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Summary

Klippel-Trenaunay syndrome (KTS) is a severe congenital disorder characterized by capillary
malformations, venous malformations or varicose veins, and hypertrophy of the affected tissues. The
angiogenic factor gene AGGF1 was previously identified as a candidate susceptibility gene for KTS,
but further genetic studies are needed to firmly establish the genetic relationship between AGGF1
and KTS. We analyzed HapMap data and identified two tagSNPs, rs13155212 and rs7704267 that
capture information for all common variants in AGGF1. The two SNPs were genotyped in 173
Caucasian KTS patients and 477 Caucasian non-KTS controls, and both significantly associated with
susceptibility for KTS (P = 0.004 and 0.013, respectively). Permutation testing also showed a
significant empirical P value for the association (empirical P = 0.006 and 0.015, respectively). To
control for potential confounding due to population stratification, the population structure for both
cases and controls was characterized by genotyping of 38 ancestry-informative markers (AIMs) and
the STRUCTURE program. The association between the AGGF1 SNPs and KTS remained
significant after multivariate analysis by incorporating the inferred cluster scores as a covariate or
after removal of outlier individuals identified by STRUCTURE. These results suggest that common
AGGF1 variants confer risk of KTS.
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Introduction

Klippel-Trenaunay syndrome (KTS, MIM #149000) is a congenital vascular disease
characterized by cutaneous capillary malformations, venous malformations or varicose veins
and hypertrophy of bone and soft tissues (Berry et al. 1998; Jacob et al. 1998; Kihiczak et al.
2006; Timur et al. 2005). This triad of clinical features affects most KTS patients but the
presence of two out of three is sufficient to make a diagnosis (Jacob et al. 1998). The molecular
mechanism for the pathogenesis of KTS remains to be fully elucidated. Although KTS is a
congenital disorder, most KTS patients develop the disease sporadically and show a mosaic
pattern for the affected tissues. To explain these observations, a paradominant hypothesis was
proposed, namely, KTS has been hypothesized to be a paradominant disorder where “two hits”
in KTS susceptibility genes are required to develop the KTS phenotype (Happle, 1986, 1987,
1993; Tian et al. 2004; Wang, 2005). Due to its sporadic characteristic, KTS may turn out to
be a rare complex disease which is caused by multiple genetic factors, environmental factors,
and gene-gene and gene-environment interactions.

Previous genetics studies have identified three chromosomal abnormalities in three separate
KTS patients: two balanced translocations t(5.11)(q13.3;p15.1) and t(8,14)(g22.3;913), and an
extra supernumerary ring chromosome 18 (Tian et al. 2004; Timur et al. 2004; Wang et al.
2001; Whelan et al. 1995). Molecular characterization of KTS-associated translocation t(5.11)
(913.3;p15.1) advanced far ahead of the other two cytogenetic anomalies. Both the 5q13.3 and
11p15.1 breakpoints were successfully cloned and sequenced (Tian et al. 2004). No gene was
identified within 100 kb region at the 11p15.1 breakpoint, but a novel gene named as
AGGFL1 (previously VG5Q) was at the 5g13.3 breakpoint (Tian et al. 2004). AGGF1 encodes
a novel angiogenic factor with G-patch and FHA domains 1 (Tian et al. 2004). Full-length
human AGGF1 mRNA is spliced from a transcript of 14 exons spanning 34,807 nucleotides
of genomic DNA and encodes a protein consisting of 714 amino acids, which is highly
expressed in the blood vessels (Tian et al. 2004). The 5q breakpoint is located in the promoter
region of AGGFL1. The t(5:11) translocation increased transcription of AGGF1 by three-fold.
Purified recombinant AGGF1 promoted angiogenesis as potently as VEGF (Tian et al. 2004),
and over-expression of AGGF1 in human umbilical endothelial cells increased vessel
formation in a Matrigel angiogenesis assay (Timur et al. 2005; Wang 2005). AGGF1 knockout
mice showed markedly reduced vessel density (data not shown). Together these results strongly
suggest that AGGFL1 is a gene that can increase susceptibility for KTS. However, more genetic
studies are needed to firmly establish the relationship between AGGF1 and KTS.

In this study, we employed state-of-the-art genetic tools to study KTS as a complex genetic
trait. Recent development of the HapMap database and technological advances for the estimate
of linkage disequilibrium (LD) block and identification of tagging single nucleotide
polymorphisms (tagSNPs) have revolutionized our strategy to comprehensively assess the
genetic association of a candidate gene with the disease under study. In the current study, we
have performed a larger scale case-control association analysis of AGGF1 variants using
genomic DNA from 173 Caucasian KTS patients and 477 non-KTS Caucasian controls. To
minimize the confounding effect of population admixture, we used the STRUCTURE program
to determine the population structure of cases and controls, and then carried out the structured
association analysis. We found that two tagSNPs that capture the information of all common
variants in AGGF1 were significantly associated with KTS in this Caucasian cohort by both
traditional association and structured association analyses.
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Materials and Methods

Study Subjects and Preparation of Genomic DNA

KTS patients (173 cases) and non-KTS controls (477 controls) were Caucasian. Patients and
controls of other ethnic origins were excluded to avoid the confounding effects of population
admixture. There were 76 males and 97 females in the KTS case group and 225 males and 252
females in the control group. The cases were recruited in North America for this study. The
diagnosis of KTS was based on published reports (Berry et al. 1998; Jacob et al. 1998; Timur
et al. 2004, 2005; Wang et al. 2001). For the case-control study, we applied stringent criteria
for the diagnosis, and all cases must satisfy all three cardinal features of KTS to be included:
capillary malformations, varicose veins or venous malformations, and hypertrophy of affected
tissues. The controls were selected from more than 9,800 individuals who underwent coronary
angiography in Cardiac Catheterization Laboratories at Cleveland Clinic (Cleveland
GeneBank), and only Caucasian individuals without detectable atherosclerotic lesions by
angiography were selected (Shen et al. 2007). A total of 560 individuals without coronary artery
disease were identified. Then, 83 individuals with peripheral atherosclerotic diseases were
excluded. Finally, 477 individuals without any vascular disease were included as controls. The
173 KTS cases did not show any evidence of coronary artery disease or peripheral
atherosclerotic diseases either.

This study has been approved by the Cleveland Clinic Foundation and Mayo Clinic Institutional
Review Boards on Human Subject Research. Informed consent was obtained from all
participants according to the standards established by the local Institutional Review Boards.
Genomic DNA was prepared from 10 ml of whole blood using the DNA Isolation Kit for
Mammalian Blood (Roche Diagnostics Co., Indianapolis, IN).

SNP Genotyping

We analyzed the SNP genotyping data in the HapMap database (http://www.hapmap.org/)
using the Haploview software version 3.0 package

(www.broad.mit.edu/mpg/haploview/ download.php) and found that the entire AGGF1 gene
is located within one single LD block. The Tagger program (Paul de Bakker,
http://www.broad.mit.edu/mpg/tagger) (Ke & Cardon, 2003) was used to select the haplotype-
tagged SNP (tagSNP), rs7704267. We also selected SNP rs13155212 for analysis due to its
exonic location.

High throughput SNP genotyping was performed using the 5’ nuclease allelic discrimination
assay (TagMan assay) on an ABI PRISM 7900HT Sequence Detection System. SNP probes
were purchased through TagMan Assays-by-Demand or Assays-by-Design from ABI (Applied
Biosystems, Foster City, CA, USA). Genotyping was performed in a total 5 ul of PCR reaction
volume containing 2.5 ul of TagMan Universal PCR Master Mix, 0.25 ul of 20X TagMan MGB
Assay Mix, and 25 ng of human genomic DNA. Automatic allele calling was carried out by
ABI PRISM 7900HT data collection and analysis software version 2.1.

Statistic Analysis

Statistical analyses of genotyping data were carried out as described previously (Shen et al.
2007, 2008; Shen et al. 2008). Briefly, SNPs were tested for Hardy-Weinberg equilibrium
among cases and controls using the Haploview software version 3.0 package
(www.broad.mit.edu/mpg/haploview/download.php). Both SNPs were in Hardy-Weinberg
equilibrium (P > 0.05, Table 1). Haplotypes were estimated using the PHASE software
(www.stat.washington.edu/stephens/software.html). Pairwise linkage disequilibrium values
(D' where D’ = D/Dmax) were obtained from haplotypic data using the Haploview v3.0
program. Association of a SNP or a SNP haplotype with susceptibility to KTS development
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was assessed using Pearson's 2 x 2 contingency table Chi-square test (SAS Ver 9.00 or
Haploview version 3.0). Association was also analyzed for genotypic frequencies of each SNP
using logistic regression assuming either an additive, dominant, or recessive model (SAS Ver
9.00). Odds ratios and 95% confidence intervals were estimated using SAS Ver 9.00. An
empirical P value was calculated using 10,000 Monte Carlo simulations by the CLUMP
program (http://Awww.mds.gmw.ac.uk/statgen/dcurtis/software.html) or the Haploview
software version 3.0 package.

Selection of Ancestry-Informative Markers (AIM) and Tests of Associations by Adjusting
Population Admixture

Results

To analyze the structure of cases or controls, we selected and genotyped 38 ancestry-
informative markers (AIMS) that are able to distinguish Europeans, Chinese, and Africans.
These AIMs were previously characterized and published (Enoch et al. 2006). The 38 AIMS
were genotyped in both KTS cases and controls using the 5’ nuclease allelic discrimination
assay (TagMan assay) as described above. Eight cases were excluded from further analysis
because their genotyping failed for >20% of AIMS. The genotyping data for AIMS was
analyzed to obtain estimates of the population structure of KTS cases and controls using the
program STRUCTURE 2.1 (http://pritch.bsd.uchicago.edu/structure.html) (Pritchard et al.
2000; Falush et al. 2003). STRUCTURE was run with the MCMC scheme assuming K of 3
(number of populations) and a length burn-in period of 50,000 and 50,000 iterations after burn-
in. To adjust for potential population admixture in the association analysis, multivariate
analysis was performed by incorporating the inferred cluster scores as a covariate using
multivariate logistic regression (SAS Ver 9.00). Alternatively, association analysis was
repeated after outlier individuals identified by STRUCTURE were removed from the cases
and controls.

We applied the Tagger program to HapMap data to select tagSNPs to capture the AGGF1 gene
using the criteria of a minor allele frequency = 0.30 and r2 = 0.80. This resulted in the selection
of one AGGF1 tagSNP (rs7704267) that is located in intron 11. SNP rs7704267 was genotyped
in 173 KTS cases and 477 controls and the data were calculated (Table 1). SNP rs7704267
frequencies did not display a statistically significant deviation from Hardy-Weinberg
equilibrium (P > 0.05).

Allelic association was analyzed by contingency table Chi-square tests. The association of
intronic SNP rs7704267 with susceptibility for developing KTS was statistically significant
(Table 2, odds ratio or OR = 1.48, P = 0.004). Results for allelic association remained
significant following permutation testing (Table 2, Peyp = 0.005).

In order to provide further support to the association of AGGF1 SNP rs7704267 with KTS
susceptibility, we studied one exonic SNP located in exon 7 of the AGGF1 gene (rs13155212,
14051). SNP rs13155212 frequencies also did not deviate from Hardy-Weinberg equilibrium
(Table 1, P > 0.05). Allelic association of SNP rs13155212 with KTS susceptibility was also
statistically significant (P = 0.013) and remained significant after permutation testing (Table
2, Pemp = 0.015).

Association analysis of both SNPs using recessive, additive and dominant models were then
carried out. For both SNPs rs7704267 and rs13155212, all three models were statistically
significant: for association of SNP rs7704267 with KTS using the dominant model P = 0.009,
OR = 2.12; recessive model P = 0.045, OR = 1.46; additive model P = 0.016, OR = 1.45; for
association of SNP rs13155212 with KTS using the dominant model P = 0.038, OR = 2.51;
recessive model P = 0.043, OR = 1.45; additive model P = 0.036, OR = 1.46 (Table 3).
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Haplotype analyses indicated that the TG haplotype (Hap A) was associated with risk for
developing KTS (Table 4, P = 0.005, OR = 1.47) while the CC haplotype (Hap B) conferred
protection from developing KTS (Table 4, P = 0.012, OR = 0.69).

To minimize the confounding effects of population stratification, we analyzed and compared
the population structure of both cases and controls. Thirty eight ancestry-informative markers
(AIMS) were genotyped in cases and controls and the genotyping data was analyzed using the
STRUCTURE program, which has been widely used for analyzing population structure of
humans with multi-locus genotype data. The frequencies of the reference alleles of 38 AIMS
are shown in Table 5, and demonstrated remarkable similarity to the HapMap frequencies for
the Caucasian population, but much disparity from the Chinese population or the African
population. Nevertheless, the STRUCTURE program identified 14 individuals, two cases and
12 controls that are outlier individuals (Figure 1). When the 14 outliers were removed, the
structure of the cases completely overlapped with that of the controls (Figure 1). Association
was re-analyzed by excluding the 14 outlier individuals. Both allelic and genotypic associations
between the AGGF1 SNPs and KTS remained significant after the structured association
analysis (Tables 6-8). The two most common haplotypes were also significantly associated
with KTS after the structured association analysis (Table 9).

Structured association analysis was also carried out using multivariate analysis by including
the inferred cl uster scores derived for each case and control from the STRUCTURE program
as a covariate. The two SNPs, rs7704267 and rs13155212, showed significant allelic
association with KTS with P-adj of 0.0072 and 0.0091, respectively (Table 4). Genotypic
association was also significant (Table 3).

Discussion

In this study, we demonstrated that two AGGF1 SNPs located in intron 11 and exon 7 were
significantly associated with susceptibility for KTS in a cohort of 173 Caucasian KTS patients
and 477 controls. This underscores the complex genetic etiology of KTS. Due to the sporadic
nature of most KTS cases and the mosaic pattern of KTS features, KTS development may be
explained by a two-hit hypothesis and Happle's concept of paradominant inheritance (Happle,
1986, 1987, 1993; Wang, 2005). Thus, a rare or common germline mutation in a KTS
susceptibility gene may increase risk for the disease but alone is not sufficient for disease
development. A somatic mutation resulting in a “second hit” in the same KTS susceptibility
gene or another is required for the development of clinical KTS symptoms. The study presented
here, supports this hypothesis where common alleles in AGGF1 are associated with KTS
susceptibility but it is likely that other somatic or germline mutations as well as other genetic
and environmental factors are required for the disease to manifest.

An E133K variant in AGGF1 was previously found to be associated with risk of KTS in a small
case control study (P = 0.009) (Tian et al. 2004). However, Barker et al. later found that SNP
E133K was present at a frequency of 3.3% in 275 healthy, European individuals (Barker et al.
2006), a frequency similar to that in the previous KTS cases (Tian et al. 2004). We analyzed
the frequency of SNP E133K in 163 KTS cases and 465 controls characterized in this study.
SNP E133K was not in LD with rs7704267 and rs13155212 in both cases and controls (r2
measure of LD equals 0 in both cohorts). The frequency of SNP E133K did not differ
significantly between cases and controls (P = 0.59). The new result from this larger case control
study suggests that SNP E133K is unlikely to be associated with susceptibility to KTS. The
earlier association in Tian et al (2004) may be due to the small sample size and population
admixture. On the other hand, the present study clearly demonstrates that two common SNPs
in AGGF1, rs7704267 and rs13155212, are associated with risk of KTS even after adjustment
for the population structure of both cases and controls. We conclude that AGGF1 remains an
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interesting candidate gene associated with risk of KTS. This conclusion is strongly supported
by the following findings: (i) AGGF1 was the only gene residing within 50 kilobases of the
5p13 breakpoint involved in translocation t(5;11) associated with KTS (Tian et al. 2004).
Furthermore, the t(5:11) translocation was found to increase transcription of AGGF1 by three-
fold (Tian et al. 2004). These results provide the strongest evidence implicating AGGF1 in the
pathogenesis of KTS; (ii) High levels of AGGF1 mRNA and protein expression was detected
in blood vessels and cells relevant to KTS; (iii) Purified AGGF1 protein was shown to be a
potent angiogenic factor that can promote angiogenesis and knockdown of AGGF1 expression
inhibited endothelial vessel formation (Tian et al. 2004); (iv) AGGF1 knockout mice showed
markedly reduced vessel density and various vascular phenotypes (data not shown). Despite
the above strong evidence that links AGGF1 to KTS, many more future studies are needed to
truly establish the true association between AGGF1 and KTS.

Although the polymorphisms in exon 7 and intron 11 did not result in amino acid changes in
the AGGF1 protein (14051), it is still possible that these genetic alterations may function in the
regulation of AGGF1 transcription. Many reports suggest that synonymous or intronic SNPs
are significantly associated with different diseases such as diabetes, Alzheimer's disease, and
schizophrenia by regulating the transcription of the some relevant genes (Law et al. 2007;
Moritani et al. 2007; Tokuhiro et al. 2003; Wiener et al. 2007). Recently, a synonymous SNP
in exon 26 of the MDR1 gene was shown to exert its functional effect through a novel
mechanism of altered timing of co-translational folding and trafficking of P-glycoprotein
(Kimchi-Sarfaty et al. 2007; Sauna et al. 2007). It is possible that the synonymous AGGF1
SNP located in exon 7 similarly has a functional effect on the folding and trafficking of the
AGGF1 protein. However, further investigations are needed to confirm this hypothesis.

In summary, this study is the largest to date for a case-control association design in studying
the genetics of susceptibility to KTS. Our results suggest that KTS is a complex genetic trait
for which common variants in the AGGF1 gene may confer a risk.
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Figure 1.

Identification of population stratification using the STRUCTURE program. (A) Genotyping
data for 38 AIMS from cases (green) and controls were analyzed to identify outlier individuals
(boxed). The 14 outliers include 2 cases and 12 controls. (B) After removal of 14 outliers, the
new cases and controls match each other very well as noted by compact overlapping of cases
and controls in the center of the graph.
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Table 2
Association analysis of allelic frequencies of SNPs in AGGF1 with KTS

SNP Name P-obs P-emp P-adj Odds Ratio (95%Cl)
rs7704267 0.0044 0.0051 0.0072 1.48 (1.13-1.94)
rs13155212 0.0131 0.0145 0.0091 1.45 (1.08-1.95)

P-obs, uncorrected P-value; P-emp, permutation P-value calculated using 10,000 Monte Carlo simulations; P-adj, corrected P-value after adjustment for
the inferred cluster scores derived from the STRUCTURE analysis; CI, Confidence Intervals.
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Table 7
Association analysis of allelic frequencies of SNPs in AGGF1 with KTS

Page 15

SNP Name P-obs P-emp Odds Ratio (95%Cl)
rs7704267 0.0069 0.0072 1.45(1.11-1.92)
rs13155212 0.0114 0.0178 1.47 (1.09-1.98)

P-obs, uncorrected P-value; P-emp, permutation P-value calculated using 10,000 Monte Carlo simulations; Cl, Confidence Intervals.
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Association analysis of SNPs in AGGF1 with KTS using various genetic models

Table 8

Page 16

SNP Name P-obs P-emp Odds Ratio (95%Cl)

rs7704267 Dominant 0.0147 0.0171 2.12 (1.20-3.72)
Additive 0.0251 0.017 1.45(1.11-1.89)
Recessive 0.0482 0.053 1.45 (1.00-2.11)

rs13155212 Dominant 0.0372 0.0378 2.51 (1.04-6.02)
Additive 0.0384 0.038 1.46 (1.08-1.97)
Recessive 0.0348 0.036 1.48 (1.03-2.13)

P-obs, uncorrected P-value; P-emp, permutation P-value calculated using 10,000 Monte Carlo simulations.
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