
SRGAP1 Is a Candidate Gene for Papillary Thyroid
Carcinoma Susceptibility

Huiling He, Agnieszka Bronisz, Sandya Liyanarachchi, Rebecca Nagy, Wei Li,
Yungui Huang, Keiko Akagi, Motoyasu Saji, Dorota Kula, Anna Wojcicka,
Nikhil Sebastian, Bernard Wen, Zbigniew Puch, Michal Kalemba,
Elzbieta Stachlewska, Malgorzata Czetwertynska, Joanna Dlugosinska,
Kinga Dymecka, Rafal Ploski, Marek Krawczyk, Patrick J. Morrison,
Matthew D. Ringel, Richard T. Kloos, Krystian Jazdzewski, David E. Symer,
Veronica J. Vieland, Michael Ostrowski, Barbara Jarząb, and Albert de la Chapelle
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Background: Papillary thyroid carcinoma (PTC) shows high heritability, yet efforts to find predis-
posing genes have been largely negative.

Objectives: The objective of this study was to identify susceptibility genes for PTC.

Methods: A genome-wide linkage analysis was performed in 38 families. Targeted association
study and screening were performed in 2 large cohorts of PTC patients and controls. Candidate DNA
variants were tested in functional studies.

Results: Linkage analysis and association studies identified the Slit-Robo Rho GTPase activating
protein 1 gene (SRGAP1) in the linkage peak as a candidate gene. Two missense variants, Q149H
andA275T, localized in theFes/CIP4homologydomain segregatedwith thedisease in1 familyeach.
One missense variant, R617C, located in the RhoGAP domain occurred in 1 family. Biochemical
assays demonstrated that the ability to inactivate CDC42, a key function of SRGAP1, was severely
impaired by the Q149H and R617C variants.

Conclusions:OurfindingssuggestthatSRGAP1 isacandidategeneinPTCsusceptibility.SRGAP1 is likely
a low-penetrant gene, possibly of a modifier type. (J Clin Endocrinol Metab 98: E973–E980, 2013)
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Papillary thyroid carcinoma (PTC) is the most common
form of thyroid carcinoma accounting for 75%–85%

of all thyroid cancer. The incidence of PTC appears to have
increased in the United States and elsewhere in recent years
(1, 2). It is estimated that 56 460 individuals in the United
States will be diagnosed with thyroid cancer in 2012 (http://
www.cancer.org/Research/CancerFactsFigures/index). Ra-
diation is one well-known predisposing factor. The molec-
ular pathogenesis of PTC is largely associated with point
mutations in the BRAF or RAS family genes or RET/PTC
gene rearrangements (3, 4).

Although PTC is mostly sporadic, approximately 5% is
familial (5). A strong inherited genetic predisposition is
suggested by case-control studies showing a 3- to 8-fold
increase in risk in first-degree relatives (6–8). Over the
past years, linkage studies have suggested several potential
regions as harboring predisposing genes, including 1q21
(9, 10), 2q21 (11), 6q22 (10), 8p23 (12), 8q24 (13), and
19p13.2 (14). Although a few candidate predisposing
genes have been proposed, decisive evidence implicating
specific genes has not been forthcoming. The relative lack
of success might be in part due to weaknesses in the design
and execution of earlier experiments.

In a previous study involving linkage analysis of a large
family with PTC and melanoma, we identified a candidate
gene (a noncoding RNA gene named PTCSC1) in 8q24
(13). The successful use of linkage prompted us to under-
take another linkage study in a series of 38 PTC families,
many of which were recently acquired. We report here that
genome-wide linkage analysis and the following associa-
tion and functional studies point to the Slit-Robo Rho
GTPase activating protein 1 gene (SRGAP1) as a candi-
date susceptibility gene in PTC.

Materials and Methods

Subjects
The studies were approved by the Institutional Review Boards

at The Ohio State University Medical Center, M. Sklodowska
Curie Memorial Cancer Center and Institute of Oncology, and
the Medical University of Warsaw. All subjects gave written in-
formed consent before participation.

Ohio families
A total of 38 families with at least 2 confirmed cases of non-

medullary thyroid cancer were recruited. The majority (32 of 38)
had 3 or more affected individuals. Family history information,
pathology reports confirming the diagnosis of thyroid cancer or
thyroid disease, blood, and tissue samples were collected from
consenting affected and key unaffected individuals. Of the 38
families, 36 were Caucasian non-Hispanic and 2 were Caucasian
Hispanic. The pedigrees and clinical information are provided in
Supplemental Figure 1 and Supplemental Table 1, published on

The Endocrine Society’s Journals Online web site at
http://jcem.endojournals.org.

Sample sets of sporadic cases and controls from
Ohio and Poland

Individuals with thyroid cancer from Ohio were histologi-
cally confirmed as having traditional PTC and follicular variant
PTC. The control group comprised individuals without clinically
diagnosed thyroid cancer from central Ohio who were randomly
picked from a pool of controls for genetics projects. A set of
randomly collected 429 cases and 571 controls (Ohio set 1) was
used in genotyping single-nucleotide polymorphism (SNP)
rs2168411. Another set of 742 cases and 828 controls (Ohio set
2) was used for screening the SRGAP1 variants (Supplemental
Table 2). The individuals in these 2 sets overlapped. For Polish
sporadic cases and controls, 2 sample sets were recruited; 1 set
(906 cases and 866 controls) was from the Maria Sklodowska-
Curie Memorial Cancer Center and Institute of Oncology
(Gliwice, Poland). This sample set was used in genotyping
rs2168411 and screening the SRGAP1 variants. Another set
(1738 cases and 1701 controls) was from the Medical University
of Warsaw (Warsaw, Poland). This sample set was used for
screening the variant R617C. The cases included traditional PTC
and follicular variant PTC. Clinical information including age at
onset, grade, and stage was obtained from medical records. The
control groups comprised individuals without clinically diag-
nosed thyroid cancer. The age, gender, and race information and
the results of statistical tests for sample sets used in the associ-
ation study are provided in Supplemental Table 2.

Genotyping
SNP genotyping of genomic DNA from blood using Af-

fymetrix GeneChip Human Mapping Nsp 250K arrays (Santa
Clara, California) was performed as described (13). SNP geno-
type calls were made with Genechip genotyping analysis soft-
ware (GTYPE) 4.0 (Affymetrix) with default parameters or using
the BRLMM program from Affymetrix. The SNP call rate was
greater than 92% with a P � .3. The Mendelian error rate was
below 0.2% and errors were removed before analysis.

In addition, 8 microsatellite markers in 12q14 were geno-
typed. The PCR primer sequences are available upon request.
The PCR assays were performed according to the standard PCR
protocol except that 1 PCR primer for each marker was labeled
with a fluorescent dye (HEX, FAM, or TET). The allele analysis
was performed by using an ABI 3730 DNA analyzer (Life Tech-
nologies Corp, Grand Island, New York).

For the association studies, a total of 168 tag SNPs spanning
the 12q14 linkage region (�3.2 Mb) were picked using Tagger
software (http://www.broadinstitute.org/mpg/tagger/). SNP
genotyping was performed using the Sequenom MassARRAY
platform (San Diego, California) (15), SNaPshot assay (Life
Technologies Corp, Grand Island, New York), or real-time PCR
allelic discrimination assay (Life Technologies). Association
analyses were performed using GeneSpring GT2 software (Agi-
lent Technologies, Santa Clara, California).

Statistical analysis
Genome-wide posterior probability of linkage (PPL) analyses

were conducted using the software package KELVIN (16), which
implements the PPL class of models for measuring the strength of
genetic evidence (16). The PPL is on the probability scale and
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indicates the probability that a disease-related gene is located at
a given genetic position. The genetic map was based on that
located on the Internet (http://compgen.rutgers.edu/mapopmat)
(17) (release October 2006).

DNA resequencing and screening for SRGAP1
mutations

Blood genomic DNA from one PTC patient from each of 21
families (Supplemental Figure 1A) was used for Sanger rese-
quencing using a PE3730 DNA analyzer. The PCR primers and
PCR conditions are available upon request. Three SRGAP1 mu-
tations were screened for in blood genomic DNA from patients
with sporadic PTC and control individuals. A SNaPshot assay
(Life Technologies) was performed as described. PCRs for am-
plifying the SRGAP1 exons 4, 7, and 16 were performed and
followed by a single nucleotide extension reaction. The primer
sequences for PCR and extension for detecting each of the mu-
tations are listed in Supplemental Table 3.

DNA constructs, cell culture, and transfection
Cloned Homo sapiens full-length SRGAP1 in pCMV MYC-

DDK expression vector was purchased from OriGene (Rock-
ville, Maryland). Mutations in SRGAP1 were generated by the
QuickChange method (Stratagene, La Jolla, California). Cell di-
vision cycle 42 (CDC42) cDNA was cloned into the pCMVS-
PORT6 expression vector (Open Biosystem, Huntsville, Ala-
bama) by using primers incorporating NotI and SalI restriction
sites. PCR primers used for making all mutations and cloning are
available upon request. DNA constructs expressing the full-
length rat ROBO1 protein in a hemagglutinin (HA)-tagged form
and expressing the full-length H sapiens slit homolog 2 (Dro-
sophila) (SLIT2) protein in a HIS/MYC-tagged form were gen-
erously provided by Ramesh Ganju (The Ohio State University,
Columbus, Ohio). The SW1736 cell line was obtained from Re-
becca Schweppe (University of Colorado Cancer Center, Denver,
Colorado) (18). The batch used in this study was thawed from an
original frozen stock. The SW1736 cell line was cultured with
RPMI 1640 medium supplemented with 20% fetal bovine se-
rum. The human embryonic kidney (HEK) 293 cell line was
maintained in DMEM with 10% fetal bovine serum and 1%
penicillin-streptomycin at 37°C in 5% CO2. For transient ex-
pression of proteins, cells were transfected using Lipo-
fectAMINE 2000 (Life Technologies) as detailed in the figure
legends. SLIT2 was obtained from the supernatants of SLIT2-
transfected HEK 293 cells. The conditioned media were collected
and used for treatment or concentrated using Centricon Plus-20
filters (Millipore, Billerica, Massachusetts) for SLIT2 expression
analysis by Western blotting using an anti-MYC antibody.

CDC42 activation assay
CDC42 activation assay kit was used (Cell Biolabs, San Di-

ego, California). Cell lysates were incubated with p21-activated
kinase-1-glutathione-S-transferase (GST) agarose beads for 60
minutes at 4°C according to the protocols of Cell Biolabs. GTP
bound CDC42 was analyzed by Western blotting using an anti-
CDC42 antibody (Cell Biolabs). Input control was analyzed us-
ing an anti-HA (Cell Signaling Technology, Danvers, Massachu-
setts) anti-MYC antibody (Santa Cruz Biotechnology, Santa
Cruz, California).

Results

Genome-wide linkage scan
We performed a genome-wide linkage analysis in 38

families, some of which were analyzed previously (13)
(Supplemental Figure 1). The linkage data set included
genotypes from a total of 176 samples (113 affected with
PTC), 12 obligate carriers, and 51 unaffected individuals.
Genome-wide posterior PPL analysis with all families pro-
duced a PPL score of 30% in 12q14, which was by far the
highest peak in the genome-wide scan with this method
(Figure 1). Nonparametric linkage (NPL) using MERLIN
produced a maximum NPL score of 2.8 and limit of de-
tection score of 1.6 in 12q14 (Supplemental Figure 2). The
linkage peaks obtained by the 2 methods coincided. The
linkage interval was about 3.2 Mb, from SNP rs717271 to
rs7957712. The previously observed peak in chromosome
8q24 (13) is lower in the present set of families (PPL
0.45%; NPL Z-score 0.98), likely due to the chance in-
clusion of more 8q24-related families in the previous ex-
periment than the present one. Families included in the
previous linkage and families being compatible with 8q24
linkage are indicated in Supplemental Figure 1.

Of the 38 families, 19 showed individual maximum
NPL Z-scores greater than 1.0 in 12q14, which suggested
possible linkage. Two additional smaller families with
NPL Z-scores between 0.5 and 1.0 were also included in
the following analyses. To fine map the 12q14 locus, we
genotyped 8 microsatellite markers in 21 families (Sup-
plemental Figure 1A). Linkage and haplotype analyses
with the microsatellite markers confirmed that 21 of 38
families (55%) were compatible with linkage to 12q14. In
each of the 21 families, a haplotype cosegregated with the
disease phenotype (PTC individuals) as illustrated in 4
families (Figure 2). The 12q14 related families (n � 21)
included 3 small families with only 2 members affected

Figure 1. Plot of the genome-wide linkage scan with posterior PPL
from 38 families. The x-axis shows chromosomal location; the y-axis
shows PPL score. The 12q14 locus is indicated by an arrow.
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(number 2, number 5, and number 9). These families ex-
cept one (number 16) were Caucasian non-Hispanic (Sup-
plemental Figure 1). The clinical information (mean age at
diagnosis, race, ethnicity, and histological subtype) of
these 21 families were similar as the other 17 families with-
out 12q14 linkage.

Association study
Linkage data suggested that the 12q14 locus might ac-

count for more than half of the families studied, which
implied that the putative causal variant(s) or mutation(s)
might be common in sporadic PTC and widespread in the
population. We conducted an association study targeting

Figure 2. Haplotypes and the missense mutations in 4 PTC families. A unique haplotype (boxed) cosegregates with the PTC phenotype in each
family. Solid circles or squares, Individuals affected with PTC. Hatched symbols, Individuals affected with benign thyroid disease (benign nodule or
goiter). DNA samples of individual 2 in family 20 and individuals 2 and 3 in family 13 were not available for haplotype analysis.
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the12q14locus. In the first roundofassociationanalyses,we
genotyped 123 tag SNPs spanning the linkage peak region
(�3.2 Mb) in an Ohio cohort (sporadic PTC, n � 268; con-
trols, n � 421). We then selected 18 SNPs with P � .05 (�2

test) and genotyped them in another Ohio cohort (sporadic
PTC, n � 289; controls, n � 252). Overall, only SNP
rs2168411 showed an association with PTC (Table 1).
Among 429 cases and 571 controls, the G allele was more
frequently detected in cases than in controls [P � .014; odds
ratio (OR) 1.26; 95% confidence interval (CI) 1.05–1.52]
(Table 1). To validate this association result, we genotyped
SNP rs2168411 in a Polish cohort (cases, n � 906; controls,
n � 866). As in the Ohio cohort, SNP rs2168411 showed an
association with PTC in the Polish population (Table 1) with
a P � .014 [OR 1.19; (95% CI, 1.04–1.36]. Combining all
the data, SNP rs2168411 associated with PTC with a com-
bined OR of 1.21 (95% CI 1.08–1.35), P � .0008.

Germline mutations/variations in the SRGAP1 gene
SNP rs2168411 is located in intron 4 of SRGAP1. We

resequenced all exons and exon-intron boundaries of
SRGAP1 in 1 patient from each of the 21 families that were
compatible with linkage to 12q14. Six germline single-nu-
cleotide changes in the SRGAP1 coding region were found,

1 synonymous and 5 nonsynonymous (Table 2). There were
also several previously reported polymorphisms in the 3� un-
translated region (UTR) (data not shown). The synonymous
change SRGAP1-c.2274T�C (S758S), the numbering ac-
cording to SRGAP1 (NM_020762.2 and NP_065813.1),
was found in 7 families and was reported in the single-nu-
cleotide polymorphism database (dbSNP) database with a
heterozygosity frequency of 0.424.

For the 5 missense variants, PolyPhen-2 (19) predicted 2
variants as possibly damaging; one was in exon 4
(c.447A�C) with an amino acid change from glutamine to
histidine (Q149H) and another one in exon7 (c.823G�A)
with an amino acid change from alanine to threonine
(A275T). One variant was predicted as probably damaging;
it was in exon16 (c.1849C�T) with an amino acid change
fromarginine tocysteine (R617C).TheR617Cwasreported
with a minor allele frequency of 0.002 in a North American
Caucasian population (Exome Variant Server, National
Heart, Lung, and Blood Institute Exome Sequencing Project,
Seattle, Washington (http://evs.gs.washington.edu/EVS/;
accessed July 2012). Two variants (V512I and H875R) were
predictedasbenign;however, theH875Rwaspredictedwith
a PolyPhen PISC score of 1.175, implying borderline func-

Table 1. Association Results of SNP rs2168411 in Ohio and Polish Cohorts

Sample
Case
number

Genotype
Allele
Frequency

OR
(95% CI)a P ValueaGG GC CC G C

Ohio
PTC 429 71 205 153 0.404 0.596 1.26 (1.05, 1.52) .014
Control 571 77 249 245 0.353 0.647

Polish
PTC 906 145 405 356 0.384 0.616 1.19 (1.04, 1.36) .014
Control 866 98 400 368 0.344 0.656

Combinedb

PTC 0.394 0.606 1.21 (1.08, 1.35) .0008
Control 0.349 0.652

a The allelic OR with 95% CI, and P values, obtained by applying logistic regression adjusting for age and gender.
b For the combined study populations, the reported frequencies are the average, unweighted frequencies of the individual populations, and the
OR and the P value were estimated using the Mantel-Haenszel model.

Table 2. DNA Variations in the SRGAP1 Coding Region in 21 PTC Families

Nucleotide
Change

Amino
Acid
Change dbSNP ID Affected Family

PolyPhen Prediction SIFT Prediction
Minor
Allele
Frequencya

PSIC
SD Predicted Impact

Tolerance
Score

Predicted
Impact

c.447A�C Q149H 1 family (number 2) 1.004 Possibly damaging 0.22 Tolerant
c.823G�A A275T 1 family (number 3) 1.598 Possibly damaging 0.57 Tolerant
c.1534G�A V512I rs74691643 1 family (number 4) 0.117 Benign 0.7 Tolerant 0.013
c.1849C�T R617C rs114817817 1 family (number 20) 3.311 Probably damaging 0.01 Intolerant 0.002
c.2274T�C S758S rs789722 7 families n/ab n/a n/a n/a 0.424
c.2624A�G H875R rs61754221 1 family (number 13) 1.175 Benign 0.64 Tolerant 0.009

Abbreviation: n/a, not applicable.
a Available at: http://evs.gs.washington.edu/EVS/.
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tional impact. We also performed computer analysis using
the SIFT algorithm (20); only the R617C was predicted as
intolerant (Table 2).

Eachof the5missensevariantswas found inonly1 family
each (Table 2). We sequenced DNAs from all available ad-
ditional family members (affected and nonaffected) in each
family for the unique variant and found that 4 variants
(Q149H, A275T, R617C, and H875R) cosegregated with
the PTC phenotype in the relevant family and were inherited
with the risk haplotype (Figure 2). Because the V512I was
consistently predicted as benign and not shared by the af-
fected individuals in family4(SupplementalFigure3),wedid
not include the V512I in the further studies. Clinical infor-
mation regarding the affected individuals in the 4 families
shown in Figure 2 is provided in Supplemental Table 4. Par-
affin thyroid tissue blocks from 3 patients (family 2-III-1,
family 13-II-3, and family 20-II-2) were available. We ana-
lyzed the lossofheterozygosityby studyingpairednontumor
and tumor DNA samples from these patients using a SNaP-
shot assay (Life Technologies) as illustrated in Supplemental
Figure 4. At least 3 of 6 SNP markers were informative for
each sample. No loss of heterozygosity was observed (Sup-
plemental Table 5).

To assess the frequency of the 4 missense variants in
sporadic PTC cases and healthy controls, we screened
sample sets from the Ohio and Polish populations. The
Q149H and A275T variants were detected neither in 367
cases and 552 controls from Ohio or in 432 cases and 424
controls from Poland. Variant R617C was detected in 4 of
742 sporadic PTC cases from Ohio (0.54%) but in none of
the 828 controls. In the 2 Polish sample sets combined, the
R617C variant was found in 7 of 2644 PTC cases (0.26%)
and 7 of 2567 controls (0.27%). All the individuals with
the R617C variant were heterozygous. Variant H875R
was detected in 4 of 367 (11%) Ohio sporadic PTC cases
(minor allele frequency 0.005) and in 8 of 463 (17%) Ohio
controls (minor allele frequency, 0.009). The frequency of
H875R did not show any significant difference between
the cases and controls (�2 test, P � .637).

Missense variants affect SRGAP1 function
SRGAP1 regulates the small G-protein CDC42 in a Slit-

Robo-dependent manner in neurons and affects cell mo-
tility (21). The Q149H and A275T changes are located in
a Fes/CIP4 homology (FCH) domain, the R617C is lo-
cated in the GAP domain and the H875R is located at the
C-terminal end of the SRGAP1 protein (Figure 3A). To
evaluate the linkage disequilibrium of these variants,
SRGAP1 haplotypes were analyzed using HapMap data
(Supplemental Figure 5). Incomplete linkage disequilib-
rium of the A275T, R617C, H875R, and SNP rs2168411
does occur. The amino acids in these positions in wild-type

SRGAP1 are highly conserved in other SRGAP family
members as well as in other species (Supplemental Figure
6). The Q149H and R617C mutations were also predicted
to alter the protein structure of the FCH and GAP do-
mains, respectively (Supplemental Figure 7).

To test the potential impact of the SRGAP1 variants,
expression constructs encoding the wild-type and the 4
mutant proteins were generated and each separately trans-
fected in combination with ROBO1 and CDC42 expres-
sion vectors into the thyroid cancer cell line SW1736
(Figure 3B). Although all the proteins had some basal
CDC42-GAP activity (Figure 3B, lanes 2–6), the addition
of the ROBO1 ligand SLIT-2 to the transfected cells se-

Figure 3. Regulation of CDC42 by SRGAP1 and its mutants. A,
Schematic drawing indicating the mutation positions in the SRGAP1
protein. The domain regions are shown based on National Center for
Biotechnology Information reference sequence NP_065813.1. B,
SW1736 cells were cotransfected with HA-ROBO1 and with either
empty-MYC vector or MYC-SRGAP1 wild-type (wt) or mutants
(Q149H, A275T, R619C). After 48 hours, cells were either left
untreated (�) or were treated with conditioned medium from HEK 293
cells overexpressing HIS-SLIT2 (�). GST fusion proteins of PBD-
conjugated beads were used to pull down GTP-bound forms of the
CDC42 GTPase. After GST pulldown (PD), CDC42 GTPase was
detected using anti-CDC42 antibodies. Whole-cell lysates were also
immunoblotted with anti-MYC, anti-HA, or anti-CDC42 antibody
(input controls). C, Data from the experiments above were quantified
using ImageJ software (http://rsb.info.nih.gov/ij/).
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lectively enhanced the CDC42-GAP activity of wild-type
and the A275T and H875R proteins; the active CDC42
levels were reduced (Figure 3B, lanes 8, 10, and 12). In
contrast, CDC42-GAP activity was severely reduced by
the Q149H and R617C constructs; the active CDC42 lev-
els were similar to the lane without SRGAP1 (Figure 3B,
lanes 7, 9, and 11). These observations were confirmed in
the HEK 293 cells using the same experimental ap-
proaches (Supplemental Figure 8, A and B). The coimmu-
noprecipitation assay indicated that wild-type SRGAP1,
and all 4 mutant SRGAP1 showed similar binding with
ROBO1 in HEK 293 cells, implying that the 4 mutations
probably did not affect the interaction between SRGAP1
and ROBO1 (Supplemental Figure 8C).

Discussion

By genome-wide linkage analysis of PTC families, we first
disclosed a susceptibility locus in chromosome 12q14 that
had not been reported before. This finding, together with
reports of other PTC loci, supports the concept of genetic
heterogeneity in PTC (5, 9, 11–13). Previously we reported
the 8q24 locus through the linkage analysis with 26 families
(13). In this study,9of38familieswerecompatiblewithboth
8q24 and 12q14 loci. It is not uncommon that multiple link-
age loci are present in 1 cancer family. The 8q24 and 12q14
(and other undisclosed) loci may jointly contribute to pre-
disposition to PTC. Linkage analysis in this study included 6
small families with only 2 members affected. Despite con-
cerns that these families might unduly skew the results, the
chromosome 12 linkage plots in the presence and absence of
these 6 families (Supplemental Figure 2) were very similar.
TheSRGAPQ149Hmissensemutationwasfoundin1of the
small families (Family 2). Association studies targeted to
12q14 in cohorts of sporadic PTC cases/controls pinpointed
a SNP in SRGAP1. The association was modest (OR 1.2)
with a P � .0008, implying that this SNP was unlikely to be
causative. Indeed, Sanger DNA resequencing revealed 4
germline missense variants in PTC families that appeared to
displayat leastmedium-highpenetrancebasedonthepresent
limited data. This scenario fits the common disease, rare al-
lele concept (22, 23).

The fact that variants A275T and Q149H found in just 1
familyeachdidcosegregatewiththePTCphenotypeyetwere
not found in some 800 sporadic cases suggests that they are
extreme examples of rare or ultrarare variants contributing
to the genetic predisposition. For the R617C and H875R
variants, the data suggest a different scenario. The R617 and
H875R were found in 1 family each in which they cosegre-
gated with disease. However, in Ohio the R617C was also
seen in 4 of 742 sporadic cases but in none of the 828 con-

trols, suggesting a role as a low-penetrance mutation. Re-
markably in Poland R617C occurred in 7 of 2644 cases and
7 of 2567 controls. This apparent contradiction may well be
a clue to the nature of this variation. One explanation is that
the phenotype arises only or preferably in individuals who
harbor a second hit that could be another germline change
and that this putative variant has different allele frequencies
in Ohio vs Poland. It could also be an environmental factor
that affects populations differently. The H875R was seen in
Ohio sporadic PTC and controls with a similar frequency,
implying a weak or nonfunctional variant. We note that of
the 21 families whose linkage results were compatible with
linkageto12q14,onlyafewareaccountedforbythevariants
in SRGAP1 that we describe. This is best explained by as-
suming that other variants may be present in the SRGAP1
gene or its vicinity, acting in cis on SRGAP1. In the public
database, numerous SNPs occur in the genomic region of
SRGAP1. In the 21 familial PTC patients, we identified nu-
merous previously reported and unreported SNPs, some of
them located in the promoter region and in the 3�UTR. Po-
tential microRNA binding sites were found in the 3� UTR.
Functional investigation of these DNA polymorphisms is
warranted.

The results of biochemical analyses demonstrated that
2 of the 4 germline variants found in thyroid cancer cases
decrease the GAP activity of SRGAP1. The R167C mu-
tation lies directly within the GAP domain, whereas the
Q149H mutation lies in the FCH domain. The FCH do-
main is involved in protein-protein interactions and thus
could affect the recruitment of cofactors necessary for
SRGAP1 function (24, 25). The rho GTPases are impli-
cated in almost every fundamental cellular process (26).
Several rho GAP domain-containing proteins have been
shown to be cancer related (27, 28). For example, the
deleted in liver cancer1 (DLC1) gene encodes rhoGTPase-
activating protein and plays tumor suppressor roles (28).
Germline missense and nonsense mutations in the DLC1
gene were detected in colon and prostate cancer patients.
Our findings again emphasize the importance of rho
GTPase domains in tumorigenesis.

We speculate that at least 2 missense variants in
SRGAP1 (Q149H and R617C) could be loss-of-function-
type changes affecting CDC42 activity. CDC42 acts as a
signal transduction convergence point in intracellular sig-
naling networks, mediates multiple signaling pathways,
and plays a role in tumorigenesis (29, 30). Functional anal-
ysis using microarrays suggested that the activation of the
CDC42/p21-activated kinase signaling plays a role in in-
vasive PTC (31). The well-defined function of CDC42 in
cell proliferation, survival, and migration provides an at-
tractive molecular explanation for the genetic data. Taken
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together, we propose SRGAP1 as a potential low-pene-
trant susceptibility gene in PTC.
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