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Allelic variation of gene expression is common in humans, and is of interest because of its potential contribution to
variation in heritable traits. To identify human genes with allelic expression differences, we genotype DNA and
examine mRNA isolated from the white blood cells of 12 unrelated individuals using oligonucleotide arrays
containing 8406 exonic SNPs. Of the exonic SNPs, 1983, located in 1389 genes, are both expressed in the white blood
cells and heterozygous in at least one of the 12 individuals, and thus can be examined for differential allelic
expression. Of the 1389 genes, 731 (53%) show allele expression differences in at least one individual. To gain insight
into the regulatory mechanisms governing allelic expression differences, we analyze a set of 60 genes containing
exonic SNPs that are heterozygous in three or more samples, and for which all heterozygotes display differential
expression. We find three patterns of allelic expression, suggesting different underlying regulatory mechanisms.
Exonic SNPs in three of the 60 genes are monoallelically expressed in the human white blood cells, and when
examined in families show expression of only the maternal copy, consistent with regulation by imprinting.
Approximately one-third of the genes have the same allele expressed more highly in all heterozygotes, suggesting
that their regulation is predominantly influenced by cis-elements in strong linkage disequilibrium with the assayed
exonic SNP. The remaining two-thirds of the genes have different alleles expressed more highly in different
heterozygotes, suggesting that their expression differences are influenced by factors not in strong linkage
disequilibrium with the assayed exonic SNP.

[Supplemental material is available online at www.genome.org.]

The correlations between DNA variation and human phenotypic
differences, such as height, weight, and susceptibility to certain
diseases, are not well understood. While there is evidence that
both coding (Koschinsky et al. 2001; Kim et al. 2003; Fondon III
and Garner 2004) and regulatory (Prokunina et al. 2002;
Tokuhiro et al. 2003) polymorphisms contribute to the observed
variation in complex human traits, their relative contributions
remain to be determined. Expression differences between alleles
of the same gene have been observed in several species, including
humans (Yan et al. 2002; Bray et al. 2003; Lo et al. 2003; Schadt
et al. 2003; Pastinen et al. 2004), rats (Hubner et al. 2005), mice
(Cowles et al. 2002; Schadt et al. 2003; Doss et al. 2005; Oliver et
al. 2005), maize (Schadt et al. 2003), and yeast (Brem et al. 2002;
Ronald et al. 2005), by comparing the relative abundance of
mRNA transcripts isolated from cells obtained from normal in-
dividuals. Natural variation in the expression levels of many
genes shows familial aggregation in humans (Cheung et al. 2003;
Lo et al. 2003; Schadt et al. 2003; Morley et al. 2004) and simple
segregation patterns in yeast (Brem et al. 2002), suggesting that a
significant fraction of allelic expression differences are hereditary
in nature. Differential allelic expression is of interest because of
the possibility that the differences contribute to phenotypic
variation between individuals.

Oligonucleotide arrays have been used previously to screen
genes for allele-specific expression in yeast (Ronald et al. 2005)
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and humans (Lo et al. 2003). In these studies, the relative expres-
sion levels of the two alleles are determined by examining mRNA
isolated from individuals who are heterozygous for an exonic
single nucleotide polymorphism (SNP) in the gene. In the human
study, Lo et al. (2003) used the Affymetrix HuSNP array, which
contains 1063 exonic SNPs. Studies using the same methodology
but other technologies have either focused on individual SNPs
(Prokunina et al. 2002; Tokuhiro et al. 2003; Knight et al. 2004),
or been limited to tens or hundreds of exonic SNPs (Yan et al.
2002; Lo et al. 2003; Pastinen et al. 2004; Ronald et al. 2005). Our
work describes an oligonucleotide array specifically designed to
analyze 8406 exonic SNPs in 4102 genes, which corresponds to
~20% of all human genes (International Human Genome Se-
quencing Consortium 2004), for differential allelic expression.
Use of this oligonucleotide array in combination with our experi-
mental and analytical techniques provides an effective tool for
identifying differentially expressed exonic SNP alleles.

Results

Genome-wide allelic expression analysis in human white
blood cells

We performed a genome-wide analysis to determine the preva-
lence and characteristics of allele-specific expression in human
white blood cells. DNA and RNA were extracted from the white
blood cells of 12 unrelated individuals chosen at random from
the Stanford Blood Center. High-density oligonucleotide arrays
were designed to assay the allele-specific expression of 8406 ex-
onic SNPs, in 4102 genes, in each of the individuals in a high-
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Figure 1. Layout of the high-density oligonucleotide arrays used for differential allelic expression

analysis. (A) Each exonic SNP is interrogated by 80 distinct probes (25-mers), which consist of four sets
of 20 features, corresponding to the forward and reverse strands of the reference and alternate SNP
alleles (the set corresponding to the reverse strand of the reference allele is shaded). Each set of 20
features consists of five groups of four features. The five groups vary by their relationship to the position
of the SNP, with the center of the 25-bp features being offset by —2, —1, 0, 1, or 2 bases from the
SNP. The four features within a group differ only at the central nucleotide position to provide one
perfect match probe and three mismatch probes. The arrangement of these four features in squares on
the arrays is shown with the indicated nucleotides being those at the center position of each probe.
Note that at the 0-offset position, the central nucleotide is also the SNP, meaning that the features tiled
for the reference allele are identical to those tiled for the alternate allele. This results in an additional
perfect match feature for the reference allele, bringing the total number of perfect match features to
six. (B) Fluorescence images of identical arrays hybridized to three different DNA samples, the first
homozygous for the reference SNP allele (GG), the second heterozygous (GA), and the third homo-
zygous for the alternate allele (AA). (C) The sequences of the five perfect match probes for the set of
20 features corresponding to the reverse strand of the reference SNP allele (left) and the five perfect
match probes for the set of 20 features corresponding to the reverse strand of the alternate allele (right)
for the particular SNP being queried in B. The SNP alleles are shown in bold.

throughput manner. The arrays are generated by the tiling of
25-bp oligonucleotide probes, such that each SNP is queried by
80 distinct 25-bp probes (Fig. 1). Genomic DNA and cDNA
samples from the same individual were amplified with PCR prim-
ers specific for intervals surrounding each SNP. The PCR products
were then labeled, and hybridized to the high-density oligo-
nucleotide arrays. We extracted the fluorescence intensities for
all 80 probes corresponding to each SNP allele, and estimated the
concentration of each allele in the DNA and cDNA samples. We
then used the estimates to genotype the SNPs in each genomic
DNA sample and to quantify the ratio of reference to alternate
SNP alleles in the cDNA samples. Each experiment was per-
formed in duplicate, with a total of four arrays being hybridized
for each individual (two hybridized with ¢cDNA and two with
genomic DNA).

Exonic SNPs were considered to be expressed in white blood
cells if transcripts were detected in at least nine of the 12 indi-
viduals examined, and were considered to be differentially ex-
pressed if the allele frequency fold ratio (reference allele/alternate
allele) in heterozygotes was =1.5 or =0.67 (i.e., the apparent
reference allele frequency in the RNA, P, was =0.6 or =0.4 ) (Fig.
2A). Of the 8406 exonic SNPs examined, 3349 were expressed in
the white blood cells, and 1983 of these were heterozygous in at
least one individual and could therefore be examined for differ-
ential expression (Table 1). The 1983 heterozygous exonic SNPs

44‘4&
tcttgcatggecaccAccgecggecagacactyg
agaacgttcegtggTggecggecggtetgtgac

agaacgttccgtggTggcggccggtetg -2 Alt R
gaacgttcegtggTggcggecggtetgt -1 Alt R
aacgttccgtggTggcggcecggtcectgtyg 0 Alt R
R

R

(http://www.ncbi.nlm.nih.gov/RefSeq).
More than 50% of the 1389 assayable
genes showed differential allelic expres-
sion in at least one individual. The false-
positive and false-discovery rates are de-
pendent on the fold-ratio threshold used
for defining alleles as differentially ex-
pressed. For the fold ratio used in this
study, =1.5, we estimate the rate of false-
positive differential expression in the
heterozygote data as 2.5%, and the false-
discovery rate as 11.6%. Increasing the
fold-ratio threshold from =1.5 to =2.0
would decrease the estimated false-
discovery rate by ~50%, whereas decreas-
ing the fold-ratio threshold to =1.2
would substantially increase the esti-
mated false-discovery rate.

The allelic expression data for each
of the 1983 exonic SNPs are shown in
Supplemental Table 1, with data for 13
exonic SNPs specifically discussed in this
manuscript shown in Table 2. In these
tables we provide the allele frequency
fold ratios for each of the heterozygotes.
On average, each individual had 502
heterozygous exonic SNPs, and of these,
22% were differentially expressed (Table
3). We report fold ratios that fall be-
tween 0.1 and 10, but because of limita-
tions on the technology’s ability to reli-
ably determine extreme fold ratios, we
report the rest as either =10 or =0.1. As
an example of the distribution of allele frequencies for expressed
genes in an individual, Figure 2A shows the RNA reference allele
frequencies plotted against DNA reference allele frequencies for
all the exonic SNPs for individual #9.

Validation

To validate our approach for studying allelic expression differ-
ences, we first examined the reproducibility of the observed dif-
ferences between RNA preparations isolated from the same cells
at different times as well as the effect of varying input cDNA
concentration in the PCR reaction. Independently isolated RNA
preparations were assayed using the high-density oligonucleo-
tide arrays, and a regression of the resulting SNP data had an R?
of 0.98. Additionally, a regression of the SNP data obtained by
varying input ¢cDNA concentrations between 0.4 ng/uL and 2
ng/pL into the PCR reaction had an R? of 0.99. These data suggest
that our sample preparation methodology contributes surpris-
ingly little to the observed allelic differences, and that the data
obtained for a given SNP are highly reproducible.

We next examined the consistency of allelic expression es-
timates across multiple informative SNPs within the same gene
and individual. There were 1321 such pairwise comparisons, and
when the 1.5-fold allele frequency ratio threshold was used to
define differentially expressed alleles, 1001 (75.8%) of them
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As a final validation of the array
methodology, we compared our allelic

@ expression results with those obtained
1 by real-time PCR analysis for seven ran-
- domly chosen exonic SNPs, for a total of

22 comparisons (Table 4). When using
8 the 1.5-fold allele frequency ratio cutoff
to define differentially expressed alleles,
1 the results of the two technologies
. agreed 82% of the time. In 13 of the

comparisons the exonic SNP alleles dif-
& ferentially expressed in the array analy-

sis also showed differential expression
1 by real-time PCR, in five comparisons
exonic SNP alleles showed nearly equal
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agreed. Given that 19.5% (22% observed — 2.5% false-positive
rate) of the exonic SNPs are estimated to be differentially ex-
pressed, 68.6% of the SNP pairs are expected to agree by chance.
Thus, the observed number of SNP pairs in agreement is greater
than that expected by chance but low considering the high re-
producibility of the allelic expression results observed for a given
SNP. We decided to analyze the concordance of SNP pairs as a
function of distance to determine if SNP pairs in close proximity
to each other on the mRNA transcript were more likely to agree
with each other than those spaced farther apart. This analysis was
performed using Ap, the estimated magnitude of the difference
between the reference allele frequencies in the cDNA sample and
the DNA sample (see Methods and Supplemental Fig. 1), to avoid
dependence on a particular choice of threshold for differential
expression. The Pearson’s correlation (R) between Ap estimates
for the entire set of 1321 SNP pairs was 0.26 (P =3.0 X 10~ ??).
However, the 207 SNP pairs separated by <200 bp had an R of
0.44 (P =4.7 x 10~ '"), and the 260 SNP pairs separated by <300
bp had an R of 0.42 (P=2.1 X 107 '?). Thus, SNP pairs with
shorter distances between them in the transcript are much more
likely to have similar differential expression fold-ratio values
than SNP pairs spaced farther apart. This is
likely due to many reasons, including that
differentially regulated splice variants and

Allele Frequency

Expression differences between exonic SNP alleles. SNP alleles that are heterozygous in an
individual (those with a DNA reference allele frequency of 0.5) are considered differentially expressed
when the reference allele in mRNA has a frequency of =0.4 or =0.6 (white background), which
corresponds to an allele ratio of =1.5. (A) DNA and RNA reference allele frequencies for exonic SNPs
for individual 9. In this individual, there were 591 heterozygous exonic SNPs, and 108 (18%) of these
were differentially expressed. (B) Heterozygous SNP alleles display three distinct expression patterns in
the 12 unrelated individuals: monoallelic expression for ss24225694 in ZNF463; differential expression
with the same allele expressed at a higher level in each heterozygous individual for ss24290540 in
FLJ21069 and ss23668266 in Clorf38; and inconsistent favoring of alleles for ss24515622 in

expression in both techniques, and in
four comparisons the techniques dis-
agreed. For two of the four comparisons
with results that disagreed, the fold ra-
tios were in the correct direction and
close in value, but the 1.5-fold threshold
for differential expression was only
reached using one of the technologies.
Thus, the two technologies were signifi-
cantly discrepant in only two of the 22
comparisons. Linear regression on the
log fold ratios from the two techniques
gave a correlation coefficient R* of 0.707
(P=9.3 X 10~ 7). Thus, while they correlated well in terms of
their ability to identify differentially expressed genes, the fold
ratios provided by the two technologies matched less closely.

These validation data show that when we determine that
exonic SNP alleles are differentially expressed, those results are
reproducible both between replicates on the array platform and
across different platforms. The exact fold ratios of differential
expression for exonic SNPs are not consistent across platforms,
suggesting that they are not accurately determined by our assay.
Additionally, our assay appears to detect differential expression
of different exonic SNPs with varying sensitivity.

Allele Frequency

Allelic expression patterns reveal underlying molecular
regulatory mechanisms

To gain insights into the underlying regulatory mechanisms re-
sponsible for allelic expression differences, we focused on the
most highly informative exonic SNPs: those that are heterozy-
gous in three or more samples and for which all heterozygotes
display differential expression. In order not to exclude exonic
SNPs that were differentially expressed in all individuals from

incorrect gene annotations are more likely
to result in disagreements between SNPs

spaced farther apart than those in close
proximity. Therefore, the finding that SNP
pairs in the same gene within the same in-

Table 1. Number of exonic SNPs and genes that are differentially expressed in at least
one of the 12 samples
Differentially
Assayed? Expressed® Heterozygous®© expressed?
Number of RefSeq SNPs 8406 3349 1983 895 (45%)
Number of RefSeq genes 4102 2035 1389 731 (53%)

dividual have relatively low agreement,
75.8%, is in part explained by biological
reasons, but also suggests that our assay de-
tects differential expression of different ex-

onic SNPs with varying sensitivity. least one individual.

“The number of working assays.

PExpressed in at least nine individuals.

“Expressed in at least nine individuals and heterozygous in at least one individual.

9Expressed, heterozygous SNPs and genes that are differentially expressed (allele ratio =1.5) in at
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Table 2. Ratio of reference allele frequency to alternate allele frequency in heterozygous samples®

Locus name® Perlegen ssID°  1Ind. 1 Ind.2  Ind.3 Ind4 Ind.5 Ind.6 Ind.7 Ind 8 Ind.9 Ind. 10 Ind. 11 1Ind. 12
C1orf38 23668266 1766 r a 2113 1.656 1.754 1.699 1473 r r 1.608 1.735
D21S2056E 24515622 2171 a 1.563 0.348 a 2.023 0.292
FLJ21069 24290540 2894 r r 4258 a r r 3.244 2868 r 3.14 5.049
FLJ33071 23480954 <01 f £ a r r <01 r r r r <01
FLJ33071 24480254 a a a a a <0.1 a a 01 a r a
MS4A7 23604831 0518 a 0764 0403 a a 0.357 0.533 0517 a a

PRIM2A 38338836 r r 210 f 210 r r 210 r 210 r
ZNF463 23813114 r r r r r r r r r <01 r r
ZNF463 23813115 i r r r r r r T <01 r r
ZNF463 24225694 210 a 210 r <01 a <01 <01 a a a a
ZNF463 24225691 a r 0.99 0213 r a r a r a a r
ZNF463 24719563 r r r r r 2504 r a

ZNF463 38338978 r r r 1877 _r r a r a a

Data are shown for genes discussed in the text.

“The fold ratio of reference allele frequency/alternate allele frequency is given for heterozygotes that pass quality control filters. Blank cells indicate that
data did not pass quality control filters. Fold ratios for differentially expressed SNPs (=1.5) are shown as bold and red. Owing to limits of technology,
we describe extreme ratios as =10 or =0.1. r = homozygous reference allele. a = homozygous alternate allele.

®The gene nomenclature used throughout the publication is from NCBI’s Build 34.1 of the human genome.

“SNP identifiers used by NCBI’s dbSNP for SNPs submited by Perlegen.

consideration just because they missed the fold-ratio cutoff of
=1.5 in some expressing heterozygotes, we relaxed our criteria to
include those with fold ratios of =1.3. This allowed us to include
exonic SNPs such as ss23604831 in MS4A7, which had a clear
pattern of differential expression in all six heterozygotes, but a
fold ratio in one individual (#3) that did not reach the =1.5
threshold (Table 2). A total of 61 differentially expressed exonic
SNPs located in 61 genes were used to identify allele-specific ex-
pression trends because they met the following criteria: allele
expression fold ratios of =1.3 in all heterozygotes, with at least
one individual having a fold ratio of =1.5.

Examining the differential expression of the 61 exonic SNPs,
we observed three distinct patterns: (1) monoallelic expression
(defined here as a fold ratio of =0.1 or =10) in each of the ex-

Table 3. Number of SNPs and genes that are differentially
expressed in each individual

SNPs Genes
Heterozygous  No. of  differentially differentially
Individual SNPs genes®®  expressed®c  expressed®©
1 495 422 125 17
2 524 430 96 92
3 478 395 111 108
4 421 368 139 133
5 498 412 128 125
6 419 359 81 80
7 504 418 110 105
8 587 480 101 94
9 591 474 108 101
10 477 400 90 86
11 569 463 119 113
12 466 391 119 109
Average 502 418 111 (22%) 105 (25%)

Only SNPs and genes expressed in nine or more individuals are consid-
ered.

2Genes containing at least one heterozygous SNP.

PSNPs and genes do not map 1 to 1. A small number of SNPs map to
more than one gene, and many genes contain more than one SNP.
“Number of SNPs and genes with an allele ratio =1.5 in the indicated
individual.

pressing heterozygotes; (2) differential expression (not monoal-
lelic) in each of the expressing heterozygotes, with the same al-
lele being expressed at higher levels in each heterozygote; and (3)
differential expression in each of the heterozygotes, with differ-
ent alleles being expressed at higher levels in different heterozy-
gotes. Data from one SNP, 5524102685 in MS4A6E, were rejected
because of the apparent detection of the reference SNP allele in
individuals homozygous for the alternate allele SNP (Supplemen-
tal Table 2), bringing the number of genes being analyzed to 60
(Supplemental Table 3).

Exonic SNPs in three of the 60 genes (5%) showed monoal-
lelic expression in each of the expressing heterozygotes,
$523480954 in FLJ33071, ss38338836 in PRIM2A, and $s24225694
in ZNF463 (Fig. 2B), with data from three, four, and five hetero-
zygotes respectively (Table 2). Monoallelic expression is consis-
tent with genomic imprinting, an epigenetic phenomenon in
which the expression of alleles is dependent on their parental
origin, and generally results in the silencing of one allele
(Wrzeska and Rejduch 2004; Wilkins 20035). Because it is the pa-
rental origin of an allele, rather than the allele itself, that deter-
mines which allele will be expressed in progeny, a characteristic
of imprinted genes is random favoring of alleles in unrelated
individuals, as seen with ss24225694 in ZNF463 (Fig. 2B). Below
we describe additional experimental evidence that is also consis-
tent with the regulation of FLJ33071, PRIM2A, and ZNF463 by
genomic imprinting.

Assuming that exonic SNP alleles in mRNA isolated from the
white blood cells of a single individual have been exposed to the
same frans-acting factors, any expression variation seen between
alleles using our approach must involve cis-acting factor(s),
whether or not trans-factors are also involved. We propose that
non-monoallelically expressed genes that consistently express a
particular allele at a higher level than the other are likely to be
regulated primarily by cis-factors in strong linkage disequilibrium
with the assayed exonic SNP. Of the 57 exonic SNPs that did not
show monoallelic expression, 31 are in genes that were differen-
tially expressed with the same allele favored in each of the ex-
pressing heterozygotes. These include genes such as Clorf38
and FLJ21069, which were differentially expressed in each of
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Table 4. Ratio of reference allele frequency to alternative allele frequency® as measured by array hybridization and real-time PCR"

Reference allele frequency/alternate allele frequency®
Comparison 1 Comparison 2 Comparison 3 Comparison 4 Comparison §
Perlepen . Real— Real- Real- Rea!- Real-
Gene ssID® Array tlmef Array  time Array time Array  time Array  time
PCR PCR PCR PCR PCR
MAPK13 38338830 1.07 1.00 0.17 1.22 0.33 0.38 0.87 0.92 0.83 092
PLCBI 24544187 1.59 1.44 1.94 1.56 0.63 0.82 1.00 1.38 2.68 5.00
KRTI 23957083 | =10 9.50 1.16 4.56 =210 8.10 =10  3.00
PRIM2A 38338836 | =10 5.92 =10 =10 210 =10 210 =10
MTSGI 38338997 0.78 117 1.98 2.33
EXO1¢ 23693750 | =10 =10
TG 24479539 | =210 2.00

“Differentially expressed SNPs (=1.5) are shown as bold and red.

“Linear regression on the ratios from the two methods gave a correlation coefficient, R?, of 0.707 (P = 9.317 x 1077).
“The comparisons were made in samples that were heterozygous for the exonic SNPs of each of the listed genes. Thus, the specific samples assayed for

each gene varied.
4SNP identifiers used by NCBI’s dbSNP for SNPs submitted by Perlegen.

°Estimated ratio of reference allele frequency to alternate allele frequency based on Ap from oligonucleotide array analysis, as described in Methods.
‘Estimated ratio of reference allele frequency to alternate allele frequency based on AC, (C, of reference allele — C, of alternate allele) from real-time PCR
experiments. Frequency (reference) = 1/(1 + 2EAC)), as described by Germer et al. (2000).

9These SNPs are not listed in Supplemental Tables 1 or 2 because they were not expressed in at least nine individuals.

eight and six expressing heterozygotes, respectively (Table 2; Fig.
2B).

The number of exonic SNP alleles expected to have the same
allele consistently expressed more highly by chance alone varies
with the number of heterozygotes expressing the exonic SNP. For
example, the chances of having five or more heterozygotes fa-
voring the same allele are substantially lower than the chances of
having only three heterozygotes favoring the same allele. The
results show that the 31 exonic SNPs observed with this allele-
specific expression pattern is much higher than the ~12 expected
by chance (Table 5), and suggests that the observed differential
allelic expression of roughly 19 of the corresponding genes (32%)
is due to underlying cis-regulatory polymorphisms in strong link-
age disequilibrium with the exonic SNP. The 31 genes showing

Table 5. Differentially expressed exonic SNPs regulated by
variants in linkage disequilibrium

No. of Exonic SNPs favoring
No. of differentially expression of one
heterozygous expressed SNPs allele® (not imprinted)
samples (from (allele ratio >1.3
total of 12 in all heterozygous No. No. expected
individuals) samples)?® observed by chance
3 34 18 8.50
4 12 6 1.50
5 7 3 0.44
6 3 3 0.09
7 0 0 0.00
8 1 1 0.01
Total 57 31¢ 11.54

“Allele ratio =1.5 in at least one sample, allele ratio =1.3 in all hetero-
zygous samples.

PExonic SNPs for which the same allele is expressed higher in each of the
heterozygous samples, excluding the three genes we consider likely to be
regulated by imprinting.

“The 31 genes containing these 31 exonic SNPs are listed in Supplemen-
tal Table 4.

potential allele-specific expression are uniformly distributed
across the genome, with no bias toward specific chromosomal
locations (Supplemental Table 4).

Genes with allelic expression differences influenced by regu-
latory factors not in strong linkage disequilibrium with the as-
sayed exonic SNP would be expected to have different alleles
expressed at higher levels in different heterozygotes. An example
of this is exonic SNP $s24515622 in the D21S2056E gene, which
was expressed in five heterozygotes (Table 2; Fig. 2B). For this
exonic SNP, all five heterozygotes met the =1.5 threshold for
differential expression, with one allele favored in three of the
heterozygotes and the other allele favored in the remaining two.
A total of 26 of the 60 genes examined displayed similar incon-
sistent favoring of alleles and 12 of the ones displaying allele-
specific expression are expected to do so by chance. Thus of the
60 examined genes, the observed allelic expression differences of
38 (63%) are likely to be influenced by factors not in strong
linkage disequilibrium with the assayed exonic SNP.

Candidate genes for regulation by genomic imprinting

We experimentally examined the inheritance patterns of
FLJ33071, PRIM2A, and ZNF463 to further investigate whether or
not their expression is consistent with imprinting. Children het-
erozygous for the monoallelically expressed exonic SNPs of the
three genes were identified from two large CEPH families, pedi-
grees 1344 and 1362 from the Coriell Institute for Medical Re-
search (http://locus.umdnj.edu/ccr/) (Table 6). We obtained lym-
phoblast cell lines for each of the children who were heterozy-
gous for at least one exonic SNP, isolated mRNA, and determined
the extent of differential allelic expression using real-time PCR.

For FLJ33071, the maternally inherited allele of exonic SNP
$s24480254 was predominantly expressed over the other allele in
all heterozygous children in both pedigrees: the G SNP allele in
pedigree 1344 and the A SNP allele in pedigree 1362. Addition-
ally, there is a second exonic SNP (ss24480254) in FL/33071 that
was monoallelically expressed in two of the 12 unrelated white
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Table 6. Analysis of candidate imprinted genes in CEPH families

PRIM2A, and ZNF463. Although

our data strongly suggest that the

CEPH Genotypes of parents Genotypes of . :
Perlegen pedigree heterozygous Allele expression of .thes§ t}.uee.genes.ls
Gene ssID® number Father Mother children ratio>  regulated by imprinting in white
blood cells, it is important to note
FLJ33071 24480254 1344 AA AG AG 0.22  that definitive validation would re-
Ref allele = A ﬁg 855 quire the observation of parental
AG 0.22 inheritance of allele expression in
1362 GG AA AG =10 at least three generations in large
AG =10 families, with switching of ex-
AG =10 pressed alleles in different genera-
AG =10 . d d h 1
AG =10 th'Il.S, ependent on the parenta
AG =10 origin.
PRIM2A 38338836 1344 TA AA AT =0.1
Ref allele =T AT =0.1 Discussion
AT =0.1
1362 T AA AT =0.1 We have analyzed the genetic basis
AT =01 of allel ifi ion diff
AT =01 of allele-specific expression differ-
AT =0.1 ences in human white blood cells
AT =0.1 by comparing the relative levels of
AT =0.1 exonic SNP alleles within mRNA
ZNF463 24225694 1344 GG GG None None  samples isolated from unrelated in-
Ref allele = A 1362 AG GG AG =0.1 dividuals. Of the 60 genes classified
AG =0.1 " on the basis of their differential al-
=
22 58] lelic expression patterns, approxi-
AG =0.1 mately one-third are likely to be

regulated predominantly by cis-

2SNP identifiers used by NCBI’s dbSNP for SNPs submitted by Perlegen.
PRatio of reference allele frequency/alternate allele frequency.

blood cell samples (Table 2). These data are consistent with the
regulation of FLJ33071 by imprinting, with the expressed allele
being inherited maternally.

For the PRIM2A exonic SNP ss38338836, the maternally de-
rived allele (A) was monoallelically expressed in all heterozygous
children in both pedigrees. Thus, the gene is monoallelically ex-
pressed in both the 12 original white blood cell samples and the
two CEPH pedigrees. Consistent with imprinting as the regula-
tory mechanism governing expression, the exonic SNP alleles in
the PRIM2A gene are randomly favored: in the two CEPH pedi-
grees, the A SNP allele is expressed (Table 6), and in the white
blood cell samples, the T SNP allele is expressed.

For ZNF463, the maternally derived allele for exonic SNP
$s24225694 was monoallelically expressed in all five heterozy-
gous children in pedigree 1362. Pedigree 1344 had no heterozy-
gous children and thus provided no information. In the 12 un-
related individuals, monoallelic expression of this SNP allele is
randomly favored (Fig. 2B), which is consistent with imprinting.
Two additional ZNF463 SNPs (ss23813114 and ss23813115), in
the same exon as SNP 5524225694, also display monoallelic ex-
pression in heterozygous individuals (Table 2). However, unlike
these three monoallelically expressed SNPs, which are all in the
3'-exon of the gene, three SNPs (ss24225691, s524719563, and
$s38338978) in the 5’-untranslated region of ZNF463 have bial-
lelic expression in the white blood cell samples (Table 2). Deter-
mining the reason for this discrepancy would require further in-
vestigation. However, plausible explanations include the pres-
ence of alternative or multiple transcripts in the ZNF463
genomic interval that have not yet been identified and anno-
tated.

There are no previous reports of imprinting for FL/33071,

elements in strong linkage disequi-

librium with the assayed exonic

SNP, and two-thirds are likely to

have their regulation strongly influ-
enced by elements not in linkage disequilibrium with the assayed
exonic SNP. Our expression data suggesting that three out of the
60 genes are regulated by imprinting in human white blood cells
is surprising, given that there are only ~50 human genes with
evidence of imprinting and parent-of-origin effects in the Im-
printed Gene Catalogue (http://igc.otago.ac.nz/home.html), and
it has generally been thought that the number of imprinted
genes in mammals is low. Our results suggest that experiments
using exonic SNPs for genotyping and expression analysis across
multiple tissues at different developmental stages may result in
the identification of many more genes regulated by genomic im-
printing.

Methods

Exonic SNP selection and primer design

From a genome-wide collection of human single nucleotide poly-
morphisms (SNPs) discovered in an independent study by Perle-
gen Sciences (Hinds et al. 2005), we identified SNPs that were
located within annotated RefSeq gene transcripts (NCBI Build
34.1). For inclusion in the study, these exonic SNPs were required
to map to a single location in the human genome. Furthermore,
the exonic SNPs were required to be >25 nt away from an intron—
exon boundary, so that they could be amplified from both DNA
and cDNA samples using a single set of PCR primer pairs. Primers
were designed using Oligo 6 (Molecular Biology Insights), and
fulfilled the following requirements: the amplicon was 50 to 200
bp in length; the PCR primers were between 17 and 22 nucleo-
tides in length; and the primer pairs were unique in the human
genome, based on a BLAST analysis, to ensure specific hybridiza-
tion. Primer pairs were successfully designed for 8406 exonic
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SNPs that met the above requirements. The SNPs were located in
4102 RefSeq genes.

Calculation of p: Estimation of reference and alternate SNP
allele frequencies

Oligonucleotides designed to assay the 8406 exonic SNPs were
tiled on high-density arrays. The arrays were designed such that
each SNP was interrogated by 80 distinct 25-bp probes (features),
as shown in Figure 1. The fluorescence intensities of the reference
and alternate perfect-match features on an array correlate with
the concentration of the corresponding SNP allele in the DNA or
c¢DNA sample. In heterozygous genomic DNA samples, the two
alleles of an SNP are present in equal concentrations, but in het-
erozygous cDNA samples, allelic expression differences can lead
to different concentrations of the two SNP alleles. We estimated
the allele frequency in the samples, p, as the background adjusted
proportion of the reference allele intensity in the total (reference
allele plus alternate allele) intensity. f was computed from ratios
of trimmed means of intensities of the perfect-match (PM) fea-
tures, after subtracting a measure of background computed from
trimmed means of intensities of the mismatch (MM) features
(Hinds et al. 2004a,b).

IPM,Ref = I

(jPM,Ref— Lung) + Upag, aze — jMM)

where

L = 1 (Inng, Ref pwa + Inang,refrev + Ivang, ate pwa + Inang, At Rev)
IPM,Ref: E (IPM,Ref,Fwd + IPM,Ref;Rev)

Tppgaie = 2 (Ipat, att, Fwa + Ipng, ast, Rev)

The I terms denote trimmed mean intensities for a set of
features identified by the subscript. For example, Ip\ pef rwa i the
trimmed mean intensity for perfect-match probes for the forward
strand of the reference allele of the SNP. The trimmed means are
arithmetic means of the intensity measurements calculated after
discarding the highest and lowest 25% of values. As the arrays
contain six perfect match features for each strand of each allele
(e.g., the forward strand of the reference allele), this is achieved
by sorting on the basis of intensity, discarding the highest and
lowest intensity measurements, and giving the next highest and
lowest intensity measurements half-weight. Thus, the corre-
sponding trimmed mean intensity is obtained as:

1/1

Tporg refpwa = 3 (E Ipag refrwa,2 + Ipna,Refpwd,3 + Ipmref,Fwd, 4

1
+ 2 IPM,Re/;Fwd,s),

where the numeric subscripts 2-5 indicate the intensity-ordered
rank of each measurement within the set of six perfect-match
probes. This estimate of ) was used to determine genotypes in the
DNA samples and differential allelic expression in the RNA
samples, as discussed below.

Quality control filters for SNP assays

We used two quality control metrics (Hinds et al. 2004a,b, 2005)
to assess the reliability of the intensity measurements for each
SNP in array scans performed both for the determination of dip-
loid genotypes in DNA samples and for the determination of

allele frequency in cDNA samples. The first metric, “conform-
ance,” indicates the presence of specific target DNAs or cDNAs
for that SNP. The second metric, “signal-to-background ratio,”
measures the relative amounts of specific and nonspecific bind-
ing. Cutoffs were applied to both of the metrics, and SNP feature
sets that failed on either metric were discarded from further
analysis (see below). Multiple previous experiments have shown
that the use of these filters leads to high-quality data.

The conformance for a particular allele was defined as the
fraction of feature groups in which the perfect-match feature was
brighter than the three corresponding mismatch features. For
each SNP allele, there are 10 such feature groups, five for the
forward strand and five for the reverse strand. Conformance was
computed independently for the reference and alternate SNP al-
lele feature sets, and the larger of the two values was used. SNP
measurements having conformance <0.9 were discarded from
further evaluations.

The signal S, the background B, and the signal-to-
background ratio R were calculated from intensity measurements
for both alleles in the following manner:

A /52 72

§= Tong e+ Iom,ane
A /72 72

B= v rep + Iy, ane

R=5/B

SNP measurements having R < 1.5 were discarded from fur-
ther evaluations.

Determination of genotypes in DNA samples by
clustering intensities

Individual genotypes for each SNP were determined by clustering
the intensity measurements of all 24 DNA samples (12 individu-
als x 2 replicates), in the two-dimensional space defined by
background-adjusted trimmed mean intensities of the perfect-
match features for the reference and alternate alleles (Hinds et al.
2004a,b, 2005). After discarding SNP measurements with con-
formance <0.9 and signal-to-background ratio <1.5, we used a
K-means algorithm to assign the measurements to clusters rep-
resenting the three possible distinct diploid genotypes, homozy-
gous-reference, heterozygous, and homozygous-alternate. In-
stead of estimating the background intensity from a single scan,
we determined an optimal background value for each SNP that
minimized the variance within the assigned genotype clusters.
The K-means and background optimization steps were iterated
until cluster membership and background estimates converged.
To determine the appropriate number of genotype clusters, we
repeated the analysis for one, two, and three clusters, and se-
lected the most likely solution, considering likelihoods of the
data and the cluster parameters. The data likelihood was deter-
mined using a normal mixture model for the distribution of in-
tensities around the cluster means. The model likelihood was
calculated using a prior distribution of expected positions for the
homozygous-reference, heterozygous, and homozygous-
alternate cluster centers, based on empirical data from multiple
previous studies.

Determination of differential allelic expression using arrays

We computed a single p,n, value for each of the three genotypes
(Pr,onar Prpnas Pa,pna) Dy averaging the pry, values across all
the DNA samples that were homozygous-reference, heterozy-
gous, and homozygous-alternate, respectively. pr pna, Prpnas
and p, pna corresponded to reference allele frequencies of 1.0,
0.5, and 0.0, respectively. Owing to differential allelic expression
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in cDNA samples, the estimated reference SNP allele frequency
Peona, calculated by averaging across cDNA replicates, could
range from O to 1 in heterozygotes. We calculated the reference
SNP allele frequency p.,na in a given cDNA sample by linearly
interpolating between the calculated values (fr pnas Pr,pnas
Papna) and the known corresponding reference SNP allele fre-
quencies (1.0, 0.5, 0.0), respectively (Supplemental Fig. 1).
Thus, when the p.na Value for a heterozygous SNP lay be-
tween Py pna and Py pna (or when no sample was typed as ho-
mozygous for the alternate allele), the frequency of the reference
allele transcript in the cDNA sample, p.na, Was determined as:

Peona — 0.5 _ DPeona = Pr,pna
1-0.5

N ﬁR,DNA - pH,DNA

ﬁ(‘DNA - ﬁH,DNA
Peona =051 e
Pr.oNA = PrDNA

When the f;n, value for a heterozygous SNP lay between fis pna
and py; pna, the frequency of the reference allele transcript in the
cDNA sample, p.pna, Was determined as:

0.5 —peona  Prpna —Pepna

0.5-0 _pH,DNA - pA,DNA
ﬁH,DNA - ﬁ(DNA
pcDNA = 05[1 —W
‘H,DNA A,DNA

The difference (Ap) in the reference allele frequency between the
cDNA (p.pna) and the DNA (0.5) for heterozygotes is:

Ap =peona — 0.5.

The ratio (freyai,cona) between the reference and alternate allele
concentrations is:

f __Peona
Ref/Alt,cDNA = 77 Peonn
We report fold ratios that fall between 0.1 and 10, but because of
limitations on the technology’s ability to reliably determine ex-
treme fold ratios, we report the rest as either =10 or =0.1.

Only transcripts for which the exonic SNPs passed the qual-
ity thresholds for conformance and signal-to-background ratios
in at least 75% of samples (nine of the 12 individuals) were in-
cluded in the study. The requirement for expression in 75% of
the samples was chosen arbitrarily, to ensure that we focused on
SNPs expressed in a preponderance of samples. The standard er-
ror, SE, in the estimate of Ap was determined by propagation of
the errors in estimating py pnas Pupnas and Popna. Data were
excluded from the study if SE> 0.1, except where explicitly
noted. We also excluded data from the study if intensities for the
cDNA replicates for a sample were very different from the inten-
sities for the corresponding DNA measurements, rendering a
comparison between p.pya and pyy pya unreliable. The discrep-
ancy between average signal intensities for the cDNA and DNA
assays was quantified via the signal ratio p:

P =Scona’/Spnar

where the numerator is the average signal over the cDNA repli-
cates for a sample and the denominator is the average signal over
all DNA measurements that share the sample’s genotype. Data
were excluded from further consideration if p > 2.5 or p<0.4.
These thresholds in the SE and p were used to exclude spurious
signals, and their particular values were picked by examining the
data for homozygous SNPs, in which it was found that measure-
ments failing these criteria accounted for only 2.4% of the data,
but included 8.2% of the cases where [Ap| > 0.2.

Supplemental Table 2 provides the raw data for all SNPs that
passed conformance and signal-to-background quality control
filters, were expressed in at least nine samples, and were geno-
typed as heterozygous in at least one sample.

Estimation of false-positive and false-discovery rates

For homozygous exonic SNPs, the relative frequencies of refer-
ence and alternate alleles in DNA and cDNA samples must be
identical. Therefore, the observed distribution of estimated allele
frequency differences between DNA and cDNA samples for ho-
mozygous SNPs represented the noise in our assay and was used
to estimate the rate of false-positive differential expression in the
heterozygous SNP data. The rate of differential expression de-
tected at a threshold f was estimated from the fraction of the
heterozygous SNP data for which |Ap| > t. Differences in the dis-
tribution of the SE in the estimate of Ap between the homozy-
gous and heterozygous SNP data were normalized to prevent an
underestimation of the false-positive rate. The |Ap| data were
separately divided for heterozygous SNPs and for both forms of
homozygous SNPs combined (RR and AA) into five bins based on
the value of the SE: (0-<0.02, 0.02-<0.04, 0.04-<0.06, 0.06-
<0.08, 0.08-0.1). The false-positive rate was determined for each
bin from the homozygous SNP data, and was given by the frac-
tion of the data in the bin for which |Ap| > t. The overall false-
positive rate in the heterozygous SNP data was estimated as a
weighted mean of the binwise false-positive rates, with weights
given by the fractions of the heterozygous SNP data that fell into
each bin. The false-discovery rate was estimated from the ratio of
the false-positive rate to the rate at which differential expression
was detected. Based on an examination of the dependence of the
false-discovery rate on allele ratio, we used a threshold t of 0.1
(allele ratio = 1.5) in this study; the corresponding false-positive
rate was 2.5%, and the false-discovery rate was 11.6%.

Rates of differential expression and false discovery were also
estimated by comparing the distribution of |Ap|/SE in homozy-
gous and heterozygous exonic SNP assays, retaining the data
with SE > 0.1. The statistic |[Ap|/SE exceeded 2 in 35.3% of the
heterozygous exonic SNPs assayed; the corresponding false-
positive rate was estimated as 15.9% from the data for homozy-
gous SNPs assayed. The corrected rate of differential expression
estimated in this manner, 19.4%, was close to the estimate of
19.5% (22.0% [observed on average in each individual; see Table
3] — 2.5% [false-positive rate]), for a fold-ratio threshold of 1.5.

Effect of cDNA concentration in PCR step on allelic
expression data

We tested the effects that input cDNA concentrations in the PCR
reaction had on the allelic expression data. Using cDNA from a
single preparation, we set up PCR with three different concen-
trations: 0.4 ng/pL, 0.8 ng/uL, and 2 ng/pL. The PCR products
were labeled and hybridized to the exonic SNP arrays, and p.pna
values for 96 SNPs were determined. The p,n Values of the 96
SNPs for the three different input concentrations were compared
using the ANOVA single-factor test and had an average variance
of 0.0005 (P=1.7 x 10~ 7). The correlation coefficient of the
Peona Values for the 96 SNPs between the 0.8 ng/pL and 2 ng/uL
samples was 0.99, and the correlation coefficient of the p.na
values for the 96 SNPs between the 0.4 ng/uL and 2 ng/puL
samples was also 0.99. Thus, varying input cDNA concentrations
into the PCR reaction between 0.4 ng/uL and 2 ng/pL had little
effect on the .y, Values and thus on estimates of allelic expres-
sion differences. We used 0.4 ng/pL for our studies (see Supple-
mental Methods for details).
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Correlation of allelic expression data from multiple
sample preparations

We also tested the reproducibility of the pn, values when using
RNA preparations isolated from the same cells at different times.
We were unable to perform this analysis for the same samples
used in the study as the white blood cells were collected from
anonymous donors and thus could be obtained from each indi-
vidual only once. For this reason, we used two lymphoblastoid
cell lines obtained from Coriell, XGM10860 and Y-GM12560,
and for each cell line independently isolated RNA twice. For
sample XGM10860, p.pna Values for 4817 SNPs were compared
between the two separate RNA preparations, and the correlation
coefficient was 0.98. For sample Y-GM12560, p.,na Values for
4777 SNPs were compared, and the correlation coefficient be-
tween the two separate RNA preparations was also 0.98. These
results indicate that RNA isolated at different time points from
the same sample has very similar p 5 Values and thus estimates
of allelic expression differences.
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