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Abstract

Parent-of-origin (PofO) effects, such as imprinting are a phenomenon in which homologous chromosomes exhibit
differential gene expression and epigenetic modifications according to their parental origin. Such non-Mendelian
inheritance patterns are generally ignored by conventional association studies, as these tests consider the maternal and
paternal alleles as equivalent. To identify regulatory regions that show PofO effects on gene expression (imprinted
expression Quantitative Trait Loci, ieQTLs), here we have developed a novel method in which we associate SNP genotypes
of defined parental origin with gene expression levels. We applied this method to study 59 HapMap phase Il parent-
offspring trios. By analyzing mother/father/child trios, rules of Mendelian inheritance allowed the parental origin to be
defined for ~95% of SNPs in each child. We used 680,475 informative SNPs and corresponding expression data for 92,167
probe sets from Affymetrix GeneChip Human Exon 1.0 ST arrays and performed four independent cis-association analyses
with the expression level of RefSeq genes within 1 Mb using PLINK. Independent analyses of maternal and paternal
genotypes identified two significant cis-ieQTLs (p<<10~’) at which expression of genes SFT2D2 and SRRT associated
exclusively with maternally inherited SNPs rs3753292 and rs6945374, respectively. 28 additional suggestive cis-associations
with only maternal or paternal SNPs were found at a lower stringency threshold of p<<10~¢, including associations with two
known imprinted genes PEG10 and TRAPPC9, demonstrating the efficacy of our method. Furthermore, comparison of our
method that utilizes independent analyses of maternal and paternal genotypes with the Likelihood Ratio Test (LRT) showed
it to be more effective for detecting imprinting effects than the LRT. Our method represents a novel approach that can
identify imprinted regulatory elements that control gene expression, suggesting novel PofO effects in the human genome.
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Introduction

Genomic imprinting is an epigenetic mechanism that modifies
the expression of genes dependent on their parental origin. To
date ~60 imprinted genes have been identified in human (http://
www.geneimprint.com/), while some studies in mice have
suggested that as many as 3% of genes show evidence of
imprinting [1]. Many imprinted genes are known to play
important roles in growth and development, and disruption of
normal imprinting leads to a variety of genetic syndromes such as
transient neonatal diabetes [2], Beckwith-Wiedemann syndrome
[3], and Prader-Willi syndrome [4]. However, there is a
considerable body of evidence indicating that imprinting effects
also contribute towards the risk of many common diseases, with
nearly 100 entries listed in the Catalog of Parent of Origin Effects
[5]. Potential parent-of-origin (PofO) effects have been reported in
many other disorders, including juvenile idiopathic arthritis [6],
asthma [7], bipolar disorder [8,9], pre-eclampsia [10], and cleft lip
[11,12].

Recent studies have yielded robust evidence that imprinting
effects may be pervasive in common disease. Most prominently, a
systematic re-evaluation of association studies in three diseases
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performed in >38,000 Icelanders identified a number of alleles
within known imprinted loci that showed significant PofO effects
influencing the risk of breast cancer, basal-cell carcinoma and type
2 diabetes [13]. A similar analysis of >7,500 type 1 diabetes cases
also identified a risk allele within the imprinted region on
chromosome 14q32.2 that showed reduced paternal transmission,
suggesting a parent or origin influence on disease risk [14]. And
recently an expression quantitative trait locus (eQTL) of the
maternally expressed transcription factor KLIF14 was found to act
as a master frans-regulator of adipose gene expression, influencing
multiple metabolic phenotypes [15].

Array based eQTL studies in HapMap population have
identified many regulatory variants that show associations with
gene expression levels. By performing an association study using
expression data from lymphoblastoid cell lines (LCLs) from four
HapMap populations, Stranger et. al (2007) found 1,348 probe
sets that had strong association signals with c¢is-linked SNP and
copy number variants [16,17]. Consistent with these results, more
recent studies using RNA-seq expression data that provides
improved resolution of expression identified hundreds of sequence
variants that correlated with variation in mRNA splicing, gene
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expression and methylation levels [18-20]. Many of these variants
correspond to the same SNPs identified by genome-wide
association studies (GWAS) that act as risk factors for common
diseases, demonstrating a functional link between SNPs, gene
expression variation and human phenotypes [21]. Although many
previous studies have sought to identify eQTLs that modify gene
expression levels, conventional association study approaches
consider the two parental alleles to be functionally equivalent. In
the case of imprinted genes that are expressed differentially from
the maternal and paternal alleles this assumption is clearly invalid.
Therefore in order to identify potential PofO effects on gene
expression an analysis that considers the parental origin of each
allele is required.

Previously, the family-based Transmission Disequilibrium Test
(TDT) has been used to identity PofO effects influencing complex
diseases such as cleft lip/palate [22] and polycystic ovary
syndrome [23]. Here, biased transmission of maternal versus
paternal alleles to affected offspring suggests a potential PofO
effect [24]. Though these tests are robust to population
substructure, the TDT ignores between family variations, which
contain considerable association information and thus, can result
in low power [25,26]. Kong et al. (2009) implemented a novel
analysis approach to analyze the contribution of PofO effects
within imprinted regions of the genome to three complex
disorders. Using extended pedigree records available for the
Icelandic population they were able to define the inheritance of
alleles in each individual, and then performed independent
associations for maternal and paternal alleles to detect PofO
effects on disease risk [13]. However, no prior studies have set out
to characterize PofO regulatory effects on gene expression.

In order to address this issue, we describe a novel approach for
identifying eQTLs that show a PofO bias. The rationale behind
our method is that genes that show a parental bias in expression
will undergo differential regulatory effects from the maternal and
paternal alleles. Since standard association studies treat both alleles
equally, they are severely underpowered to detect effects such as
imprinting in which the two alleles are differentially regulated.
Here we have developed an association method that is sensitive to
parental origin and show that by applying this to analyze 59
HapMap trios for which genome-wide SNP and gene expression
data are available we can identify putative imprinted eQTLs
(1eQTLs). At its heart our methodology is based on the use of trio
data, which enables the definition of parental origin for each allele
in the offspring by simple rules of Mendelian inheritance. We show
that by utilizing this approach, the separate association of the two
parental genotypes with gene expression levels can identify
regulatory loci that show putative PofO specific effects that are
missed by conventional eQTL analyses, potentially identifying
many novel subtle imprinting effects on gene expression across the
genome.

Results

Using HapMap Phase II data, we selected 680,475 common
autosomal SNPs (out of the ~3.1 million SNPs) from 29 CEU and
30 YRI HapMap Phase II trios that had =10% minor allele
frequency and for which =90% individuals were successfully
genotyped. In the offspring of each trio, we performed cis-
association analyses between these SNPs and gene expression
measurements generated using filtered data from 92,167 exon
probe sets (~43% of the total) on the Affymetrix GeneChip
Human Exon 1.0 ST array (see Methods). After assigning parental
origin to each allele in the child using rules of Mendelian
inheritance, three cis-association tests were performed: 1) an
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assoclation study using only maternally inherited SNPs; 2) an
association study using only paternally inherited SNPs; 3) a
comparison of the two classes of reciprocal heterozygote in which
parental origin is reversed (Figure 1). Results of these first three
tests were compared against those generated in a conventional
eQTL association study using diploid genotypes without consid-
eration of parental origin. We limited our analysis to cis-acting
effects, testing only those filtered SNPs that were within a 2 Mb
window centered on the midpoint of each exon probe set.

The key test for identifying a PofO effect is the comparison of
association results using only maternal and paternal alleles. For
imprinted loci that are expressed from only either the maternal or
paternal allele, we expect to observe a significant association with
gene expression levels for only one of the two parental alleles. For
each exon probe set, we kept only the most significant SNP
associated with the expression of that probe set i.e. the SNP with
best p-value in the association study. For our analysis, we define
SNPs that show an association with gene expression at p<<10~7 as
significant associations, while those with p-value between 10”7 and
107° as suggestive associations. At these thresholds, we identified
30 putative cus-ieQTLs, with 2 SNPs showing significant associ-
ations with probe sets of the genes SRRT and SF12D2, and 28 loci
with suggestive associations (Table S1). Of these 30 putative cis-
1eQTLs, 19 loci showed evidence of association with maternally
inherited alleles (p<<10~°, Bonferroni-corrected p<<0.001) but no
association with paternally inherited alleles (p>0.05, Bonferroni
p=1). Similarly, 11 SNPs associated strongly with the paternally
inherited alleles (p<<10~°, Bonferroni p<<0.001) but showed no
association with the corresponding maternally inherited alleles
(p>0.05, Bonferroni p =1).

The two most prominent PofO signals we identified were that of
a maternal-specific association between alleles of rs6945374 and
the expression level of SRRT (Maternal-specific p=7.6x10"%,
Bonferroni p=2.5x10""; Paternal specific p=0.59, Bonferroni
p=1, Figure 2A), and an association between maternally-derived
alleles of rs3753292 and SFT2D2 expression (Maternal-specific
p=2.1x10"%  Bonferroni p=9.6x10"%  Paternal-specific
p=0.37, Bonferroni p=1). The strongest paternal-specific asso-
ciation identified was between alleles of rs4451422 and SLC2744
expression level (Paternal-specific p=2.8x10"7, Bonferroni
p=7.4x10"", Figure 2B), while maternally derived alleles of this
SNP were not significant (p = 0.42, Bonferroni p=1).

Of the 30 cs-1eQTLs that showed suggestive PofO specific
signals, two were In association with the known imprinted genes
PEGI0 and TRAPPC9. SNP rs6970279, which lies 270 kb
upstream of PEGI0 showed a suggestive association specifically
with the maternally-derived allele (p=23.6x10"7, Bonferroni
p=13x10"%. In contrast, the paternally-derived genotype has
no significant influence on PEG10 expression (p = 0.87, Bonferroni
p=1, Figure 2C). Similarly, expression levels of the imprinted
gene TRAPPC9 [27] were strongly correlated with the SNP
157003899 when inherited paternally (p=8.9x10"’, Bonferroni
p=0.0004), while there was no such correlation with the same
SNP when inherited maternally (p = 0.64, Bonferroni p = 1). Based
on the number of known imprinted genes in human and the probe
sets utilized In our analysis, the identification of two known
imprinted genes in the 30 cs-1eQTLs we describe represents a
24.4-fold enrichment compared to that expected under the null
hypothesis (p=7.7x107°).

In addition to association testing using only the maternally- and
paternally-derived alleles, we also performed a test comparing
expression levels between the two reciprocal classes of heterozy-
gote (ApparBpar versus ApyrByar, Figure 1). Since reciprocal
heterozygotes have identical genotype but reversed parental
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Figure 1. Example of determination of parental origin and parent-of-origin specific association testing for a hypothetical SNP. (A)
For the given SNP (alleles A and B), the homozygous mother can only contribute allele A to her offspring, which means that the child’s A allele is
maternally inherited, and child’s B allele must therefore be paternally inherited. Maternal (yat) and paternal (pa7) alleles are shown in pink and blue,
respectively. (B) Example data showing annotation of parental origin of this SNP in 10 individuals. (C) cis-association study with SNPs within £1 MB

around the gene. (D) Comparison of standard eQTL study and imprinted
doi:10.1371/journal.pone.0041695.9001

origin, any expression bias between these two groups is strongly
indicative of an underlying PofO effect. Although with large
sample sizes this represents a robust method to assay for PofO
effects, the small size of our study population (n=59 offspring)
resulted in limited numbers of loci at which sufficient numbers of
both heterozygote classes were available. We therefore did not
utilize this test as a primary screening tool, but rather as secondary
evidence in support of our association testing using maternal and
paternal alleles. At a threshold of p<<10~’, there were no
significant associations using this heterozygote test. However, we
identified 7 suggestive associations that showed a difference in
gene expression between the reciprocal heterozygote classes at
p<<10~° (Table S2). Of the 30 c¢is-ieQTLs that were identified by
association with only maternal or paternal alleles, 24 of these
yielded moderate p-values with the heterozygote test (p-values
ranging from 1.1x107° to 3.5x107?. For the remaining 6 cis-
1eQTLs there were insufficient numbers of heterozygous individ-
uals (n<<8) to perform the test.

We compared the results of above three PofO specific
association studies with those gained in a conventional cis-eQTL
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eQTL study (see Methods for details).

study that does not consider the parental origin of alleles. Of the
30 putative cs-ieQ'TL loci we report, only 2 achieved suggestive
significance in a standard ¢is-cQTL test (p<10~°) (Table S1),
showing that our method detects novel loci that are not detected
when parental origin is not considered.

To compare our methods with a previously published approach
for detecting PofO effects, we also analyzed our genome-wide
dataset using the Likelihood Ratio Test (LRT), a test which
compares an imprinting model vs. a non-imprinting model (see
Methods). Using the LRT, the coefficients of linear regression
represent the contribution of a variable (in this case SNP alleles) to
variation in gene expression. For the 19 maternal ieQTLs
identified in our analysis, the absolute ) using the LRT ranged
from 0.282 to 1.17 while absolute Bp ranged from 0.001 to 0.292.
This indicates that the variation in gene expression is better
explained by maternally inherited alleles compared to paternally
inherited alleles at these loci, consistent with a PofO effect.
Similarly, for paternal ieQTLs, the absolute 8p ranged from 0.321
to 1.089 compared to By, which ranged from 0.011 to 0.157. In
each case, the coefficient of linear regression without considering
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Figure 2. Putative cis-ieQTLs detected by parent of origin specific association analysis in 59 HapMap trios. Results for (A) SRRT and (B)
SLC27A4 and (C) PEGT0. In each plot, the panels show the distribution of p-values for each SNP within a =1 Mb region around each gene based on
separate association of the maternally- and paternally-inherited SNPs (left and middle panels respectively). The x-axis shows the genomic coordinates
in Mb, and y-axis is the —log;o p-value of association between each SNP allele of defined parental origin and gene expression level. Box plots show
the distributions of gene expression for CEU (circles) and YRI offspring (crosses) with respect to maternally (ya7) and paternally (pa7) inherited SNPs. A
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clear difference between heterozygous individuals of reciprocal parental origin is also consistent with a PofO effect at these loci, as these individuals
show a difference in gene expression despite having the same genotype (right panels).

doi:10.1371/journal.pone.0041695.9002

imprinting (B'p) was intermediate between 8y and Bp, consistent
with the idea that the independent effects of maternal and paternal
alleles on gene expression are underrepresented in the reduced
model (Table S1).

For the 30 1eQTLs identified using our association test with
maternal and paternal alleles, we found that the (-log;o) p-values
obtained from the LRT for each respective SNP-gene pair showed
a strong negative correlation (? = —0.82) with the (-logo) p-values
obtained using a conventional association test that does not
consider parental origin. Conversely, results of the LRT showed a
strong positive correlation with the (-log;o) p-values generated in
the heterozygote test (Figure 3, Table S2). For maternal-specific
associations in the 30 1eQQTLs, results of the LRT showed that the
(absolute) coefficient of regression for maternal alleles was greater
than for paternal alleles and vise-versa for paternal specific
associations. However, although all 30 ieQTLs identified by our
maternal and paternal specific association test showed at least
nominal significance (p<<0.05) with the LRT, many were non-
significant using the LRT after multiple testing correction.
Furthermore, unlike the independent analyses of maternal and
paternal genotypes, results of a genome-wide screen with the LRT
did not detect any associations at p<<10~° with known imprinted
genes (Table S3).

Discussion

We have developed a novel method that allows the genome-
wide identification of ieQTLs that show regulatory effects on gene
expression in a PofO specific manner. By using SNP genotype and
gene expression datasets in HapMap trios, we show that the
independent association of maternal and paternal alleles with
offspring phenotypes can identify functional genetic variants that
are invisible to standard association studies that do not consider
parental origin. Implementation of our method reveals two
putative maternal-specific ¢is-ieQTLs that are significantly associ-
ated with the expression level of SRRT and SEFT2D2 (p<<1x1077),
and an additional 28 loci that yielded suggestive associations (p-

>
w

values between 107% and 1077). In each case, these SNPs showed
a strong association with just one parental allele, and no
association (p>0.05) with other parental allele. These associations
suggest possible cis-PofO effects of these loci on nearby gene
expression. Furthermore, only 2 of these 30 ieQQ'TLs were detected
(at p<10~°% using a conventional eQTL association study that
does not consider parental origin, showing that our method
identifies novel loci that fail to reach statistical significance using
tests that ignore parental origin. As standard association studies
make no distinction between maternal and paternal inheritance,
they have the inherent presumption that both alleles of the diploid
genome are functionally equivalent. By combining the effects of
both maternal and paternal alleles together equally, this can
therefore mask differential effects that may be present between the
two parental alleles. Thus, most imprinting effects are masked
using standard association study approaches, demonstrating that
specialized methods that consider the parental origin, such as we
describe here, are necessary to identify such regulatory elements
with PofO effects.

We also performed a third association test based on relative
gene expression in heterozygous individuals with identical
genotypes but which are of opposite parental origin (Ay47Bpar
versus ApgqBya7 in Figure 1). A similar idea has been used to
search for PofO differences in allelic expression based on the study
of expression bias in individuals heterozygous for coding SNPs
[28]. The main advantage of this heterozygote test lies in the fact
that the two types of heterozygote have identical genotypes but
their parental origin is reversed. Thus, any difference detected
between these two groups strongly suggests an underlying PofO or
epigenetic effect on gene expression. Our implementation of this
heterozygote test in HapMap CEU and YRI trios identified 7
associations with a suggestive difference in gene expression
(p<<10~°%). However, the utility of this test in our analysis was
severely limited as there was an average of only 10 heterozygous
individuals per filtered SNP, resulting in low statistical power. As a
result, we chose not use results of the heterozygote test as a

2 =-0.87
P-val = 5.4e-10

Heterozygote Test —log,, P
1.5 2.0 253035 404550

Standard eQTL Test -log,, P

m2=0.711
. P-val = 9e-05

LRT -log,, P

LRT -log,, P

Figure 3. Comparison of separate association using maternal and paternal alleles with the Likelihood Ratio Test (LRT) for putative
30 ieQTLs. (A) Correlation between -log;, p-values generated using a standard association test and the LRT (r*=—0.87) (B) Correlation between -
logso p-values generated using the heterozygote test and the LRT (r*=0.71). Note that 6 of the 30 SNP-gene pairs did not have a sufficient number of

heterozygotes to perform the test.
doi:10.1371/journal.pone.0041695.9g003
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primary screen for ieQTLs, but instead as supporting evidence for
loci detected by the comparison of the two parental alleles.

The main limitation in this study was the relatively small
number of HapMap trios (n=259) for which both genome-wide
SNP and gene expression data were available. In every GWAS,
the power to detect significant associations is strongly influenced
by the number of individuals studied [29], and the sample size
utilized here probably represents the absolute minimum required
in a study of this type, giving sufficient power to detect only
variants of relatively large effect. Furthermore, our small sample
size can also result in a high false positive rate. Despite these
caveats, of the 30 putative ieQTLs we report, our method was
successfully able to identify two associated with the known
imprinted genes PEGI0 and TRAPPCY. Given the relatively small
number of known imprinted genes known in human, this
represents a 24.4-fold enrichment for imprinted genes in our
1eQTL set above that which would be expected by random chance
(p =7.7x1077), strongly suggesting that our methodology is able to
successfully identify regulatory elements that function in a PofO
specific manner.

We compared results of our method that looks for associations
specific to one parental allele with those identified using the
Likelihood Ratio Test. This method to compare an imprinting
model against a non-imprinting model has previously been
suggested as robust for detecting PofO effects [30]. In support of
this, all 30 putative ieQTLs identified by our PofO method
showed at least nominal significance (p<<0.05) with the LRT, and
there was a strong positive correlation between results of the
heterozygote test and the LRT. However, although both methods
identified similar numbers of putative PofO-specific associations,
there was no overlap between the most significant loci identified by
our novel methods and those obtained by the LRT. Inspection of
the data at loci identified by these alternate methods for identifying
PofO effects revealed a strong difference between them in the
relative distributions of gene expression levels associated with the
two parental alleles. As our novel method looks for associations
specific to just one parental allele, the loci we identify such as the
SNP rs6970279 associated with the imprinted gene PEGI0 show a
strong difference in gene expression for alleles inherited from one
parent, while alleles from the other parent show no effect on
expression levels (Figure 2). In contrast, at loci scored the most
highly significant using the LR, alleles inherited from each
parent tend to show reciprocal effects on gene expression levels to
one another (Figure 4). Given that imprinted regulatory elements
will generally act on only one of the two parental alleles, rather
than showing opposite effects when inherited maternally versus
paternally, we suggest that our method is therefore better suited
for identifying genuine ieQTLS compared to the LRT. This is
supported by the fact that unlike our method which identified
ieQTLs associated with both PEG0 and TRAPPCY, application of
the LRT genome-wide failed to identify any known imprinted
genes.

In summary, we have developed a novel approach in which
separate association studies for the two parental alleles allow
genome wide detection of regions that influence gene expression in
a PofO specific manner. Our data suggests that each of these loci
contains a regulatory eclement that influences gene expression on
only one of the two parental alleles, such as an imprinted locus. As
conventional association analyses presume both homologous
chromosomes to be functionally equivalent, these sites are
generally undetected by standard association study approaches.
The comparison of reciprocal classes of heterozygotes represents
an additional test that further supports the PofO effects of those
regions, though this test requires adequate sample size to have
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sufficient power. Using published datasets from HapMap trios, we
were able to identify putative differential effects of the maternally
and paternally inherited alleles on gene expression. Since many
PofO effects and eQTLs are tissue specific, we cannot generalize
our results for all cell types. For example, while SNRPN is widely
expressed In most tissues, in contrast NDN is silent in LCLs
[31,32,33]. We anticipate that future applications of this method-
ology, perhaps including different tissue types such as placenta in
which imprinting effects are frequent, will allow the identification
of many additional loci in the human genome that exhibit PofO
bias. Furthermore, we suggest that our methods could also be
modified to detect PofO effects in a variety of common diseases.

Materials and Methods

Genotype data

We downloaded genotypes for 3,849,034 and 3,881,498 non-
redundant autosomal SNPs of 59 trios (mother/father/child) for
CEU (CEPH Utah) and YRI (Yorubans), respectively from
HapMap Phase II (release 24, http://hapmap.ncbi.nlm.nih.gov)
[34]. In each population, SNPs with <10% Minor Allele
Frequency (MAF) and <90% genotyped individuals were
removed from further analysis. Additionally, as we combined
data from both CEU and YRI in our final analysis, SNPs whose
MATF differed significantly between the two populations (p<<0.05,
Fisher’s exact test) were removed to avoid effects resulting from
population stratification. After filtering, 680,475 SNPs from 59
trios remained and were used for subsequent association analysis
(Figure S1).

Gene expression data

Gene expression data for 29 CEU and 30 YRI children
generated by Zhang et al. using Affymetrix GeneChip Human
Exon 1.0 ST arrays [35] that was pre-processed by first removing
probes that overlapped known SNPs, background correction,
quantile normalization and logy transformation, were downloaded
from Gene Expression Omnibus (www.ncbinlm.nih.gov/geo/,
GSE9703). Array data was summarized at the exon level before
filtering to remove low expressed and invariant exons (intensity
logy<<6, standard deviation <<0.2). To avoid artifacts resulting
from population stratification of gene expression, in subsequent
association analysis we excluded any exon that had significantly
different expression between the CEU and YRI populations
(p<<0.05, unpaired student’s t-test). After these filters, probes from
97,724 exons remained. Using mapping information provided by
Affymetrix [GEO accession: GPL5188], we intersected these
exons with RefSeq genes on autosomal chromosomes in hgl8
(http://genome.ucsc.edu/), keeping only those with at least 1 bp
overlap. The final dataset comprised 92,167 exons in the 59 CEU
and YRI offspring that were used for association analysis (Figure

S1).

Assigning parental origin to SNPs in each offspring

The rule of Mendelian inheritance allows assignment of
parental origin to most SNPs in a child by considering a
mother/father/child trio and applying simple logic tests. In the
absence of phased genotypes, at least one homozygous genotype at
a particular SNP in the trio is required to assign parental origin in
the child while rest were removed from the analysis. At each site, a
homozygous member of the trio was used to define the parental
origin in child for that SNP (see Figure 1A, 1B for details).
Although phased genotypes are available for the HapMap, we
chose to use unphased data to demonstrate the utility of our
methodology in the absence of phase information. The use of
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Figure 4. The two most significant SNP-gene pairs identified using the Likelihood Ratio Test. Results for (A) PSCD4 and (B) TBC1D7. In
each plot the three panels show variation of gene expression with respect to maternally inherited SNPs, paternally inherited SNPs and two classes of
heterozygotes, respectively. Box plots show the distributions of gene expression for CEU (circles) and YRI offspring (crosses) with respect to maternally
(ma7) @and paternally (pat) inherited SNPs. Note that unlike loci identified using separate association with maternal and paternal alleles where a
difference in gene expression level is seen for only one of the two parental alleles, for both genes the A and C alleles have opposite effects on gene

expression when inherited maternally versus paternally.
doi:10.1371/journal.pone.0041695.g004

phased data would result in a slight increase in overall power by
allowing parental origin to be defined for those sites at which all
three members of a trio are heterozygous (representing ~5% of
genotypes per trio).

Cis-association studies

For each SNP, three association tests with gene expression levels
in ¢s were performed using data from the 59 CEU and YRI
offspring: 1) an association study using only the maternally
inherited alleles; 2) an association study using only the paternally
inherited alleles [13] 3) a comparison of expression between the
two classes of heterozygote with reciprocal parental origin
(AaparBpaT versus ApgrBy7 in Figure 1). As a comparison, a
conventional association test was also performed with diploid
genotypes without using parental origin information. Custom Perl
scripts were used to convert the data into PLINK (v1.07) format
(MAP and PED files). Since PLINK requires input SNPs to be in a
diploid format, for the maternal and paternal allele tests in which
haploid genotypes are utilized, we converted these haploid
genotypes into an artificial homozygous diploid state that would
be accepted by PLINK. Similarly, as the two classes of
heterozygote with opposite parental origin have identical geno-
types, we converted these genotypes to opposing diploid homo-
zygous states for input to PLINK to perform the heterozygote test.

PLOS ONE | www.plosone.org

Mendelian error (—-me) and Hardy-Weinberg Equilibrium (~hwe)
exclusion thresholds were set to zero for these tests to ensure that
these artificial diploid genotypes would pass these quality filters.
For association testing, SNPs within a =1 Mb window from each
exon mid-point were used [36] and nominal p-values for each
SNP-gene pair in the four statistical tests were recorded (—assoc
option in PLINK) (Figure 1C, 1D). A Bonferroni correction was
applied to account for the fact that multiple SNPs were associated
with each probe set.

Identification of Imprinted eQTLs

We defined an ieQTL as a SNP that shows association with
either the maternally- or paternally-derived alleles. To control for
family-wide type I error, we considered associations with p<<10~’
as “significant” while those with p-value between 10™° and 1077
as “suggestive” [37]. As we were interested only in sites that
showed PofO effects, we required each putative 1eQTL to have
p>>0.05 (i.e. no evidence of association) with the other parental
allele. Because of the LD structure of the genome, many loci
showed significant associations with multiple closely spaced SNPs.
To avoid such redundancies, we only reported the most significant
association for each probe set with nominal and corrected p-values

in Tables S1, S2, S3.
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Testing an imprinting model using the Likelihood Ratio
Test

We designed a likelihood ratio model to identify parent-of-
origin effects in gene expression, in which we performed linear
regression using maternally and paternally inherited alleles as
independent variables. This model was tested against the null
model of both alleles combined (i.e. ignoring parental origin of
alleles). This test results in more significant p values when both
maternal and paternal alleles have differential effects on the gene
expression,

Test Model : Y ~ B¢+ By Xagar +BpXpar (1)

Null Model : Y~ 80+ B'sXpors (2)

where, Y is the gene expression, Xyra and Xpat are minor alleles
inherited from the mother and father respectively and X747 1s the
count of minor allele in child for a particular SNP i.e. sum of
Xmar and Xpar. The coeflicients of regression f; and f'y
correspond to average expression level. £y, and fip are variation of
expression explained by maternal and paternal inheritance
respectively while B'p is the variation explained when no parental
origin is considered.

Enrichment of known imprinted genes in ieQTLs
Coordinates for experimentally verified human imprinted genes
were downloaded from Genelmprint (http://www.geneimprint.
com/), The Catalogue of Parent of Origin Effects (http://igc.
otago.ac.nz/), and from a survey of the literature, to form table of
all known imprinted genes. This list of verified imprinted genes

References

1. Gregg C, Zhang J, Butler JE, Haig D, Dulac C (2010) Sex-specific parent-of-
origin allelic expression in the mouse brain. Science 329: 682-685.

2. Gardner R]J, Mackay DJ, Mungall AJ, Polychronakos C, Siebert R, et al. (2000)
An imprinted locus associated with transient neonatal diabetes mellitus. Hum
Mol Genet 9: 589-596.

3. Reik W, Brown KW, Schneid H, Le Bouc Y, Bickmore W, et al. (1995)
Imprinting mutations in the Beckwith-Wiedemann syndrome suggested by
altered imprinting pattern in the /GF2-H19 domain. Hum Mol Genet 4: 2379~
2385.

4. Nicholls RD, Knoll JH, Butler MG, Karam S, Lalande M (1989) Genetic
imprinting suggested by maternal heterodisomy in nondeletion Prader-Willi
syndrome. Nature 342: 281-285.

. Morison IM, Ramsay JP, Spencer HG (2005) A census of mammalian
imprinting. Trends Genet 21: 457-465.

6. Zeft A, Shear ES, Thompson SD, Glass DN, Prahalad S (2008) Familial
autoimmunity: maternal parent-of-origin effect in juvenile idiopathic arthritis.
Clin Rheumatol 27: 241-244.

7. Carroll WD, Lenney W, Child F, Strange RC, Jones PW, et al. (2005) Maternal
glutathione S-transferase GSTPI genotype is a specific predictor of phenotype in
children with asthma. Pediatr Allergy Immunol 16: 32-39.

8. McMahon EJ, Stine OC, Meyers DA, Simpson SG, DePaulo JR (1995) Patterns
of maternal transmission in bipolar affective disorder. Am J Hum Genet 56:
1277-1286.

9. Kornberg JR, Brown JL, Sadovnick AD, Remick RA, Keck PE Jr, et al. (2000)
Evaluating the parent-of-origin effect in bipolar affective disorder. Is a more
penetrant subtype transmitted paternally? J Affect Disord 59: 183-192.

10. Oudejans CB, Mulders J, Lachmeijer AM, van DM, Konst AA, et al. (2004) The
parent-of-origin effect of 10q22 in pre-eclamptic females coincides with two
regions clustered for genes with down-regulated expression in androgenetic
placentas. Mol Hum Reprod 10: 589-598.

I1. Sull JW, Liang KY, Hetmanski JB, Fallin MD, Ingersoll RG, et al. (2008)
Differential parental transmission of markers in RUNX2 among cleft case-parent
trios from four populations. Genet Epidemiol 32: 505-512.

12. Sull JW, Liang KY, Hetmanski JB, Wu T, Fallin MD, et al. (2009) Evidence that
TGFA influences risk to cleft lip with/without cleft palate through unconven-
tional genetic mechanisms. Hum Genet 126: 385-394.

o

PLOS ONE | www.plosone.org

Parent-of-Origin Specific Expression QTLs

was intersected with the filtered Affymetrix exons mapping to
known imprinted genes. The significance of enrichment was
calculated using a Hypergeometric distribution.

Supporting Information

Figure S1 Flowchart showing data filtering for SNP genotype
and Affymetrix data. After quality filtering for SNPs and probes,
680,475 SNPs and expression data from 92,167 probe sets were
utilized from the 59 CEU and YRI trios were used for ieQTL
analysis.

(TTF)

Table S1 Results for 30 putative 1eQTLs identified by cis-
association analysis of gene expression levels with maternal and
paternal alleles.

(XLS)

Table S$2 Results for 7 SNPs identified by comparison of
expression levels between reciprocal heterozygotes.
(XLS)

Table 83 Results for 42
Likelihood Ratio Test (LRT).
(XLSX)

cs-eQTLs identified using the

Acknowledgments

We thank Manisha Brahmachary and Audrey Guilmatre for valuable
comments and advice for this paper.

Author Contributions

Conceived and designed the experiments: PG CB AS. Performed the
experiments: PG. Analyzed the data: PG. Wrote the paper: PG AS CB.

13. Kong A, Steinthorsdottir V, Masson G, Thorleifsson G, Sulem P, et al. (2009)
Parental origin of sequence variants associated with complex diseases. Nature
462: 868-874.

14. Wallace C, Smyth DJ, Maisuria-Armer M, Walker NM, Todd JA, et al. (2010)
The imprinted DLRI-MEG3 gene region on chromosome 14¢32.2 alters
susceptibility to type 1 diabetes. Nat Genet 42: 68-71.

15. Nica AC, Parts L, Glass D, Nisbet J, Barrett A, et al. (2011) The architecture of
gene regulatory variation across multiple human tissues: the MuTHER study.
PLoS Genet 7: ¢1002003.

16. Stranger BE, Nica AC, Forrest MS, Dimas A, Bird CP, et al. (2007) Population
genomics of human gene expression. Nat Genet 10: 1217-1224.

17. Stranger BE, Forrest MS, Dunning M, Ingle CE, Beazley C, et al. (2007)
Relative impact of nucleotide and copy number variation on gene expression
phenotypes. Science 315: 848-853.

18. Montgomery SB, Sammeth M, Gutierrez-Arcelus M, Lach RP, Ingle C, et al.
(2010) Transcriptome genetics using second generation sequencing in a
Caucasian population. Nature 464: 773-777.

19. Pickrell JK, Marioni JC, Pai AA, Degner JF, Engelhardt BE, et al. (2010)
Understanding mechanisms underlying human gene expression variation with
RNA sequencing. Nature 464: 768-772.

20. Bell JT, Pai AA, Pickrell JK, Gaffney DJ, Pique-Regi R, et al. (2011) DNA
methylation patterns associate with genetic and gene expression variation in
HapMap cell lines. Genome Biol 12: R10.

21. Nicolae DL, Gamazon E, Zhang W, Duan S, Dolan ME, et al. (2010) Trait-
associated SNPs are more likely to be eQTLs: annotation to enhance discovery
from GWAS. PLoS Genet 6: ¢1000888.

22. Suazo J, Santos JL, Jara L, Blanco R (2010) Parent-of-origin effects for MSX7 in
a Chilean population with nonsyndromic cleft lip/palate. Am J Med Genet
Part A 152A: 2011-2016.

23. Franks S, Gharani N, McCarthy M (2001) Candidate genes in polycystic ovary
syndrome. Hum Reprod Update 7: 405-410.

24. Purcell S, Neale B, Todd-Brown K, Thomas L, Ferreira MAR, et al. (2007)
PLINK: a toolset for whole-genome association and population-based linkage
analyses. Am J] Hum Genet 81: 559-575.

25. Benyamin B, Visscher PM, McRae AF (2009) Family-based genome-wide
association studies. Pharmacogenomics 10: 181-190.

August 2012 | Volume 7 | Issue 8 | e41695



26.

28.

29.

30.

31.

Belonogova NM, Axenovich T1, Aulchenko YS (2010) A powerful genome-wide
feasible approach to detect parent-of-origin effects in studies of quantitative
traits. Eur ] Hum Genet 18: 379-384.

. Gertz J, Varley KE, Reddy TE, Bowling KM, Pauli F, et al. (2011) Analysis of

DNA methylation in a three-generation family reveals widespread genetic
influence on epigenetic regulation. PLoS Genet 7: ¢1002228.

Pollard KS, Serre D, Wang X, Tao H, Grundberg E, et al. (2008) A genome-
wide approach to identifying novel-imprinted genes. Human Genetics 122: 625
634.

Spencer CCA, Su Z, Donnelly P, Marchini J (2009) Designing genome-wide
association studies: Sample size, power, imputation, and the choice of
genotyping chip. PLoS Genet 5: ¢1000477.

Weinberg CR, Wilcox AJ, Lie RT (1998) A log-linear approach to case-parent-
triad data: assessing effects of disease genes that act either directly or through
maternal effects and that may be subject to parental imprinting. Am J Hum
Genet 62: 969-978.

Lau JC, Hanel ML, Wevrick R (2004) Tissue-specific and imprinted epigenetic
modifications of the human NDN gene. Nucl Acids Res 32: 3376-3382.

PLOS ONE | www.plosone.org

32.

33.

34.

36.

37.

Parent-of-Origin Specific Expression QTLs

Frost JM, Monk D, Stojilkovic-Mikic T, Woodfine K, Chitty LS, et al. (2010)
Evaluation of allelic expression of imprinted genes in adult human blood. PLoS
One 5: e13556.

Gerrits A, Li Y, Tesson BM, Bystrykh LV, Weersing E, et al. (2009) Expression
quantitative trait loci are highly sensitive to cellular differentiation state. PLoS
Genet 5: ¢1000692.

Frazer KA, Ballinger DG, Cox DR, Hinds DA, Stuve LL, et al. (2007) A second
generation human haplotype map of over 3.1 million SNPs. Nature 449: 851
861.

. Zhang W, Duan S, Bleibel WK, Wisel SA, Huang RS, et al. (2009) Identification

of common genetic variants that account for transcript isoform variation
between human populations. Hum Genet 125: 81-93.

Stranger BE, Forrest MS, Clark AG, Minichiello MJ, Deutsch S, et al. (2005)
Genome-wide associations of gene expression variation in humans. PLoS Genet
1: e78.

Duggal P, Gillanders EM, Holmes TN, Bailey-Wilson JE (2008) Establishing an
adjusted p-value threshold to control the family-wide type 1 error in genome
wide association studies. BMC Genomics 9: 516.

August 2012 | Volume 7 | Issue 8 | e41695



