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ABSTRACT: Smad proteins are key effectors of the transforming growth factor f (TGFf) signaling pathway in
mammalian cells. Smads are composed of two highly structured and conserved domains called Mad
homology 1 (MH1) and 2 (MH2), which are linked together by a nonconserved linker region. The recent
identification of phosphorylation sites and binding sites for ubiquitin ligases in the linker regions of TGF/ and
bone morphogenetic protein (BMP) receptor-regulated Smads suggested that the linker may contribute to the
regulation of Smad function by facilitating cross-talks with other signaling pathways. In the present study, we
have generated and characterized novel Smad3 mutants bearing individual substitutions of conserved and
nonconserved amino acid residues within a previously described transcriptionally active linker fragment. Our
analysis showed that the conserved linker amino acids glutamine 222 and proline 229 play important roles in
Smad functions such as homo- and hetero-oligomerization, nuclear accumulation in response to TGFpj
stimulation, and DNA binding. Furthermore, a Smad3 mutant bearing a substitution of the nonconserved
amino acid asparagine 218 to alanine displayed enhanced transactivation potential relative to wild type
Smad3. Finally, Smad3 P229A inhibited TGFp signaling when overexpressed in mammalian cells. In
conclusion, our data are in line with previous studies supporting an important regulatory role of the linker
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region of Smads in their function as key transducers of TGFf signaling.

Transforming growth factor f (TGF-B') is the prototype
member of a large, evolutionarily conserved, superfamily of
cytokines that, in addition to TGFEf, includes the activins, the
bone morphogenetic proteins (BMPs), and the growth and
differentiation factors (GDFs) among others (I, 2). TGFj
controls various processes during embryogenesis such as growth
and differentiation, epithelial to mesenchymal transition (EMT),
and angiogenesis, and is an important homeostatic regulator in
the adult organism (/, 2). Because of its cytostatic program,
which involves the positive or negative regulation of the tran-
scription of genes such as p21PKNA p15PEN2 ¢ mye and Id
(inhibitors of differentiation), TGFp is a suppressor of epithelial
cell growth (3). However, during the late stages of carcinogenesis
and metastasis, TGFp acts as a tumor promoter because of its
ability to enhance processes such as epithelial to mesenchymal
transition, cell motility and invasion, immunosuppresion, angio-
genesis, and extracellular matrix production (3, 4).
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All members of the TGF-f superfamily signal via a classical
pathway, which consists of a heterotetrameric complex of two
type I (TSRI) and two type IT (TSRII) Ser/Thr kinase receptors
on the plasma membrane and downstream cytoplasmic effector
proteins termed Smads (5—7). TGF-f promotes receptor oligo-
merization which leads to the phosphorylation of the type I
TGFp receptors by the constitutively active type II receptors.
Activated type I receptors (also called ALKS), phosphorylate
Smad?2 and Smad3 (also called receptor regulated Smads or R-
Smads) at their C-terminal SSXS motives (5—7). The R-Smads in
turn oligomerize with the common partner Smad4 and rapidly
translocate to the nucleus where they bind to the promoters of a
large variety of target genes and regulate the levels of their
expression in a positive or a negative manner (5—7).

All R-Smads and Smad4 contain two highly conserved do-
mains called MHI (Mad homology 1) and MH2 at their N- and
C-teminal ends, respectively, which are separated by a noncon-
served middle linker region (7). The MH1 domain contains a f3-
hairpin secondary structure which makes contacts with nucleo-
tides of Smad DNA binding elements (SBEs, 5-CAGAC-3)
present in the promoters of TGFf target genes (8). The MH1
domain also contains a nuclear localization signal, binding sites
for regulatory proteins, and negatively regulates the functions of
the MH2 domain (9). The MH2 domain is essential for the
interaction of R-Smads with SARA (Smad Anchor for Receptor
Activation), their phosphorylation by the type I receptors, their
homo- and hetero-oligomerization, and their interaction with
regulatory factors in the nucleus such as transcriptional coacti-
vators and corepressors (7). Crystallographic studies of isolated
Smad MH2 domains have established that this domain is
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composed of a central S-sandwich core element capped by a
three-helical bundle at one end and a loop/helix region at the
opposite end (/0). Point mutations at highly conserved amino
acid residues either in the loop/helix region or the three-helical
bundle of the MH2 domain that disrupt Smad4 homo- and
hetero-oligomerization have been described in cancer
patients (10—12).

The highly conserved MH1 and MH2 domains of R-Smad and
Smad4 proteins are linked together by a nonconserved, proline-
rich, linker region. It was believed that the linker is just a flexible
hinge that facilitates the free movement of the MH1 and MH2
domains. However, the identification of phosphorylation sites for
MAP kinases, cyclin dependent kinases, and Ca®"/calmodulin
kinase IT (CaMKII) in the linker regions of R-Smads suggested
that the linker may contribute to the regulation of Smad function
by facilitating cross-talks with other signaling pathways (13—19).
Furthermore, the linker regions of Smad3 and Smad4 were
shown to harbor, at their C-terminal ends, a transactivation
domain and that an internal deletion of this domain in Smad3
abolished the Smad-mediated transactivation of TGFp target
promoters (20—22). The linker region also contains binding sites
for the ubiquitin ligase Smurfl (23). Recently, it was shown that a
peptidyl-prolyl cis—trans isomerase (PPIase) Pinl interacted with
Smad?2 and Smad3 but not Smad4 and that this interaction was
enhanced by the phosphorylation of S/T-P motifs in the Smad
linker region (24). S/T-P motif phosphorylation also enhanced
the interaction of Smad2/3 with Smurfl or Smurf2, whereas
silencing of the Pinl gene increased the protein levels of en-
dogenous Smad2/3 (23).

In the present study, we have undertaken a mutagenesis
analysis of the linker region of Smad3 protein in order to identify
novel residues that contribute to its functions. Our findings
indicate that amino acid substitutions in this region could
influence various Smad functions including interaction with
SARA, oligomerization, translocation to the nucleus, DNA
binding, and transcriptional activation. Our data are in line with
previous studies supporting an important regulatory role of the
linker region of Smads in their function as key effectors of TGFf
signaling in mammalian cells.
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MATERIALS AND METHODS

Materials. Dulbecco’s modified Eagle’s medium (DMEM)
and penicillin/streptomycin for cell culture, Dynabeads, Trizol
reagent for RNA extraction, Super-Script RNase H-reverse
transcriptase, goat antimouse Alexa Fluor 488, and goat anti-
rabbit Alexa Fluor 555 were purchased from Invitrogen/Life
Technologies (Carlsbad, CA, USA). Fetal bovine serum (FBS)
was purchased from BioChrom Laboratories (Terre Haute, IN,
USA). Restriction enzymes and modifying enzymes (T4 DNA
ligase and calf intestinal alkaline phosphatase) were purchased
from Minotech (Heraklion, Greece) or New England Biolabs
(Beverly, MA, USA). GoTaq DNA polymerase, dNTPs, the
luciferase assay system and Wizard SV gel and PCR cleanup
system were purchased from Promega (Madison, WI, USA).
Streptavidin-agarose, streptavidin-HRP, and the anti-Flag M2
(F 3165) mouse monoclonal antibody were purchased from
Sigma-Aldrich (St Louis, MI, USA). The Super Signal West
Pico Chemiluminescent Substrate was purchased from Pierce
(Rockford, IL, USA). G-Sepharose beads were purchased from
General Electric Health Care (Chalfont St Giles, UK). The
mouse anti-GST (B-14) antibody was purchased from Santa
Cruz Biotechnology (Santa Cruz, CA, USA). The P-Smad3 and
ALKS antibodies were provided by Dr. Aris Moustakas (Ludwig
Institute for Cancer Research, Uppsala, Sweden). The antimouse
and antirabbit peroxidase conjugated secondary antibodies were
purchased from Chemicon International Inc. (Temecula, CA,
USA).

Plzzsmids. Plasmids expressing the wt human Smad3 tagged
with the 6myc epitope or fused with the DNA binding domain
(DBD) of GAL4 have been described previously (27). The
mutants bearing the single amino acid substitutions N218A,
Q222A, and P229A in Smad3 were constructed by overlap
extension PCR (25). Each amplified fragment corresponding to
a particular Smad mutant was cloned at the EcoRI and Notl sites
of either the pPCDNA lamp-6Xmyc vector in frame with a 6myc
epitope tag or into the pCDNA3-Bio vector in frame with the
biotinylation tag and then subcloned into the pBXGl1 vector at
the EcoRIand Xbal sites in frame with the DNA binding domain
of GAL4. The sequences of all primers used in the PCR

Table 1: Oligonucleotides Used in Mutagenesis, Reverse Transcription PCR (RT-PCR), DNA Affinity Precipitation (DNAP), and Chromatin Immuno-

precipitation (ChIP) Experiments

name of primer

sequence

purpose

hSmad3—1N
hSmad3—425C
hSmad3-N218A-S
hSmad3-N218A-AS
hSmad3-Q222A-S
hSmad3-Q222A-AS
hSmad3-P229A-S
hSmad3-P229A-AS
PAI-1cDNA sense
PAI-1cDNA antisense
GAPDH —F
GAPDH-R

Bio CAGA-4-F
CAGA-4-R
Bio-PAI-1-F
PAI-1-R

PAI-1chip sense
PAI-1chip antisense
p21chip sense
p2lchip antisense

5 CTGGAATTCCGCCATGTCGTCCATCCTGCCTTTCACTC 3’
5 AATGCGGCCGCCTAAGACACACTGGAACAGCGGAT ¥
5 CCAGCACATAATGCCTTGGACCTGCAG ¥

5 CTGCAGGTCCAAGGCATTATGTGCTGG 3

5" AACTTGGACCTGGCGCCAGTTACCTAC 3

5 GTAGGTAACTGGCGCCAGGTGCAAGTT ¥

5" ACCTACTGCGAGGCGGCCTTCTGGTGC 3’

5 GCACCAGAAGGCCGCCTCGCAGTAGGT 3’

5 GTGGTCTGTGTCACCGTATC 3’

5 GTAGTTGAATCCGAGCTGCC ¥

5" ACCACAGTCCATGCCATCAC 3

5 TCCACCACCCTGTTGCTGTA 3’
5'—Biotin-CAGACAGTCAGACAGTCAGACAGTCAGACAGT ¥
5" ACTGTCTGACTGTCTGACTGTCTGACTGTCTG 3’
5'-Biotin-GAGAGTCTGGACACGTGGGGAGTCAGCCG ¥

5 CGGCTGACTCCCCACGTGTCCAGACTCTC ¥

5" CCTCCAACCTCAGCCAGACAAG ¥

5 CCCAGCCCAACAGCCACAG ¥

5 GAGGTCAGCTGCGTTAGAGG 3’

5 TGCAGAGGATGGATTGTTCA 3

mutagenesis
mutagenesis
mutagenesis
mutagenesis
mutagenesis
mutagenesis
mutagenesis
mutagenesis
RT-PCR
RT-PCR
RT-PCR
RT-PCR
DNAP
DNAP
DNAP
DNAP
ChIP

ChIP

ChIP

ChIP
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amplifications are shown in Table 1. All mutant Smad3 cDNAs
were sequenced for verification and found to contain the proper
mutation. The recombinant adenoviruses were constructed as
described (26). The cDNA of Smad3 (P229A) was cloned into
Kpnl and Notl restriction sites of the pAdTrackCMV vector.
Plasmid pBS-myc-BirA bearing the myc-tagged bacterial biotin
ligase BirA was a generous gift from Dr. John Strouboulis (BRC
“A. Fleming”, Athens, Greece). The expression vector pPCDNA3-
Bio has been described previously (27). The mammalian vectors
expressing Flag-tagged human wild type SARA and HA-tagged
constitutively active ALK 5 (CA-ALKS5) were generous gifts from
Dr. Aris Moustakas (Ludwig Institute for Cancer Research,
Uppsala, Sweden).

Cell Culture and Treatments. HepG2, HEK293T, HaCaT,
MDA-MB-468, and 911 cells were cultured in DMEM, supple-
mented with 10% FBS and penicillin-streptomycin, in a 37 °C,
5% CO, incubator.

Transient Cell Transfections and Infections with Recom-
binant Adenoviruses. Transient transfections in HepG2 and
HEK293T cells were performed by the Ca3(PO4), coprecipita-
tion method using 6 ug of DNA /well when the transfections were
performed in six-well plates or 30 ug/plate when transfections
were performed in P-100 plates. All adenoviruses were amplified
and titrated in 911 cells as described (28). Adenoviral transient
infections of HaCaT cells using multiplicity of infection (MOI) =
50 were performed as previously described (29).

Quantitative Real-Time Reverse Transcription PCR
Analysis and Luciferase Assays. HaCaT cells were infected
with adenoviruses expressing GFP or 6myc-tagged Smad3
P229A in the absence or in the presence of an adenovirus
expressing the HA-tagged constitutively active form of ALKS,
and the cell lysates were processed 24 h later for total RNA
extraction using Trizol reagent according to the manufacturer’s
instructions. The first cDNA strand was synthesized using
Superscript reverse transcriptase, and 25 ng of resultant cDNA
was used per 25 uL reaction. Each cycle consisted of 30 s at
95 °C, 45 s at 58 °C, and 30 s at 72 °C for a maximum of
35cycles. Real-time PCR was performed using SYBR GreenER
qPCR Supermix on a Stratagene MX3000 and analyzed by
using the AACt method. Values were normalized to those
obtained for the housekeeping glyceraldehyde3-phosphate dehy-
drogenase (GAPDH) gene. The primers used for the amplifica-
tion of the PAI-1 and GAPDH genes are shown in Table 1.
Luciferase assays were performed using the luciferase assay kit
from Promega, according to the manufacturer’s instructions.

Indirect Immunofluorescence. HEK293T and MDA-MB-
468 cells were seeded on glass coverslips, 22 x 22 mm, covered
with 0.1% gelatin, and incubated for 16—18 h. Cells were
transfected with 3 ug of each 6-myc Smad expression vector in
the presence or in the absence of a constitutively active TGFf
type I receptor (3 ug). Cells were washed three times on a slow
rotating platform with PBS+/+ (PBS plus 0.9 mM CaCl, and
0.5 mM MgCl,) and fixed with 3% p-formaldehyde in PBS +/4- for
5 min at room temperature. Cells were washed three times with
PBS+/+ and permeabilized with 0.5% Triton X-100 in buffer
1 (10x buffer 1: 137 mM NaCl, 5 mM KCI, 1 mM Na,HPO,,
0.4 mM KH,PO,, 5.5 mM glucose, 4 mM NaHCOs, 2 mM
MgCly, 2 mM EDTA, 2 mM EGTA, and 20 mM MES at
pH 6.0—6.5) for 5 min at room temperature. Cells were washed
three times with PBS+/+ and blocked with PBS +/+/1.5% FBS
two times. Cells were incubated with antimyc (9E10), 1:200
dilution or anti-Smad3 (Cell Signaling #9513), 1:50 dilution in
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PBS +/+/1.5% FBS for 30 min at 4 °C. Cells were washed three
times with PBS+/+ /1.5% FBS and incubated with the secondary
antibody (goat antimouse Alexa Fluor 488 1:500 dilution in
PBS +/4/1.5% FBS) for 30 min at 4 °C in the dark. Cells were
washed three times with PBS+/+- in the dark and incubated with
DAPI (4 ug/mL) for 5 min. Cells were washed three times with
PBS+/+ in the dark and mounted on glass slides using mounting
solution (1:1 glycerol/PBS). Cells were observed using a Leica SP
fluorescent microscope.

Western Blot Analysis. Cell lysates or proteins bound to
streptavidin agarose or G-Sepharose beads were subjected to
sodium dodecyl sulfate—polyacrylamide gel electrophoresis
(SDS—PAGE) and transferred to nitrocellulose membranes
(Life Sciences and Schleichers & Schuell), with a Bio-Rad
Protean electroblot apparatus. Electrophoresis was performed
on 10.5% polyacrylamide gel electrophoresis in 500 mL of 1x
TGS (1L 10x TGS:30.3 gof Tris, 144.2 g of Glycine, 10 g of SDS
at pH 8.3). Nitrocellulose membranes were washed with TBS-T
(TBS + 0.05% Tween-20) for 10 min, at room temperature.
Nonspecific sites were blocked by soaking the membrane in TBB
buffer (1 x TBS + 5% nonfat milk and 0.1% Tween-20) for 2 h at
4 °C. Western blotting was performed with a 1:500 dilution of the
antimyc and anti-P-Smad3 antibodies or 1:1000 dilution of anti-
FLAG M2 and anti-ALKS antibodies in TBB overnight at 4 °C.
The membranes were washed 3 times with TBS-T, for 10 min, at
room temperature. As a secondary antibody, we used antimouse
or antirabbit horseradish peroxidase-conjugated (HRP) in a
1:10,000 dilution in TBS-T for 1 h at room temperature. In the
case of biotinylated proteins, membranes were hybridized di-
rectly with HRP-conjugated streptavidin in a 1:20000 dilution for
1 h at room temperature. After 3 washes of 15 min with TBS-T at
room temperature, bands were visualized by enhanced chemilu-
minescent detection on Fuji medical X-ray film (Super RX).

In Vivo Biotinylation and Protein— Protein Interaction
Assay. The in vivo biotinylation assay was performed as
described (21, 27). Briefly, 7.5 x 10° of HEK293T cells were
transfected in 10-cm dishes with 7.5 ug of the pCDNA3-Bio-
Smad3 (wt or mutant forms) expression vector in the presence
or in the absence of 7.5 ug of pPCDNA3-BirA vector expressing
the bacterial biotin ligase BirA. For protein—protein interac-
tion assays, HEK293T cells were cotransfected with the
above plasmids along with 7.5 ug of expression vectors
pCDNA3—6myc-Smad2, pCDNA3—6myc-Smad3 (wt or mu-
tant forms), and pCDNA3—6myc-Smad4, in the presence or in
the absence of an expression vector for a constitutively active
form of the type I TGFp receptor (CA-ALKS, 7.5 ug). Cells were
lysed in lysis buffer (20 mM Tris-HCl at pH 7.5, 150 mM Nacl,
10% glycerol, and 1% Triton X-100) and allowed to interact with
Streptavidin agarose beads for 3 h at 4 °C in a rotating platform.
Beads were washed three times with lysis buffer and centrifuged
at 4,000 rpm for 1 min at room temperature. Bound proteins as
well as the starting material (input) were subjected to
SDS—PAGE followed by immunoblotting as described above.

Coimmunoprecipitations Assays. Transfected HEK293T
cells were washed with ice-cold PBS and collected in PBS. Cells
were pelleted by centrifugation at 5000 rpm for 5 min at 4 °C and
resuspended in lysis buffer (20 mM Tris/HCI, pH 7.5, 150 mM
NaCl, 10% glycerol, and 1% Triton X-100) supplemented with
protease inhibitors. Lysates were rotated on a platform for 30
min at 4 °C. Extracts were collected by centrifugation at 13000
rpm for 5 min at 4 °C, then precleared by incubation with 35 uL
of Protein G—Sepharose Fast Flow beads pre-equilibrated with
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lysis buffer. Supernatants were incubated with a proper dilution
of the first antibody (antiflag or anti-GST) on a rotating platform
overnight at 4 °C, followed by incubation with 35 uL of Protein
G—Sepharose Fast Flow beads for 3 h. Beads were washed three
times in lysis buffer, precipitated, and resuspended in 4x SDS
loading buffer.

Chromatin ~ Immunoprecipitation  (ChIP)  Assay.
HEK293T cells grown in P-100 plates were transfected with
expression vectors for wild type flag-Smad3 (7.5 ug) or flag-
Smad3P229A (7.5 ug), and the constitutively active form of the
type I TGEp receptor (ALK S-ca, 5 ug) along with the hPAI-1
(—800/4+71)-Luc (2 ug). The ChIP assay was performed as
described previously (30) using an antiflag antibody. Immuno-
precipitated chromatin was analyzed by PCR using primers
corresponding to the —795/—615 region of the human plasmino-
gen activator inhibitor-1 (PAI-1) promoter and to the —1416/
—1263 region of the human cell cycle inhibitor p21<PXNIA
promoter. The sequence of the primers is given in Table 1. The
products of the PCR amplifications were analyzed by agarose gel
electrophoresis.

DNA Affinity Precipitation (DN AP) Assays. Transfected
HEK293T cells were washed with ice-cold PBS, collected by
centrifugation at 5000 rpm at 4 °C for 5 min and resuspended in
lysis buffer (20 mM Tris-HCL at pH.7.5, 150 mM Nacl, 10%
glycerol, and 1% Triton X-100) supplemented with protease
inhibitors. Lysates were rotated on a rotating platform for 30 min
at 4 °C and purified by centrifugation at 13000 rpm for 5 min at
4 °C. Dynabeads were washed once with 1 x B&W buffer [S mM
Tris/HCI (pH 7.5), 0.5 mM EDTA, and 1 mM NaCl], mixed with
0.58 uM of biotinylated PCR fragment corresponding to a
biotinylated oligonucleotide containing four copies of a canoni-
cal Smad binding element (4x SBE) or a biotinylated double
stranded oligonucleotide corresponding to the —688/—660 region
of the plasminogen activator inhibitor 1 gene and incubated at
room temperature for 15 min. The beads were washed twice with
1x B&W buffer and once with 1x BBRC buffer (10% glycerol,
10 mM Tris/HCl at pH 7.5, 50 mM KCI, 4 mM MgCl,, and 0.2
mM EDTA). The cell extracts were incubated overnight at 4 °C
with the pre-equilibrated streptavidin Dynabeads in 1x BBRC
buffer. Each reaction mixture included 100—150 ug of total cell
extracts, 8 ug of competitor poly (dI/dC) and the DNA-coupled
Dynabeads in a total reaction volume of 300 yL. 6myc-Smad3

hSMAD3 (200) MDAGSP--—-———————————
hSMAD2 (241) MDTGSPA-—-———————————
hSMAD1 (208) TSSDPGSPFQMPAD-—---—-
hSMAD5 (207) ASSGPGSPFQLPAD--—--—-
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(wt or mutant forms) bound to the oligonucleotides was detected
by SDS—PAGE and immunoblotting using the mouse mono-
clonal anti-c-myc 9E10 antibody

RESULTS

Glutamine 222 Plays an Important Role in Smad3
Homo- and Hetero-Oligomerization in Response to
TGFf Stimulation. We have shown previously that an internal
deletion in the linker region of Smad3 (Smad3 A200—230)
compromised TGFp signaling by affecting the nuclear functions
of Smad3 such as the interaction with the histone acetyltransfer-
ase p/CAF and the transcriptional activation of TGFf target
promoters (2/). Amino acid residues 200—230 in Smad3 are
located within a nonconserved region at the C-terminal end of the
linker (Figure 1). A closer inspection of this region revealed that
out of these 30 amino acids, only three are well conserved among
all TGFp- and BMP-regulated Smads and Smad4. These amino
acids are two prolines at positions 209 and 229 (P209, P229) and a
glutamine at position 222 (Q222). Proline 209 is part of a Ser/Pro
motif which was shown previously to serve as a target for
mitogen-activated protein kinases such as ERK (37). Mutagen-
esis of serine 208 to alanine decreased ERK phosphorylation and
increased the ability of Smad3 to stimulate a Smad target gene,
suggesting that ERK phosphorylation inhibits Smad3 activ-
ity (31). In BMP-regulated Smads only, this proline residue is
located in the vicinity of a PPXY motif (residues 224—227 in
Smadl, Figure 1) which is recognized by the ubiquitin ligase
Smurf1 (32). In an attempt to identify novel residues in this part
of the linker that may play important roles in Smad3 regulation,
we focused our attention to conserved residues Q222 and P229 as
well as to an amino acid residue, asparagine 218 (N218), that is
not conserved among the different Smads. As shown in Figure 1,
this position is occupied by an arginine in Smadl (R257), a
glutamate in Smad4 (E307), and a serine in Smad?2 (S260) and
Smad5 (S257).

We generated Smad3 mutants bearing individual substitutions
of these amino acids to alanine (Smad3 N218A, Q222A, and
P229A), and we monitored their functional properties along the
TGEp signaling pathway. First, we looked at their phosphoryla-
tion in response to TGFEf stimulation. To achieve this goal, we
took advantage of an in vivo Smad biotinylation assay that we
established recently, which is based on the fusion of Smads with

ERK

J

———————————— TPPPAYLPPEDPMTQDGSQPMD
———————————— TPPPAYMPPDDQMGQDNSQPMD

hSMAD4  (238)

hSMAD3  (217)
hSMAD2  (259)
hSMAD1  (244)
hSMAD5 (243)
hSMAD4  (293)

LQIASGPQPGQQONGFTGQPATYHHNS TTTWTGSRTAPY TPNLPHHONGHLOHHP

Smurfl
N218A Q222A p229A

* * *
------------- NNLDLQPVTYCEPA--FWCSISYYELNQRVGETFHASQ

————————————— HSLDLQPVTYSEPA--FWCSIAYYELNQRVGETFHASQ
TN-MMAPPLPSEINRGDVQAVAYEEPK--HWCSIVYYELNNRVGEAFHASS
TSNNMIPQIMPSISSRDVQPVAYEEPK--HWCSIVYYELNNRVGEAFHASS
PMPPHPGHYWPVHNELAFQPPISNHPAPEYWCSIAYFEMDVQVGETFKVPS

MH2

FIGURE 1: Amino acid sequence homology in the linker regions of R-Smads and Smad4. Amino acid sequence homology between TGFfS and
BMP-regulated Smads as well as Smad4, in the 200—230 region of Smad3, containing the amino acid residues N218, Q222, and P229 that were
mutagenized in the present study. The amino acid substitutions that were introduced to Smad3 are shown by asterisks. A Ser/Pro motif in Smad3
that serves as target for ERK MAP kinase and a recognition motif for the ubiquitin ligase Smurf1 are also shown. Totally conserved amino acids
are shown in red. Amino acids with lower degree of homology among Smads are shown in blue and green.
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A

*
MASSLRQILDSQKMEWRSNAGGS

Bio-Smad2
Bio MH1 Linker MH2 Bio-Smad4
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lo-Sma (WB: Strep-HRP)

Strep. Agarose
CA-ALK5 —» (WB: anti-ALK5)
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6myc-Smad3 wt N218A P229A Q222A
flag-SARA  + + + + + + + +
IP: anti-flag + +

WB: anti-myc ‘ — R —
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WE: anti-flag | ==

— | — —— |
WB: anti-myc
(WCE) u—- .-|
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FiGURE 2: Conserved residue glutamine 222 in the Smad3 linker is
required for interaction with the cytoplasmic adaptor SARA. (A)
Schematic representation of wild type Smad2, Smad3, Smad4, and
Smad3 mutants N218A, Q222A, and P229A tagged with the Bio
peptide at their N-terminus. The amino acid sequence of the Bio
peptide that serves as a recognition site for the bacterial biotin ligase
BirA is shown. The lysine residue that is biotinylated by BirA is
indicated with an asterisk. (B) HEK293T cells were transfected with
vectors expressing wild type Bio-Smad3 or Bio-Smad3 mutants
N218A, Q222A, and P229A, and BirA in the absence or in the
presence of an expression vector for the constitutively active ALKS
receptor (CA-ALKS). The biotinylated proteins were purified by
streptavidin affinity chromatography, and the phosphorylation sta-
tus of the purified proteins was examined by Western blot using an
antibody against phosphorylated Smad3 (anti-PS3). Smad biotinyla-
tion was monitored by Western blotting using HRP-conjugated
streptavidin (Strep-HRP). CA-ALKS expression was monitored by
Western blotting using an antibody against ALKS5. (C) HEK293T
cells were transfected with expression vectors for wild type flag-
tagged SARA and 6myc-Smad3 or 6myc-Smad3 mutants N218A,
Q222A, and P229A, and subjected to immunoprecipitation (IP) using
a mouse monoclonal antiflag antibody or a nonspecific (anti-GST)
antibody as a control. The immunoprecipitated proteins as well as the
starting material (WCE, whole-cell extract) were analyzed by SDS/
PAGE and Western blotting (WB) using the monoclonal antimyc
antibody. Immunoblots were stripped and reprobed with antiflag
antibody to detect the immunoprecipitated flag-tagged SARA.

the Bio peptide bearing the recognition sequence of the bacterial
ligase BirA (Figure 2A) (33). This facilitates the purification of
the in vivo biotinylated protein via streptavidin affinity chroma-
tography. We used the Bio-Smad3 plasmids along with an
expression vector for BirA to transfect HEK293T cells in the
absence or in the presence of the constitutively active type | TGFf
receptor (CA-ALKSY) used here to mimick the TGFp stimula-
tion (34). The phosphorylation status of the purified proteins was
examined by immunoblotting using an antibody raised against
Smad3 phosphorylated at its C-terminal SSXS motif. As shown
in Figure 2B, none of the Smad3 mutants lost its ability to be
phosphorylated by the constitutively active ALKS5 receptor.

Vasilaki et al.

We then analyzed the physical interaction of the three Smad3
mutants with the endosomal protein SARA. SARA is a FYVE
domain protein that interacts directly with Smad2 and Smad3,
and recruits them to the TGFp receptor type I for phosphoryla-
tion (35). Phosphorylation of R-Smads induces their dissociation
from SARA with concomitant formation of R-Smad/Smad4
complexes and their nuclear translocation (35). The interaction of
wild type or mutant Smad3 proteins with SARA was performed
by coimmunoprecipitation experiments as described in Materials
and Methods. As shown in Figure 2C, wild type 6myc-Smad3
interacted efficiently with flag-tagged SARA in agreement with
previous findings (36). The 6myc-Smad3 N218 and P229A
mutants interacted with SARA as efficiently as wild type Smad3
(note the lower levels of expression of 6myc-Smad3 N218A
mutant in this experiment) (lanes 4 and 6). In contrast, 6myc-
Smad3 Q222A mutant showed a weak but detectable interaction
with flag-SARA (lane 8).

The formation of Smad oligomers in response to TGFf
stimulation is at the heart of TGFf signaling in mammalian
cells and disruption of Smad oligomerization is frequently
observed in cancer patients (10, 37). We thus sought to investigate
the oligomerization properties of the Smad3 linker mutants that
we generated. Using the in vivo biotinylation system described
above, we first analyzed the ability of the wild type and mutant
Smad3 proteins to form oligomers with other Smads (i.e., hetero-
oligomerization). As shown in Figure 3A, wild type 6myc-Smad3
and the 6myc-Smad3 N2I18A and P229A mutants interacted
efficiently with biotinylated Smad2 (Bio-Smad2) in the presence
of BirA ligase (lanes 2, 8, and 11, respectively) and this interaction
was greatly enhanced in the presence of the constitutively active
ALKS receptor (CA-ALKS5) (lanes 3, 9, and 12, respectively). In
contrast, no interaction between Bio-Smad2 and the 6myc-
Smad3 Q222A mutant could be observed either in the absence
(lane 5) or in the presence (lane 6) of CA-ALKS. The top and
bottom panels of Figure 3A show the detection of 6myc-Smad3
proteins on the streptavidin agarose beads and the whole cell
extracts, respectively, by immunoblotting using the antimyc
antibody, whereas the middle panels show the detection of
biotinylated Smad2 protein on the streptavidin agarose beads
by blotting using HRP-conjugated streptavidin. Identical results
were obtained when the wild type and mutant 6myc-Smad3
proteins were tested for interaction with biotinylated Smad4
(Figure 3B).

In summary, the data of Figure 3A and B revealed that the
replacement of the conserved polar amino acid glutamine at
position 222 in the linker region of Smad3 protein with the
nonpolar amino acid alanine abolished the hetero-oligomerization
properties of this protein. This did not happen when the nonpolar
amino acid proline at position 229 or the polar but nonconserved
amino acid asparagine at position N218 was replaced by alanine.

We then investigated the homo-oligomerization properties of
the Smad3 mutants using the same protein—protein interaction
system. As shown in Figure 3C, 6myc-Smad3 N218A and P229A
mutants, similar to wild type 6myc-Smad3, retained their ability to
form homo-oligomers in the presence of CA-ALKS (lanes3, 9, and
12). In contrast, 6myc-Smad3 Q222A mutant had lost its ability to
form homo-oligomers in the presence of CA-ALKS (lane 6).

In conclusion, the findings of Figure 3 indicated that glutamine
222 in the linker region of Smad3 is required for Smad3 homo-
and hetero-oligomerization in response to TGFf stimulation.

Effect of the Q2224 Mutation on the Nuclear Translo-
cation of Smad3 in Response to TGF[3 Stimulation. Next, we
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FIGURE 3: Glutamine 222 plays an important role in Smad3 homo- and hetero-oligomerization in response to TGF/ stimulation. (A,B) Hetero-
oligomerization assays. HEK293T cells were transfected with different combinations of expression vectors for Bio-Smad2, Bio-Smad4, and Bio-
Smad3 along with wild type 6myc-Smad3 or 6myc-Smad3 mutants N218A, Q222A, and P229A, and BirA and CA-ALKS5 asindicated on top. The
concentrations of plasmids used and the protocol of the protein—protein interaction assay are described in detail in Materials and Methods.
Immunoblottings were performed using the antimyc monoclonal antibody for the detection of myc-tagged Smad3 and HRP-conjugated
streptavidin for the detection of biotinylated Smad2 and Smad4 proteins. (C) Homo-oligomerization assays. HEK293T cells were transfected with
vectors expressing wild type Bio-Smad3, Bio-Smad3 N218A, Bio-Smad3 Q222A, or Bio-Smad3 P229A along with their 6-myc tagged
counterparts and BirA in the absence or in the presence of expression vector for the constitutively active ALKS5 receptor (CA-ALKS). The
biotinylated proteins were purified by streptavidin affinity chromatography. Immunoblottings were performed using the antimyc monoclonal
antibody for the detection of myc-tagged Smad3 proteins. In all panels, nonspecific proteins detected by streptavidin-HRP are shown with
asterisks.
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examined the ability of the Smad3 linker mutants to translocate
to the nucleus in response to TGFf stimulation. For this purpose,
HEK293T fibroblasts were transiently transfected with expres-
sion vectors for 6myc-Smad3 (wild type or mutant) and Bio-
Smad4 in the presence or in the absence of an expression vector
for the constitutively active TGFp type I receptor (CA-ALKS).
The subcellular localization of 6myc-Smad3 proteins was mon-
itored by indirect immunofluorescence using an antimyc anti-
body followed by a secondary Alexa Fluor antibody. Nuclei were
stained with DAPI. As shown in Figure 4, all four 6myc-Smad3
proteins showed a predominant cytoplasmic staining in the
absence of CA-ALKS in HEK293T cells. In the presence of
CA-ALKS, staining of wt 6myc-Smad3, 6myc-Smad3 N218A,
and 6myc-Smad3 P229A was predominantly nuclear, whereas no
nuclear staining was observed in the case of 6myc-Smad3 Q222A.
These findings showed that mutation Q222A compromised the
translocation of activated Smad3 to the nucleus.

To investigate the requirement of Smad4 for the nuclear
translocation of activated Smad3 mutants, we repeated the

immunofluorescence experiment of Figure 4 in MDA-MB-468
cells that lack endogenous Smad4 expression (38). As shown in
Figure 5, wild type Smad3 and all three Smad3 mutants were
localized in the cytoplasm of MDA-MB-468 cells in the absence
of CA-ALKS. In the presence of CA-ALKS, partial or complete
nuclear staining was observed in the case of wild type N218A and
P229A Smad3 proteins suggesting that activated Smad3 proteins
can translocate to the nucleus as homo-oligomers (in the absence
of Smad4) albeit to a lower degree. However, no nuclear staining
was observed in the case of the Smad3 Q222A mutant. These
data, combined with the data of Figure 3 showing that the Smad3
Q222A mutant is unable to form both hetero- and homo-
oligomers, indicated that Smad3 proteins cannot translocate to
the nucleus as monomers.

Conserved Amino Acid Residues Q222 and P229 in the
Linker Region of Smad3 Are Required for Smad-Mediated
Transactivation. Transactivation experiments in human
hepatoblastoma HepG?2 cells showed that wild type Smad3
strongly transactivated (37-fold) a Smad-responsive promoter
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FIGURE 4: Mutation Q222A inhibited the nuclear translocation of Smad3 in response to TGFf stimulation. HEK293T were transfected with
expression vectors for wild type 6myc-Smad3 or 6myc-Smad3 mutants N218A, Q222A, and P229A in the absence (—CA-ALKY) or in the
presence (+CA-ALKS) of the constitutively active ALKS receptor and Bio-Smad4. Immunofluorescence experiment was performed using the
antimyc monoclonal antibody followed by a secondary antimouse Alexa Fluor antibody. Nuclei were stained with DAPI.
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FIGURE 5: Smad homo- and/or hetero-oligomerization is required for TGFf-induced nuclear translocation. MDA-MB-468 cells were transfected
with expression vectors for wild type 6myc-Smad3 or 6myc-Smad3 mutants N218A, Q222A, and P229A in the absence (—CA-ALKS5) or in the
presence (+CA-ALKS) of the constitutively active ALKS receptor. Immunofluorescence experiment was performed using the antimyc
monoclonal antibody followed by a secondary antimouse Alexa Fluor antibody. Nuclei were stained with DAPI.
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containing 12 tandem copies of a Smad binding element
derived from the plasminogen activator inhibitor-1 (PAI-1)
gene (CAGA |») and that this activation was enhanced further
by the simultaneous expression of Smad4 (68-fold) (Figure 6A).
Interestingly, 6myc-Smad3 N218A showed an enhanced trans-
activation potential compared with that of wild type 6myc-
Smad3 either in the absence or in the presence of Smad4
(104-fold and 190-fold transactivation, respectively). In
sharp contrast, overexpression of either 6myc-Smad3 P229A
or 6myc-Smad3 Q222A failed to transactivate the CA-
GA |, promoter in the absence of 6myc-Smad4, whereas in
the presence of 6myc-Smad4, the transactivation of the
CAGA |, promoter was reduced by 90% and 96%, respec-
tively, relative to the transactivation by wild type 6myc-
Smad3 (Figure 6A). These findings were a first indication
that specific conserved residues in the linker region of Smad3
may be essential for the nuclear functions of this protein in
mammalian cells such as DNA binding and transcriptional
activation.

In the transactivation experiment of Figure 6A in which the
CAGA |, reporter was used, the transcriptional read-out depends

on the direct binding of Smads to the numerous Smad binding
elements that are present in this artificial promoter. Thus, the
deficiency in the transactivation potential that was observed in
the case of the Smad3 P229A and Q222A mutants (Figure 6A)
could be accounted for by defects in the DNA binding properties
of both mutants. If this is indeed the case, then these mutants
should exhibit normal (similar to wild type) transactivation
properties when fused with a heterologous DNA binding do-
main. To address this possibility, we took advantage of the GAL4
transactivation system. For this purpose, we fused the three
Smad3 linker mutants with the DNA binding domain of the yeast
transactivator GAL4 and examined their ability to transactivate
an artificial promoter (GsB) consisting of 5 tandem GAL4 DNA
binding sites placed in front of the firefly luciferase gene. As
shown in Figure 6B, GAL4-Smad3 (wild type) strongly transac-
tivated the GsB promoter (800-fold). In agreement with the
findings of Figure 6A, the GAL4-Smad3 N218A mutant had a
higher transactivation capacity than that of wild type Smad3
(1400-fold transactivation of the GsB promoter), whereas the
GAL4-Smad3 Q222A mutant was transcriptionally silent. The
total lack of transactivation by the GAL4-Smad3 Q222A mutant
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FIGURE 7: Smad3 P229A inhibits the transcriptional activation of TGEp target genes. (A) HepG?2 cells were transfected with the p(CAGA),»-
E1B-Luc (1 ug) reporter plasmid in the absence or in the presence of an expression vector for the constitutively active ALK S5 receptor (CA-ALKYS)
and increasing concentrations of an expression vector for 6myc-Smad3 P229A. An immunoblot showing the levels of expression of the 6myc-
Smad3 P229A mutant in the transfected cells is shown below the graph. (B) HepG2 cells were transfected with the p(CAGA),,-E1B-Luc reporter
plasmid (1 ug) in the absence or in the presence of an expression vector for 6myc-Smad4 and increasing concentrations of an expression vector for
6myc-Smad3 P229A. (C) MDA-MB-468 cells were transfected with the reporter vector p(CAGA),-E1B-Luc (1 ug) along with different
combinations of expression vectors for the constitutively active ALKS5 receptor (CA-ALKS), 6myc-Smad4, 6myc-Smad3, and 6myc-Smad3
P229A. (D) HaCaT cells were infected with a control adenovirus (ad-GFP) or with a recombinant adenovirus expressing Smad3 P229A (ad-
Smad3 P229) in the absence (—) or in the presence of an adenovirus expressing the constitutively active ALKS receptor (ad-CA-ALKY) as
indicated. Quantitative real-time PCR analysis was performed as described in Meterials and Methods using primers specific for the PAI-1 gene
and for the housekeeping GAPDH gene which was used for normalization. (E) HepG2 cells were transfected with the (—700) PAI-1-Luc (1 ug)
reporter plasmid in the absence or in the presence of an expression vector for the constitutively active ALKS receptor (CA-ALKS5) and an
expression vector for 6myc-Smad3 P229A. An immunoblot showing the levels of expression of the 6myc-Smad3 P229A mutant in the transfected
cells is shown below the graph. In panels A—C and E, the CMV-f3-gal plasmid expressing 3-galactosidase (1 ug) was included in each sample for
normalization of transfection variability. Luciferase activity was determined in cell lysates at 48 h after transfection, and the relative values (£ S.E.
M.) from at least three independent experiments performed in duplicate are shown in the histograms.

was not due to a defect in nuclear accumulation of this hybrid by the coexpression of 6myc-Smad3 P229 in a dose-dependent
protein as demonstrated by immunofluorescence (Supporting fashion. Similarly, 6myc-Smad3 P229A inhibited the transactiva-
Information, Figure 1). Interestingly however, in the GAL4 tion of the CAGA |, promoter by overexpressed 6myc-Smad4
system, Smad3 P229 was not silent but displayed a transcrip- in a dose dependent manner in HepG2 cells (Figure 7B).

tional activity that was 40% lower than the activity of wild type The dominant negative effect of Smad3 P229A on Smad4 was
Smad3 (500-fold activation of the G5B promoter). This finding also examined in breast cancer cell line MDA-MB-468 that

strongly suggested that the failure of this mutant to transactivate does not express endogenous Smad4 (38). As shown in
Smad-responsive promoters (Figure 6A) could be accounted for Figure 7C, CA-ALKS5 could not transactivate the CAGA,
by a defect in DNA binding (see below). promoter in these cells because of the absence of endogenous

Smad3 P229A Inhibits TGFf Signaling. The profile of the Smadd4, whereas overexpression of wild type 6myc-Smad4 re-
Smad3 P229A mutant, i.e., normal TGFf-induced phosphoryla- stored the response of this promoter to CA-ALKS. Wild type
tion, oligomerization, and nuclear translocation but defective 6myc-Smad3 enhanced the CA-ALKS and 6myc-Smad4
transactivation, prompted us to investigate whether this mutated mediated transactivation of the CAGA,, promoter approxi-
Smad3 protein has dominant negative properties. As shown in mately 5-fold. In contrast, 6myc-Smad3 P229A inhibited the

Figure 7A, overexpression of CA-ALKS5 in HepG2 cells activated transactivation of the CAGA |, promoter by CA-ALKS5 and
the CAGA |, promoter, but this activation was strongly inhibited 6my-Smad4 by 60% (Figure 7C).



Article Biochemistry, Vol. 48, No. 35, 2009 8375

A 6myc-Smad3: (wt) N218A P229A Q222A
3 w 3 w 3 w e w

« B % ,E 4 .3 u 3 u

25 8 Es8 Esg fgog

E o < £ o & E o6 < o <

WB: anti-myc .’

13

*
...
l

—
B 6myc-Smad3: (wt) N218A P229A Q222A
s é - 5 E - 3 E = E T
Q = Q = o 3 <
£ 8 &8 £ 8 & £ 8 & g =

’ Input
|

WB: anti-myc - __-' _'-

C F-Smad3 (wt) F-Smad3 (P229A)
- o - o
2 2 & 2 2 &
E YT % = V%

= s p21(-1,416/-1,263)

FiGuRrE 8: Mutation P229A in the Smad3 linker abolished DNA binding in vitro and in vivo. (A,B) DNA affinity precipitation experiment using
extracts from HEK293T cells that had been transfected with an expression vector for wild type 6myc-Smad3 or 6myc-Smad3 mutants N218A,
Q222A, and P229A. Biotinylated double stranded oligonucleotides bearing 4 copies of a consensus Smad binding element (4XSBE) (A) or
the —688/—660 region of the human plasminogen activator inhibitor —1 gene (PAI-1) (B) were coupled to streptavidin agarose beads and
incubated with the cell lysates as described in Materials and Methods. Bound proteins were analyzed by SDS—PAGE and immunoblotting using
an antibody against the 6myc epitope tag of Smad3 proteins. (C) Chromatin immunoprecipitation in HEK293T cells ectopically expressing flag-
Smad3 (wt) or flag-Smad3 (P229A) as described in Materials and Methods. Immunoprecipations were performed using the antiflag antibody or
no antibody as a control (—ab). PCR was é?)erformed using primers corresponding to the —795/—615 region of the human PAI-1 promoter or the
—1,416/—1,263 region of the human p21“P¥N1A gene,

To confirm that the dominant negative effect of Smad3 P229A a probe derived from the promoter of the plasminogen activator
on TGFp signaling can also be exerted on the expression of inhibitor 1 (PAI-1) gene (region —688/—660) was utilized
endogenous TGFp target genes, HaCaT cells were infected with (Figure 8B) (39).

recombinant adenoviruses expressing CA-ALKS (Ad-CA- To prove that the P229A linker mutation affected the DNA
ALKS), 6myc-Smad3 P229A (Ad-6myc-Smad3 P229A), or binding properties of Smad3, we performed in vivo chromatin
GFP (Ad-GFP) as a control. The mRNA levels of the endogen- immunoprecipitation assays in HEK293T cells expressing flag-
ous PAI-1 gene or of the GAPDH gene (normalization standard) Smad3 (wt) or flag-Smad3 (P229A) along with CA-ALKS to
were measured by quantitative real-time PCR. As shown in ensure the nuclear accumulation of the exogenous proteins

Figure 7D, Ad-6myc-Smad3 P229A, but not Ad-GFP, inhibited (Figure 4). As shown in Figure 8C, wild type flag-Smad3
the Ad-CA-ALKS-induced transcription of the PAI-1 gene in (F-Smad3) was recruited to the PAI-1 (—795/-615) and p21
HaCaT cells. In agreement with this finding, 6myc-Smad3 P229A (—1,416/—1,263) promoter regions (lane 3), whereas no recruit-
inhibited the CA-ALKS5-induced transactivation of the PAI-1 ment of the flag-Smad3 P229A mutant to these promoters could
promoter in HepG?2 cells (Figure 7E). Thus, the combined data of be detected (lane 6).

Figure 7 showed that the Smad3 P229A mutant inhibits TGFp
signaling when overexpressed in mammalian cells.

Proline 229 in the Linker Region of Smad3 Is Essential DISCUSSION
for DNA Binding in Vitro and in Vivo. We finally sought to Regulation of Smad Function by the Linker Region.
examine the possibility that the three mutations in the linker Smad proteins are key effectors of TGFf signaling in mammalian
region of Smad3 have affected its DNA binding properties. To cells and other species (6, 7). The multiple functions of Smads
address this, we first performed DNA affinity precipitation include phosphorylation and oligomerization in response to
assays (DNAP) in vitro using 6myc-Smad3 proteins overex- TGFp stimulation, translocation to the nucleus, sequence-spe-
pressed in HEK293T cells as described in Materials and Meth- cific DNA binding, and interaction with coregulatory molecules
ods. As shown in Figure 8A, wild type 6myc-Smad3 and the such as coactivators or corepressors (6, 7). All of these activities
6myc-Smad3 mutants N218 and Q222A interacted with a are clustered in two separate domains called the MH1 and MH2
biotinylated oligonucleotide bearing four copies of the consensus at the N-terminal and the C-terminal ends of the proteins,

Smad binding element 5 CAGAC 3’ (4x SBE) (34). In contrast, respectively (6, 7). The region that connects the MHI and
the 6myc-Smad3 P229A mutant could not bind to the SBE, MH?2 domains is called the linker, and it is generally believed
suggesting that the P229A mutation has affected the DNA that it has no specific functions other than allowing the MH1 and
binding properties of Smad3. Similar results were obtained when MH?2 domains to move freely and interact with other molecules.



8376  Biochemistry, Vol. 48, No. 35, 2009

This is also based on the fact that the linker of Smads is
characterized by a high degree of variability in the amino acid
sequence, with very few amino acid residues to be conserved
among all family members (Figure 1).

Recent studies have shown that the linker region of R-Smads
plays a role in the cross-talk between TGFf and other signaling
pathways. The linker is phosphorylated at specific Ser/Thr
residues by MAP kinases, cyclin dependent kinases, and Ca®"/
calmodulin kinase II (CaMKII) (/3—19). The linker region also
contains binding sites for the ubiquitin ligase Smurfl (23).
Recently, it was shown that the peptidyl-prolyl cis—trans iso-
merase Pinl interacted with Smad2 and Smad3 at phosphory-
lated S/T-P motifs in the linker region (24). Furthermore, the
linker region of Smads was shown to bind to filamin, a
cytoskeletal actin-binding protein, suggesting a novel regulatory
cross-talk between TGFp signaling and the actin cytoskele-
ton (40). Finally, the linker regions of Smad3 and Smad4 were
shown to harbor, at their C-terminal ends, a transactivation
domain, and an internal deletion of this domain in Smad3 was
shown to abolish Smad-mediated transactivation of TGFf target
promoters (20—22). However, naturally occurring Smad3 iso-
forms that lack the N-terminal part of the linker region retain
their functional properties such as nuclear translocation and
transcriptional activation of reporters containing SBEs (40, 41).
All of the above studies support an essential role of the C-
terminal part of the linker region of Smad proteins in their
functions as key TGFp signaling mediators.

Role of Linker Amino Acids in Smad Oligomerization.
The studies described here provide additional evidence for the
important role of specific amino acid residues of the linker region
for Smad3-mediated signaling. One of the most intriguing
findings of our present work was that substitution of the
conserved amino acid glutamine 222 by alanine in the C-terminal
part of the linker had a profound effect on its oligomerization
with other Smad proteins and with itself (Figure 3). As a
consequence, this Smad3 mutant failed to translocate to the
nucleus and activate transcription in response to TGEf stimula-
tion (Figures 4—6). The formation of Smad oligomers in response
to TGFS stimulation is at the heart of TGFp signaling in
mammalian cells as documented by functional studies as well
as by the identification of oligomerization deficient Smad mu-
tants in cancer patients (/0, 37). Smad oligomerization requires
phosphorylation of R-Smads by the corresponding type I TGFf
receptor and the formation of R-Smad/Smad4 complexes in the
cytoplasm (37). Crystallographic studies of Smad4 oligomeriza-
tion revealed that formation of Smad trimers is facilitated by
specific interactions between residues of the MH2 domain that
are located in the loop-helix region and 3-helical bundle (42). We
have previously characterized a tumorigenic mutation in Smad4
(E330A) and showed that this amino acid (or the corresponding
residue E239 in Smad3), which is not located on the binding
surface, participates in a network of polar interactions with other
residues of the MH2 domain and that disruption of this network
of intramolecular interactions destroys Smad oligomerization
and inhibits TGFp signaling (43). This finding, combined with
our observation that residues 230—248 of the MH2 domain
(which include E239) are required for the transcriptional activity
of the linker, prompted us to propose that interactions between
polar residues of the MH2 domain (such as E239) and the linker
domain (such as Q222) contribute to the local stability of this part
of the Smad3 protein and play an important role in the functions
of the MH2 domain such as oligomerization. This hypothesis is
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supported by our observation that the Smad3 Q222A mutant
interacted less efficiently with SARA and the type I TGFS
receptor than wild type Smad3 or the other two mutants
P229A and N218A (Figure 2B,C). Crystallographic studies of
Smad oligomers obtained by full length proteins will be extremely
valuable to help us understand the intermolecular interactions
that operate between the different domains of Smads and the
contribution of these interactions to Smad functionality.

Another interesting observation in our present study was that
wild type Smad3 and the Smad3 mutants N218A and P229A
translocated to the nucleus in Smad4-deficient MDA-MB-468
cells in response to ALKS activation (Figure 5). This is a an
additional proof of the concept that activated Smad3 proteins
can enter the nucleus as homo-oligomers (i.e., as homodimers or
homotrimers). However, Smad3 proteins cannot enter the nu-
cleus as monomers as shown in the case of the oligomerization-
deficient Smad3 mutant Q222A (Figure 5).

Smad oligomerization is also crucial for the ability of Smads
to activate transcription in the nucleus. As shown in Figure 6B,
the Smad3 Q222A mutant was unable to activate transcription
even when fused with the heterologous DNA binding domain of
the yeast transactivator GAL4. The GAL4 DBD contains a
nuclear localization signal and thus facilitates the transport of
this Smad3 mutant to the nucleus (Supporting Information,
Figure 1). Thus, the data of Figure 6 strongly suggested that
interaction of Smad3 with other R-Smads or Smad4 in the
nucleus is required not only for the cooperative binding of Smads
to the DNA but also for the interaction with the basal transcrip-
tion machinery and that the linker region of Smads plays a crucial
role in this process.

Enhancement of the Transactivation Potential of Smad3
by a Single Amino Acid Substitution in the Linker Region.
We show here that missense mutations at two highly conserved
amino acid residues, Q222A and P229A, abolished the ability of
Smad3 to transactivate a Smad-responsive promoter (CAGA|,)
in cooperation with Smad4 (Figure 6A). In sharp contrast, a
missense mutation at a nonconserved amino acid residue,
N218A, increased the transactivation potential of Smad3
(Figure 6A,B). At least two mechanisms could be proposed to
account for this activating function of the N218A mutation: The
N218A mutation could enhance the TGF-induced oligomeriza-
tion of Smad3. The oligomerization assays of Figure 3, which
were performed using the in vivo biotinylation assay, did not
reveal any changes in the homo- or the hetero-oligomerization
properties of the Smad3 N218A mutant when compared to the
wild type protein or in the ALKS- stimulated C-terminal
phosphorylation of this mutant. Although the immunofluores-
cence assays of Figure 4 are not sensitive enough to detect subtle
changes in the nuclear accumulation between the wild type and
the N218 mutant in response to ALKS signaling, no major
differences were observed. Alternatively, the N218A mutation
could increase the interaction of Smad3 with coactivators in the
nucleus. The possibility remains that the Smad3 N218A mutation
creates a novel binding surface which enhances the interaction of
Smad3 with coactivators in the nucleus.

Amino Acid Residue P229 of the Smad3 Linker Con-
tributes to DNA Binding. The Smad3 P229A mutant was
perhaps the most interesting of all the mutants that we generated
in the context of the present study. The P229A mutation, which is
localized at the very-C-terminal end of the linker (Figure 1), did
not abrogate the ability of Smad3 to interact with SARA
(Figure 2C), to be phosphorylated by the ALKS receptor
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(Figure 2B) and to form oligomers with other Smad molecules or
with itself (Figure 3B—D). The P229A mutant translocated to the
nucleus in response to ALKS activation (Figures 4 and 5) and
failed to transactivate the CAGA, reporter (Figure 6A), but it
retained its transactivation potential when fused to the hetero-
logous DNA binding domain of the yeast transactivator GAL4
(Figure 6B). These findings strongly suggested that the major
defect in the Smad3 P229A mutant was in DNA binding. To
address this issue, we performed protein—DNA binding assays in
vitro and in vivo and indeed showed that the Smad3 protein
bearing the P229A mutation had lost its capacity to interact with
promoter regions bearing well characterized Smad binding
elements (SBEs) such as the p21 promoter or the PAI-1 promoter
(Figure 8A—C) (34, 44). As far as we know, this is the first report
of linker mutation affecting the DNA binding properties of
Smads. We could only speculate about the possible causes for this
DNA binding defect based on the crystal structure of the
transcriptionally active form of Smad4, the only solved structure
containing a fragment of the linker (45). Smad4 contains a
proline rich transactivation domain in the junction between the
linker and the MH2 domain called the SAD (Smad4 activation
domain) (22). Proline-rich transactivation domains are found in
other transcription factors such as CTF (CCAAT box transcrip-
tion factor)/NFI (nuclear factor I) and AP-2 (activator protein
2) (46, 47). The crystal structure of SAD revealed that it forms
two well-ordered structures (residues 285—296 and 307—318)
separated by a disordered region (residues 297—306) (45). Re-
sidues 307—318 in Smad4, which include E307, Q311, and P318
(the corresponding residues of N218, Q222 and P229 in Smad3),
form an extended loop structure (SAD loop) that connects to the
MH2 domain. Most of the hydrophobic residues of the SAD
loop are solvent-exposed (45). This energetically unfavorable
surface could be stabilized through hydrophobic interaction with
a transcription partner. We have shown previously that a region
in Smad3 that corresponds to Smad4 SAD is transcriptionally
active both in mammalian cells and in yeast and that an internal
deletion of this region abolished Smad3-mediated transactiva-
tion (21). Whether Smad3 forms a SAD structure similar to
Smad4 is not presently known, but we are tempted to speculate
that mutation P229 in Smad3 prevents interaction with a nuclear
cofactor which helps to tether Smad3 to the DNA. An alternative
possibility is that P229 participates in hydrophobic interactions
with nonpolar residues in the MH1 domain, thus stabilizing the
p-hairpin structure which makes contacts with the Smad binding
elements, but this needs to be investigated further by structural
studies.

Dominant Negative Function of the Smad3 P2294 Mu-
tant. Finally, the Smad3 P229A mutant had a potent dominant
negative effect on TGFp signaling (Figure 7). Of note was the
strong inhibitory effect of P229A mutant on Smad4-mediated
transcactivation (Figure 7B and C). This observation combined
with the finding that Smad3 P229A interacted with Smad4 in a
CA-ALKS5-dependent manner in vivo, suggested that Smad3
P229A squelches endogenous Smad4 by preventing its oligomer-
ization with endogenous wild type Smad3 or Smad2 and as a
consequence the transcriptional activation of TGF target genes.
Alternatively, overexpressed Smad3 P229A could squelch coac-
tivators that are required for the Smad-mediated transactivation
of TGFf target genes.

In summary, the findings of the present study indicate that
amino acid residues that are located within the linker region of
Smad3 play various roles in Smad functions such as oligomer-
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FIGURE 9: Role of the linker domain in Smad oligomerization, DNA
binding, and transcriptional activation. The oligomerization of
Smads leading to the formation of trimeric R-Smad/Smad4 com-
plexes is shown using different colors for each Smad subunit. The
MH1 and MH2 domains are represented by ovals, and the C-terminal
region of the linker domain is represented by rectangles. The arrows
emphasize the contribution of this region to Smad oligomerization
and DNA binding. SBE: smad binding element.

ization and DNA binding in in response to TGFp stimulation.
This is illustrated in Figure 9. Our data are in line with previous
studies supporting that the linker is not just a flexible hinge that
allows the MH1 and MH2 domains to move freely and interact
with other molecules but plays an important regulatory role in
Smad functions as key mediators of TGF signal transduction in
mammalian cells.
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