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Abstract

BACKGROUND—Children with 22q11.2 deletion syndrome (22q11.2DS) have a wide range of
clinical features. TBX1 has been proposed as a candidate gene for some of the features in this
condition. Polymorphisms in the non-deleted TBX1, which may affect the function of the sole
TBX1 gene in individuals with the 22q11.2DS, may be a key to understanding the phenotypic
variability among individuals with a shared deletion. Comprehensive single nucleotide
polymorphism (SNP) discovery by resequencing candidate genes can identify genetic variants that
influence a given phenotype. The purpose of this study was to further characterize the sequence
variability in TBX1 by identifying all common SNPs in this gene.

METHODS—We resequenced TBX1 in 29 children with a documented 22g11.2 deletion and 95
non-deleted, healthy individuals. We estimated allele frequencies, performed tagSNP selection,
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and inferred haplotypes. We also compared SNP frequencies between 22g11.2DS and control

samples.

RESULTS—We identified 355 biallelic markers among the 190 chromosomes resequenced in the
control panel. The vast majority of the markers identified were SNPs (n=331), and the remainder
indels (n=24). We did not identify SNPs or indels in the cis- regulatory element (FOX-binding
site) upstream of TBX1. In children with 22q11.2DS we detected 187 biallelic markers, six of
which were indels. Four of the seven coding SNPs identified in the controls were identified in
children with 22g11.2DS.

CONCLUSIONS—This comprehensive SNP discovery data can be used to select SNPs to
genotype for future association studies assessing the role of TBX1 and phenotypic variability in
individuals with 22q11.2DS.
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INTRODUCTION

Common approaches to selecting single nucleotide polymorphisms (SNPs) for genotyping in
genetic association studies of birth defects include reliance on information about SNPs’
putative functionality or to incorporation of data from publicly available SNP databases,
such as dbSNP. For many genes, these approaches would miss a large proportion of genetic
variation that could be related to the disease of interest (Kruglyak, 2008; Wiltshire et al.,
2006). Thus, comprehensive SNP discovery by resequencing candidate genes can serve as
an important first step for finding genetic variants that influence a given phenotype
(Crawford et al., 2005).

To our knowledge, comprehensive SNP discovery has not been conducted in TBX1, a gene
that appears likely to influence the developmental biology of chromosome 22g11.2 deletion
syndrome (22g11.2DS), a genetic disorder with an estimated prevalence of 1 in 4000 to
6000 live births (Devriendt et al., 1998; Vittorini et al., 2001; Wilson et al., 1994) or higher
(Botto et al., 2003; Shprintzen, 2005). Over 180 clinical features have been described in
individuals with 22g11.2DS, and wide phenotypic variability is a hallmark of this condition
(Robin and Shprintzen, 2005). The most commonly observed features are cleft palate and
functional anomalies of the palate, such as velopharyngeal insufficiency (McDonald-
McGinn et al., 1999; Ryan et al., 1997), cardiac anomalies such as interrupted aortic arch
Tetrology of Fallot and ventricular septal defects (McDonald-McGinn et al., 1999; Ryan et
al., 1997), a characteristic facies, abnormalities of the thymus gland, learning difficulties,
and behavioral and psychiatric conditions. Several syndromes that were once thought to be
distinct, including DiGeorge and Velo-cardio-facial syndrome, are now known to share a
common genetic cause and are collectively referred to as 22q11.2DS (Robin and Shprintzen,
2005).

The typically deleted region on chromosome 22q11.2 harbors approximately 30 genes
(Hoogendoorn et al., 2004), including TBX1. The TBX1 gene encodes a transcription factor
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from a gene family known as T-box genes, which contain a homologous T-box necessary for
DNA binding and protein-protein interactions during early embryologic development
(Chieffo et al., 1997; Jerome and Papaioannou, 2001; Yamagishi et al., 2003; Yamagishi
and Srivastava, 2003). Mice homozygous for tbx1 mutations display anomalies
encompassing almost all of the common features observed in 22q11.2DS, including cleft
palate (Jerome and Papaioannou, 2001). Further evidence that TBX1 contributes to the
phenotype in 22q11.2DS comes from the detection of four different TBX1 mutations in
patients with characteristic manifestations of the syndrome but without the 22g11.2 deletion
(YYagi et al., 2003; Zweier et al., 2007).

These studies demonstrate that alterations in the number of copies or sequence of TBX1
result in many of the features observed in 22q11.2 DS (Aggarwal and Morrow, 2008;
Arnold et al., 2006a; Arnold et al., 2006b; Fagman et al., 2007; Lindsay et al., 2001,
Merscher et al., 2001; Theveniau-Ruissy et al., 2008; Vitelli et al., 2002; Vitelli et al., 2003;
Yagi et al., 2003; Zweier et al., 2007). In addition to rare mutations, relatively common
polymorphisms in the remaining (non-deleted) copy of TBX1 may be one source of the
phenotypic variability among children with 22q11.2DS (Rauch et al., 2004; Voelckel et al.,
2004; Yamagishi et al., 2003). Furthermore, SNPs that do not directly influence phenotypic
variability may be in linkage disequilibrium (LD), or correlated, with causal variants and can
thereby serve as markers to detect gene-phenotype associations. Therefore, we performed
genetic variation discovery in children with 22q11.2DS and in unaffected individuals to
identify all common SNPs and insertion-deletion (indel) polymorphisms in TBX1 and the
surrounding regulatory sequences. In addition to SNP discovery, we performed various
analyses to facilitate tagSNP selection, including haplotype inference and estimation of
tagSNP overlap between the two populations. We performed preliminary comparison of
SNP frequencies between individuals with and without 22g11.2DS. This comprehensive
SNP discovery data can be used to select SNPs to genotype for future association studies
assessing the role of TBX1 and phenotypic variability in individuals with 22q11.2DS.

METHODS
Study Participants

SNP discovery was performed by resequencing TBX1 in two groups: 1) 29 children with a
documented 22g11.2 deletion and 2) 95 apparently healthy individuals from Coriell DNA
samples (Livingston et al., 2004). Based on population genetics and probability theory, we
expected that these sample sizes would allow, on average, for a common SNP (minor allele
frequency [MAF] = 5%) detection rate of 99% (Kruglyak and Nickerson, 2001).

Participants with 22q11.2DS were identified from a tertiary care pediatric hospital (Seattle
Children’s Hospital) through multiple subspecialty clinics to include children with a variety
of phenotypic features. The 22q11.2 deletions were confirmed by a Clinical Laboratory
Improvement Amendments-approved laboratory. The majority of the participants were self-
described European Americans (EA; n=24), and the remaining five participants were of
mixed race/ethnicity, which included various combinations of Asian, Pacific Islander,
Native American, European American, and Hispanic heritage.

Birth Defects Res A Clin Mol Teratol. Author manuscript; available in PMC 2015 August 13.



1duosnuen Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Heike et al.

Page 4

Population based reference samples were used from the Environmental Genome Project
(EGP; egp.gs.washington.edu) and were made up of 95 individuals whose DNAs are
available from Coriell Cell Repositories: 22 European Americans, 15 African Americans, 12
Yorubans, 24 Asians (representing Han Chinese and Japanese), and 22 Hispanics (Table 1).
The 12 Yorubans are representative of West Africa, the ancestral home of most African
Americans. Allele frequencies are highly concordant (r>>0.9) among allele frequencies
between the Yoruban and African American samples, as well as between the Japanese and
Han Chinese samples, respectively (Howie et al., 2006)). Therefore, samples from these
subpopulations were combined to form “African” and “Asian” populations, respectively, to
obtain an adequate sample size for allele and genotype frequency estimations and for
reliable identification of tagSNPs (Howie et al., 2006)

Sample collection

Participants with 22q11.2DS provided either a buccal swab specimen (obtained by brushing
Dacron cotton swabs along the inside of the oral cavity) or 10 mL of venous blood in an
EDTA tube. DNA extractions on these buccal and blood specimens were performed using
QlAamp DNA Blood Mini Kits (Qiagen, Inc., Valencia, CA).

Resequencing

We targeted 43,812 base pairs of TBX1 for resequencing in all participants. This included
the longest genomic transcript for TBX1 (transcript B), including all exons and introns (Fig.
1). In addition, 15 kilobases upstream of the gene was also resequenced to capture sequence
variation in the promoter and the FOX transcription factor binding site (Yamagishi et al.,
2003). Mouse models demonstrate that Thx1 transcription in pharyngeal endoderm and head
mesenchyme is regulated by this upstream cis-element that binds Foxc1, Foxc2, and Foxa2
(Yamagishi et al., 2003). The TBX1 gene demonstrates several highly conserved regions
between the human and mouse sequences (Gong et al., 2001). The ECR browser identified
40 regions of at least 90 base pairs that share at least 68% homology in the targeted region
for this study (Chr22:18109240-18153016). Half these shared regions were located upstream
of the coding sequence, which may harbor additional important regulatory elements
(Ovcharenko et al., 2004).

We used over 200 primers (http://egp.gs.washington.edu/data/tbx1/TBX1X.primers.fasta) to
resequence overlapping PCR amplicons with an average size of 500 base pairs instead of the
standard size of 1 kb to ensure adequate coverage of this GC-rich gene. Direct sequencing
with standard dye-terminator fluorescent signaling was performed on an ABI 3730 XL.
Gene sequences were assembled as previously described (Carlson et al., 2004). Polymorphic
sites were identified using PolyPhred v5.0 (Stephens et al., 2006). Each SNP was verified by
visually inspecting the sequence data at each polymorphic site identified by PolyPhred v5.0.
Indels were identified visually and genotyped manually. Primers were then re-designed to
sequence past the polymorphism. All SNPs discovered in the EGP reference panel were
deposited in dbSNP and GenBank (Accession No. DQ650705) and are available through the
NIEHS SNPs website (egp.gs.washington.edu).
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Statistical methods

All analyses were performed on sequence from chromosome 22 region:18109240-18153016
(genome build 18).

Estimation of allele frequencies, tagSNP selection, tagSNP overlap, and
haplotype inference—For each variant detected, we estimated allele frequencies
separately for each disease and ethnic subpopulation. We estimated pair-wise LD (r2) for the
22011.2DS population and each ethnic reference population. By using the LDSelect
software (Carlson et al., 2004) on the Genome Variation Server (GVS, http://
gvs.gs.washington.edu/GVS), we clustered the SNPs by degree of LD, binning together
SNPs in strong LD, defined as r2 >0.8, >0.9, or =1.0 (in three separate analyses). Only SNPs
for which the sequence coverage was at least 70% in the subpopulation (70% of alleles
sequenced in the population had sufficiently high quality to identify the nucleotide position)
were included in the bins. From these bins we then selected tagSNPs such that every SNP
detected through resequencing with MAF = 5% was either tagged or was in strong LD with
a tagged SNP. Only SNPs with minimum sequence coverage of 85% were candidates to be
selected as tagSNPs.

SNPs, their allele frequencies, and LD patterns differ across populations. There are global
estimates of tagSNP transferability from large portions of the genome; however, to our
knowledge this has never been estimated for genes in individuals with 22Q11 DS, in whom
the hemizygous state may alter types and frequencies of specific SNPs and the LD patterns
among them. As a surrogate measure of tagSNP transferability, we selected SNPs from the
EA reference population with a minor allele frequency of at least 5%, and we estimated the
proportion of these SNPs that would also have been selected as tagSNPs in the individuals
with 22q11.2DS.

We inferred haplotypes for SNPs with a MAF = 5% for the reference population by using
PHASEV2.0 (Stephens and Donnelly, 2003). PHASE implements a Bayesian algorithm and
is coalescent-based,; that is, it incorporates information about the inferred population history
of the sample (Stephens and Donnelly, 2003). We evaluated the haplo-block structure using
Haploview 4.1.

Exploration of possible functional significance of SNPs—We performed several
different computational techniques to predict which SNPs are likely to be functional.
Evolutionarily conserved regions were identified by using the ECR Browser at default
settings (Ovcharenko et al., 2004). Two computational methods were used to predict the
effects of nonsynonymous SNPs identified in TBX1. The Sorting Intolerant From Tolerant
(SIFT) program predicts whether an amino acid substitution will affect protein function by
aligning a queried amino acid change and associated protein sequence with related proteins
(Ng and Henikoff, 2003). The program calculates the probability that an amino acid change
at that position will be tolerated conditional on the most frequent amino acid being tolerated
(Ng and Henikoff, 2003). Polymorphism Phenotyping (PolyPhen) uses an empirically
derived set of rules, based on substitution site properties and position-specific independent
counts, to predict whether a given amino acid substitution is damaging or benign based on
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phylogenetic relationships between this gene and the ortholog in other species (Ramensky et
al., 2002). Tajima’s D was calculated as a measure of the influence of selection on sequence
variants identified in our reference sample (Tajima, 1989).

Preliminary comparison of SNP frequencies between 22g11.2DS and controls
—For SNPs with a MAF > 5% in both the EA subpopulation (controls) and the EA patient
subgroup with 22q11.2 DS, we compared allele frequencies by estimating odds ratios and
exact p-values from a Fisher’s exact test (with the control population as the reference
group). We did not correct p-values for the multiple tests performed, as this was an
exploratory and low-powered analysis. We do not interpret the p-values in terms of a
dichotomous significance test.

RESULTS

Sample Characteristics

The average age of the participants with 22q11.2DS was 8.5 years (Table 2). Approximately
half the participants were male and the majority European American (Table 2). Sequence
data confirmed that all cases had a single copy of the TBX1 gene. Information beyond sex
and self-reported race/ethnicity is not available for the EGP reference samples.

Variation discovery

For both groups combined—those with and without 22q11.2DS— we successfully
resequenced >92% of the targeted reference sequence for variation discovery. Some portions
of the TBX1 region were not successfully resequenced in the 22q11.2DS population,
including exons 3 and 8 due to low complexity (i.e., repetitive) or GC-rich sequence (http://
egp.gs.washington.edu/data/tbx1/tbx1.ColorFasta.html). Exon 3 is located within a region of
high GC content (77%) and we had minimal success resequencing this region for all samples
despite having used previously published primers (Rauch et al., 2004). Exon 8 was not
adequately resequenced in the population with 22q11.2DS, as it is distally flanked by a
repetitive element and also has high GC content (78%). We did not have sufficient DNA
available for patient samples to repeat attempts to resequence this exon.

Sequence variation

We identified 355 biallelic markers (i.e., sequence variants for which two alleles were
discovered in the population) among the 190 chromosomes resequenced in the reference
panel (Table 3, Fig. 2, and a color-coded fasta representation of our findings is available at
http://egp.gs.washington.edu/data/tbx1/tbx1.ColorFasta.html). The vast majority of the
markers identified were SNPs (n=331), and the remainder indels (n=24). Consistent with
previous reports, the size of the indels ranged from 1 to 16 base pairs (Bhangale et al.,
2005). We also identified one tri-allelic marker in the African-descent subpopulation. We
did not identify SNPs or indels in the cis- regulatory element (FOX-binding site) upstream
of TBX1.

We identified a greater number of total genetic variants and common (= 5%) variants (241
and 132, respectively) in the African-descent population compared with the other
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populations resequenced in the reference sample (Table 3A; Crawford et al., 2005). Sixty-
nine of the 355 biallelic variants (19%) identified in the entire population were shared
among all subpopulations. This proportion was much higher for common variants (63% of
the 86 total common variants). Pairwise comparisons across the ethnic groups revealed that
the Europeans shared the greatest number of variants with the Hispanic (n=77)
subpopulation. The Asian and African-American subpopulations shared the fewest number
of variants (n=54; Table 4). Six SNPs were identified in the coding regions (for transcripts
A, B, and C) in the EGP sample (Table 5), two of which were rare.

Many of the SNPs that have been discovered in TBX1 can be found in the existing databases
(dbSNP, HapMap) or the literature (Table 5); however, these resources are not yet
comprehensive. Nine of the 33 exonic variations (28%) reported in the literature were also
identified in this study (Table 5). Our study was designed to identify common SNPs (MAF
>5%), and although allele frequencies of other variants are not always reported (see http://
www.nchi.nlm.nih.gov/SNP/) most publications indicate that the variants not detected in this
study are rare (<1%). Conversely, we identified many more common variants in the TBX1
gene region that had not been previously reported. Thirty-nine of the 355 SNPs identified in
the EGP sample were also found in HapMap. Comparison of linkage disequilibrium capture
(r2 > 0.8) between HapMap SNPs and common SNPs (>5% allele frequency) from the
resequencing data was low. Only 8, 24, and 32% of the SNPs identified in our SNP
discovery were captured in HapMap African-descent, European-descent and Asian-descent
samples, respectively. Only 27% of the SNPs from the European American 22q11.2DS
samples were present in the HapMap European subpopulation.

Variation in individuals with 22q11.2DS

In children with 22911.2DS we detected 187 biallelic markers, seven of which were indels.

We identified 100 variants in the European subpopulation, 91 of which were common
(Table 3B). Four of the six coding SNPs (for transcripts A, B, and C) identified in the EGP
reference sample were identified in children with 22g11.2DS (Table 5).

TBX1 linkage disequilibrium and tagSNPs

Forty-seven tagSNPs were identified for the EA subpopulation, which represents >40%
reduction in the number of SNPs to be genotyped in a future genetic association study (Fig.
3). Similar reductions were realized for Hispanic and Asian subpopulations (Table 3A);
however, the African-descent population has more tagSNPs and less reduction (~38%) from
all common SNPs compared with the other subpopulations. TagSNP selection with more
stringent r? thresholds (i.e., 0.9 and 1.0) resulted in a similar number of tagSNPs in the EA
subpopulation (54 and 56, respectively).

Overlap of SNPs from the reference population to 22q11.2DS

To evaluate how well the SNPs discovered in the reference population represented SNPs
identified in the 22q11.2DS population, we compared the number and frequency of SNPs in
the European American subpopulations among the cases and controls. Seventy eight (79%)
of the common SNPs (MAF = 5%) were shared between the two groups, 13 SNPs were
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unique to the 22911.2DS population, and eight SNPs were unique to the reference
population (Fig. 4). We observed a similar proportion of shared common SNPs at MAF =
10% (81%); Fig. 4). The majority of the 21 SNPs that were unique to either the 229q11.2DS
group or the EGP population were among the less common SNPs (MAF 5-10%). However,
one common SNP (rs737869) in the EGP sample (MAF 36%) was not identified in the
22011.2DS population.

Haplotype Inference—One-hundred fifty-one haplotypes were inferred in the reference
population, none of which had a frequency =5%. None of the participants with 22q11.2DS
shared the same haplotype. Analysis of recombination breakpoints (haplo-blocks) revealed
24 distinct regions in this 43 kb segment confirming the extensive haplotype diversity.

Exploration of possible functional significance of SNPs—Of the seven coding
SNPs detected in the reference population, only one resulted in a non-synonymous amino
acid change (Table 5). Two computational methods, SIFT (Ng and Henikoff, 2003) and
Polyphen (Ramensky et al., 2002), predicted that this non-synonymous SNP would be
tolerated by the protein. Tajima’s D, a measure of selection, suggested genetic variation
within TBX1 is consistent with neutrality, or lack of selection, in all subpopulations
examined (AA —0.8, EA -0.6, Hispanic 0.5, Asian -0.1).

Preliminary comparison of SNP frequencies between 22g11.2DS and controls

Odds ratios comparing common SNP allele frequencies between the two groups ranged from
0.17 to 9.0, and exact p-values ranged from 0.01 to 1.0 (data not shown). There were several
SNPs for which these comparisons yielded p-values <0.05 [rs5993820 (position 8383),
rs2301558 (position 22597), rs4819843 (position35959), rs41297994 (position 36884),
rs9798754 (position 36914), and rs13055776 (position 41503)] and a further five for which
0.05<p<0.1 [rs41295441 (position 8176), rs8138086 (position 9407,) rs737867 (position
17665), rs737868 (position 17844), and rs41299934 (position 28154)].

DISCUSSION

In this study, we compared the SNP content and structure of TBX1 between individuals who
are hemizygous for the 22q11.2 deletion and a multi-ethnic reference population. Our
findings did not reveal any common, distinctive polymorphisms, such as those associated
with an amino acid substitution, or haplotypes that appear to be informative in individuals
with 22q11.2DS. This comprehensive SNP discovery effort was designed to provide data
needed to select SNPs to genotype for future studies assessing the role of TBX1 and
phenotypic variability in individuals with the 22g11.2 deletion.

Our approach was likely to have identified most of the common variation in the reference
population as well as individuals with the 22g11.2 deletion. The purpose of performing SNP
discovery in both groups was twofold. First, there may be common SNPs in the study
population of interest (individuals with 22911.2DS) that are not common in the reference
population. In particular, it is not known whether variants identified in a control population
would be tolerated in hemizygous individuals.
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Second, performing the SNP discovery in both a reference population and individuals with
the 22¢11.2 DS allowed us to perform some preliminary comparisons between the SNP
discoveries in the two groups, and to investigate whether SNPs and minor allele frequencies
(which are used to select tagSNPs) identified in a reference, non-deleted population were
comparable to those in individuals with 22q11.2DS. Our data suggest that most of the
common SNPs are not substantially different between individuals with and without the
22011.2 deletion. Inconsistencies in regions of low sequence quality accounted for a small
portion (2/21) of the SNPs that were unique to either the control or 22q11.2DS populations.
However, given this limitation, the data obtained from our SNP discovery for TBX1 in the
reference subpopulations and individuals with 22q11.2DS can be used to select a maximally
informative set of tagSNPs to genotype for future genotype-phenotype association studies.
Whether or not one can extrapolate these results regarding the overlap between tagSNPs
identified in TBX1 in individuals with and without 22q11.2DS translate to other genes for
which this population is hemizygous is not clear.

SNPs for genotyping in association studies have often been selected from existing databases,
such as the International HapMap Project, which has characterized > 6 million validated and
genotyped SNPs throughout the human genome with an approximate density of 1 SNP every
500 basepairs. (International HapMap Consortium, 2003). This SNP density may be
inadequate for specific candidate genes or regions of interest in smaller association studies
(Bhangale et al., 2005, 2008). Our analysis shows that only a small proportion of SNPs
discovered in TBX1 (39 of 355) were present in the HapMap dataset. Since the HapMap
dataset forms the basis for most whole genome platforms, it is unlikely that they would be
able to capture the full extent of variation for association studies focused on TBX1.
Furthermore, a comparison of linkage disequilibrium capture (r2 > 0.8) between HapMap
SNPs against common SNPs (=5% allele frequency) from the resequencing data in the
reference samples and patients was low. The increased density of one SNP per 150 basepairs
provided in this study will contribute to the design of a more powerful genetic association
study that is less likely to miss associations between common variants in TBX1 and
phenotypic diversity in children with 22q11.2DS.

Some investigators have selectively targeted coding SNPs for genotyping in large
association studies, including studies of cardiac phenotypes, schizophrenia, and congenital
heart defects. Most of these studies have yielded little evidence of associations (Rauch et al.,
2004; Voelckel et al., 2004; Ma et al., 2007; Cabuk et al., 2007; Conti et al., 2003), although
in one study there was an association between SNP rs28649236 in Exon 2 (Table 4) and
conotruncal defects in individuals without 22911.2DS (Han et al., 2006). These studies may
have had falsely negative results due to the primary focus on polymorphisms in exons,
which left much of the TBX1 genetic variation unaccounted for in the analyses.

Average nucleotide diversity (i.e.. frequency of genetic variation) also varies across ethnic/
racial populations (Crawford et al., 2005). Results from our study were consistent with prior
reports, in that individuals of African descent had more sequence variation in TBX1 than
individuals of European descent (Crawford et al., 2005). Designing association studies based
on data from only the European subpopulation could lead to loss of power for other
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populations (such as individuals of African-decent) in future association studies (Crawford
etal., 2005).

Having selected tagSNPs based on the correlation among SNPs ensures that in future
association studies all common SNPs detected through resequencing will either be tagged
and genotyped directly or will be strongly correlated with a tagged, genotyped SNP. The
strength of the association detected with any non-genotyped SNP will depend on the
strength of correlation between the tagSNPs genotyped and a possible causal nongenotyped
SNP. A second advantage to having selected tagSNPs on the basis of correlation is that the
statistical power for detecting an association with a nongenotyped SNP is inversely related
to the correlation between the tagSNPs and the unknown, putative causal SNP (Pritchard
and Przeworski, 2001). Thus the sample size for future studies can be chosen such that they
have sufficient statistical power to detected indirect associations with untagged SNPs as well
as direct associations with tagSNPs.

This study is limited by the small sample size of the population with the 22g11.2 deletion.
Although the sample was sufficiently large to capture most common variation in the
European American subgroup, it is likely there are many remaining rare (<5%) variants that
we did not detect, and some of these rare variants may be functional (Pritchard and
Rosenberg, 1999). This may explain discrepancies between the number of exonic variations
identified in our study and previous reports. In addition, common SNP discovery may also
have been incomplete in regions with poor sequence quality (exons 3 and 8).

Finally, this study was designed to identify sequence variation in TBX1 by identifying
common SNPs. It is possible that other forms of sequence variation (e.g., variable nucleotide
repeats, rare single nucleotide polymorphisms, or copy humber variations) that were not
assessed in this study and not in LD with the common SNPs provide unique information and
would be informative as markers in assessing the relationship between the phenotypic
variability and TBX1 in individuals with the 22q11.2 deletion (Pritchard and Przeworski,
2001).

Conclusions

The results from this comprehensive SNP discovery effort and review of the literature
provide an extensive catalogue of the sequence variation in TBX1. Comprehensive SNP
discovery in this manner provides a solid basis for association studies because most common
variation is identified and characterized so that a smaller subset of informative SNPs can be
genotyped in a larger association study. These data will be useful in larger association
studies to investigate the relationship between the genetic variability in TBX1 and
phenotypic variability in individuals with the 22g11.2 deletion.
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Figure 1.

Illustration of the sequence for the three splice variants of TBX1 (A,B,C). The first 8 exons
are shared by all transcripts.
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Figure 2.
Illustration of the location and frequencies of the SNPs identified in this study. Exons

labeled in light grey represent untranslated regions. Image was modified from GeneSNPs
(http://www.genome.utah.edu/genesnps/cgi-bin/main.cgi?gene_id=6899&set _id=36)
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Figure 3.
Visual representation of SNPs and tagSNPs identified in TBX1.
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Figure 4.
SNPs detected with minor allele frequencies =5 and 10% in individuals with 22q11.2

deletion syndrome and controls.
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Table 2

Select characteristics of individuals with a positive FISH test for the 22g11.2 deletion

Cases
Characteristics N=29
Age in years, (Mean (SD)) 8.52 (5.0)
Male (n (%)) 14 (48)
Race/Ethnicity (n (%))
White/Non-Hispanic 24 (83)
Other 5(17)
Palatal cleft2 (n (%)) 10(34)

Congenital Heart DiseaseP (n (%)) 14 (48)

a .
Includes submucous cleft palate, overt secondary cleft, cleft lip and palate.

b . . . . . .
Includes double outlet right ventricle, pulmonic stenosis, ventricular septal defect, double aortic arch, tetralogy of fallot and others.
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Table 4

Number of common SNPs (MAF=5%) shared between subpopulations®

European | African Hispanic
European 86
African 65
Asian 66
Hispanic 7

z'lLimited to SNPs with a MAF > 5% within each subpopulation in the comparison.
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