while being in line with previously charac-
terized interactions of Sirtl with Smad3, and seemingly
Smad4 [11, 22, 26], also verified the functional relevance
of this interaction specifically regarding transcriptional
complexes involving Smad2.

The nature of TGFp signaling is complex and diverse.
A better understanding of the parallel mechanisms cap-
able of modulating its final output should therefore
help to decipher the complex regulation of this signal-
ing and its diversity of outcomes. As the increasing
body of literature dealing with HDACs interactions
with non-histone factors points, this interplay provides
an adequate framework to further characterize develop-
mental processes. In this respect, and due to the pleio-
tropic nature of both TGEFp signaling as well as of Sirtl
activities, the possibility of Smad2 acting as a hub for
Sirtl action in the tight context of transcriptomic com-
plexes, draws a special line of research that we intend
to work through in the future, potentially opening op-
portunities for the development of innovative strategies
to address diverse biological processes and pathologies
including cancer.

Conclusions

e A yeast two-hybrid protein—protein interaction assay
identified Sirtl as novel interactor for Smad2.

e This interaction was confirmed to involve both
resting and active Smad2.

e The interaction between Sirtl and Smad2 was
enhanced by Smad2 acetylation, involving specific
domains.

o Sirtl presence on TGFB dependent regulatory
elements was found increased after TGE treatment
using different techniques.



Garcia-Vizcaino et al. Cell Communication and Signaling (2017) 15:50

e Sirtl overexpression resulted in repression of a
TGEP dependent reporter gene assay.

Additional files

Additional file 1: Figure S1. TGF3 induces the acetylation of Smad2.
(a) Hep3B cells were serum starved overnight, treated with TSA for 8 h
followed by TGFp for the indicated times. Smad2 was purified by
immunoprecipitation, then acetyl-Lys,Smad2, Smad4 and PSmad2 were
detected by Western Blot. Ack/Smad?2 fold increase is indicated. (b)
Schematic representation of Smad2 (K19R, K20R, K39R and K19Q, K20Q,
K39Q) acetylation mutants. (c) Schematic representation of Sirt1H363Y
nucleotide mutation. Nucleotide and amino acid mutations are
highlighted in red. (PDF 219 kb)

Additional file 2: Figure S2. HEK293T and HaCaT cells show Sirt1 and
Smad2 nuclear colocalization after TGF treatment. (a) HEK293T cells
were treated with TGFR inhibitor SB-431542 overnight and exposed to
TGFp for the indicated times, then were immuno-labeled for Smad2 and
Sirt1 proteins. Nuclei were revealed with Hoestch-33258. (b) HaCaT-GFP-
Smad?2 cells were treated with TGF for the indicated times, then
immuno-labeled. Corresponding labeling: Smad?2 (green); Sirt1 (red);
nuclei (blue). (PDF 1268 kb)

Additional file 3: Figure S3. Sirt1 dependent downregulation of TGF(3
induced transcription requires functional Sirt1 activity. (a) NIH3T3 cells
transfected with the indicated plasmids were treated with TGF( for 6 h
and measured for luciferase activity. “FH1": FoxH1 transcription factor.
Asterisks denote significant differences: ****p < 0.0001. (b) The expression
of siRNAT and siRNA2 interfere with Sirt1 expression. Hep3B cells were
transfected with pTer-GFP-siRNAT or pTer-GFP-siRNA2. Transfected cells
were immuno-labeled for Sirt1 (red) and detected for GFP (green). Nuclei
were revealed with Hoestch-33258. (c) Hep3B cells were transfected with
the indicated GFP plasmids and enriched by Fluorescence-Activated cell
sorting. Sirt1 expression level was detected by Western Blot and
quantified. Sirt1/B-actin is indicated (lane 1-4 over lane 1). B-actin:
loading control. NT: non-transfected cells. (PDF 1313 kb)
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