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Summary

A genome-wide association study was undertaken to identify maternal single nucleotide
polymorphisms (SNPs) and copy-number variants (CNVs) associated with preeclampsia. Case-
control analysis was performed on 1070 Afro-Caribbean (n=21 cases and 1049 controls) and 723
Hispanic (n=62 cases and 661 controls) mothers and 1257 mothers of European ancestry (n=50
cases and 1207 controls) from the Hyperglycemia and Adverse Pregnancy Outcome (HAPO)
study. European ancestry subjects were genotyped on lllumina Human610-Quad and Afro-
Caribbean and Hispanic subjects were genotyped on Illumina Human1M-Duo BeadChip
microarrays. Genome-wide SNP data were analyzed using PLINK. CNVs were called using three
detection algorithms (GNOSIS, PennCNV, and QuantiSNP), merged using CNVision, and then
screened using stringent criteria. SNP and CNV findings were compared to those of the Study of
Pregnancy Hypertension in lowa (SOPHIA), an independent preeclampsia case-control dataset of
Caucasian mothers (n=177 cases and 116 controls). A list of top SNPs were identified for each of
the HAPO ethnic groups, but none reached Bonferroni-corrected significance. Novel candidate
CNVs showing enrichment among preeclampsia cases were also identified in each of the three
ethnic groups. Several variants were suggestively replicated in SOPHIA. The discovered SNPs
and copy-number variable regions present interesting candidate genetic variants for preeclampsia
that warrant further replication and investigation.
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INTRODUCTION

Preeclampsia (PE) is a multi-system, hypertensive disorder of pregnancy that complicates 2—
7% of pregnancies (Sibai, et al. 2005). Characterized by new onset hypertension and
proteinuria, PE is a major contributor to maternal morbidity and mortality worldwide.
Maternal ethnic differences in PE rates exist: in one study, compared to Caucasians, Afro-
American women had higher risk of PE (odds ratio=1.41, 95% confidence interval: 1.25-
1.62), while Asian (OR=0.79, 95% CI: 0.72-0.88) and Hispanic (OR=0.90, 95% CI: 0.84—
0.97) women had lower risk (Caughey et al. 2005).

Although evidence from family-based studies suggests PE has a heritable component, its
exact etiology and specific genetic contributions remain unknown (Arngrimsson et al. 1990,
Lie etal. 1998, Mogren et al. 1999, Sutherland et al. 1981). Susceptibility to PE is thought to
be influenced by complex interactions between maternal and fetal genetic and environmental
factors (Williamson, 2005). Cnattingius et al. (2004) found that 35% of the variance in PE
was attributable to maternal genetic effects, 20% to fetal genetic effects, 13% to the “couple
effect,” and 32% to unmeasured environmental factors.

Many candidate gene studies have been conducted in attempt to elucidate genetic
contributions to PE, but no single gene has been identified with consistent replication
(Williamson, 2005). The lack of success with the candidate gene approach may be due to
inadequate statistical power and poor study design (Colhoun et al. 2003). In addition, studies
examining the genetic factors contributing to PE have focused on single nucleotide
polymorphisms (SNPs), which explain only a fraction of overall heritability. An estimated
13% of the genome has been reported to be copy-number variable in one or more
individuals, suggesting that copy-number variants (CNVs) may be substantial contributors to
the “missing heritability” (Stankiewicz & Lupski. 2010). Prior genome-wide CNV analysis
from the Study of Pregnancy Hypertension in lowa (SOPHIA) conducted by the authors and
colleagues discovered three rare deletions that may confer risk for PE, including a
potentially functionally important copy-number deletion in PSG11 (Zhao et al. 2012).

A genome-wide association (GWA) study using a case-control design was conducted to
identify PE-associated SNPs and CNVs in Afro-Caribbean, European ancestry, and Hispanic
ethnic groups using publicly available genotype data from the Hyperglycemia and Adverse
Pregnancy Outcome (HAPO) study (HAPO Study Cooperative Research Group, 2002). The
present study was also compared to the SOPHIA study to attempt corroboration of findings.
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MATERIALS AND METHODS

Study population

The HAPO study is an international, multi-center prospective cohort study of maternal
glycemia and adverse pregnancy outcomes. Detailed recruitment methods have been
described elsewhere (HAPO Study Cooperative Research Group, 2002). Approximately
4750 Afro-Caribbean (Barbados), European ancestry (Brisbane and Newcastle, Australia;
Toronto, Canada; and Belfast, United Kingdom), Hispanic (Bellflower, CA), and Thai
(Bangkok, Thailand) mothers were genotyped.

A case-control design was applied to each ethnic group in the present study with subjects
drawn from the HAPO study with both phenotype and genotype information available
(Afro-Caribbean, n=23 cases and 1075 controls; European ancestry, n=52 cases and 1250
controls; and Hispanic, n=62 cases and 661 controls). Genotype and phenotype information
were acquired from the National Center for Biotechnology Information’s Genotypes and
Phenotypes Database (NCBI dbGaP study accession: phs000096.v4.p1) (HAPO Study
Cooperative Research Group, 2002). Thai mothers were not further considered for analysis
due to a very limited number of PE cases (n=9). Mothers presenting with PE were eligible as
cases and normotensive mothers were eligible as controls. Subjects with chronic
hypertension, gestational hypertension, or PE superimposed on chronic hypertension as well
as those with unavailable details on hypertension status were excluded.

Phenotype definition

PE was defined according to the International Society for the Study of Hypertension in
Pregnancy guidelines (Brown. et al. 2001) as having de novo hypertension (systolic blood
pressure =140 mmHg and/or diastolic blood pressure =90 mmHg on two or more occasions
at a minimum of six hours apart) and proteinuria (dipstick protein test value =1+ or a 24-
hour urine collection with protein =300 mg) after 20 weeks of gestation.

Whole-genome genotyping

Genomic DNA was isolated from peripheral blood samples using Autopure LS (Gentra
Systems, Minneapolis, MN) (Urbanek. et al. 2012). Genotyping was performed at the Broad
Institute of MIT and Harvard using lllumina Human610-Quad (European ancestry) and
Illumina Human1M-Duo (Afro-Caribbean and Hispanic) BeadChip microarray platforms
(IMumina, San Diego, CA), interrogating over 601,000 and 1.1 million SNP and copy-
number (non-polymorphic) probes, respectively.

Sample quality was assessed by signal intensity using R and overall call rate using PLINK
version 1.07 (http://pngu.mgh.harvard.edu/purcell/plink/) (Purcell et al. 2007). Subjects
were excluded if low signal intensity was exhibited across all chromosomes. When
examining the mean chromosomal probe intensities, these excluded samples formed an
outlying low-intensity “tail” from the main cluster, a pattern consistent throughout the
autosomes and X chromosome. No additional samples were excluded due to having overall
call rate lower than 90% (default value in PLINK), with Afro-Caribbean, European ancestry,
and Hispanic subjects having mean call rates of 99.9%, 95.4%, and 99.6% respectively. A
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total of 1070 Afro-Caribbean (n=21 cases and 1049 controls), 1257 European ancestry
(n=50 cases and 1207 controls), and 723 Hispanic (n=62 cases and 661 controls) mothers
met eligibility criteria for further analysis.

SNP analysis

Genome-wide SNP analysis was performed using PLINK at default settings. A total of
1,145,510 SNPs were genotyped for both Afro-Caribbean and Hispanic study subjects on
[llumina Human1M microarrays and 598,821 SNPs for European ancestry subjects on
Illumina Human610 microarrays. SNPs with minor allele frequency (MAF) <0.01 (Afro-
Caribbean, n=160,642; European ancestry, n=55,303; and Hispanic, n=141,199), call rate
<95% (Afro-Caribbean, n=84,828; European ancestry, n=28,141; and Hispanic, n=54,248),
or significant deviation from Hardy-Weinberg equilibrium at p-value <0.001 (Afro-
Caribbean, n=4616; European ancestry, n=1529; and Hispanic, n=4390) were excluded,
leaving 979,693 (Afro-Caribbean), 541,023 (European ancestry), and 964,533 (Hispanic)
SNPs.

Genetic quality control included assessments for both population stratification and cryptic
relatedness. Population stratification was assessed using EIGENSTRAT version 3.0 (http://
genepath.med.harvard.edu/~reich/Software.htm) by performing a principal components
analysis (Price et al. 2006). Cryptic relatedness between subjects in each ethnic group was
examined by pairwise identity-by-descent (IBD) estimation in PLINK. Pairs showing pi-hat
(estimated proportion of genomic variation shared IBD) >0.2 were inspected and 39, 5 and 3
controls were excluded from downstream SNP and CNV analyses in Afro-Caribbean,
European ancestry and Hispanic groups, respectively. Logistic regression analysis was
performed to test the association between individual SNPs and PE with adjustment for
significant principal components identified from the EIGENSTRAT analysis. Unadjusted
genotype association testing was also performed using the Cochrane-Armitage trend test to
facilitate comparisons of p-values of genotyped and ungenotyped SNPs among the HAPO
study groups and the SOPHIA study. Ungenotyped SNPs in Afro-Caribbean subjects,
subjects of European descent from HAPO and Caucasian subjects from SOPHIA, and
Hispanic subjects were imputed and tested in PLINK using HapMap 3 female founders of
African ancestry in Southwest USA (ASW), Northern and Western European ancestry from
Utah (CEU), and Mexican ancestry in Los Angeles, CA (MEX), respectively (http://
www.broadinstitute.org/~debakker/p3.html). Bonferroni-corrected genome-wide
significance thresholds were applied to each ethnic group to maintain an overall study a of
0.05. As Bonferroni correction is conservative, only tested markers were included in the
calculation of the corrected significance thresholds; therefore, the significance thresholds
used were 5.10x1078 (0.05/979,693) for Afro-Caribbean subjects, 9.24x1078 (0.05/541,023)
for subjects of European ancestry, and 5.18x1078 (0.05/964,533) for Hispanic subjects.
Mitochondrial SNPs were excluded from analysis.

CNV analysis

CNVision (Sanders et al. 2011), a pipeline specifically designed for use with Illumina
microarray data, was used to predict and analyze CNVs using three algorithms with two
independent approaches: GNOSIS (Sanders et al. 2011), PennCNV June 16, 2011 version
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(Wang et al. 2007), and QuantiSNP version 1.1 (Colella et al. 2007). GNOSIS is a
distribution function algorithm that uses sliding windows to detect CNVs. In contrast,
PennCNV and QuantiSNP both implement a hidden Markov model. However, all three
detection algorithms utilize log R ratio (LRR; a measure of total signal intensity of probes)
and B allele frequency (BAF; a measure of relative intensity ratio of allelic probes)
information to detect CNVs. Raw data were batch-processed by ethnic group and detection
algorithms were run under microarray-specific default CNVision pipeline settings for
autosomal and X chromosomes.

Stringent sample and call quality control (QC) measures were undertaken in attempt to
increase the accuracy of CNV prediction. Samples with log-transformed number of CNV
calls greater than three standard deviations from the mean of the log-transformed calls per
sample for at least one of the three algorithms were considered of low quality and removed
from further analysis (Afro-Caribbean, n=50 controls; European ancestry, n=50 controls;
Hispanic, n=2 cases and 13 controls). Related subjects identified by pairwise IBD were also
removed (Afro-Caribbean, n=37 controls; European ancestry, n=5 controls; Hispanic, n=3
controls). Raw CNV calls spanning less than ten microarray probes were excluded.
CNVision was then used to merge, analyze, and annotate the QC filtered outputs of
GNOSIS, PennCNV, and QuantiSNP. A merged CNV call meeting one or more of the
following screening criteria was excluded: 1) <50% overlap between two algorithms and
<25% overlap among three algorithms; 2) <10 consecutive microarray probes; or 3) contains
conflicting calls (both deletion and amplification) across algorithms within the same
genomic region in the given sample. Finally, the following selection criteria were applied to
minimal regions of overlap of merged CNV calls across samples to generate a shortlist of
candidate regions: 1) CNVs called in =3 cases and absence of calls in controls or, if present
in controls, having positive ORs comparing PE cases versus normotensive controls and
corresponding 95% Cls that excluded the null; 2) does not overlap centromeric or telomeric
regions according to PennCNV definitions; and 3) contains =10 consecutive SNP or copy-
number probes. Figure 1 illustrates the boundaries of a minimal region of overlap of merged
CNV calls across samples for a deletion enriched in HAPO subjects of European ancestry.

Reliability of CNVs detected in silico was assessed by visual inspection of LRR and BAF
plots for a clear change in probe hybridization intensity and zygosity, respectively. Fisher’s
exact tests were performed to quantify the significance of the difference in CNV frequency.
Top SNPs and CNVs identified in the HAPO study were compared to the SOPHIA study, an
independent dataset of primiparous Caucasian women, for replication of findings. The
SOPHIA study genotyped 177 PE cases and 116 normotensive controls using the
Affymetrix Genome-Wide Human SNP Array 6.0 (Zhao et al. 2012). Bonferroni-corrected
significance threshold in the SOPHIA study for the SNP analysis was defined as 7.1x1078.
SNPs and CNVs identified in HAPO reaching nominal significance in SOPHIA (p-
value<0.05) were considered to be suggestively replicated.

Genomic positions are presented according to the NCBI36/hg18 human genome assembly.
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SNP associations

SNP analysis was performed on 1031 Afro-Caribbean (n=21 cases and 1010 controls), 1252
European ancestry (n=50 cases and 1202 controls), and 720 Hispanic (n=62 cases and 658
controls) subjects. EIGENSTRAT analysis found evidence of population stratification in
Afro-Caribbean and European ancestry study subjects; the ninth eigenvector was significant
for Afro-Caribbean subjects (principal component 9 or PC9, p=0.029; see Figure S1 for
scatter plots of PC8 vs. PC9 and PC9 vs. PC10) and the first eigenvector was significant for
subjects of European descent (PC1, p=0.004; see Figure S2 for a scatter plot of PC1 vs.
PC2). PC1 and PC9 were adjusted in the logistic regression models for European ancestry
and Afro-Caribbean subjects, respectively. The top 10 principal components for Hispanic
subjects were not significant.

After Bonferroni correction for multiple testing, no SNPs were found to be significantly
associated with PE in any ethnic group. The most significant SNP identified in Afro-
Caribbean subjects adjusted for PC9 was rs11617740 in FGF14 (OR=16.96, 95% CI: 5.53—
51.97, p=7.32x1077) and in European ancestry subjects adjusted for PC1 was rs7322722 in
MYCBP2 (OR=2.93, 95% CI: 1.90-4.52, p=1.23x107%). For Hispanic subjects, the most
significant SNP was rs17412740 located in an intergenic region near LZTS1 with a p-value
of 2.14x107% and an OR of 6.08 (95% CI: 2.88-12.81). Top SNP candidates (logistic
regression p-value <107°) for the three HAPO ethnic groups are presented in Table S1.
LocusZoom (Pruim= et al. 2010) plots visualizing association results for the most significant
SNP in each of the three HAPO ethnic groups and its £500 kb flanking region SNPs are
shown in Figures S3-S5. The chromosome 13 region of European ancestry subjects contains
a set of SNPs with small p-values (<10~°) and relatively high degrees of association (r2>0.8)
to rs7322722 within and proximal to the MYCBP2 gene (Fig. S4).

CNV associations

Afro-Caribbean subjects—Among Afro-Caribbean mothers, 23,962 putative CNVs
(15,774 deletions and 8188 amplifications) spanning ten or more SNP or copy-number
probes were detected among the 21 PE cases and 962 normotensive controls that passed
sample QC. CNVs ranging in size from ~0.8 kb to 21.5 Mb (median=49.0 kb) were merged
into 7739 regions of deletion and 4630 regions of amplification. Of these, nine minimal
regions of overlap of recurrent CNVs met the selection criteria (see Table 1 for an annotated
list of candidate CNVs among Afro-Caribbean mothers). Five of the candidate CNVs
achieved nominal significance (p-value<0.05).

Subjects of European ancestry—Among mothers of European descent, 13,733 CNVs
containing ten or more consecutive probes (8242 deletions and 5491 amplifications) were
detected among the 50 PE cases and 1152 normotensive controls meeting sample QC. CNV
calls of ~3.1 kb to 25.4 Mb (median=98.5 kb) were merged into 4493 regions of deletion
and 2593 regions of amplification with a total of three genomic regions of minimal call
overlap meeting the selection criteria (see Table 2 for an annotated list of candidate CNVs
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among mothers of European descent). Nominal significance was achieved for all three
CNVs.

Hispanic subjects—A total of 24,046 filtered CNV calls spanning at least 10 probes
(20,597 deletions and 3449 amplifications) were made among the eligible 60 PE case and
645 normotensive control Hispanic subjects. Genomic variants ranged in size from ~0.8 kb
to 8.6 Mb (median=81.5 kb). CNV calls were merged and screened into 15,263 regions of
deletion and 2183 regions of amplification. Fourteen of 15 minimal regions of call overlap
enriched among cases that met the pre-specified selection criteria reached nominal
significance (see Table 3 for an annotated list of candidate CNV's among Hispanic mothers).

SOPHIA study replication

Among the top SNPs identified in each of the ethnic groups of the HAPO study, none
reached Bonferroni-corrected significance and only several were nominally significant
(p<0.05) in the comparison groups (Table S1). Despite a lack of replication due to the
number of examined SNPs, it is interesting to note that two SNPs in HAPO subjects of
European ancestry on chromosome 9 (rs7047693 and rs10988989) in an intronic region of
the INVSgene yielded trend test p-values of <0.05 in Caucasian SOPHIA subjects.

When comparing the SOPHIA study to the HAPO CNV findings, similar patterns of calls
were observed for the copy-number amplification in 12p11.21 in HAPO subjects of
European ancestry and in two regions of amplification enriched in Hispanic cases at 5p13.3
and 7q11.23. The intergenic amplification in chromosome 12 was detected in 8/50 (16.0%)
cases and 72/1152 (6.3%) controls of the HAPO study and in 19/169 (11.2%) cases and
6/114 (5.3%) controls of the SOPHIA study. Both chromosome 5 and 7 amplifications are
exonic. The former region was detected in 5/60 (8.3%) cases and 10/645 (1.6%) controls of
the HAPO study and in 6/169 (3.6%) cases and 2/114 (1.8%) controls of the SOPHIA study
while the latter region was detected in 4/60 (6.7%) cases and 8/645 (1.2%) controls of the
HAPO study and in 4/169 (2.4%) cases and 1/114 (0.9%) controls of the SOPHIA study.
Other candidate CNVs identified in HAPO were not replicated.

DISCUSSION

Numerous SNP candidates were identified for each of the HAPO ethnic groups, but none
were significantly associated with PE after Bonferroni correction (Table S1). Because the
number of PE cases for each ethnic group was relatively small, the present study had limited
statistical power to detect a significant association for SNPs of small to moderate effect size.
Post-hoc power calculations were performed in PS: Power and Sample Size Calculation
version 3.0 (http://biostat.mc.vanderbilt.edu/wiki/Main/PowerSampleSize) using
assumptions of minor allele frequency from dbSNP (Sherry et al. 2001) and effect size based
on logistic regression ORs for the top ranked SNP (Table S1) of each HAPO study group.
This study had ~81.2%, 9.8% and 59.4% power to detect associations at the effect sizes
reported for the top SNPs among Afro-Caribbean, European ancestry, and Hispanic subjects,
respectively. Another limitation on statistical power is that the principal components
analysis used to assess and correct population stratification does not explicitly model cryptic
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relatedness; association statistics that account for cryptic relatedness may achieve higher
power due to improved weighting of data (Price et al. 2010).

Genome-wide CNV analysis was successfully performed on 983 Afro-Caribbean (n=21 PE
cases and 962 normotensive controls), 1202 European ancestry (n=50 cases and 1152
controls), and 705 Hispanic (n=60 cases and 645 controls) subjects. Multiple candidate
regions of copy-number deletion or amplification were detected in each of the three ethnic
groups, but none were shared among them (Tables 1-3). Although a majority of these
candidate CNVs showed nominal significance with PE (p-value<0.05), no region surpassed
the threshold for significance accounting for multiple comparisons.

Array-based CNV detection methods are typically plagued by substantial false-positive and
false-negative rates (Tsuang et al. 2010). Until recently, studies commonly used a single
algorithm detection approach. Due to the limitations of a single algorithm strategy,
molecular techniques are necessary to confirm the presence of CNVs. However, HAPO
study DNA samples were unavailable for laboratory validation of identified CNVs. Despite
this, confidence can be placed in the accuracy of CNV call prediction as three algorithms
(GNOSIS, PennCNV, and QuantiSNP) following two independent statistical approaches
were employed with stringent algorithm overlap criteria. Moreover, the reliability of calls
can be assessed visually using the LRR and BAF plots. For example, LRR drops to around
-0.5 and BAF clusters around 0 or 1, but not near 0.5, for a heterozygous copy-number
deletion call, as shown in Figure 2. Inspection of the plots for the candidate regions revealed
signal intensity patterns consistent with their respective copy-number calls.

Several novel candidate CNVs were identified in the HAPO ethnic groups under study.
However, the present study was unable to replicate the top three CNVs identified from the
SOPHIA study (Zhao et al. 2012). The lack of replication may be attributable to microarray
probe coverage differences in these genomic regions, an issue that is also relevant to the
SNP analysis. The Illumina Human610 microarray used to genotype HAPO subjects of
European descent only contained one probe in the 16p13.11 deleted region and two probes
in the 19p13.31 deleted region, compared to ten and eight probes respectively in these
genomic regions on the Affymetrix SNP 6.0 microarray used in SOPHIA. Contrarily, the
three novel copy-number variable genomic regions identified among European ancestry
subjects in HAPO (Table 2) have comparable probe coverage to SOPHIA. The lack of
replication in the present study of the top SOPHIA CNVs may be further attributable to
geographic differences between the two study populations. Mothers of European descent
from the HAPO study were recruited from Australia, Canada, and the United Kingdom
whereas Caucasian mothers from the SOPHIA study were recruited from lowa. Comparing
samples from different geographic populations may be problematic as some variants are
specific to certain populations (Redon et al. 2006). In support of this view, CNV frequencies
appear to differ between the control subjects of the two studies (see Table S2 for a
comparison of the call frequencies in female controls and differences in probe coverage for
the top candidate regions identified from SOPHIA with HAPO subjects of European
ancestry). Therefore, comparability of the two studies for CNV findings is diminished due to
microarray coverage differences and geographic variation of the study populations. At the
time of writing, no other PE datasets were available to the authors as replication cohorts for
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array-based CNV detection. These issues, in addition to maintaining adequate statistical
power, should be taken into consideration for future PE genetic studies.

In this GWA study, a list of top SNP candidates was identified among Afro-Caribbean,
European ancestry, and Hispanic HAPO study subjects, but none reached Bonferroni-
corrected significance. However, the top SNP candidates reported in this study may be
useful for future work in PE genetics as a resource for replication and meta-analysis.
Genome-wide analysis of CNVs across the three ethnic groups identified several novel
variants enriched in cases that were markedly less frequent in controls. The validity and
functional significance of these candidate CNVs need further investigation. Larger
replication studies are necessary for confirmation of the variants identified in this study.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. UCSC Genome Browser plot of the copy-number deletion at chr9:1.490-1.503 Mb
identified in HAPO subjects of European ancestry

The vertical black lines indicate the minimal region of overlap of merged calls across all
subjects harboring the deletion. Each red horizontal bar represents the length and
breakpoints of a merged deletion call detected in either PE cases or controls in HAPO
subjects of European ancestry. Exact CNV breakpoints are unknown.
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Figure 2. Representative LRR and BAF plots for a genomic region called as a heterozygous

deletion

LRR and BAF values for each probe are represented as dots. The algorithm-detected

deletion is encompassed between the two vertical grey bars (chr3:152.998-153.028 Mb).
LRR values for the SNP and copy-number probes drop to the —0.5 region and BAF values
for the SNP probes cluster around 0 or 1 within the deleted region (red dots). LRR values of

the bordering copy-normal chromosomal regions bunch around zero and BAF values
segregate to three clusters (blue dots).
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