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tion network. Physiol Genomics 29: 109-117, 2007. First published
December 26, 2006; doi:10.1152/physiolgenomics.00226.2006.—Pro-
tein complexes mediated by protein-protein interactions are essential
for many cellular functions. Transforming growth factor (TGF)-8
signaling involves a cascade of protein-protein interactions and mal-
functioning of this pathway has been implicated in human diseases.
Using an in silico approach, we analyzed the naturally occurring
human genetic variations from the proteins involved in the TGF-$3
signaling (10 TGF- proteins and 242 other proteins interacting with
them) to identify the ones that have potential biological consequences.
All proteins were searched in the dbSNP database for the presence of
nonsynonymous single nucleotide polymorphisms (nsSNPs). A total
of 118 validated nsSNPs from 63 proteins were retrieved and analyzed
in terms of /) evolutionary conservation status, 2) being located in a
functional protein domain or motif, and 3) altering putative protein
motif or phosphorylation sites. Our results indicated the presence of
31 nsSNPs that occurred at evolutionarily conserved residues, 37
nsSNPs were located in protein domains, motifs, or repeats, and 46
nsSNPs were predicted to either create or abolish putative protein
motifs or phosphorylation sites. We undertook this study to analyze
the human genetic variations that can affect the protein function and
the TGF-B signaling. The nsSNPs reported in here can be character-
ized by experimental approaches to elucidate their exact biological
roles and whether they are related to human disease.

transforming growth factor-3 pathway; protein-protein interactions;
evolutionary conservation analysis; protein domains and motifs; phos-
phorylation sites

TRANSFORMING GROWTH FACTOR BETA (TGF-B) signaling is di-
rectly involved in many homeostatic and developmental pro-
cesses (22), including wound healing, tumorigenesis, cell pro-
liferation and differentiation, neovascularization, and extracel-
lular matrix formation (33). TGF-3 signaling starts with the
binding of the secreted TGF-f ligands to the transmembrane
serine/threonine kinase TGF-[3 receptors. This binding initiates
a cascade of cellular events including the activation of the
SMAD proteins, which transduce the TGF-3 signals to nucleus
for transcriptional regulation of specific genes (12, 33, 61).
Deregulation or abnormalities of the TGF-3 pathway have
been implicated in several conditions including the atheroscle-
rosis (20), Alzheimer’s disease (6), autoimmune disease (1),
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familial juvenile polyposis (34), pancreatic cancer (29), breast
cancer (56), and prostate cancer (3).

Single nucleotide polymorphisms (SNPs) are the most com-
mon genetic variation in human (57). They occur, on the
average, once every 300—400 base pairs (24). SNP located
within the coding or regulatory regions of genes can cause
qualitative and quantitative changes in gene expression, RNA
splicing, protein translation, or gene function. Nonsynonymous
SNPs (nsSNPs) are located in the coding regions, substitute the
amino acids, and are the least frequent form of the SNPs
probably because of the selective constraints on protein se-
quences (7, 16). Since nsSNPs change the amino acid se-
quences, they are also likely to change the structure and the
function of the proteins. As nearly 30% of the nsSNPs are
predicted to affect the protein function (9, 37, 48), they have
been the topic of the studies aiming to identify the disease-
susceptibility loci (8).

Pathway-based approaches are beneficial because they
help the molecular biologists and epidemiologists to inves-
tigate multiple genes by focusing on specific physiological
processes and relate them to human disease (62). These
kinds of approaches also provide a logical basis for exam-
ining the gene-gene and SNP-SNP interactions (epistasis) in
human health and disease predisposition (11). In this regard,
we and other groups have previously analyzed and evaluated
the functionalities of the nsSNPs from a variety of cellular
pathways (10, 26, 53, 54). In this study, we aimed to
systematically investigate the nsSNPs from the TGF-8 sig-
naling protein interaction network. A total of 10 TGF-$
superfamily members have been chosen as the TGF-$3 core
proteins, and a TGF-B protein interaction network was
constructed. These members of the TGF-{ superfamily were
chosen based on their occurrence as bait in a high-through-
put screen (2), where literature curated interactions were
validated by the LUMIER technique and found to be >70%
true-positive using conservative cutoffs. The 10 core pro-
teins included the two bone morphogenetic protein receptors
(ALK2/ACVR1 and ALK6/BMPR1B), one transmembrane
receptor for TGF-B ligand (TGFBR1), five SMAD members
that transduce the TGF-f3 signals in cells (SMAD1, SMAD2,
SMAD3, SMAD4, and SMAD?7), and two E3 ligases that
facilitate SMAD receptor destruction by ubiquitin-mediated
protein degradation (SMURF1 and SMURF2) (33). Our
results point to the notion that nsSNPs that can cause
functional alterations in the TGF-f interaction network,
which can be utilized for further studies to functionally
characterize and investigate their relationship to human
disease and health.
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METHODS

TGF-B pathway interacting proteins. Literature-curated protein-
protein interactions (PPIs) were taken from the MedLine Database at
the National Center for Biotechnology Information between February
and April 2004. Interactions were detected for well-characterized
components of the TGF-f superfamily of signal transduction pathway
(TGFBR1, ALK2/ACVRI1, ALK6/BMPR1B, SMAD1, SMAD2,
SMAD3, SMAD4, SMAD7, SMURF1, and SMURF2).To search
for interactions in the MedLine database each molecule and all
known synonyms including alternative spellings from human,
mouse, Drosophila melanogaster, and Caenorhabditis elegans
were entered in the search field separated by the Boolean operator
“OR”. The resulting list of abstracts was manually curated by a
trained, graduate-level scientist (I. W. Taylor) for interactions of
proteins with the component of the TGF-f pathway. In the case of
ambiguous language in the abstracts the scientist examined the pri-
mary manuscript for direct evidence in the data figures relating to the
abstract. Interacting proteins were then mapped to a unique identifier
with the UniGene database (65) (http://www.ncbi.nlm.nih.gov/entrez/
query.fcgi?db=unigene). When interactions were detected in model
organisms, the human UniGene ID was used to describe the homol-
ogous human gene. The protein interactions are depicted in the
Supplementary Figure (http://www.ozceliklab.com/savas/TGFbeta_
PPIs). (The online version of this article contains supplemental ma-
terial.)

nsSNP. The validated nsSNPs for the TGF-f3 interaction network
proteins were retrieved from the dbSNP build 124 (58) (http://www.
ncbi.nlm.nih.gov/SNP/). Only the nsSNPs that are found in at least two
chromosomes in a sample panel of at least 20 chromosomes were
included into this study (validated nsSNPs). Throughout this paper,
the SNPs that were reported with lower or more than 5% of the
samples are annotated as rare and common SNPs, respectively. In
some cases, SNPs were detected with lower and higher than 5% minor
allele frequencies in different submissions: for simplicity, we classi-
fied these SNPs as common SNPs together with the SNPs with minor
allele frequencies of =5%.

Prediction of functional consequences of nsSNPs. A precomputed
PolyPhen resource (courtesy of Dr. Shamil Sunyaev) was utilized to
retrieve PolyPhen predictions for the nsSNPs (48) (http://www.
bork.embl-heidelberg.de/PolyPhen/). All predictions were based on
protein alignments; the predictions based on fewer than five proteins
in the alignment were considered unreliable and thus are annotated as
“noninformative” in this study.

Protein domain and motif analysis. The information related to the
positions of the protein functional domains and motifs was retrieved
from the Swiss-Prot database feature table (5) (http://www.expasy.
org/sprot/sprot-search.html) and the Interpro database (36) (http:/
www.ebi.ac.uk/Interpro). In those cases when the Interpro entry was
not available, we have run the InterproScan program (47) (http:/
www.ebi.ac.uk/InterProScan/) to predict the protein domains and
motifs. The Human Protein Reference Database (HPRD, Ref. 43;
http://www.hprd.org) was also utilized to see whether the nsSNPs
were located in protein domains, motifs, or at experimentally verified
posttranslational modification sites of the proteins. NetPhos (4) was
utilized to predict putative phosphorylation sites (http://www.cbs.
dtu.dk/services/NetPhos/). ScanSite (40) was utilized to predict the
putative protein motifs (a total of 63 motifs including phosphorylation
sites, modular signaling, and interaction domains) (http://scansite.mit.
edu/motifscan_seq.phtml). ScanSite was run at high-stringency con-
ditions.

RESULTS

A total of 242 proteins interacting with the 10 TGF-3 core
proteins (TGFBR1, ACVR1, BMPR1B, SMADI1, SMAD?2,
SMAD3, SMAD4, SMAD7, SMURF1 and SMURF2) were

identified. The number of proteins interacting with each of
these proteins was as follows: TGFBR1 (n = 55), ACVRI
(n = 1), BMPRIB (n = 10), SMADI1 (n = 40), SMAD2 (n =
41), SMAD3 (n = 71), SMAD4 (n = 24), SMAD7 (n = 7),
SMURF1 (n = 1), and SMURF2 (n = 2) (Supplementary
Figure; http://www.ozceliklab.com/savas/TGFbeta_PPIs). All
proteins were searched in the dbSNP database for the presence
of validated nsSNPs. As a result, a total of 118 validated
nsSNPs from 63 proteins were retrieved at the time of data
collection (Table 1). When we categorized the nsSNPs based
on their minor allele frequencies (mAFs; see METHODS), the
majority of the nsSNPs (n = 94, 80.0%) were reported as
common variations in the dbSNP database (Table 1).
Informative PolyPhen predictions were available for 70/118
(59.0%) nsSNPs. Among these, 31 (44.3%, 31/70) nsSNPs
were predicted to affect the protein function (either possibly or
probably damaging predictions; Tables 1 and 2). No functional
nsSNP was identified in ACVR1, SMAD7, SMURF1, or
SMURF?2 nor in the proteins interacting with them (n = 11).
However, at least one functional nsSNPs were identified in
proteins interacting with TGFBR1 (n = 5), BMPRIB (n = 1),
SMADI (n = 2), SMAD2 (n = 8), SMAD3 (n = 7), SMAD4
(n = 1) (Table 2). Similar to the data from the whole set of
nsSNPs (see above), 27/31 (87.1%) of the functional nsSNPs
were common nsSNPs with mAFs =5%. Information curated
in the Swiss-Prot, Interpro, and the HPRD databases indicated
that 37/118 (31.0%) nsSNPs were located in a protein domain,
motif, or a repeat sequence (Table 2). Among this group of
nsSNPs, PolyPhen predicted 16 to affect protein function.
We also utilized the ScanSite (40) and NetPhos (4) programs
to predict impact of the nsSNPs on the putative protein motifs
and phosphorylation sites along the TGF-3 protein interaction
network proteins. As a result, a total of 46 (39%, 46/118)
nsSNPs from 34 genes have been predicted to modify putative
protein motifs and phosphorylation sites (Table 3). ScanSite
predicted that in the case of seven nsSNPs (ALDH3A1-G309E,
BRCA2-N289H, FBXO034-G704V, MYC-N11S, NCOAI-
P1272S, REV3L-R1892H, and TCF7-G256R), a short protein
motif was either created or abolished. NetPhos predicted that
29 nsSNPs altered (either created or abolished) putative kinase
recognition motifs and phosphorylation sites. The BRCA2-

Table 1. Summary of the data

#
Genes screened for nsSNPs 252
Genes with validated nsSNPs 63
Validated nsSNPs 118
Common nsSNPs 94
Rare nsSNPs 24
nsSNPs with informative PolyPhen prediction 70
nsSNPs functional by PolyPhen 31
nsSNPs benign by PolyPhen 39
nsSNPs located in domain/motif/repeat 37
nsSNPs functional by PolyPhen 16
nsSNPs benign by PolyPhen 16
nsSNPs with no informative PolyPhen prediction 5
nsSNPs altering a protein motif/phosphorylation site 46
nsSNPs functional by PolyPhen 15
nsSNPs benign by PolyPhen 14
nsSNPs with no informative PolyPhen prediction 17

nsSNP, nonsynonymous single nucleotide polymorphism.

Physiol Genomics + VOL 29 « www.physiolgenomics.org

100z ‘8 Ae uo Bio ABojoisAyd-solwouabloisAyd wouy papeojumoq



http://physiolgenomics.physiology.org

Table 2. nsSNPs that are either predicted to be functional by PolyPhen or located in a functional

nsSNPS FROM TGF- PROTEIN INTERACTION NETWORK

protein domain, motif, and/or a repeat
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Interactin,
Core Prole%n Gene SNP ID Accession # Variation Major Allele mAFs PolyPhen Prediction Protein Domain/Motif/Repeat
SMAD2 AGER rs2070600  NP_001127.1  G82S G 2 S residue possibly  *Extracellular domain (potential);
damaging *Ig-like V-type domain:
F(IPR003599) Immunoglobulin
subtype domain; T(IPRO07110)
Immunoglobulin-like domain;
F(IPRO13151) Immunoglobulin
domain; fIg_LIKE domain
TGFBR1 BIRC4 rs5956583  NP_001158.2  Q423P Qand P 1and 2 P residue possibly
damaging
BMPRI1B BMP2 rs235768 NP_001191.1 R190S S and R 2 S residue *Propeptide; T(IPROO1111)
probably Transforming growth factor
damaging beta NH»-terminal
BMPR1B BMP2 rs2273073  NP_001191.1  S37A S 2 A residue benign *Propeptide; T(IPRO01111)
Transforming growth factor
beta NH»-terminal
BMPR1B BMP2 rs2273074  NP_001191.1  A106T A 1 T residue possibly  *Propeptide; +(IPRO01111)
damaging Transforming growth factor
beta NH>-terminal
BMPR1B BMP4 rs17563 NP_001193.1  VI52A Vand A 2 V residue benign *Propeptide; T(IPRO01111)
Transforming growth factor
beta NH»-terminal
BMPR1B BMPR2 rs2228545  NP_001195.2  S775N S 1 N residue NI *Cytoplasmic domain (potential)
SMAD3 BRCA2 1s766173 NP_000050.1  N289H N 1 and 2 H residue
possibly
damaging
SMAD3 BRCA2 rs1046984  NP_000050.1  S599F S 2 S residue possibly
damaging
SMAD3 BRCA2 rs1799954  NP_000050.1  R2034C R 2 C residue possibly
damaging
SMAD3 BRCA2 rs4987047  NP_000050.1  12944F 1 1and 2 F residue possibly
damaging
SMAD4 BTRC rs2270439  NP_003930.1  P556H P 1 H residue
possibly
damaging
TGFBR1 CD44 rs1467558  NP_000601.2  1479T T 2 1 residue benign *Extracellular domain (potential);
stem region
TGFBR1 CD44 rs9666607  NP_000601.2  K417R R 2 K residue benign *Extracellular domain (potential);
stem region
SMAD2 CNTN2 rs2275697  NP_005067.1  A145T Tand A 2 T residue benign *Ig-like C2-type 2 domain;
F(IPR003599) Immunoglobulin
subtype domain; $Ig_LIKE
domain
SMAD2 CNTN2 rs2305276  NP_005067.1  R657W R 2 W residue *Fibronectin type-III I domain;
probably F(IPR0O03961) Fibronectin,
damaging type III domain; £FN3 domain
SMAD2 CNTN2 rs17416074 NP_005067.1 V10241 \% 2 I residue NI *Propeptide (potential)
TGFBR1 DUSPI13 rs3088142  NP_057448.2  C156Y Y and C 2 C residue possibly  *Tyrosine-protein phosphatase
damaging domain; F(IPR000340) Dual
specificity protein phosphatase
domain
TGFBR1 DUSP13 rs16931996 NP_057448.2 R190G G 2 G residue +(IPR000340) Dual specificity
probably protein phosphatase domain
damaging
TGFBR1 DUSPI13 rs16932004 NP_057448.2 R62Q R 1 Q residue benign F(IPR000340) Dual specificity
protein phosphatase domain
TGFBR1 ENG rs1800956  NP_000109.1  D366H Hand D 2 H residue F(IPRO01507) Endoglin/CD105
possibly antigen domain; Zona
damaging pellucida domain
SMAD3 ERBB2IP rs3213837  NP_061165.1  S274L S 1 and 2 L residue possibly  #(IPR003591) Leucine-rich
damaging repeat; T(IPR0O03591) Leucine-
rich repeat, typical subtype
SMAD3 ERBB21P rs3805466  NP_061165.1  S1112L S land2 L residue possibly
damaging
TGFBR1 FBX034 rs10138395 NP_060413.2 G704V G 2 V residue
probably
damaging
SMAD2 FLNA rs17091204 NP_001447.1  S1012L S 2 L residue possibly  (IPR001298) Filamin/ABP280
damaging repeat
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Table 2. —“continued”

nsSNPS FROM TGF- PROTEIN INTERACTION NETWORK

Interacting

Core Protein Gene SNP ID Accession # Variation Major Allele mAFs PolyPhen Prediction Protein Domain/Motif/Repeat
BMPR1B GDF5 15224331 NP_000548.1 S276A Aand S 2 A residue NI *Propeptide (potential);
F(IPROO1111) Transforming
growth factor beta NHo-
terminal domain
TGFBRI1 GDF8 rs1805085  NP_005250.1 AS5T A 2 T residue benign *Propeptide (potential);
F(IPROO1111) Transforming
growth factor beta NHo-
terminal domain
TGFBRI1 GDF8 rs1805086  NP_005250.1 K153R K 1and 2 R residue benign *Propeptide (potential);
F(IPROO1111) Transforming
growth factor beta NHo-
terminal domain
SMAD3 HIF1A rs11549465 NP_001521.1 P582S P 2 S residue possibly  *ID region
damaging
SMAD2 MYC rs4645959  NP_002458.1 NI11S N 2 S residue possibly  T(IPR012682) Transcription
damaging regulator Myc NHa-terminal
domain
SMAD?2 MYC rs4645961 NP_002458.1 V1701 \ 1 I residue benign F(IPR012682) Transcription
regulator Myc NHo-terminal
domain
SMAD3 NCOAI rs1804645  NP_003734.3  P1272S P 1 S residue
probably
damaging
SMADI1 NEURODI1 rs1801262 NP_002491.1 T45A Aand T 2 T residue benign +CC motif
SMAD2 NFKB1 rs4648072  NP_003989.2  MS507V M 1 V residue
possibly
damaging
SMAD2 NFKB1 rs4648099  NP_003989.2  H712Q H 2 Q residue *ANK 5 repeat; 7(IPR002110)
possibly Ankyrin repeat; ANK domain
damaging
SMAD3 NGFB 1s6330 NP_002497.1 A35V Vand A 2 A residue benign *Propeptide
SMAD3 NGFB rs11466110 NP_002497.1  V72M v 1 M residue benign *Propeptide
SMADI1 NOTCHI1 rs3125001 NP_060087.2 A863T T 2 T residue NI *Extracellular domain (potential);
*EGF-like 22 domain;
+(IPR000742) EGF-like, type
3 domain;
+EGFCA domain
SMADI1 NOTCHI rs11574885 NP_060087.2  Q300R Q 2 R residue possibly ~ *Extracellular domain (potential);
damaging *EGF-like 8 domain;
*calcium-binding domain
(potential); TIPR000742 EGF-
like, type 3 domain; $EGFCA
domain
SMAD3 NR3Cl1 rs6192 NP_000167.1  F65V F 1 V residue
possibly
damaging
SMAD2 NUP214 rs103612 NP_005076.3  P574S S 2 S residue benign *11 X 5 AA approximate repeats
region
SMAD?2 PAXIP1 rs3501 NP_031375.2 M979V M 2 V residue benign F(IPRO01357) BRCT domain
SMAD3 PEX6 1s2274516  NP_000278.2 V882l A% 1 I residue benign T(IPR003959) AAA ATPase,
central region domain; $AAA
domain
SMAD3 PPARG rs1801282  NP_056953.2  PI2A P 1 and 2 A residue
possibly
damaging
SMAD1 SMAD4 1s2229083  NP_005350.1 WI101G W 2 G residue *MHI1 domain; {(IPR003619)
probably Dwarfin protein, A domain
damaging
TGFBRI1 SNX1 rs1802376 ~ NP_003090.2  D466N n/a 2 N residue
possibly
damaging
TGFBR1 SNX2 rs1044463  NP_003091.2  A384S A 2 S residue benign +CC motif
SMAD4 TGIF rs2229333  NP_733796.2  P292L P 2 L residue
probably
damaging
SMAD2 TP53 rs1042522  NP_000537.2  P72R Rand P 2 P residue possibly ~ *Interacting with PRMT1
damaging protein; *Interacting with

WWOX protein
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Table 2. —“continued”

Interacting

Core Protein Gene SNP ID Accession # Variation Major Allele mAFs PolyPhen Prediction Protein Domain/Motif/Repeat

SMAD2 TUBB2A rs1054331 NP_001060.1 S201C C 2 C residue F(IPR003008) Tubulin/FtsZ.
probably GTPase domain; ftubulin
damaging domain

SMAD3 VDR 1s2228570 NP_000367.1 MIT M 2 T residue
probably
damaging

SMADI VENTX 1s2270192 NP_055283.1 E101K E 1 K residue NI F(IPRO01356) Homeobox domain

The protein domain, motif, or repeat information is as in *Swiss-Prot feature table, fInterpro database (in parentheses are the Interpro protein domain and motif
identifiers), $Human Protein Reference Database (HPRD). mAF, minor allele frequency; NI, noninformative PolyPhen prediction; CC, coiled coil.

S599F, DAB2-T586I, HIF1A-P582S, NEDD9-T577M,
REV3L-R1892H, and SNX1-D466N are predicted to alter two
motifs and phosphorylation sites (Table 3). PolyPhen predicted
15 of the nsSNPs, which alter protein motif or phosphorylation
sites based on NetPhos and ScanSite results, as also affecting
the protein function (Table 2).

DISCUSSION

PPIs that form functional protein complexes are essential for
a variety of biological processes such as signal transduction,
DNA repair, and cell cycle (19, 32, 39, 42, 64). These inter-
actions are mainly facilitated by specific interaction domains
and motifs (42). One protein can have multiple interaction
domain/binding motifs and thus multiple interaction partners.
Not surprisingly, mutations affecting PPIs have been linked to
abnormal cellular functions and human diseases (35, 38).

TGF-B is a signaling pathway where PPIs are quite abun-
dant. We had previously suggested that the functional nsSNPs
from proteins interacting with each other could affect the
function of protein complexes by means of affecting either the
function of individual proteins or the dynamics of the PPIs
(54). Similarly, in this study, our goal was to analyze the
possible consequences of genetic variations on functions of the
TGF-B interaction network proteins via an in silico approach.
Based on the published information, we have retrieved the
proteins interacting with a group of TGF-f3 proteins to con-
struct a TGF-B protein interaction network. This network
consisted of a total of 252 proteins, and the highest numbers of
protein interactions were with the SMAD3 (n = 71), TGFBR1
(n = 55), SMAD2 (n = 41), SMADI1 (n = 40), and SMAD4
(n = 24) proteins.

Our results demonstrated that a total of 63 nsSNPs (31
damaging the protein function and/or 32 nsSNPs creating/
abolishing short protein motifs and phosphorylation sites)
could have biological consequences (Tables 2, 3). A literature
search revealed that some of the nsSNPs were already impli-
cated in human diseases. AGER-G82S has been previously
implicated in the susceptibility to diabetes-associated micro-
vascular dermatoses (21) and rheumatoid arthritis (18), and the
AGER-82S allele was found to increase the inflammatory
response compared with AGER-GS82 allele (18). HIF1A-P582S
has an elevated transcription activity (60) and was associated
with the maximal oxygen consumption before and after acrobic
exercise training in older humans (46) and Type 2 diabetes
(67). PPARG-P12A was associated with Type 2 diabetes in
Oji-Cree women (17) and reduced risks of renal cell carcinoma
(59) and myocardial infarction (50). TP53-72R induces apop-

tosis better than the proline allele (13) although the proline
allele is more efficient in G1 arrest (44). This nsSNP is
associated with a variety of cancers, including breast cancer in
Jewish women (41) and colorectal cancer (23). NR3C1-N363S
(Table 3) was associated with the coronary artery disease (31),
obesity (30), and susceptibility to overweight in patients with
Type 2 diabetes mellitus (52). Association of AGER, HIFIA,
PPARG, and NR3CI genes with complications related to
diabetes is not surprising considering the fact that the biolog-
ical roles of these genes are consistent with the observed
association. For example, AGER, an advanced glycosylation
end product-specific receptor, protects tissues from glucose-
mediated damage (63); HIF1A induces expression of genes
involved in glucose metabolism under hypoxia (28); PPARG
modulates a variety of process including insulin sensitivity
(27); and NR3Cl, the glucocorticoid receptor, plays a role in
expression of glucocorticoid responsive genes (51). On the
other hand, an nsSNPs in BMP4, BMP4-V152A, was reported
to be associated with bone density in postmenopausal women
(49), although our analysis suggests that it is functionally
benign (Table 2). This nsSNP may represent either a false-
negative prediction (see below) or may be in linkage disequi-
librium with another genetic factor responsible for the pheno-
type. Nevertheless, our results suggest that the nsSNPs in
Tables 2 and 3 are good candidates for further genetics and
molecular analyses to reveal whether they have functional
consequences and their effects are linked to human disease.

It has been shown that proteins that interact with multiple
partners are more likely to be essential (25), and the biological
impact of functional nsSNPs from such proteins is likely to be
large and diverse. In our data set, SMAD4 has 24 other proteins
interacting with it, and it has one nsSNP that occurred at an
evolutionarily conserved residue (SMAD4-W101G; Table 2).
Therefore, it is feasible to speculate that this nsSNP could
affect the functions of a variety of protein complexes involving
SMADA4. In this regard among all, SMAD4-W 101G nsSNP can
be prioritized for further studies.

Protein domains, motifs, and posttranslational sites such as
phosphorylation sites are important for the function, structure,
and stability of proteins. Therefore, amino acid substitutions in
these regions can change the intrinsic properties of proteins.
Previously, the impact of the nsSNPs on short binding motifs
and phosphorylation sites has been proposed and analyzed for
proteins from other cellular pathways (10, 55). In the present
study, we found that 37 nsSNPs were located in a protein
domain. These nsSNPs, especially the ones that occur at
evolutionarily conserved residues (n = 16, Table 2), can alter
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Table 3. nsSNPs altering short putative protein motifs and phosphorylation sites

Major
Gene® SNP ID® Accession # mAFs¢ Variations? VariJantc ScanSite Resultsf NetPhos Results®
ALDH3A1 13744692 NP_000682.3 1 G309E G E residue creates casein kinase
1 motif at T313
GGTEDAATRYIAPTI
BIRC4 1$5956583 NP_001158.2 1 and 2 Q423p Qand P P residue removes S427 in
QDESSQTSL
BMP2 1s235768 NP_001191.1 2 R190S Sand R S residue creates S190 in
FPVTSLLDT
BMP2 1s2273073 NP_001191.1 2 S37A S A residue removes S37 in
FAAASSGRP
BRCA2 1s766173 NP_000050.1 1 and 2 N289H N H residue removes Lck SH2
motif at Y296
NVLEDEVYETVVDTS
BRCA2 rs1046984 NP_000050.1 2 S599F S S residue creates S599 in
HDETSYKGK and
creates T598 in
IHDETSYKG
CNTN2 12275697 NP_005067.1 2 A145T Tand A T residue creates T145 in
DPVKTHEGW
DAB2 rs700241 NP_001334.1 1 T5861 T I residue removes S588 in
WSTTSPLGN and
removes T586 in
NAWSTTSPL
DUSP13 rs16932004 NP_057448.2 1 R62Q R Q residue removes S65 in
ARDKSKLIQ
ELF1 rs1056820 NP_758961.1 2 T343S Sand T S residue removes T343 in
GGATTVLKP
ENG rs1800956 NP_000109.1 2 D366H Hand D H residue creates T369 in
DHAMTLVLK
ERBB2IP rs3213837 NP_061165.1 1and?2 S274L S L residue removes S274 in
ETIGSLKNI
ERBB2IP rs3805466 NP_061165.1 1 and 2 S1112L S L residue removes S1112
in REFHSAGRT
FBX034 1s3742569 NP_060413.2 2 L533P Pand L P residue creates intersectin
SH3A motif at P533
GSAEPFVPPASSVES
FBX034 rs10138395 NP_060413.2 2 G704V G V residue removes T705 in
KAKGTEAEE
GDF5 1s224331 NP_000548.1 2 S276A Aand S A residue removes S276 in
RQPASLLDV
GDF8 rs1805085 NP_005250.1 2 AS5T A T residue creates T55 in
SRIETIKIQ
HIFIA rs11549465 NP_001521.1 2 P582S P S residue creates S582 in
DQLSSLESS and
creates S586 in
SLESSSASP
HNF4A rs1800961 NP_000448.3 1 and 2 T1391 T I residue removes T139 in
DRISTRRSS
MAP3K1 rs832582 XP_042066.8 2 V10401 I I residue creates T1039 in
SPECTIHLE
MYC rs4645959 NP_002458.1 2 NI11S N S residue creates PDK1
binding motif at S11
NVSFTNRSYDLDYDS
MYC 1s4645961 NP_002458.1 1 V1701 \% I residue creates S175 in
CSTSSLYLQ
NCOALI rs1804645 NP_003734.3 1 P1272S P S residue removes GSK3
kinase motif at S1275
LQQTPPASGYQSPDM
NEDD9 rs3734401 NP_006394.1 1 T577TM T M residue removes Y579
in NSTEYPHGG and
creates S576 in
SIMNSMEYP
NOTCHI1 rs3125001 NP_060087.2 2 A863T T T residue removes T866 in
QAGQTCEVD
NR3Cl1 rs6192 NP_000167.1 1 F65V 1 V residue creates S69 in
VPKGSVSNA
NR3Cl1 rs6195 NP_000167.1 1 N363S N S residue creates S361 in
IPVGSESWN
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Table 3. —“continued”
Major
Gene® SNP ID® Accession # mAFs¢ Variations? Variant® ScanSite Resultsf NetPhos Results®
NUP153 rs6906499 NP_005115.2 2 N402K K K residue creates S405 in
DKKCSTGYE
NUP153 rs12195921 NP_005115.2 1 and 2 1248V I V residue creates S252 in
VLKTSQLGD
PIAS3 rs17354559 NP_006090.1 1 S381C S C residue removes S381 in
EILSSCSDC
PPPIRISA rs500079 NP_055145.2 2 T597A Aand T T residue creates T597 in
ARRITQAQE
PPPIRISA 1557806 NP_055145.2 2 R251P P P residue removes S255 in
RSSGSDPRS
PPPIRISA 1s564196 NP_055145.2 2 R31H R H residue removes S34 in
SRAWSRLRG
REV3L rs3218599 NP_002903.1 1 and 2 D1734H D H residue creates S1735 in
QSLHSANTS
REV3L 1s3218600 NP_002903.1 1 S1142L S L residue removes S1142
in EKGTSRKHI
REV3L 1s3218606 NP_002903.1 1 R1892H R H residue removes Intersectin
SH3A motif at P1890
QNPRPGSPLRSGQGV
and removes p85 SH3
mode2 motif at P1890
QNPRPGSPLRSGQGV
SCAP2 rs17154402 NP_003921.2 2 S253T T T residue creates S252 in
NPLTSTQPI
SNX1 rs1802376 NP_003090.2 2 D466N n/a N residue creates Y463 in
RVTQYERNF and
removes S471 in
FERISTVVR
SP1 1s3741665 NP_612482.2 1 T737A T A residue removes S735 in
GSEGSGTAT
STK111P 1s2305053 NP_443134.1 1 R780C R C residue removes S784 in
RDHGSWSLS
TCE7 rs30489 NP_963964.1 1 and 2 G256R G R residue creates calmodulin-
dependent Kinase 2 motif at
S259 KDGNRQESLSMSSSS
TGIF 1s2229333 NP_733796.2 2 P292LL P L residue removes S291 in
PKPSSPGSV
TUBB2A rs1054331 NP_001060.1 2 S201C C C residue removes S201 in
DETYSIDNE
VENTX rs2270192 NP_055283.1 1 E101K E K residue creates T99 in
RTAFTMKQV
VEPH1 rs1378796 NP_078897.1 2 V263G \ G residue creates Y264 in
EIAGYEPVA
VEPH1 rs11918974 NP_078897.1 2 S522P S P residue removes S522 in
SENLSETVK

2 Gene symbols are as approved by the HUGO Gene Nomenclature Committee (45) http:/www.gene.ucl.ac.uk/nomenclature. "SNP IDs correspond to the
dbSNP database SNP identifiers. “nsSNPs with mAFs less than and equal/higher than 5% are indicated by 1 and 2, respectively. “The nature and the position
of the amino acids specified by the nsSNPs is as reported in the dbSNP database. *The major variants are based on the information under the population diversity
section in the dbSNP. fScanSite results showing the putative protein motif sequence and the position of the amino acids. €The nine-residue long putative kinase
recognition motifs are shown. The putative serine (S), threonine (T), and tyrosine (Y) residues predicted to be phosphorylated by NetPhos are underlined.

the structure/features of protein domains and thus the function
of the protein. Literature search and the information of the
Swiss-Prot feature table or the HPRD did not reveal any of the
nsSNPs in Table 3 to be an experimentally verified phosphor-
ylation sites. However, the sensitivity of the NetPhos predic-
tions is 69-96% and with a false positive rate of 0-26% for
tyrosine, 0—11% for serine, and 0—14% for threonine (4). In
case of the ScanSite, the accuracy of the program was reported
as ~70% (66). Therefore, although some of these predictions
are likely to be false positives, a considerable portion of the
predictions is supposed to be correct. Thus, these nsSNPs
deserve further analysis.

Interestingly, 80% of the all nsSNPs analyzed and 44% of
the nsSNPs with a reliable PolyPhen prediction that were

predicted to affect the protein function were presented as
common genetic variations (minor allele frequencies =5%). It
has been hypothesized that common variations in the contem-
porary human population contribute to disease susceptibility
(8). Thus, it is tempting to say that the common and functional
nsSNPs reported in this study can also be utilized for disease
association studies to investigate their potential roles in disease
proposition.

In conclusion, here we report an analysis of proteins acting
with the 10 TGF-8 core proteins through protein-protein in-
teractions, and present nsSNPs that might be important for the
protein function based on the evolutionary conservation and
protein domain and motif analyses. Those nsSNPs that are
found to be functional based on evolutionary conservation
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analysis and/or altering putative protein binding motifs and
phosphorylation sites are good candidates for further functional
studies. Given that these nsSNPs are located in candidate
proteins, they may also be utilized in disease association
studies to test their potential contribution to the altered disease
risk. Furthermore, it is possible that in such complexes, some
of the nsSNPs could have coevolved together to compensate
for the functional impact on each other (10, 11, 14, 15, 54).
Thus, further analysis of these nsSNPs can also help with the
elucidation of the epistatic relationships among the nsSNPs
either on the same protein or individual proteins of protein
complexes.
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