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ABSTRACT

Transforming growth factor-beta 1 (TGF-1) is an important growth inhibitor of epithelial cells and insensitivity to this cytokine results in
uncontrolled cell proliferation and can contribute to tumorigenesis. TGF-B1 signals through the TGF-f type I and type II receptors, and
activates the Smad pathway via phosphorylation of Smad2 and Smad3. Since little is known about the selective activation of Smad2 versus
Smad3, we set out to identify novel Smad2 and Smad3 interacting proteins in epithelial cells. A non-transformed human cell line was
transduced with Myc-Hisg-Smad2 or Myc-Hisg-Smad3-expressing retrovirus and was treated with TGF-31. Myc-Hisg-Smad2 or Myc-Hise-
Smad3 was purified by tandem affinity purification, eluates were subject to SDS-PAGE and Colloidal Blue staining, and select protein bands
were digested with trypsin. The resulting tryptic peptides were analyzed by liquid chromatography (LC) and tandem mass spectrometry (MS/
MS) and the SEQUEST algorithm was employed to identify proteins in the bands. A number of proteins that are known to interact with Smad2
or Smad3 were detected in the eluates. In addition, a number of putative novel Smad2 and Smad3 associated proteins were identified that have
functions in cell proliferation, apoptosis, actin cytoskeleton regulation, cell motility, transcription, and Ras or insulin signaling. Specifically,
the interaction between Smad2/3 and the Cdc42 guanine nucleotide exchange factor, Zizimin1, was validated by co-immunoprecipitation.
The discovery of these novel Smad2 and/or Smad3 associated proteins may reveal how Smad2 and Smad3 are regulated and/or uncover new
functions of Smad2 and Smad3 in TGF-B1 signaling. J. Cell. Biochem. 105: 596-611, 2008. © 2008 Wiley-Liss, Inc.
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T ransforming growth factor-beta 1 (TGF-B1) is an important
growth regulator of many cell types to aid in maintaining
tissue homeostasis. TGF-B1 can inhibit epithelial cell proliferation
while promoting the growth of some fibroblasts. The activity of
TGF-B1 occurs by signaling through the TGF-$ type I (TBRI) and
TGF-B type II (TBRII) transmembrane serine/threonine protein
kinase receptors, and activates the Smad pathway through
C-terminal phosphorylation of Smad2 and Smad3 on serine residues
[Macias-Silva et al., 1996]. Activated Smad2 and Smad3 oligo-

merize with Smad4 and translocate to the nucleus where they
interact with transcription factors, transcriptional co-repressors, or
transcriptional co-activators to repress or activate a host of TGF-p1
responsive genes [Abdollah et al., 1997; Heldin et al., 1997; Nakao
et al., 1997; Souchelnytskyi et al., 1997; Wu et al., 1997; Massague,
2000; Massague and Wotton, 2000; de Caestecker et al., 2000; Kloos
et al., 2002; Ten Dijke et al., 2002]. Resistance to the antiproliferative
effects of TGF-B1 is observed in many cancers including head and
neck [Garrigue-Antar et al., 1995; Munoz-Antonia et al., 1996; Chen
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et al., 2001b], lung [Hougaard et al., 1999], gastric [Park et al., 1994;
Myeroff et al., 1995; Kang et al., 1999], colon [Markowitz et al.,
1995; Myeroff et al., 1995; Grady et al., 1999; Markowitz, 2000],
pancreatic [Goggins et al., 1998], ovarian [Wang et al., 2000; Chen
et al., 2001a], and some recurrent breast cancers [Chen et al., 1998;
Lucke et al., 2001]. This loss of sensitivity to TGF-B1 is often due to
mutations in the genes that encode Smad2 and Smad4, mothers
against decapentaplegic homologue (MADH) 2 and MADH4
respectively [Eppert et al., 1996; Hahn et al., 1996; Yanagisawa
et al., 2000; Salovaara et al., 2002].

Smad2 and Smad3 have an amino acid sequence identity of 91%;
therefore it is often thought that Smad2 and Smad3 have redundant
roles in TGF-B1 signaling. In spite of this similarity, data from
Smad2 and Smad3 null mice and Smad2 and Smad3 silencing in
epithelial cells, suggest that Smad2 and Smad3 have distinct roles, in
addition to compensatory roles [reviewed in Brown et al., 2007].
Microarray analysis of Smad2 and Smad3 null mouse embryonic
fibroblasts (MEFs) and of epithelial cells in which Smad2 or Smad3
is silenced show an activation or repression of different and
overlapping subsets of genes [Kretschmer et al., 2003; Yang et al.,
2003]. Interestingly, silencing of Smad3, but not silencing of Smad2,
blocks the growth inhibitory response of TGF-B1 in HaCaT cells
indicating that Smad3 may have a more important role in TGF-31-
mediated cell cycle arrest than Smad2 [Kretschmer et al., 2003]. The
cytostatic function of Smad3 over Smad2 in TGF-B1 signaling is
also revealed in a study where Smad3 silencing results in inhibition
of TGF-B1-mediated cell cycle arrest in a number of TGF-B1
sensitive cell lines [Kim et al., 2005]. Furthermore, raising the
relative endogenous ratio of Smad3 to Smad2 by depleting Smad2
enhances the TGF-B 1 cytostatic response and Smad3 activation and
transcriptional activity of TGF-B1-treated cells [Kim et al., 2005]. In
contrast, Yang et al. [2002] observe TGF-B1-mediated growth
inhibition in Smad3 deficient mammary gland epithelial cells in
culture. Compensatory changes in protein levels or phosphorylation
of Smad2 were not seen in the Smad3 deficient epithelium [Yang
et al., 2002]. From these Smad2 or Smad3 depletion studies it is clear
that in some cell types the roles of Smad2 and Smad3 are not simply
redundant but are distinct.

Overexpression of Smad2 and Smad3 in human cells further
elucidates the roles of Smad2 versus Smad3. Primary hepatic stellate
cells that overexpress Smad3 have increased secretion of fibronectin
and type I collagen, increased chemotaxis, decreased proliferation,
more focal adhesions, and increased «a-smooth muscle actin
organization in actin stress fibers, compared to cells overexpressing
Smad2 [Uemura et al., 2005]. In HepG2 human hepatoma cells,
overexpression of Smad3/4 results in higher levels of transcriptional
activation of the p21 promoter than overexpression of Smad2/4
[Moustakas and Kardassis, 1998]. In addition, overexpression of
Smad3 induces apoptosis in lung epithelial cells, whereas over-
expression of Smad2 does not induce apoptosis to the same extent
[Yanagisawa et al., 1998]. These overexpression data also suggest
that Smad2 and Smad3 have distinct functions.

The regulation of Smad2 and Smad3 is complex and can occur at
the level of interaction with the TGF-@ receptors, nuclear import and
export, and/or at the transcriptional level. This regulation occurs
through the interaction of Smad2 and Smad3 with a myriad of

proteins in response to TGF-f31. However, little is known about the
selective activation of Smad2 versus Smad3. Collectively, the
studies described above indicate that Smad2 and Smad3 may play
distinct roles in TGF-B1-mediated cytoskeleton rearrangement and
cell cycle control. Therefore, we further investigated the roles and
regulation of Smad2 and Smad3 in TGF-B1 signaling by identifying
novel Smad2 and Smad3 associated proteins by affinity purification
and liquid chromatography (LC) and tandem mass spectrometry
(MS/MS). A number of putative novel Smad2 and Smad3 associated
proteins were identified in addition to proteins that are known to
interact with Smad2 and Smad3. Specifically, a Smad2 and Smad3
association with a novel interacting protein identified by LC-MS/
MS, Ziziminl, was confirmed by co-immunoprecipitation experi-
ments. These novel associated proteins have functions in cell
proliferation, apoptosis, actin cytoskeleton regulation, cell motility,
transcription, and Ras or insulin signaling and may reveal how
Smad2 and Smad3 are regulated and/or uncover new functions of
Smad2 and Smad3 in TGF-1 signaling.

CELL LINES AND CULTURE CONDITIONS

HaCaT cells [Boukamp et al., 1988] were provided by Dr. Petra
Boukamp (Deutsches Krebsforschungszentrum, Heidelberg, Germany),
the retrovirus Phoenix packaging cell line was a kind gift of Dr. Garry
Nolan (Stanford University, Palo Alto, CA), and the human embryonic
kidney cell line (293T) was purchased from American Type Culture
Collection (Rockville, MD). All cell lines were maintained in Dulbecco’s
Modified Eagle’s (DME)/high-glucose medium (GIBCO, Carlsbad, CA)
supplemented with 10% fetal bovine serum (Gemini Biosciences,
Woodland Hills, CA) and 1% penicillin/streptomycin.

ANTIBODIES AND OTHER REAGENTS

TGF-B1 was from R&D Systems (Minneapolis, MN). Antibodies to
Smad2/3 were from BD Transduction Laboratories (San Diego, CA),
phosphorylated (Ser 465/467) Smad2 from Upstate Biotechnology,
Smad3 from Zymed Laboratories, Inc. (San Francisco, CA), Smad4
and Myc (9E10) from Santa Cruz Biotechnology (Santa Cruz, CA),
and actin and FLAG (M2) antibodies and streptavidin-Cy3 conjugate
were obtained from Sigma (St. Louis, MO). Antibodies to phos-
phorylated Smad3 (Ser 423/425) were a generous gift of Dr. Ed Leof
(Mayo Clinic, Rochester, MN).

DNA EXPRESSION CONSTRUCTS

Myc-Hisg-Smad2 and Myc-Hisg-Smad3 were generated by poly-
merase chain reaction (PCR) using Smad2 and Smad3 cDNA as
templates and the following primers: 5 -TTTTGAATTCATGGA
GCAGAAGCTGATCAGCGAGGAGGACCTGCACCACCACCACCACC-
ACTCGTCCATCTTGCCATTC-3" and 5-TTTTGAATTCTTATGACAT-
GCTTGAGCA-3" (Smad2) and 5-TTTTGAATTCATGGAGCAGAA-
GCTGATCAGCGAGGAGGACCTGCACCACCACCACCACCACTCGT-
CCATCCTGCCTTTC-3" and 5'-TTTGAATTCCTAAGACACACTGGA-
ACA-3’ (Smad3). The resulting PCR fragments were digested with
EcoRI and cloned into the EcoRI site of pCDNA3 (Invitrogen,
Carlsbad, CA). The cloned Myc-Hisg-Smad2 and Myc-Hisg-Smad3
PCR products were then sequenced using T3 and T7 primers
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(Vanderbilt University DNA Sequencing Facility). To generate
retroviral expression constructs, Myc-Hisg-Smad2 and Myc-Hisg-
Smad3 were digested from pCDNA3 with EcoRI and cloned into the
EcoRI site of pLZRS-MS-IRES-GFP resulting in LZRS-Myc-Hise-
Smad2 or LZRS-Myc-Hisg-Smad3. FLAG-Zizimin1 was generated as
described previously [Meller et al., 2004]. The Smad2 ¢cDNA was
kindly provided by Dr. Jeff Wrana and Dr. Liliana Attisano
(University of Toronto, Toronto, Canada) and the Smad3 cDNA was a
generous gift of Dr. Ying Zhang (National Cancer Institute, Bethesda,
MD). The LZRS retroviral construct was a generous gift of Dr. Garry
Nolan (Stanford University) and was modified as described [Ireton
et al., 2002].

LUCIFERASE ASSAYS

HaCaT cells were transiently transfected with pCDNA3 expression
vectors encoding Myc-Hisg-Smad2, Myc-Hisg-Smad3, or empty
vector. For 12XCAGA-luciferase assays, cells were co-transfected
with the pCAGA12-MLP-luciferase reporter vector (pGL3) pre-
viously described [Dennler et al., 1998]. For activin response
element (ARE)-luciferase assays, cells were co-transfected with
the pAR3-lux reporter vector (pGL2) and the FLAG-Forkhead
domain protein-1 (FAST-1) expression vector (pCS) previously
described [Hayashi et al., 1997; Yeo et al., 1999]. The 3XARE-
luciferase reporter vector, the FLAG-FAST-1 expression vector, and
the pCAGA12-MLP-luciferase reporter vector were kindly provided
by Dr. Joan Massague (Memorial Sloan-Kettering Cancer Center,
NY, NY), Dr. Malcom Whitman (Harvard University, Boston, MA),
and Dr. Jean-Michel Gauthier (Hybrigenics, Paris, France),
respectively. Forty-eight hours post-transfection cells were treated
with TGF-B1 (5 ng/ml) for 24 h and luciferase activity measurements
were performed using the Dual-Luciferase™ Reporter Assay System
(Promega, Madison, WI1).

GENERATION OF STABLE CELL LINES

Retrovirus was produced by transfecting Phoenix packaging
cells with LZRS-Myc-Hisg-Smad2, LZRS-Myc-Hisg-Smad3, or LZRS
empty vector (LZRS-0). HaCaT cells were transduced with the above
retrovirus using 5 pg/ml hexadimethrine bromide (Sigma Chemical
Company, St. Louis, MO) and 48 h post-transduction, HaCaT single
cell clones expressing low levels of GFP were sorted using
fluorescence activated cell sorting (FACS) by Dr. James Higginbo-
tham at Vanderbilt University.

COVALENT ATTACHMENT OF MYC ANTIBODIES TO

PROTEIN G SEPHAROSE

Protein G Sepharose (PGS) (Amersham Biosciences, Piscataway, NJ)
was washed and resuspended in phosphate buffered saline (PBS).
Myc antibodies were then conjugated to PGS for immunoprecipita-
tion purposes as described. Myc antibodies were incubated with PGS
[10 pg Myc antibodies/10 wl PGS slurry (50:50)] overnight at 4°C.
After centrifugation at 12,000 rpm for 15 s, the supernatant was
aspirated and the immunocomplexes were washed 3 times with
0.05 M sodium borate (pH 9.0) (EMD Chemicals, Gibbstown, NJ) and
were incubated in 0.05 M sodium borate (pH 9.0) containing 100 mM
dimethyl pimelimidate (DMP) (Pierce Biotechnology, Inc., Rockford,
IL) at 25°C for 1 h. After 1 h, additional DMP was added for a final

concentration of 200 mM DMP and incubated at 25°C for 1 h.
Immunocomplexes were washed 2 times with 0.2 M ethanolamine
(pH 8.0) (Mallinckrodt Baker, Inc., Phillipsburg, NJ) and were
incubated in 0.2 M ethanolamine at 25°C for 2 h. Immunocomplexes
were washed 2 times with PBS, one time with 8 M urea (Pharmacia,
Uppsala, Sweden), 2 times with PBS, and were stored at 4°C in 0.1%
sodium azide (Fisher Scientific, Fairlawn, NJ) in PBS.

IMMUNOPRECIPITATION OF Myc-Hisg-Smad2 AND
Myc-Hisg-Smad3

To detect phosphorylation of Myc-Hisg-Smad2 and Myc-Hise-
Smad3, HaCaT cell clones stably expressing Myc-Hisg-Smad2, Myc-
Hisg-Smad3, or control cells were treated with or without TGF-31
(5 ng/ml) for 1 h. Cell extracts were prepared by lysing in TALON
lysis buffer (10 mM 3-[N-morpholino]propanesulfonic acid (MOPS)
pH 7.0, 2% Triton X-100, 100 mM KCl, 10% glycerol, 3 mM
imidazole, 5 mM MgCl,) supplemented with protease inhibitors
(50 pg/ml PMSF, 10 pg/ml antipain, 10 pwg/ml leupeptin, 10 pg/ml
pepstatin A, 10 pg/ml chymostatin) and phosphatase inhibitors
(4 mmol/l NaF, 0.1 mmol/l Na;VO0,), and harvested by scraping.
Myc-Hisg-Smad2 or Myc-Hisg-Smad3 was immunoprecipitated by
incubating equal amounts (0.6 mg) of the resulting lysates with
Myc:PGS at 4°C for 4 h. Immunocomplexes were washed 3 times
with TALON lysis buffer and the proteins attached to the Myc:PGS
were eluted by boiling in Laemmli sample buffer. Eluates were
analyzed by sodium dodecyl sulfate-polyacrylamide gel electro-
phoresis (SDS-PAGE) and Immunoblotting with phospho-Smad2
(Ser 465/467), phospho-Smad3 (Ser 423/425), or Myc antibodies
(Santa Cruz) as described below.

IMMUNOFLUORESCENCE MICROSCOPY

Sub-confluent cells, grown on 22 mm?” glass cover slips, were treated
for 2 h with 5 ng/ml TGF-B1. After treatment, cells were washed one
time with PBS and fixed with 4% paraformaldehyde/PBS for 20 min
at 25°C. Immunofluorescence staining using Myc antibodies diluted
in 5% serum/PBS (1:200) was performed and nuclei were counter-
stained as previously described [Brown et al., 2004].

[*HITHYMIDINE INCORPORATION ASSAYS

Sub-confluent HaCaT cell clones stably expressing Myc-Hisg-
Smad2, Myc-Hisg-Smad3, or control cells were treated with TGF-31
(5 ng/ml) for 48 h in 12-well plates and subject to [*H]thymidine
incorporation assays as previously described [Brown et al., 2004].

TANDEM AFFINITY PURIFICATION

Twenty 150 mm plates each of LZRS-Myc-Hisg-Smad2, LZRS-Myc-
Hiseg-Smad3, or LZRS-@-transduced HaCaT cell clones were grown
to 90% confluence and treated with TGF-B1 (5 ng/ml) for 1 h. The
plates were then placed on ice and the cells were washed twice with
ice-cold PBS, lysed in 1 ml/plate with ice-cold TALON lysis buffer
supplemented with protease and phosphatase inhibitors, and
harvested by scraping. Myc-Hisg-Smad2, Myc-Hisg-Smad3, and
their associated proteins were purified by incubating equal amounts
(60 mg) of the resulting lysates with TALON metal affinity resin (BD
Biosciences, Palo Alto, CA) at 4°C for 4 h. After 4 h, a sample of the
proteins that did not attach to the TALON resin was saved as TALON
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flow through (FT). The TALON resin was washed 3 times with TALON
lysis buffer and then washed 3 times with TALON wash buffer
(TALON lysis buffer supplemented with 45 mM imidazole and
protease and phosphatase inhibitors). Proteins bound to the TALON
resin were eluted (TALON lysis buffer supplemented with 400 mM
imidazole and protease and phosphatase inhibitors) and the
resulting eluates were incubated overnight at 4°C with Myc agarose
(9E10 AC) (Santa Cruz). After the overnight incubation, a sample of
the proteins that did not attach to the Myc agarose was saved as Myc
FT. The Myc agarose was washed 4 times with TALON lysis buffer
and the proteins attached to the Myc agarose were eluted by boiling
in Laemmli sample buffer.

IMMUNOBLOT ANALYSES

For expression analysis of the Myc-Hiss-Smad2 and Myc-Hise-
Smad3 constructs, HaCaT cells were transiently transfected
with pCDNA3 expression vectors encoding Myc-Hisg-Smad2 or
Myc-Hisg-Smad3, or empty vector and were treated with TGF-1
(5 ng/ml) for 24 h. Cell lysates were prepared, protein concentrations
were determined, and Immunoblot analysis was performed as
previously described [Brown et al., 2004].

SAMPLE PREPARATION FOR MASS SPECTROMETRY

A fraction of the proteins resulting from the tandem affinity
purification were subject to 10% SDS-PAGE (0.75 mm) and
Colloidal Blue (Invitrogen) staining. Protein bands visualized by
Colloidal Blue staining of SDS-PAGE that were unique to the eluates
from cells transduced with Myc-Hisg-Smad2 or Myc-Hisg-Smad3
were excised and the proteins in those bands were subject to in-gel
digestion with trypsin protease as described previously [Shevchenko
et al., 1996; Wilm et al., 1996; Gharahdaghi et al., 1999]. Care was
taken to avoid cutting out the antibody heavy chain from each lane
as the signal intensity might inhibit the identification of proteins
with less intense staining. Corresponding areas in the gel of the
control cell eluate were also cut out as negative controls to identify
any non-specific protein binding to the TALON resin and Myc
agarose.

MASS SPECTROMETRY

LC and MS/MS were used to analyze the tryptic peptides that
resulted from the in-gel trypsin digestion. LC-MS analysis of the
resulting tryptic peptides was performed using a ThermoFinnigan
LTQ ion trap mass spectrometer equipped with a Thermo MicroAS
autosampler and Thermo Surveyor high performance liquid
chromatography (HPLC) pump, Nanospray source, and Xcalibur
1.4 instrument control. The peptides were separated on a packed
capillary tip, 100 um x 11 cm, with C;g resin (Jupiter C,g, 5 um, 300 A,
Phenomenex, Torrence, CA) using an inline solid phase extraction
column that was 100 pm x 6 cm packed with the same C,g resin
using a frit generated with from liquid silicate Kasil 1 [Cortes et al.,
1987] similar to that previously described [Licklider et al., 2002],
except the flow from the HPLC pump was split prior to the injection
valve. The flow rate during the solid phase extraction phase of the
gradient was 1 pl/min and during the separation phase it was
700 pl/min. Mobile phase A was 0.1% formic acid and mobile phase
B was acetonitrile with 0.1% formic acid. A 95 min gradient was

performed with a 15 min washing period (100% A for the first
10 min followed by a gradient to 98% A at 15 min) to allow for solid
phase extraction and removal on any residual salts. After the initial
washing period, a 60 min gradient was performed where the first
35 min was a slow, linear gradient from 98% A to 75% A, followed
by a faster gradient to 10% A at 65 min and an isocratic phase at
10% A to 75 min. MS/MS scans were acquired using an isolation
width of 2 m/z, and activation time of 30 ms, and activation Q of
0.250 and 30% normalized collision energy using 1 microscan and
ion time of 100 for each scan. The mass spectrometer was tuned prior
to analysis using the synthetic peptide TpepK (AVAGKAGAR).
Typical tune parameters were as follows: spray voltage of 1.8 kV, a
capillary temperature of 150°C, a capillary voltage of 50 V and tube
lens 100 V. The MS/MS spectra of the peptides was performed using
data-dependent scanning in which one full MS spectra, using a full
mass range of 400-2,000 amu, was followed by 3 MS/MS spectra.

LC-MS/MS DATA ANALYSIS

Proteins were identified using the SEQUEST algorithm [Yates
et al., 1995b] using a human International Protein Index (IPI)
database (http://www.ebi.ac.uk/ipi/ipihelp.html, v3151) (forward)
with the same sequences in reverse (reverse) concatenated onto the
database so the false-discovery rate could be predicted. Protein
matches were preliminarily filtered using the following criteria: If
the charge state of the peptide is 1, the xcorr is greater than or equal
to 1, the RSp is less than or equal to 5, and the Sp is greater than or
equal to 350. If the charge state is 2, the xcorr is greater than or equal
to 1.8, the RSp is less than or equal to 5, and the Sp is greater than or
equal to 350. If the charge state is 3, the xcorr is greater than or equal
to 2.5, the RSp is less than or equal to 5, and the Sp is greater than or
equal to 350. Once filtered based on these scores, all protein matches
that had less than two peptide matches were eliminated from the
results. Proteins with single peptides matches were only reported if
they were previously identified as Smad2 and/or Smad3 associated
proteins. The data were then compared to see if any proteins were
unique to the control or experimental samples. Proteins that
appeared in the control eluates were then subtracted from the eluates
expressing Myc-Hisg-Smad2 and Myc-Hisg-Smad3. The filtering,
databasing, and comparison of the SEQUEST results were achieved
using Complete Hierarchical Integration of Protein Searches
(CHIPS), a program developed in collaboration between the
University of Arizona and Vanderbilt University. Only peptides
identified from the forward database were then manually searched
using the Protein Information Resource (http://pir.georgetown.edu/
pirwww/search/peptide.shtml) to realize any multiple protein
assignments. Peptides with multiple protein assignments were
indicated in the supplemental data tables presented.

The false-discovery rates were determined by multiplying the
number of peptides identified in the reverse database by two,
dividing the quotient by the total number of peptides identified
(forward and reverse), and multiplying the result by 100% [Elias
et al., 2005]. The peptides identified from the reverse database were
also subject to the filtering criteria outlined above. Proteins that
were identified from the reverse database in the control eluates were
subtracted from the proteins that were identified from the reverse
database in the Myc-Hisg-Smad2 and Myc-Hisg-Smad3 eluates.
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TANDEM AFFINITY PURIFICATION AND CO-IMMUNOPRECIPITATION
OF Myc-Hisg-Smad2, Myc-Hisg-Smad3, AND FLAG-Zizimin1

293T cells were transiently transfected with FLAG-Zizimin1 and/or
Myc-Hisg-Smad2 or Myc-Hisg-Smad3 and treated with TGF-B1
(5 ng/ml) for 1 h. The interaction between FLAG-Ziziminl and
Myc-Hisg-Smad2 or Myc-Hisg-Smad3 was validated by two
methods that included tandem affinity purification using TALON
metal affinity resin and Myc antibodies in tandem and co-
immunoprecipitation using FLAG or Myc antibodies. For the
tandem affinity purification the cells were lysed in TALON lysis
buffer and for the co-immunoprecipitation experiments, the cells
were lysed in a high salt lysis buffer (10 mM MOPS pH 7.0, 2% Triton
X-100, 425 mM KCl, 10% glycerol, 5 mM MgCl,) and both lysis
buffers were supplemented with protease inhibitors and phosphatase
inhibitors. Myc-Hisg-Smad2, Myc-Hisg-Smad3, and their associated
proteins were purified by tandem affinity purification, as described
above, using equal amounts (500 p.g) of the resulting lysates. Co-
immunoprecipitations were performed by incubating equal amounts
(3 mg) of the resulting cell lysates with FLAG agarose (M2) (Sigma)
or Myc agarose at 4°C overnight. After incubation, the FLAG and
Myc agarose was washed 3 times with high salt lysis buffer and
proteins bound to the agarose were eluted by boiling in Laemmli
sample buffer.

Myc-Hisg-Smad3 AND MYC-Hisg-Smad3 EXPRESSION IN
MAMMALIAN CELLS

In the current study, epitope tagging and affinity purification were
chosen to identify Smad2 and Smad3 interacting proteins because
antibodies available for human Smad2 and Smad3 immunopreci-
pitation were cross-reactive with other proteins, therefore identi-
fication of novel interacting proteins with the endogenous Smad2
and Smad3 would not be possible. Myc and Hisg epitope tags were
affixed, in tandem, to the N-terminus of Smad2 and Smad3 by PCR
(Fig. 1A). To test for expression of Myc-Hisg-Smad2 and Myc-Hisg-
Smad3, the epitope-tagged Smads were transiently transfected into
HaCaT cells and the cells were treated with TGF-B1. The cells were
harvested 24 h after TGF-B1 treatment and Immunoblot analysis
was performed. Compared to vector control, high levels of
Myc-Hisg-Smad2 and Myc-Hisg-Smad3 protein were detected by
Immunoblotting with Smad2, Smad3, and Myc antibodies (Fig. 1B).
The cells were incubated with TGF-1 for 24 h because endogenous
Smad3 levels have been shown to decrease after extended TGF-1
treatment times [Brown et al., 2004] and we wanted to ensure the
overexpressed protein did not also decrease and affect the outcome
of our assays. The levels of Myc-Hisg-Smad2 and Myc-Hisg-Smad3
protein did not change after TGF-B1 treatment.

FUNCTIONAL ACTIVITY OF ECTOPICALLY EXPRESSED
Myc-Hisg-Smad2 AND Myc-Hisg-Smad3

Smad2 and Smad3 can activate or repress a number of TGF-B1-
responsive target genes. To ensure that ectopically expressed
Myc-Hisg-Smad2 and Myc-Hisg-Smad3 were functional, we tested
their transcriptional activity using luciferase reporter plasmids
containing 12 “CAGA” repeats (12XCAGA), from the human PAI-1

gene promoter, or three repeats of the ARE (3XARE), from the
Xenopus Mix.2 gene promoter. The 12XCAGA-luciferase reporter is
activated by Smad3, but not Smad2 whereas activation of the
3XARE-luciferase reporter is dependent on expression of Smad2
and the transcription factor FAST-1, but not Smad3 and FAST-1
[Chen et al., 1997; Dennler et al., 1998; Zhou et al., 1998; Piek
et al., 2001]. After transfection, cells were treated with TGF-B1
and harvested 24 h later for subsequent luciferase reporter
assays. Treatment with TGF-B1 increased 3XARE-luciferase and
12XCAGA-luciferase activity in the control transfection and in
HaCaT cells transfected with Myc-Hisg-Smad2 or Myc-Hisg-Smad3
(Fig. 2). Induction of luciferase activity in the control-transfected
cells is attributed to endogenous Smad2 or Smad3 in the HaCaT
cells. After TGF-B1 stimulation, a threefold increase in 3XARE-
luciferase activity was observed in the control and Myc-Hisg-Smad2
transfected cells and a twofold increase in 3X ARE-luciferase activity
was seen in the Myc-Hisg-Smad3 transfected cells (Fig. 2A). After
TGF-B1 stimulation, a 25-fold increase in 12XCAGA-luciferase
activity was observed in the vector control cells and an 11-fold
increase in 12XCAGA-luciferase activity was seen in the Myc-Hisg-
Smad2 transfected cells (Fig. 2B). However, Myc-Hisg-Smad3
increased 12XCAGA-luciferase activity 120-fold in the presence
or absence of TGF-B1 (Fig. 2B). These luciferase data indicate that
the N-terminal epitope tags on Myc-Hisg-Smad2 and Myc-Hise-
functional

Smad3 are in TGF-B1-mediated transcriptional

responses.

TGF-B1-INDUCED Myc-Hisg-Smad2 AND Myc-Hisg-Smad3
PHOSPHORYLATION AND NUCLEAR TRANSLOCATION

To determine if Myc-Hisg-Smad2 and Myc-Hisg-Smad3 were
phosphorylated in response to TGF-B1 in the HaCaT cells, Myc-
Hisg-Smad2 and Myc-Hisg-Smad3 were immunoprecipitated from
lysates harvested from TGF-B1 treated cells. SDS-PAGE and
Immunoblot analyses revealed that after TGF-B1 treatment for
1 h, Myc-Hisg-Smad2 and Myc-Hise-Smad3 were phosphorylated
on serines 465/467 and serines 423/425, respectively (Fig. 3). A band
appeared in the immunoprecipitate from the control cell lysate that
was detected with phospho-Smad3 antibodies, however this band is
non-specific as it did not migrate at the correct molecular weight.
Myc-Hisg-Smad2 and Myc-Hisg-Smad3 did not immunoprecipitate
from control cell lysates and total levels of Myc-Hisg-Smad2 and
Myc-Hisg-Smad3 did not change in response to TGF-B1 (Fig. 3).
Consistent with Smad phosphorylation, Myc-Hisg-Smad2 and
Myc-Hisg-Smad3 accumulated in the nucleus after 2 h of TGF-1
treatment, as demonstrated by immunofluorescence staining using
Myc antibodies (Fig. 4). These immunofluorescence data, in addition
to the phosphorylation data, show that the N-terminal epitope tags
do not alter the ability of Myc-Hisg-Smad2 and Myc-Hisg-Smad3 to
be C-terminally phosphorylated and translocate to the nucleus in
response to TGF-1.

STABLE Myc-Hisg-Smad3 EXPRESSION IN HACAT CELLS
RESULTED IN DECREASED CELL PROLIFERATION

To determine if stable expression of Myc-Hisg-Smad2 and
Myc-Hisg-Smad3 in HaCaT cells altered cell proliferation, [*H]thy-
midine incorporation assays were performed. Cells stably expressing
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Fig. 1.

Expression of Myc-Hisg-Smad2 or Myc-Hisg-Smad3 in HaCaT cells. A: N-terminally tagged Myc-Hisg-Smad2 and Myc-Hisg-Smad3 were generated by PCR, subcloned

into the pCDNA3 vector, and the resulting products were sequenced. B: Myc-Hisg-Smad2 or Myc-Hisg-Smad3 were transiently transfected into HaCaT cells and were treated with
(+) or without (=) 5 ng/ml TGF-B1 for 24 h. Transfection with pCDNA3 was used as a control. Extracts from cells were prepared and subjected to Immunoblot analyses using

antibodies for Smad2, Smad3, or Myc. Actin was used as a loading control. Results are representative of at least three experiments.

Myc-Hisg-Smad3 exhibited a decrease in DNA synthesis (45%
reduction) as compared to control cells and cells stably expressing
Myc-Hisg-Smad2 (Fig. 5). After TGF-1 treatment for 48 h, control
cells and cells stably expressing Myc-Hisg-Smad2 or Myc-Hisg-
Smad3 exhibited a decrease in DNA synthesis when compared to
non-treated cells (Fig. 5). The control cells and Myc-Hisg-Smad3
expressing cells had a 94% reduction in [*H]thymidine incorpora-
tion whereas the cells expressing Myc-Hisg-Smad2 had an 84%
reduction in [*H]thymidine incorporation.

TANDEM AFFINITY PURIFICATION OF Myc-Hisg-Smad2 AND
Myc-Hisg-Smad3 AND THEIR ASSOCIATED PROTEINS

The strategy for tandem affinity purification of Myc-Hisg-Smad2
and Myc-Hisg-Smad3, and their associated proteins, is described in
Materials and Methods Section. Colloidal Blue staining of eluates
from TGF-B1 treated, Myc-Hiss-Smad2 and Myc-Hisg-Smad3
expressing cells yielded a number of visible protein bands that
were unique and not in the control eluate (Fig. 6A). These protein
bands ranged in molecular weight from approximately 37 to
240 kDa. SDS-PAGE and Immunoblot analysis employing
Myc antibodies confirmed expression of Myc-Hisg-Smad2 and
Myc-Hisg-Smad3 in the appropriate total cell lysates and in the
appropriate Myc eluates (Fig. 6B). Myc-Hisg-Smad2 and Myc-Hisg-
Smad3 were not detected in the total cell lysate or in the Myc eluate
from control cells (Fig. 6B). Myc-Hisg-Smad2 and Myc-Hiss-Smad3
were not detected in the TALON FT (Fig. 6B). In contrast, some Myc-
Hise-Smad2 and Myc-Hisg-Smad3 was detected in the Myc FT
indicating that not all of the Myc-Hisg-Smad2 and Myc-Hise-Smad3
bound to the Myc agarose (Fig. 6B). Co-immunoprecipitation of
Smad4 in the Myc-Hisg-Smad2 and Myc-Hisg-Smad3 Myc eluates

was also detected by immunoblotting with Smad4 antibodies
(Fig. 6B). The identification of Smad4 in the Myc eluates from the
Myc-Hisg-Smad2 and Myc-Hisg-Smad3 expressing cells indicated
that the tandem affinity purification conditions allowed main-
tenance of Smad2 and Smad3 protein-protein interactions
throughout the purification procedure.

LC-MS/MS IDENTIFICATION OF Smad2 AND Smad3

ASSOCIATED PROTEINS

In order to identify the Myc-Hisg-Smad2 or Myc-Hisg-Smad3
associated proteins from the tandem affinity purification eluates,
LC-MS/MS was utilized. Sections of the Colloidal Blue stained gel
containing visible proteins bands were excised from Myc-Hisg-
Smad2 and Myc-Hisg-Smad3 expressing cell eluates and corre-
sponding sections were excised from the control eluate (Fig. 6A). The
proteins in these gel pieces were digested with trypsin, and
the resulting tryptic peptides were analyzed by LC-MS/MS. The
SEQUEST algorithm was employed to correlate fragmentation
spectra of peptides with predicted amino acid sequences from
protein databases [Yates et al., 1995a,b]. In order to identify the
proteins unique to the Myc-Hisg-Smad2 and Myc-Hisg-Smad3
expressing cell eluates, proteins that appeared in the control eluates
were then subtracted from the eluates expressing Myc-Hisg-Smad2
and Myc-Hisg-Smad3.

Smad2 and Smad3 were identified in the eluates by LC-MS/MS
from cells expressing Myc-Hisg-Smad2 or Myc-Hisg-Smad3,
respectively (Table I, Supplemental Table I, and Supplemental
Table IT). Smad2 and Smad3 were also identified in the same eluates
by matrix assisted laser desorption ionization-time of flight
(MALDI-TOF) mass spectrometry (data not shown). Fourteen
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Fig. 2. TGF-B1 stimulated ARE- or CAGA-Luciferase activity in Myc-Hisg-
Smad2 or Myc-Hisg-Smad3-expressing HaCaT cells. HaCaT cells were tran-
siently transfected with (A) 3XARE-luciferase and FAST-1, or (B) 12XCAGA-
luciferase, and Myc-Hisg-Smad2, Myc-Hisg-Smad3, or vector alone
(pCDNA3). Cells were also co-transfected with Renilla as a transfection
control. Forty-eight hours post-transfection, cells were not treated (control)
or treated with TGF-31 for 24 h and 3XARE-luciferase, 12XCAGA-Iluciferase,
and Renilla activities were measured. Results are presented as the average
ratio of luciferase to Renilla (luc/Renilla) activity = standard error of three
replicates.

proteins were identified in the eluates from the cells expressing Myc-
Hisg-Smad2 that are known to associate with Smad2 (Table I and
Supplemental Table I) [Lagna et al., 1996; Abdollah et al., 1997;
Nakao et al., 1997; Souchelnytskyi et al., 1997; Kawabata et al.,
1998; Tsukazaki et al., 1998; Akiyoshi et al., 1999; Luo et al., 1999,
2006; Stroschein et al., 1999; Bonni et al., 2001; Leong et al., 2001;
Zhang et al., 2001; Kurisaki et al.,, 2003; Warner et al., 2003;
Hellemans et al., 2004; Waddell et al., 2004; Barrios-Rodiles
et al., 2005; Lin et al., 2005, 2000; Pan et al., 2005]. These known
interacting proteins had greater than or equal to one peptide
associated with their identification. Thirteen proteins were identified
in the eluates from the cells expressing Myc-Hisg-Smad3 that are
known to associate with Smad3 (Table I and Supplemental Table II).
The identities of the known Smad3 associated proteins are the same
as the Smad2 associated proteins except Prajal [Saha et al., 2006]
and ERK-2 [Kretzschmar et al., 1999] were identified only in the
Myc-Hisg-Smad3 eluates and SnoN and Ski were not identified in
the Myc-Hisg-Smad3 eluates [Wu et al., 1997]. Furthermore, DDX3Y
was identified in both the Myc-Hisg-Smad2 and Myc-Hisg-Smad3

A Myc-His,-

[ Smad2

TGF-p1 {1 h): - + - +
P-5mad2 {5465/467) |

—-—l

B Mye-His,-
=] Smad3
TGF-p1(1h): - + -

+
P-Smad3 (5423/425) - -‘I
Myc =

s e - —Lc
Fig. 3. TGF-B1 induced Myc-Hisg-Smad2 and Myc-Hisg-Smad3 phosphor-
ylation. HaCaT cell clones expressing Myc-Hisg-Smad2, Myc-Hisg-Smad3, or
the control clone (@) were treated with (++) or without (=) 5 ng/ml TGF-1 for
1 h and (A) Myc-Hisg-Smad2 or (B) Myc-Hisg-Smad3 was immunoprecipi-
tated from total cell lysates using Myc antibodies. Phosphorylation of
Myc-Hisg-Smad2 (Ser 465/467) and Myc-Hisg-Smad3 (Ser 423/425) was
analyzed by SDS-PAGE and Immunoblot analysis of cell lysates using phos-
phorylated Smad2 (P-Smad2) and Smad3 (P-Smad3) antibodies. Total
Myc-Hisg-Smad2 and Myc-Hisg-Smad3 protein levels were detected by using

Myc antibodies. Antibody light chain (LC) is indicated with arrows. Results are
representative of two experiments.

eluates but was only previously reported as a Smad2 interacting
protein, as Smad3 was not studied in that report [Luo et al., 2006].
The IPI accession numbers of the proteins identified by LC-MS/MS
and the total number of peptides assigned to each protein and the
sequence coverage of those peptides are listed in Supplemental Table
I and Supplemental Table II. In addition, the tryptic peptide
sequences that were used to identify the known interacting proteins
and their cross correlation scores, ions/hits ratios, and the z scores,
are listed in Supplemental Table I and Supplemental Table II.
Twelve tryptic peptides were identified in the Myc-Hisg-Smad2 and
Myc-Hisg-Smad3 eluates that are found in both Smad2 and Smad3
and, therefore, cannot be used to distinguish between Smad2 and
Smad3 (Supplemental Table I and Supplemental Table II). However,
more than four unique tryptic peptides were detected by LC-MS/MS
that positively identified Smad2 and Smad3 in the eluates. The
identification of these known Smad2 and Smad3 interacting
proteins by LC-MS/MS validate the current method of tandem
affinity purification used to identify novel Smad2 and Smad3
associated proteins.

In addition to the known interacting proteins, several novel
Smad2 and Smad3 associated proteins were identified by tandem
affinity purification and LC-MS/MS (Supplemental Table III and
Supplemental Table IV). The proteins listed had at least two or more
peptides associated with their identification, although a number of
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Fig. 4. TGF-B1 induced Myc-Hisg-Smad2 and Myc-Hisg-Smad3 Nuclear Accumulation. HaCaT cell clones expressing Myc-Hisg-Smad2, Myc-Hisg-Smad3, or the control clone
(2) were treated with or without (control) 5 ng/ml TGF-B1 for 2 h and Myc-Hisg-Smad2 and Myc-Hisg-Smad3 localization was determined by Inmunofluorescence using Myc

antibodies (left two columns). Hoechst was used to visualize cell nuclei (right two columns). Results are representative of two experiments.

proteins were identified with only one peptide that was utilized in
their identification (data not shown). The false-discovery rates of the
proteins identified from the Smad2 and Smad3 analyses were
calculated to be 1.8% and 0%, respectively (Supplemental Table V).
Fourteen proteins were identified to uniquely associate with Smad2,
20 proteins were identified to uniquely associate with Smad3, and
21 proteins were identified to associate with both Smad2 and Smad3
(Supplemental Table III, Supplemental Table IV, and Fig. 7). The IPI
accession numbers of the proteins identified by LC-MS/MS and the
total number of peptides assigned to each protein and the sequence
coverage of those peptides are listed in Supplemental Table III and
Supplemental Table IV. In addition, the tryptic peptide sequences
that were used to identify the known interacting proteins and their
cross correlation scores, ions/hits ratios, and the z scores, are listed
in Supplemental Table III and Supplemental Table IV.

FLAG-Zizimin1 ASSOCIATED WITH Myc-Hisg-Smad2

AND Myc-Hisg-Smad3

In the tandem affinity purification experiments, dedicator of
cytokinesis protein 9 (IPI Accession # IPI00151888), also known as
Zizimin1, was identified to associate with Myc-Hisg-Smad2 and
Myc-Hisg-Smad3. The Rho family of small GTPases, including Rac,
Rho and Cdc42 are important regulators of multiple cellular
activities and, most notably, reorganization of the actin cytos-
keleton. Zizimin1 is a 236 kDa protein that defines a novel family
of GEFs for Rho proteins. The new family, CZH proteins, contains
11 mammalian members including DOCK 180 proteins. Zizimin1 was
shown to activate Cdc42 yet signaling pathways involving Zizimin1
are currently unknown [Meller et al., 2005]. The identification of
Zizimin1 was facilitated by the detection of six tryptic peptides in
both the Myc-Hisg-Smad2 and Myc-Hisg-Smad3 eluates (Supple-
mentary Table III and Supplementary Table IV). Five of the six

tryptic peptides were identified in both Myc-Hise-Smad2 and
Myc-Hisg-Smad3 eluates and one unique peptide was identified
in each Myc-Hisg-Smad2 and Myc-Hisg-Smad3 eluate (Fig. 8).
Zizimin1 tryptic peptides were not observed in the control eluate.
Since there were a large number of Ziziminl peptides that were
identified in the Smad2 and Smad3 eluates and there were reagents
available to further characterize the interaction, we chose Zizimin1
to perform follow-up studies with Smad2 and Smad3.

The interaction between Zizimin1 and Smad2 or Smad3 was first
confirmed by tandem affinity purification of Myc-Hisg-Smad2 or
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Fig. 5. Stable expression of Myc-Hisg-Smad3 reduced cell proliferation.
HaCaT cell clones stably expressing Myc-Hisg-Smad2, Myc-Hisg-Smad3, or
the control clone (@) were treated with 5 ng/ml TGF-B31 for 48 h, pulsed with
[*H]thymidine for 2 h, and incorporated radioactivity was quantified. Results
are presented as counts per min (CPM) [*H]thymidine incorporation + stan-
standard error of three replicates.
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Fig. 6. Co-purification of Smad2 and Smad3 associated proteins. HaCaT cells stably expressing Myc-Hisg-Smad2 (2), Myc-Hisg-Smad3 (3), or control cells (@) were treated
with TGF-B1 (5 ng/ml) for 1 h, lysed and crude extracts (60 mg) were subjected to TALON IMAC and Myc Immunoprecipitation in tandem. A: Myc eluates were subject to
SDS-PAGE and Colloidal Blue staining and sections of the gel outlined in the bracketed areas were cut from the gel and the proteins in those sections were subjected to trypsin
digestion followed by LC-MS/MS. Arrows indicate antibody heavy chain (HC) and light chain (LC). B: Total cell lysate, Talon and Myc flow throughs (FT), and Myc eluates were
subject to SDS-PAGE and Immunoblot analysis using Smad4 (top) or Myc (bottom) antibodies, sequentially.

Myc-Hisg-Smad3 from 293T cells that expressed FLAG-Zizimin1
and/or Myc-Hisg-Smad2 or Myc-Hisg-Smad3 and incubated with or
without TGF-B1. In this experiment Myc-Hisg-Smad2 or Myc-Hisg-
Smad3 was subject to TALON immobilized metal affinity chroma-
tography (IMAC) and Myc immunoprecipitation in tandem and co-
immunoprecipitation of FLAG-Zizimin1 was visualized by immu-
noblotting with FLAG antibodies. FLAG-Zizimin1 co-purified with
Myc-Hisg-Smad3 regardless of TGF-B1 stimulation (Fig. 9A). After
longer film exposure or immunoprecipitation of more protein, we
observed co-purification of Myc-Hisg-Smad2 with FLAG-Zizimin1
(data not shown). However the amount of FLAG-Zizimin1 that co-
purified with Myc-Hise-Smad2 was far less than the amount of
FLAG-Zizimin1 that co-purified with Myc-Hisg-Smad3. As controls,
immunoprecipitations in 293T cells that only expressed FLAG-
Zizimin1, Myc-Hisg-Smad2 or Myc-Hisg-Smad3 were performed.
Smad4 was used as a positive control for Smad2 and Smad3
interacting proteins, and was shown to co-immunoprecipitate with
Myc-Hisg-Smad2 and Myc-Hisg-Smad3 in the Myc immunopreci-
pitations (data not shown).

The association between Ziziminl and Smad2 and Smad3 was
further confirmed by co-immunoprecipitation experiments of Myc-
Hisg-Smad2, Myc-Hisg-Smad3, and/or FLAG-Zizimin1 in 293T cells
incubated with or without TGF-B1. Consistent with the tandem
affinity co-purification results, Myc-Hisg-Smad2 and Myc-Hisg-
Smad3 co-immunoprecipitated with FLAG-Zizimin1 when FLAG
antibodies were used (Fig. 9B). More Myc-Hisg-Smad3 protein co-
immunoprecipitated with FLAG-Zizimin1 than Myc-Hisg-Smad2.
Similarly, FLAG-Zizimin1 co-immunoprecipitated with Myc-Hisg-
Smad2 and Myc-Hisg-Smad3 when Myc antibodies were used in the
immunoprecipitation (Fig. 9B). Although the FLAG-Zizimin1 and
Myc-Hisg-Smad3 association decreased after incubation with TGF-
31 in this experiment this decrease was not reproducible. Smad4 was
used as a positive control for Smad2 and Smad3 interacting proteins,
and was shown to co-immunoprecipitate with Myc-Hisg-Smad2
and Myc-Hisg-Smad3 in the Myc immunoprecipitations. As
negative controls, immunoprecipitations in 293T cells that only
expressed FLAG-Zizimin1, Myc-Hisg-Smad2, or Myc-Hisg-Smad3
were performed.
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TABLE 1. Identification of Previously Reported Smad2 and/or Smad3 Associated Proteins by LC-MS/MS and SEQUEST

# of peptides®

Protein Description Smad2 Smad3 References
Smad2  Receptor-activated Smad 23 16 Abdollah et al. [1997], Kawabata et al. [1998], Nakao et al. [1997], Souchelnytskyi et al. [1997]
Smad3  Receptor-activated Smad 10 23 Kawabata et al. [1998], Nakao et al. [1997]

Smad4  Common mediator Smad 15 4 Lagna et al. [1996], Nakao et al. [1997], Wu et al. [1997]
CKIS Casein kinase I & 2 2 Waddell et al. [2004]

DDX3Y® ATP-dependent RNA helicase 2 2 Luo et al. [2006]

Erbin ErbB2 interacting protein 11 12 Warner et al. [2003]

ERK-2¢  Mitogen-activated protein kinase 1 0 2 Kretzschmar et al. [1999]

Hsp70 Heat shock 70 kDa protein 6 6 Knuesel et al. [2003], Luo et al. [2006]

Man1 Inner nuclear membrane protein 44 43 Hellemans et al. [2004], Lin et al. [2005], Pan et al. [2005]
Prajal E3 ubiquitin ligase 0 1 Saha et al. [2006]

SARA Smad anchor for receptor activation 5 4 Tsukazaki et al. [1998]

Ski¢ Transcriptional co-repressor 1 0 Akiyoshi et al. [1999], Luo et al. [1999]

Skip Transcriptional co-activator 1 1 Leong et al. [2001]

SMURF2 E3 ubiquitin ligase 20 20 Bonni et al. [2001], Lin et al. [2000], Zhang et al. [2001]
SnoN? Transcriptional co-repressor 1 0 Stroschein et al. [1999]

WWP2  E3 ubiquitin ligase 3 1 Barrios-Rodiles et al. [2005]

YY1 Transcriptional co-repressor 2 1 Kurisaki et al. [2003]

“The number of unique tryptic peptides that correspond to each previously reported protein identified by LC-MS/MS in the tandem affinity purification from the Myc-
Hisg-Smad2 (Smad2) or Myc-Hisg-Smad3 (Smad3) expressing HaCaT cells from the SDS-PAGE shown in Figure 6. The complete results are included in Supplementary
Table I and Supplementary Table II.

"DDX3Y has been reported to interact with Smad2, but the interaction with Smad3 was not investigated in the reference indicated.

‘ERK-2 has been previously reported to interact with Smad2.

4Ski and SnoN have been previously reported to interact with Smad3.
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Fig. 7. ldentification of novel Smad2 and Smad3 associated proteins. Venn diagram exhibiting the novel Smad2 and Smad3 associated proteins identified by LC-MS/MS
unique to the Myc-Hisg-Smad2 (black box) and Myc-Hisg-Smad3 (white box) expressing HaCaT cells, or common to both Myc-Hisg-Smad2 and Myc-Hisg-Smad3 (gray box).
These proteins were not identified in the control cells and had greater than two or more peptides matched to the protein. Thirteen proteins were identified that uniquely
associated with Smad2, 20 proteins were identified that uniquely associated with Smad3, and 19 proteins were identified that associated with both Smad2 and Smad3. *, ™, ***,
e 5 Analysis of the peptides associated with these protein identifications does not allow discrimination between ADP/ATP2 and 3, DDX4, DDX3X, and DDX3Y, PSP1« and 3,

Smad1 and Smad5, and LAMRL5 and 40S ribosomal protein due to high protein homology (see Supplemental Table Ill and Supplemental Table IV).
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YHHAVETVVNMLMPHITQKFRDMPEASKNANHSLAVFIKRCFTFMDRGFVFKQINNYISCFA
PGDPKTLFEYKFEFLRVVCNHEHYIPLNLPMPFGKGRIQRYQDLALDYSLTDEFCRNHFLYG
LLLREVGTALQEFREVRLIAISVLKNLLIKHSFDDRYASRSHQARIATLYLPLFGLLIENVQRINY
RDVSPFPVYNAGMTVKDESLALPAVNPLYTPQKGSTLDNSLHKDLLGAISGIASPYTTSTPNIN
SVRMADSRGSLISTDSGNSLPERNSEKSNSLDKHQQSSTLGNSYVRCDKLDQSEIKSLLMC
FLYILKSMSDDALFTYWNKASTSELMDFFTISEVCLHQFQYMGKRYIARTGMMHARLQQLG
SLDNSLTFNHSYGHSDADVLHQSLLEANIATEVCLTALDTLSLFTLAFKNQLLADHGHNPLMK
KVFDVYLCFLOKHQSETALKNYFTALRSLIYKFPSTFYEGRADMCAALCYEILKCCNSKLSSI
RTEASQLLYFLMRNNFDYTGKKSFYRTHLAQVIISYSQLIADVVGIGGTRFQQSLSIINNCANSD
RLIKHTSFSSDVKDLTKRIRTVLMATAQOMKEHENDPEMLYDLQYSLAKSYASTPELRKTWLD
SMARIHVKNGDLSEAAMCYVHVTALVAEYLTRKEAVQWEPPLLPHSHSACLRRSRGGVFR
QGCTAFRVITPNIDEEASMMEDVGMQDVHFNEDYLMELLEQCADGLWKAERYELIADIYKLII
PIYEKRRDFERLAHLYDTLHRAYSKVTEVMHSGRRLLGTYFRVAFFGQAAQYQFTDSETDV
EGFFEDEDGKEYIYKEPKLTPLSEISQRLLKLYSDKFGSENVKMIQDSGKYNPKDLDSKYAY]
QVTHVYIPFFDEKELQERKTEFERSHNIRRFMFEMPFTOQTGKRQGGVEEQCKRRTILTAIHCF
PYVKKRIPYMYQHHTDOLNPIEVAIDEMSKKVAELRQLCSSAEYDMIKLOLKLQGSYSVQYNA
GPLAYARAFLDDTHNTKRYPDNKVKLLKEVFRQFVEACGQALAVNERLIKEDQLEYQEEMKA
NYREMAKELSEIMHEGQLG

Fig. 8. Zizimin1 amino acid sequence and the tryptic peptides identified in Smad2 and Smad3 eluates. Associated Smad2 and Smad3 proteins were purified from TGF-1
treated HaCaT cells stably expressing Myc-Hisg-Smad2 or Myc-Hisg-Smad3 and were identified by TALON IMAC and Myc Immunoprecipitation in tandem and LC-MS/MS.
SEQUEST and CHIPS analysis of tryptic peptides from the tandem affinity purification and LC-MS-MS identified Zizimin1 as a novel Smad2 and Smad3 associated protein. Amino
acid sequence of Zizimin1 and the 8 tryptic peptides identified in the Smad2 and Smad3 eluates are shown. Bold: peptides identified in the Smad2 and Smad3 eluates; Underline:

peptides identified in the Smad2 eluate; Italics: peptide identified in the Smad3 eluate.

In order to further understand Smad2 and Smad3 function and
regulation, we identified novel Smad2 and Smad3 interacting
proteins using tandem affinity purification and LC-MS/MS.
Previous reports have identified novel Smad2 and/or Smad3
protein-protein interactions with techniques including yeast
two-hybrid assays [Akiyoshi et al., 1999; Verschueren et al.,
1999; Lin et al., 2000; Chen et al.,, 2002b; Warner et al., 2003;
Colland et al., 2004; Wicks et al., 2005], luminescence-based
mammalian interactome mapping [Barrios-Rodiles et al., 2005], and
immunoprecipitation of endogenous [Luo et al., 2006] and epitope-
tagged Smad proteins [Stroschein et al., 1999; Knuesel et al., 2003;
Grimsby et al., 2004] combined with mass spectrometry, however
our study has many advantages over some of these previous
reports. Our approach using epitope tags in tandem allowed for
robust purification of Myc-Hisg-Smad2, Myc-Hisg-Smad3, and their
associated proteins with few proteins purified from the control
cells (Fig. 6 and unpublished data). Supporting this idea was the
identification of a number of bona fide Smad2 and Smad3
interacting proteins that have physiological significance in TGF-

B1 signaling (Table I). Other advantages of our study included using
side-by-side experiments that allowed direct comparison of Smad2
and Smad3 associated proteins in human epithelial cells that were
treated with TGF-$ 1 prior to purifying Smad-containing complexes.
Most other research articles examined either Smad2 or Smad3 in
non-human and non-TGF-B1-treated cells. Treating the cells with
TGF-B1 prior to harvest allowed for improved validation of our
purification technique as a greater number of previously reported
Smad2 and Smad3 interacting proteins were identified than if the
cells were not incubated with TGF-B1 (data not shown). Employing
human epithelial cells generated data more relevant to human
disease and the use of TGF-B1-treated cells allowed for inclusion
of another subset of Smad2 and/or Smad3 interacting proteins
that were not identified in previous studies. As a result of the
experimental differences presented, our data are substantially
different from earlier reports and a number of previously unreported
Smad protein-protein interactions were identified in the current
investigation.

The cell lysis and tandem affinity purification method used in this
study liberated a number of previously reported Smad2 and Smad3
interacting proteins (Table I). The previously identified Smad3
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Fig. 9.

FLAG-Zizimin1 associated with Myc-Hisg-Smad2 and Myc-Hisg-Smad3. 293T cells expressing FLAG-Zizimin1, Myc-Hisg-Smad2 (M-H-Sm2), or Myc-Hisg-Smad3 (M-

H-Sm3) were treated with (++) or without (=) TGF-1 (5 ng/ml) for 1 h, lysed, and crude extracts (3 mg) were subjected to (A) TALON IMAC and Myc immunoprecipitation (IP) in
tandem or (B) Myc or FLAG IP. Eluates were analyzed by SDS-PAGE and Immunoblotting with FLAG, Myc, or Smad4 antibodies. A portion of each total cell lysate was analyzed as a
control for protein expression levels. Extracts from HaCaT cells expressing Myc-Hisg-Smad2 and 293T cells expressing FLAG-Zizimin1 were used as positive controls for

Immunoblotting. HC, antibody heavy chain.

associated proteins were the same as the Smad2 associated proteins
except SnoN and Ski were not detected in the Myc-Hiss-Smad3
eluate and ERK-2 was not observed in the Myc-Hisg-Smad2 eluate,
although they have been shown to be Smad3 or Smad interacting
proteins, respectively [Kretzschmar et al., 1999; Stroschein et al.,
1999; Sun et al., 1999]. The lack of identification of SnoN and Ski-

associated tryptic peptides in the Myc-Hisg-Smad3 eluate and ERK-2
in the Myc-Hisg-Smad2 eluate could be due to their masking by
other proteins with high abundance. As a result of this phenomenon,
it cannot be said from this LC-MS/MS analysis, alone, that a protein
associates with only Smad2 or Smad3 if tryptic peptides are
identified in one eluate and not in the other. The identification of
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these known Smad2 and Smad3 interacting proteins validate the
current method of tandem affinity purification used to identify
novel Smad2 and Smad3 associated proteins.

In addition to the previously reported Smad2 and Smad3
interacting proteins, a number of novel Smad2 and Smad3
associated proteins were identified in our study (Supplemental
Table III and Supplemental Table IV). Additional experiments are
required to determine if the novel Smad2 and Smad3 associated
proteins identified in this study were directly interacting proteins, or
if their association with Smad2 and Smad3 were mediated by one or
more proteins. In addition, it is not clear if all of the protein
interactions identified were dependent on TGF-1 stimulation. The
functions of the novel Smad2 and Smad3 associated proteins
identified in the current report are broad and are either new to or
have been previously associated with TGF-1 signaling. Functions
that were characterized by the identification of multiple proteins
include transcriptional regulation, actin cytoskeleton regulation,
cell motility, cell proliferation, apoptosis, mitochondrial functions,
and bone morphogenic protein, Ras, and insulin signaling. It is well
known that TGF-B1 can function to regulate the actin cytoskeleton,
cell motility, and cell proliferation. TGF-B1-mediated growth
inhibition is directly regulated through the Smad proteins [Liu
et al.,, 1997; Feng et al., 2000; Seoane et al., 2001; Yagi et al., 2002;
Chen et al., 2002a] and evidence also exists that Smad2 and Smad3
play a role in TGF-B1-mediated cell motility [Ashcroft et al., 1999;
Ashcroft and Roberts, 2000; Hosokawa et al., 2005]. Therefore, it
was not unexpected that a number of the novel Smad2 and Smad3
associated proteins identified in this study have functions involved
in cell proliferation, actin cytoskeleton regulation, and cell motility.

Further authenticating the novel Smad2 and Smad3 interacting
proteins identified by mass spectrometry was the validation of
Ziziminl as a novel Smad2 and Smad3 associated protein, by
tandem affinity purification and co-immunoprecipitation experi-
ments (Fig. 9). Ziziminl is a Cdc42 GEF that induces Cdc42
activation and filopodia formation upon overexpression in NIH3T3
fibroblasts [Meller et al., 2002]. The formation of filopodia is
dependent on the activation of Cdc42 by Zizimin1l [Meller et al.,
2002]. Cdc42 is a member of the Rho family of GTPases, which
also includes Rac and Rho, and mediates filopodia formation,
gene expression, cell-cycle progression, cell polarity, and cell-cell
contacts. As Cdc42 can activate a number of transcription factors
[Aznar and Lacal, 2001], it is possible that Zizimin1 plays a role
in the activation of Cdc42 and affect TGF-B1-mediated Smad-
dependent transcriptional responses. Alternatively, Ziziminl and
Smad2/3 interaction may maintain or disrupt the actin cytoskeleton
and cell polarity, or be involved in TGF-B1-mediated epithelial to
mesenchymal transition. It is well known that TGF-1 can function
to regulate the actin cytoskeleton and cell motility. Evidence also
exists that Smad2 and Smad3 play a role in TGF-B1-mediated cell
motility [Ashcroft et al., 1999; Ashcroft and Roberts, 2000;
Hosokawa et al., 2005]. Furthermore, in the prostate carcinoma
cell line (PC-3U) and the breast carcinoma cell line (MDA-MB-468),
TGF-B1 stimulation activated Cdc42 and this activation was shown
to be necessary for actin cytoskeleton reorganization in response to
TGF-B1 and was dependent on Smad4 [Edlund et al., 2002, 2004]. A
role for Smad2 and Smad3 in mediating Cdc42 activation has not

been reported, however it is possible that Zizimin1 mediates TGF-31
activation of Cdc42 in these cell lines.

Our primary effort in the present study was to isolate Smad 2 and
Smad3 interacting proteins. Interestingly, we identified proteins that
interacted with Smad2 or Smad3 and not with both of them.
This discovery may lead to the functional characterization of
proteins that regulate distinct Smad2 or Smad3 activities. Of note,
we observed that stable expression of Myc-Hisg-Smad3, and not
Myc-Hisg-Smad2, in HaCaT cells resulted in a decrease in non-
stimulated cell proliferation (Fig. 5). These data are consistent with
previous reports that suggest Smad3, not Smad2, is the primary
modulator of TGF-B1 growth inhibitory responses. Silencing of
Smad3, but not Smad2 silencing, blocks the growth inhibitory
response of TGF-B1 in human epithelial cells indicating that
Smad3 may have a more important role in TGF-B1-mediated cell
cycle arrest than Smad2 [Kretschmer et al., 2003; Kim et al., 2005]. In
addition, raising the relative endogenous ratio of Smad3 to Smad2
by depleting Smad2 enhances the TGF-1 cytostatic response [Kim
et al., 2005]. The mass spectrometry and Smad2/3 overexpression
data, together, support the idea that Smad2 and Smad3 may have
separate, in addition to overlapping, roles in TGF- signaling. This
area of investigation warrants further attention.

TGF-B1 induction of Smad2 and Smad3 phosphorylation results
in a number of Smad2 and Smad3 protein interactions that regulate
Smad2 and Smad3 signaling. These protein-protein interactions
occur in the nucleus, cytoplasm, or at the mitochondria and may aid
in selectively activating Smad2 versus Smad3, modulating their
functions to activate or repress TGF-31 target genes, or in regulating
yet unknown functions of Smad2 and Smad3. The current study
unveiled previously unreported Smad2 and Smad3 interacting
proteins that will reveal potentially unique roles for Smad2 and
Smad3-mediated signaling and/or novel regulators of Smad2 and/or
Smad3. These novel interacting proteins and pathways involved
in Smad2 and Smad3 signaling act as a platform from which to
perform further experiments, as the physiological relevance of select
novel protein-protein interactions is currently under investigation
in our laboratory. Furthermore, our data may show that Smad2
and Smad3 have distinct, in addition to overlapping, functions in
TGF-B1 signaling.
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