1X3]-){Jewiarems 1Xa1-)ewla1ems

1X31-)lew1a1ems

"% NIH Public Access
@@‘ Author Manuscript

2 HEpst

o WATIG,

Published in final edited form as:
Ann Hum Genet. 2013 January ; 77(1): 31-46. doi:10.1111/j.1469-1809.2012.00734.x.

Anorectal atresia and variants at predicted regulatory sites in
candidate genes

Tonia C. Carterl, Denise M. Kay2, Marilyn L. Browne34, Aiyi Liul, Paul A. Romitti®, Devon
Kuehnl, Mary R. Conley!, Michele Caggana?, Charlotte M. Druschel34, Lawrence C.
Brody®, and James L. Mills?

1Division of Epidemiology, Statistics, and Prevention Research, Eunice Kennedy Shriver National
Institute of Child Health and Human Development, National Institutes of Health, Department of
Health and Human Services, Bethesda, Maryland, USA

Division of Genetics, Wadsworth Center, New York State Department of Health, Albany, New
York, USA

3Congenital Malformations Registry, New York State Department of Health, Albany, New York,
USA

“Department of Epidemiology and Biostatistics, School of Public Health, University at Albany —
State University of New York, Albany, New York, USA

SDepartment of Epidemiology, The University of lowa College of Public Health, lowa City, lowa,
USA

6Genome Technology Branch, National Human Genome Research Institute, National Institutes of
Health, Bethesda, Maryland, USA

SUMMARY

Anorectal atresia is a serious birth defect of largely unknown etiology but candidate genes have
been identified in animal studies and human syndromes. Because alterations in the activity of
these genes might lead to anorectal atresia, we selected 71 common variants predicted to be in
transcription factor binding sites, CpG windows, splice sites, and miRNA target sites of 25
candidate genes, and tested for their association with anorectal atresia. The study population
comprised 150 anorectal atresia cases and 623 control infants without major malformations.
Variants predicted to affect transcription factor binding, splicing, and DNA methylation in
WNT3A, PCSK5, TCF4, MKKS, GLI2, HOXD12, and BMP4 were associated with anorectal
atresia based on a nominal Pvalue <0.05. The GL/2and BMP4 variants are reported to be
moderately associated with gene expression changes (Spearman’s rank correlation coefficients
between —0.260 and 0.226). We did not find evidence for interaction between maternal pre-
pregnancy obesity and variants in MKKS, a gene previously associated with obesity, on the risk of
anorectal atresia. Our results for MKKS support previously suggested associations with anorectal
malformations. Our findings suggest that more research is needed to determine whether altered
GL/2and BMP4 expression is important in anorectal atresia in humans.
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INTRODUCTION

Anorectal atresia (imperforate anus) is a gastrointestinal birth defect that causes perinatal
morbidity and requires surgical reconstruction. Prevalence is estimated to be 3-5 cases per
10,000 births (Spouge & Baird, 1986; Cuschieri & EUROCAT Working Group, 2001).
Approximately 64-68% of cases have additional defects (Spouge &Baird, 1986; Cuschieri
& EUROCAT Working Group, 2001) that can be categorized as non-syndromic multiple
defects, chromosomal abnormalities, syndromes, sequences, and associations (Stoll et al.
2007). The etiology of anorectal atresia is uncertain; however, there is evidence that genetic
factors are important contributors. First, although most cases are non-familial, case reports
have described familial cases, some occurring over multiple generations (Weinstein, 1965;
Schwoebel et al. 1984; Landau et al. 1997). Second, anorectal atresia is a component of
recognized syndromes (e.g. Currarino, Pallister-Hall, and Townes-Brocks syndromes)
resulting from mutations in specific genes (Hagan et al. 2000; Johnston et al. 2005;
Botzenhart et al. 2007). Third, anorectal atresia is an inherited trait in certain lines of mice
and pigs (Kluth et al. 1991; Hori et al. 2001).

To gain insight into the genetic factors involved in anorectal atresia etiology, we examined
single nucleotide polymorphisms (SNPs) in selected candidate genes, specifically focusing
on variants predicted to be in regulatory sites. In support of this approach, studies of other
birth defects (non-syndromic oral clefts and Hirschsprung’s disease) have identified SNPs
located in transcription factor binding sites of candidate genes and have shown that these
SNPs are strongly associated with these defects (Rahimov et al. 2008; Emison et al. 2010).
This approach is relevant to the search for genetic risk factors for birth defects, including
anorectal atresia, because variants in the regulatory sites of genes have the potential to alter
gene activity and might be important for gene regulation during development. For our study
of anorectal atresia, we examined SNPs from 25 candidate genes, chosen because reports of
gene knockout in animals and mutation analysis in human syndromes that sometimes feature
anorectal atresia provide evidence for their involvement in anorectal malformations (Mundt
& Bates, 2010). Our objective was to determine whether SNPs with the potential to alter the
activity of the 25 candidate genes are associated with anorectal atresia.

MATERIALS AND METHODS

Subjects

We conducted a nested case-control study based on the cohort of all live births in New York
State for the birth years 1998-2005 (N=2,023,083). Live-born cases with anorectal atresia
were identified from the New York State Congenital Malformations Registry. Physicians
and hospitals are required by law to report to the registry all children under the age of two
years who are diagnosed with one or more birth defects and who were born, or reside, in
New York State. The study was restricted to cases that had anorectal atresia as the only
major birth defect (N=155). Controls were live-born infants with no major birth defects. A
random sample of controls was selected from the records of the New York State Newborn
Screening Program after stratification by race/ethnicity. Controls (N=623) were frequency-
matched to cases by race/ethnicity and the ratio of controls to cases was approximately 4:1.

New York State Congenital Malformations Registry records for cases were linked to records
of the New York State Newborn Screening Program, and archived residual dried blood spots
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were obtained for cases and controls. Five case records were not matched to the correct
blood spot sample and were excluded. Therefore, 150 cases and 623 controls remained for
analysis.

Birth certificates also provided data on maternal and infant characteristics. After the
biological samples were processed, identifying information was removed from samples and
data for all study subjects. This study was approved by the Institutional Review Board of the
New York State Department of Health and was reviewed by the Office of Human Subjects
Research at the National Institutes of Health.

The bioinformatics tools SNPnexus (Chelala et al. 2009), SNPseek (Coassin et al. 2010),
FastSNP (Yuan et al. 2006), miRBase (Griffiths-Jones et al. 2006), and the Genomatix suite
(Werner, 2002) were used to identify SNPs predicted to alter transcription factor binding
sites, CpG windows, splice sites, splicing enhancer/silencer sites, and miRNA target sites of
the 25 candidate genes. The genes and their functions are presented in Table 1. The evidence
and citations supporting their role in anorectal malformations are summarized in
Supplementary Table 1. Initially, regions that encompassed the gene as well as 2 kb on
either side were examined. SNPs with a minor allele frequency >0.1 in the 1000 Genomes
Project or in any of the HapMap European, Han Chinese, Japanese, or Yoruban populations
were selected. For three genes (EFNBZ2, GDF11, SHH) there were no relevant SNPs that
matched these criteria, therefore the gene region was extended to 10 kb upstream and 5 kb
downstream and the minor allele frequency threshold was lowered to 0.075. For one gene,
HOXD13, a relevant SNP was identified only after the minor allele frequency threshold was
reduced to 0.035. A total of 93 SNPs were identified, of which 11 were subsequently
excluded because they were in strong linkage disequilibrium (r2>0.80) with other selected
SNPs, leaving 82 SNPs for which genotyping was attempted.

Laboratory analysis

Punches of 3 mm in diameter were made from each dried blood spot and sodium hydroxide
precipitation was used to extract DNA from the punches. KBiosciences UK (Hoddesdon,
Herts, UK) performed whole genome amplification and genotyping of =30 ng of the
extracted DNA. Genotyping entailed the use of a competitive, allele-specific, primer
extension pre-amplification method. Two separate rounds of whole genome amplification
were performed for each study subject and the products of each round were genotyped.
Three SNPs (GDF11rs7068:A>G, PCSK51s7872060:G>A, TCF41rs2958162:T>C) were
genotyped using genomic DNA because results from whole-genome amplified DNA did not
pass the quality control criteria of the genotyping facility.

Eight SNPs failed either assay design or validation on test DNA and therefore were
excluded. A ninth SNP could not be successfully genotyped on either genomic DNA or
DNA that had undergone whole genome amplification and was also excluded. The minor
allele of a tenth tri-allelic SNP (UBR1rs3917223; Table 1) was incorrectly specified and
therefore the allele of interest was not genotyped. As a result, genotypes were available for
72 SNPs (Table 1).

Genotyping quality control measures included the use of blank wells and repeat genotyping
of 5% of DNA samples. All SNPs were called successfully >98% of the time. When
genotypes from the two rounds of whole genome amplification were compared, there were
nine discordant calls in eight different SNPs among the 56,187 genotypes that were
successfully called. In addition, there was one genotype error for PQBP1rs741932:T>C (on
the X chromosome): a male subject had a heterozygous genotype for this SNP. This subject
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was not included in analyses for PQBP1rs741932:T>C. No discordant genotypes were
observed after repeat genotyping of 5% of samples. Genotypes that were discordant or
thought to be due to error were set to missing for the statistical analyses. For one SNP
(HOXD13rs35290213:A>C), all study subjects were homozygous for the major allele.
However, its minor allele frequency was expected to be low (Table 1). After exclusion of
this SNP, 71 SNPs in 23 genes remained for analysis.

Tests for deviation from Hardy-Weinberg equilibrium for the 71 SNPs were performed
independently for cases and controls and separately by race/ethnicity (adjustment for 568
tests using the Bonferroni method; A<8.8x107°). None of the SNPs deviated from Hardy-
Weinberg equilibrium.

Statistical analysis

RESULTS

Data on maternal and infant characteristics were compared between cases and controls using
Fisher’s exact test. Logistic regression was used to compare genotype distributions of the 71
SNPs between cases and controls. In regression analyses, two degree-of-freedom tests were
used to generate Pvalues for SNPs on autosomes and the X chromosome in females; a one
degree-of-freedom test was used to generate P values for SNPs on the X chromosome in
males. Analyses were performed for the study subjects overall, with race/ethnicity included
in the regression model. Separate analyses were also performed for each race/ethnic group.
The exception was for the group described as “other” because its sample size was too small
to permit separate analyses. Potential confounders were selected from among the maternal
and infant characteristics if the P values for their associations with anorectal atresia were
<0.1. Maternal smoking during pregnancy (yes/no) was included as a covariate in logistic
regression analyses because previous reports suggest that parental smoking is associated
with anorectal malformations (Zwink et al. 2011). For SNPs in two genes on the X
chromosome (PQBPI1rs741932:T>C; ZIC3rs5931174:T>C), analyses were performed
separately for males and females. Analyses were repeated after restriction to singleton births
to determine whether birth plurality influenced the results. Genotype analyses were adjusted
for multiple comparisons using the Bonferroni method (71 SNPs tested in entire study
population and in each of four race/ethnic groups, and tests were repeated among singleton
births resulting in total of 710 tests; A<0.00007). This adjustment was applied to analyses for
the full study population as well as the subset of singleton births. SAS software, version 9.2
(SAS Institute, Cary, North Carolina) was used to conduct statistical analyses.

Measures of linkage disequilibrium were estimated using Haploview (Barrett et al. 2005),
based on the genotypes of control subjects, or the HapMap and 1000 Genomes populations,
as indicated in the text.

Mothers of case and control infants did not differ significantly by maternal age, education,
smoking during pregnancy, pre-gestational diabetes, gestational diabetes, use of in vitro
fertilization or other assisted reproductive technique, plurality, or birth year (Table 2). Case
mothers were more likely to be nulliparous, a difference of borderline significance (P=0.07).
There was a preponderance of males among case infants: the male-to-female ratio was 1.23
for case infants and 0.79 for control infants (A=0.014). We did not included infant sex as a
covariate in logistic regression analyses because it was not considered to be a cause of birth
defects.

Associations were observed between anorectal atresia and SNPs in some of the candidate
genes at a nominal Pvalue <0.05; these associations varied by race/ethnicity (Table 3).
PCSK51s7040769:T>C (P=0.046), TCF4rs8766:A>G (P=0.044), MKKSrs2013178:T>A
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(P=0.0015), and MKKSrs1003994:G>A (P=0.0078) were associated with anorectal atresia
in non-Hispanic whites. The PCSK5and TCF4 SNPs are both predicted to be in exon
splicing enhancer sites. The MKKS SNPs are predicted to be in transcription factor binding
sites (Table 1) and are in moderately strong linkage disequilibrium with each other
(r?=0.79). In African-Americans, anorectal atresia was associated with WNT3A
rs12401893:G>A (P=0.031), GL/2rs3738880:A>C (P=0.020), PCSK5rs872189:C>T
(P=0.034), and PCSK5rs2279659:C>T (P=0.043). The WNT3A SNP is predicted to be in a
CpG window; the GL/2and PCSK5 SNPs are predicted to be in transcription factor binding
sites (Table 1). The two PCSK5 SNPs are not in linkage disequilibrium with each other
(r2=0). HOXD12rs35817516:G>A (P=0.020) and MKKSrs2013178:T>A (P=0.028) were
associated with anorectal atresia in Hispanics; both SNPs are predicted to be in transcription
factor binding sites. BMP4rs17563:T>C, predicted to be in an exon splicing silencer site,
was associated with anorectal atresia in Asians (P=0.033). No associations were observed in
the overall group of study subjects.

For each of the SNPs showing an association with anorectal atresia, we determined the risk
genotype(s) by using logistic regression to calculate odds ratios and 95% confidence
intervals (Supplementary Table 2). PCSK51s7040769 CC, MKKSrs2013178 TT (in non-
Hispanic whites), MKKSrs1003994 GG, GL/2rs3738880 AC and AA, PCSK51s872189
CC, PCSK5T1s2279659 TT, HOXD12rs35817516 AA, and BMP4rs17563 CC genotypes
were associated with elevated odds ratios for anorectal atresia. Odds ratios were
approximately 2.0 for 7TCF4rs8766 GG and WNT73A rs12401893 AA genotypes but these
associations were not statistically significant.

Previous reports of associations between MKKS variants and obesity (Benzinou et al. 2006),
and between obesity and anorectal atresia (Waller et al. 2007), prompted us to explore
whether anorectal atresia was associated with an interaction between MKKS variants in the
offspring and maternal obesity (body mass index =30 kg/m2). Data on pre-pregnancy body
mass index were available from the birth certificate for mothers of 79/150 (53%) cases and
340/623 (54%) controls. Although we observed MKKS variants to be associated with
anorectal atresia in non-Hispanic whites and Hispanics (Table 3), the sample size for
Hispanics was too small to test for interaction: only 12 Hispanic case mothers had data on
maternal pre-pregnancy obesity. Therefore, we conducted the analysis for the overall group
of study subjects and non-Hispanic whites (Table 4). We tested for additive interaction by
calculating the interaction contrast ratio and its 95% confidence interval as described by
Richardson & Kaufman (2009). The interaction contrast ratio represents the excess risk
resulting from the interaction relative to the risk when exposure is absent (Kalilani &
Atashili, 2006). When there is no interaction, the interaction contrast ratio has a value of
zero. We also checked whether the magnitude of the odds ratio in the presence of both
maternal pre-pregnancy obesity and the MKKS variant was greater than the sum of the odds
ratios for the separate effects of maternal pre-pregnancy obesity and the MKKS variant. We
found that the 95% confidence intervals for the interaction contrast ratios included zero and
that there were no statistically significant elevations in the odds ratios when both maternal
pre-pregnancy obesity and homozygosity for the MKKS variant in the offspring were
present (Table 4). Based on these results, we did not find evidence for an interaction
between MKKS variants and obesity in anorectal atresia.

There were no meaningful changes in the results after restricting the study population to
singleton births. Also, none of the findings remained statistically significant after stringent
adjustment for multiple comparisons using the Bonferroni method.

Because the observed associations were only statistically significant at a nominal Pvalue
<0.05 (Table 3), and because the tested SNPs could be a marker for other causative variants,
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we used data from the HapMap and 1000 Genomes populations to check whether the 10
SNPs showing an association in Table 3 are in linkage disequilibrium with other rare coding
variants. The results are shown in Supplementary Table 3. None of the 10 SNPs was in
strong or moderate linkage disequilibrium (r2>0.5) with rare coding variants. Five were
within 1000 bp of at least one missense or frameshift variant in the same gene. Because data
on the minor allele frequency of these nearby variants are limited, it is unclear whether they
are rare in the general population. However, they are worth further investigation as risk
factors for anorectal atresia.

We also explored whether SNPs that were statistically significant at a nominal Pvalue <0.05
were associated with changes in gene expression. We used the Genevar database (Yang et
al. 2010) which contains gene expression data from three different datasets: lymphoblastoid
cell lines from HapMap individuals (Stranger et al. 2012); adipose tissue, lymphoblastoid
cell lines, and skin samples from twins of Caucasian ancestry (Nica et al. 2011); and
fibroblasts, lymphoblastoid cell lines, and T-cells from umbilical cord of newborns with
Western European ancestry (Dimas et al. 2009). Data were available for five SNPs (GL/2
rs3738880, HOXD12rs35817516, PCSK51s7040769, PCSK5 52279659, BMP4 rs17563)
and the results are presented in Supplementary Figures 1-14. Three different probes were
used to measure BMP4 gene expression in samples from HapMap individuals
(Supplementary Figures 9-11) and twins (Supplementary Figures 12-14).

Associations were found between GL/2rs3738880 and GL /2 gene expression in HapMap
Luhya samples (Supplementary Figure 1, LWK, adjusted £=0.043), HOXD12rs35817516
and HOXD12 gene expression in HapMap Gujarati samples (Supplementary Figure 3, GIH,
adjusted P=0.033), PCSK5rs2279659 and PCSK5 gene expression in umbilical cord T-cells
(Supplementary Figure 7, GenCord-T, adjusted £=0.0089), and between BMP4rs17563 and
BMP4 gene expression in HapMap Gujarati samples (Supplementary Figure 9, GIH,
adjusted ~=0.018). However, the magnitude of the Spearman’s rank correlation coefficients
for these associations (rho between —0.260 and 0.297) was moderate. The positive value of
rho (0.226) for GL/2rs3738880 in HapMap Luhya samples suggested that GL/2rs3738880
AA was associated with increased GL/2gene expression, and the negative value of rho
(-0.260) for BMP4rs17563 in HapMap Gujarati samples suggested that BMP4rs17563 CC
was associated with reduced BMP4 gene expression. The number of samples with the
HOXD12rs35817516 AA genotype in HapMap Gujarati samples (Supplementary Figure 3)
and the PCSK51s2279659 AA genotype in umbilical cord T-cells (Supplementary Figure 7)
was too small to examine their effect on gene expression.

DISCUSSION

Mis-regulation of gene expression is a possible mechanism of birth defects. Therefore, we
investigated whether SNPs predicted to affect gene function at transcriptional or post-
transcriptional stages were associated with anorectal atresia, a birth defect of the hindgut.
We observed that SNPs predicted to alter splicing, DNA methylation, or the binding of
transcription factors in WNT3A, PCSK5, TCF4, MKKS, GLI2, HOXD12, and BMP4 were
associated with anorectal atresia, based on nominally significant results (£<0.05). The
finding for MKKS, a gene involved in a human syndrome that sometimes includes anorectal
atresia (Stone et al. 2000), supports its suggested association with anorectal atresia and
indicates that the regulation of transcription of this gene could influence the occurrence of
anorectal atresia. PCSK5 SNPs showed associations in more than one race/ethnic group, as
did a SNP in the MKKS gene. Associations with variants at predicted transcription factor
binding sites also implicate the relevant transcription factors as contributors to anorectal
atresia, and the genes encoding these transcription factors are a promising area for future
research.
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For most of the candidate genes in this study, evidence suggesting an involvement in
anorectal atresia was obtained from animal studies (Mundt & Bates, 2010). Our study
provides evidence that variants in PCSK5, TCF4, GL12, HOXD12, and BMP4 are also
associated with anorectal atresia in humans. MKKS s a gene in which mutations have been
detected among patients with a recognized syndrome (McKusick-Kaufman syndrome) that
sometimes include anorectal malformations (Robinow & Shaw, 1979). Our data indicate that
variants in this gene could also be involved in non-syndromic cases of anorectal atresia.

MKKS variants have been associated with obesity (Benzinou et al. 2006; Rouskas et al.
2008) and maternal pre-pregnancy obesity has been associated with anorectal atresia (Waller
et al. 2007). Knockout of Mkks in mice alters leptin receptor signaling; this produces
resistance to the effects of leptin to reduce body weight and food consumption, and leads to
obesity in the affected animals (Seo et al. 2009). There are conflicting data on the
association between obesity and two MKKS variants (rs1545:C>A and rs17852625:G>A)
examined in this study. MKKS rs1545:C>A was associated with obesity in a Greek
population (Rouskas et al. 2008) but no association with this SNP or rs17852625:G>A was
observed in a Danish study (Andersen et al. 2005). We did not find evidence for association
between these variants and anorectal atresia. The two SNPs associated with anorectal atresia
in this study were not assessed in previous studies of MKKS and obesity. Further, maternal
pre-pregnancy obesity did not influence the association between these SNPs and anorectal
atresia. This requires additional investigation because the number of cases, even in our
study, was limited. It is possible that MKKS has a role in both obesity and anorectal atresia;
however, the interrelationships among the three factors are not yet clear.

Interactions among genes expressed in different embryonic cell layers are important in
hindgut development. Sonic hedgehog signaling in the endoderm induces the expression of
Bmp4 and Hox genes in hindgut mesoderm during chick gut development (Roberts et al.
1995). Our results showing associations between anorectal atresia and SNPs in a number of
genes (GL/2, HOXD12 and BMP4) that are downstream targets of sonic hedgehog suggest
that similar interactions might be involved in anorectal morphogenesis in humans. Other
evidence suggests there might be interactions between some sonic hedgehog targets and
PCSKS5, another gene associated with anorectal atresia in this study. BMP4 is a substrate for
cleavage by PCSK5 during embryogenesis (Cui et al. 1998); in embryonic mice the C470R
mutation in Pcsk5 leads to abnormal expression of Hox genes (including Hoxd12) and a
range of birth defects including anorectal malformations (Szumska et al. 2008); and
NKX2-2, the transcription factor predicted to have a binding site in PCSK5 that is affected
by the SNP rs2279659:C>T, was observed to be a target of sonic hedgehog signaling (Vokes
et al. 2007).

We observed that the GL/2rs3738880 AA genotype was associated with anorectal atresia in
our African-American population and with increased GL/2expression in HapMap samples
from the Luhya population in Kenya. It is possible that increased GL/2expression could
lead to altered sonic hedgehog signaling. Future studies should examine what role this might
play in anorectal atresia in African-Americans. The BMP4rs17563 CC genotype was
associated with both decreased gene expression and elevated odds ratios for anorectal
atresia. Another study investigating the functional effect of BMP4rs17563:T>C found that
the quantity of BMP4mRNA in plasma was significantly greater among carriers of the T
allele than carriers of the C allele (Capasso et al. 2009). Other evidence supports a role for
BMP4rs17563:T>C in birth defects: this variant was associated with non-syndromic cleft
lip with or without cleft palate in a Chinese study population (Lin et al. 2008). Oro-facial
clefts represent another birth defect for which there is evidence from animal studies of the
involvement of a network of genes, including sonic hedgehog signaling and BA/P4 (Lan &
Jiang, 2009).
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BMP4rs17563:T>C is in a predicted exon splicing silencer motif and could possibly
regulate BMP4 expression by effects on mMRNA splicing. Exon splicing enhancers and
silencers are important in regulating gene expression as illustrated by the /NSR gene
encoding the human insulin receptor (Sen et al. 2009). The binding of splicing regulatory
proteins to exon splicing enhancer and silencer sites in /SR leads to expression of two
insulin receptor isoforms as a result of alternative splicing of exon 11 of /AVSR. During
embryogenesis, there is increased expression of insulin receptor lacking exon 11, whereas in
the adult, the insulin receptor containing exon 11 is expressed predominantly. Further
investigation is required to explore the mechanism by which the rs17563:T>C SNP could
influence BMP4 expression.

Because the associations between changes in gene expression and the GL/2rs3738880 and
BMP4rs17563 SNPs were only moderate in magnitude, we need to be cautious in
considering these variants as genetic risk factors for anorectal atresia. More evidence
supporting a role for these variants in anorectal atresia is needed. Also, because the gene
expression changes were observed in tissues other than hindgut, the functional effects of
these SNPs in the hindgut need to be investigated.

Our comparison of selected demographic and other non-genetic factors between cases and
controls did not find any associations with anorectal atresia. A review and meta-analysis of
parental risk factors for anorectal malformations (Zwink et al. 2011) also found no
association with maternal smoking. However, in contrast to our observations, the results of
the meta-analysis showed that pre-gestational diabetes and gestational diabetes were risk
factors. Our study probably had low power to detect associations with pre-gestational
diabetes and gestational diabetes because these diseases were rare in our study population.
The lack of an association with parity and assisted reproductive technology in our study also
contradicts other reports (Reefhuis et al. 2009; van Rooij et al. 2010). This could be partly
due to differences in the case groups between our study and these two reports. Our cases had
anorectal atresia as their only major malformation; in the other two studies some cases had
multiple major malformations involving more than one organ system. Because there is
evidence that both genetic and non-genetic factors influence the risk of anorectal
malformations, their interaction should be investigated further.

One of the strengths of this study was the relatively large, population-based sample of
anorectal atresia cases and controls. Because of the rarity of this defect, many previous
reports have had smaller sample sizes and included mostly clinic-based cases. Also, because
cases and controls were drawn from the general New York State population, we were able to
examine associations in the four major race/ethnic groups that make up this population.
Limitations of our study include the possibility that our adjustment for multiple comparisons
using the Bonferroni method was too conservative because we examined genes for which
there is strong prior evidence for an involvement in anorectal malformations. However, none
of the observed associations remained statistically significant after the adjustment, and we
cannot exclude the possibility that the associations were due to chance. We were also
uncertain about the accuracy of data on maternal height and pre-pregnancy weight obtained
from the birth certificate. These data could have been based on measurements or on maternal
self-report, and misclassification of maternal obesity was possible.

We were also limited by the lack of medical record data on cases; therefore, we could not
distinguish cases that had a fistula or determine whether the defect was above or below the
level of the levator ani muscle. Consequently, we could not investigate whether associations
with genetic factors varied by these characteristics. Findings from a study that examined
SHH, GLI2and BMP4 expression in tissue from the terminal rectum of cases with anorectal
malformations and controls suggest that genetic factors could differ according to the level of
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the defect (Zhang et al. 2009). Compared with controls, expression of all three genes was
lower among cases whose malformation occurred above the pubococcygeal line. Only GL/2
expression was lower among cases whose malformation was below the pubococcygeal line.

We demonstrated that a gene (MKKS) responsible for a human syndrome that sometimes
includes anorectal atresia is likely to play a role in non-syndromic cases of anorectal atresia.
Our results, which require confirmation, also lead us to conclude that a number of genes
(WINT3A, PCSK5, TCF4, GLI2, HOXD12, and BMP4) identified as being involved in
anorectal malformations in animals might contribute to anorectal atresia in humans. One of
the genes (GL/2) mediates sonic hedgehog signaling and others (HOXD12and BMP4) are
known targets of the sonic hedgehog signaling pathway; this suggests that normal
functioning of this pathway could be critical to human embryonic hindgut development. Our
findings indicate that sonic hedgehog pathway signalling is a promising area for future
research into the etiology of anorectal atresia. Our observations that SNPs in GL/2and
BMP4 were also associated with changes in gene expression suggest a mechanism by which
these SNPs could play a role in anorectal atresia. However, the associations with gene
expression were moderate and more evidence is needed to clarify these associations. Further
investigation into the regulation of expression of these genes in the hindgut could be
informative for determining the mechanisms leading to anorectal atresia.
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Table 2

1X31-)ewiarems 1Xa1-)ew1a1ems

1Xa1-)1ewa1ems

Comparison of characteristics between anorectal atresia cases and controls

Cases | Controls

Characterigtic (N=150) | (N=623) | Pvalue?

N (%) N (%)

Maternal age (years) 0.41
<20 8(5.3) 50 (8.0)

20-34 108 (72.0) | 453 (72.7)
235 34(22.7) | 120 (19.3)

Maternal race/ethnicity 0.99
White, non-Hispanic 81 (54.0) | 340 (54.6)
African-American 17 (11.3) 68 (10.9)

Hispanic 39 (26.0) | 163 (26.2)
Asian 12 (8.0) 48 (1.7)
Other 1(0.7) 4(0.6)

Maternal education (years) 0.75
<12 28 (18.7) | 114 (18.3)

12 44(29.3) | 173 (27.8)
>12 72 (48.0) | 328 (52.6)
Missing 6 (4.0) 8 (1.3)

Parity 0.066
Nulliparous 73 (48.7) | 251 (40.3)
Multiparous 77 (51.3) | 372 (59.7)

Maternal smoking during pregnancy 0.19
Yes 21(14.0) | 63(10.1)

No 128 (85.3) | 560 (89.9)
Missing 1(0.7) 0 (0.0)

Maternal pre-pregnancy diabetes 0.66
Yes 2(1.3) 6 (1.0)

No 148 (98.7) | 617 (99.0)

Gestational diabetes 0.64
Yes 7(4.7) 24 (3.8)

No 143 (95.3) | 599 (96.2)

In vitrofertilization or other assisted reproductive technique 1.00
Yes 2(1.3) 10 (1.6)

No 148 (98.7) | 613 (98.4)

Plurality 0.57
Singleton 145 (96.7) | 608 (97.6)

Multiple birth 5(3.3) 15 (2.4)
Infant sex 0.014
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1X31-)ewiarems 1Xa1-)ew1a1ems

1Xa1-)1ewa1ems

Carter et al.
Cases | Controls
Characterigtic (N=150) | (N=623) | Pvalue?
N (%) N (%)
Male 89 (59.3) | 300 (48.2)
Female 61 (40.7) | 323 (51.8)
Birth year 0.82
1998 12 (8.0) | 75(12.0)
1999 21 (14.0) | 71(11.9)
2000 22(14.7) | 78(12.5)
2001 18(12.0) | 71(11.49)
2002 21(14.0) | 85 (13.6)
2003 18 (12.0) | 87 (14.0)
2004 23(15.3) | 87 (14.0)
2005 15(10.0) | 69 (11.1)

a_. -
Fisher’s exact test used to compare characteristics between cases and controls
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