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Abstract

We developed a digital RNA allelotyping method for quantitatively interrogating allele-specific
gene expression. This method involves ultra-deep sequencing of padlock captured SNPs from the
transcriptome. We characterized four cell lines established from two human subjects in the
Personal Genome Project. Approximately 11-22% of the heterozygous mRNA-associated SNPs
show allele-specific expression in each cell line; and 4.3-8.5% are tissue-specific, suggesting the
presence of tissue-specific cis-regulation. When applied to two pairs of sibling human embryonic
stem cell lines, the sibling lines were more similar in allele-specific expression than were the
genetically unrelated lines. We found that the variation of allelic ratios in gene expression among
different cell lines is primarily explained by genetic variations, much more so than by specific
tissue types or culturing conditions. Comparison of expressed SNPs on the sense and anti-sense
transcripts suggested that allelic ratios are primarily determined by cis-regulatory mechanisms on
the sense transcripts.
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INTRODUCTION

Recent advances in the search of genetic determinants of common human diseases can be
attributed to the advances in high-throughput genotyping technologies, which enabled the
comprehensive mapping of linkage disequilibrium (LD) in the human genome. The block-
like distribution of LD allows researchers to quickly home in on the genomic regions
associated with a given phenotype using a set of common SNPs. While this approach allows
a general association between genotype and phenotype, determining the causal genetic
variants remains difficult due to the strong LD structure within the human population.
Although a limited success has been reported on screening coding variants, candidate SNPs
often do not fall within a protein coding region. Regulatory polymorphisms have been
shown to play a role in common diseases, but such variants are more difficult to identify.

Cis-regulatory polymorphisms can modulate gene expression by a variety of means
including alteration of DNA binding sites for cis-regulators (transcription factors, enhancers,
repressors, and miRNA binding sites), copy number variations, or DNA methylation. In
individuals heterozygous for a cis-regulatory polymorphism, an unequal expression of the
two alleles would be expected, resulting in allele-specific gene expression (ASE)1. Since its
readout directly reflects the effect of functional cis-regulatory variants, systematic analysis
of allele-specific gene expression in human tissues may facilitate the identification of many
causal non-coding variants2.

Existing methods for genome-scale quantification of ASE rely mostly on microarray
hybridization, which produces analog read-outs3—-8. Full transcriptome resequencing (RNA-
seq) has recently been used in the digital characterization of transcriptome and alternatively
spliced transcripts9,10. However, due to the size and complexity of the transcriptome, the
wide dynamic range of gene expression, and the low density of transcribed heterozygous
SNPs (approximately one per 3.3 kb), most informative SNPs were not covered at the
sequencing depth sufficient to make accurate allelic quantification. Here we report digital
RNA allelotyping based on the integration of large-scale synthesis of padlock probes11 on
programmable microarrays, multiplexed capture of transcribed SNPs in a single reaction,
and deep sequencing. This strategy allows us to focus sequencing efforts only on a specific
fraction of the transcriptome carrying SNPs. It combines the sensitivity and the quantitative
accuracy of digital expression measurements (i.e. RNA-seq) with the efficiency of targeted
sequencing. We demonstrated the utility of this assay by characterizing the spectrum of
allele-specific gene expression in three different adult cell types from two Personal Genome
Project donors (PGP1 and PGP9), as well as two pairs of sibling human embryonic stem cell
lines.

RESULTS
Digital allelotyping

We designed single-stranded DNA probes to capture SNPs from the human genome and
transcriptome for sequencing (Fig. 1a). Each probe contains two terminal capturing arms
(H1 and H2), that can anneal to the flanking region of the targeted SNPs with a gap of one
or more nucleotide bases. In the capturing reaction similar to Molecular Inversion Probes12,
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the gap is filled by a DNA polymerase and closed by a DNA thermal ligase. The capturing
arms are connected by a common linker DNA sequence. This linker contains priming sites
for multiplex PCR amplification of the circularized single-stranded DNA probes. After the
circularization reaction and PCR amplification, the resulting libraries are sequenced with
Illumina Genome Analyzer. As demonstrated previously, circularization of padlock probes
is extremely specific; >10,000 targets can be captured simultaneously in a single tube12-15.

We developed a restriction-free method for making large libraries of padlock probes from
Agilent’s programmable microarray (Fig. 1b, Online Methods). We designed and
synthesized a library of probes targeting 27,000 SNPs (minor allele frequency > 0.07)
located within 10,345 genes in the human genome. The probe design and synthesis, as well
as padlock capture has been optimized, such that the representation bias, capturing
efficiency and quantification accuracy was dramatically improved compared with the
previous protocols14 (Supplementary Note).

We performed SNP capture and single-molecule sequencing on both genomic DNA and
cDNA of the same individuals (Fig. 1¢). We made genotyping calls on the SNPs that were
covered by at least 20 reads using a “best-p” method (see online Methods). With
approximately 6-9 millions mappable reads obtained from one lane of the Illumina
sequencing flow cell, we made genotyping calls on 68-82% of the SNPs. We compared the
genotypes between the digital allelotyping assay and Affymetrix 500k SNP chip, and found
98.4% of calls consistent between the two assays. We made RNA allelotyping calls on
heterozygous SNPs that were sequenced at least 50 times. For the convenience of cross-
sample comparison, RNA allelic ratios (Fef) were calculated for the common alleles based
on the NCBI dbSNP annotation. We normalized the RNA allelic ratios based on the allelic
counts from genomic DNAS, such that the quantification is robust in the presence of copy
number variations or systematic capturing bias. To validate the allele ratios determined by
digital allelotyping, we obtained 76 measurements with quantitative Sanger sequencing16.
The results were consistent between the two assays (Supplementary Fig. 1).

Spectrum of allele-specific gene expression in Personal Genome Project cell lines

Tissue-specific regulation of gene expression is a well-known phenomenon. Analysis of cis-
regulation in the tissue type (adipose tissues) directly relevant to the phenotype (obesity)
was shown to be more informative than on unrelated tissue type (blood)17. However,
disease related human tissues are often difficult to obtain for research purposes. To
characterize the extent of ASE in different cell types from the same individual, we
performed RNA allelotyping on three cell lines derived from a male donor PGP1 from the
Personal Genome Project (PGP): EBV transformed B-lymphocytes (PGP1L), primary
fibroblasts (PGP1F) and primary keratinocytes (PGP1K). To compare the allele-specific
gene expression of the same cell type with different genetic background, we also included
another primary fibroblast line (PGP9F) from a female donor (PGP9). In estimating the
measurement variability of the assay, we performed two technical replicates on PGP1L, and
two biological replicates on PGP1F. The allelic ratios are highly correlated between
technical replicates (Pearson R=0.811) and biological replicates (Pearson R=0.809),
indicating the robustness of the allelotyping assay (Supplementary Fig. 2). Distribution of
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RNA allelic ratios follows a bell-shape continuous distribution in all nine experiments on
seven cell lines (Supplementary Fig. 3 and 4). No biologically meaningful threshold seems
to exist to separate SNPs that are in “allelic balance” or “allelic imbalance”. ASE is more
appropriate to be treated as a quantitative trait instead of a binary trait. We performed y2
tests on the raw allelic counts from genomic DNA and cDNA with a cutoff of 6.64 (p-value
=0.01). A fraction of SNPs were sequenced very deep (>1000x) in our assay such that a very
small allelic drift in expression could be detected as highly significant even though it might
not have any biological relevance. Therefore, we also required that the magnitude of allelic
drift has to be no less than 0.1 (allelic ratio < 0.4 or >0.6) to be considered allele-specific.
Using these criteria we found that 11-22% of SNPs show allele-specific expression (Table
1), among which 4.3-7.7% are likely false positive calls. Allelic ratios between the two
technical replicates (PGP1L.1 and PGP1L.2) are highly correlated (Pearson R=0.996 for all
SNPs; R=0.811 for heterozygous SNPs, Fig. 2a). A similar correlation was observed
between the two biological replicates of PGP1F (R=0.809 for heterozygous SNPs,
Supplementary Fig. 2b).

We next sought to identify SNPs that show different allele-specific expression pattern in
different cell types. With the same threshold for discovery as above, we found that the allelic
ratios of 20 out of 1379 heterozygous SNPs were different in the two PGP1L technical
replicates (Supplementary Fig. 2a). These SNPs are false positives due to the measurement
variability of the assay. When adjusted based on the estimated false positive rate, we found
that 4.3-8.5% of SNPs show tissue-specific allelic ratios among the three cells lines from
the same individuals (Fig. 2 b—d, Table 2), which means approximately 1/3-1/2 of allele-
specific SNPs are also tissue specific. From the two biological replicates of PGP1F, we
estimated that approximately 2% of the allele-specific SNPs are due to the biological
variability (Supplementary Fig 2b). However, the differences of allelic ratios for the same
SNPs between two cell types were larger than those between biological replicates.
Therefore, the tissue-specific allelic biases are likely due to presence of tissue-specific cis-
regulators, but not the biological variability or variable culturing artifacts.

Genetically related hESC lines share common allele-specific gene expression

A large panel of hESC lines that included 18 sibling lines has recently been derived18. As a
first step towards dissecting cis-regulatory effects in hES cells, we characterized the patterns
of ASE on two pairs of sibling cell lines HUES37/38 and HUES56/58 (each pair contains a
female line and a male line). We hypothesized that, if allele-specific gene expression is
caused by cis-regulatory SNPs, rather than by epigenetic mechanisms or by stochastic
processes, then genetically related cell lines should be more similar in ASE. Similar to the
adult tissue-derived PGP lines, 11-18% of heterozygous SNPs show allele-specific
expression in these hES lines (Table 1). Sibling cell lines share less line-specific ASE than
genetically unrelated lines (Supplementary Fig. 5), which is consistent with our hypothesis.

Based on the similarity of allelic ratios, we performed hierarchical clustering on all the ten
samples characterized in this study (Fig. 2e). The five PGP1 samples were grouped in a
clade, within which the two pairs of replicates are closer to each other than with different
cell types. The two pairs of hES sibling lines were also grouped as expected. To further
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illustrate this finding, we calculated the genetic similarity between these cell lines based on
the genotypes of approximately 18,000-22,000 coding SNPs determined by the allelotyping
assay on genomic DNA, and generated a cluster dendrogram from the similarity matrix (Fig.
2f). The similarities of allelic ratios and genetic similarities are highly correlated (Fig. 2g).
ANOVA analysis showed that 82.5% of the variation in the similarity of allelic ratios
between two lines can be explained by the genetic similarities between the lines (p<2.2e-16),
and that the effect of cell type is not statistically significant (p=0.176). This observation
suggests that variation of ASE among different cell lines is primarily determined by genetic
instead of epigenetic or environmental factors, which are predominantly trans-acting.

Strand-specific ASE

Recently antisense transcription was found to be more common than was previously
thought19. Antisense transcription initiates from different starting sites than the sense
transcripts. The allelic ratios measured by conventional array-based assays could be the
averages of the sense and antisense transcripts, which are likely to be regulated by different
cis-regulatory mechanisms. Unlike array-based assays, padlock capture can be strand-
specific. The 27k probe set contains roughly half of the probes targeting the sense strand,
and another half for the anti-sense strand. However, since the capturing experiments were
performed on double-stranded cDNA, all the probes are functional even in the absence of
antisense expression. To distinguish the sense and antisense expression, we did two
additional capturing and sequencing experiments on the first-strand cDNA of PGP1L and
PGP1F. We calculated the ratios of read counts for each captured SNP between the single-
stranded cDNA and double-stranded cDNA (SS/DS ratios) from the same cell line. For the
probes targeting the antisense transcripts, the expected SS/DS ratios are zero if there is no
antisense transcription or the antisense transcripts do not contain poly-A tails. We saw
different distribution of the SS/DS ratios between the probes targeting the sense strand, and
the probes for the antisense strand. Roughly half of the antisense SNPs were not detected;
the majority of detectable antisense SNPs expressed at a much lower level than sense SNPs
(Supplementary Fig. 6). Therefore, the allelic ratios measured from double-stranded DNA
should represent cis-regulatory effects mostly on the sense transcripts. This is consistent
with the clustering analysis, in which strand-specific allelic ratios from PGP1L and PGP1F
were closely grouped together with the allelic ratios from corresponding double-stranded
cDNAs (Fig. 2e).

X inactivation in hESC lines

One X chromosome in adult female cells is randomly inactivated, but the developmental
stage at which X inactivation happens in human is still not known. It has been reported that
hESCs vary in X-inactivation status from one line to another20-22. The inclusion of two
female hESC lines allowed us to characterize X-inactivation status across the chromosome
based on mono-allelic gene expression. We identified 49 and 27 heterozygous SNPs on the
X chromosome in HUES37 and HUES58. Using an arbitrary thresholds for allelic ratios of
<0.1 or >0.9, thirteen SNPs (12 genes) have mono-allelic expression in HUES37, but only
one SNP was found in HUES58 (Fig. 3).
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To investigate whether a particular X chromosome from one of the parents was inactivated,
we took advantage of the inclusion of the male sibling lines. Recombination occurs on
average once per chromosome per meiosis, therefore male and female sibling lines tend to
share very long segment of haplotypes on the X chromosome inherited from the mothers.
For all heterozygous SNPs on chromosome X of the female line, we plotted along the
chromosome the ratios for the “M-alleles”, which are the alleles presented in the sibling
male line and hence very likely came from the mother. In HUES37, we found that the M-
alleles of the 10 SNP spanning a 100Mb region including the entire g-arm are silent (Fig.
3a), indicating that one particular X chromosome was inactivated in HUES37. The other two
SNPs on the p-arm showed dominant expression (Fig. 3a), presumably because there was a
meiotic crossover at ~50Mb from the p-terminal and the M-alleles of these two SNPs
actually came from the other parent. Such a pattern would be observed only when the cell
line is clonal and one X chromosome is inactivated. The expression of many other
chromosome X SNPs are not monoallelic, suggesting that X-inactivation was probably not
complete in HUES37.

Although only one SNP with mono-allelic expression was found in HUES58 (Fig. 3b), an
unusually high fraction of SNPs was detected as allele-specific (21/27, compared with
281/1261 in autosomes), suggesting that this line could be in the very early stage of X-
inactivation. Similar to HUES37, the ratios for the M-alleles biased towards zero across
most of the p-arm. Therefore, one particular X chromosome was less active transcriptionally
in HUES58 even though not silenced. In summary, the difference in the distributions of
allelic ratios between HUES37 and HUES58 is consistent with the previous observation that
different hESC lines vary in the degree of X-inactivation. In addition, the observation of
multiple SNPs with mono-allelic expression in HUES37 suggests that X-inactivation could
be initiated from multiple locations in the X chromosome.

DISCUSSION

In this report we demonstrated that accurate digital allelotyping can be achieved with the
combination of padlock capture and single molecule sequencing. The high capturing
specificity associated with padlock probes makes it possible to focus sequencing efforts on a
subset of most informative regions. The HuRef genome contains 10,842 heterozygous SNPs
in the 31,185 Ensembl genes (35.6 Mb)23, which means roughly 1.1% of sequencing reads
(36 bp) in a typical RNA-seq experiment would contain heterozygous SNPs. In comparison,
every 36 bp read in the padlock captured libraries covers a SNP, and ~25% of the SNPs are
heterozygous, which translates to the reduction of sequencing by ~20 fold. In addition, the
relative abundance of different transcripts in RNA-seq libraries varies across a range of 10°,
while most padlock captured fragments are in a range of 103-10%. We were able to make
allelotyping calls on an average of 1,789 SNPs (in 1,371 genes) with =50x coverage using
~5.8 million reads per sample. Extrapolated from the distribution of “reads per kilobase of
exon model per million mapped reads” (RPKM) in the mouse transcriptome10,
approximately 203 genes were sequenced at =50x coverage across the full length with the
same amount of 36bp reads, and only 1/3 of such genes contain heterozygous SNPs.
Therefore, padlock capture provides an advantage over RNA-seq in the efficiency of the
assay for ASE quantitation. Padlock capture of expressed SNP can be further improved in
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several aspects. First, our current probe set was designed for capturing exonic SNPs. The
inclusion of intronic SNPs will extend the assay to genes that do not contain common exonic
SNPs. However mRNA is preferable since it has higher abundance and reflects more steps
that can be regulated post-transcriptionally. Second, with the set of 27,000 probes we
typically obtained allelotyping measurements from less than 2000 SNPs. In addition to the
fact that only ~25% of the SNPs are heterozygous and informative, we also missed 50%—
70% heterozygous SNPs because of the low expression of the corresponding genes. A
subsetting strategy we recently developed for normalizing bisulfite sequencing library can
be used to adjust the relative concentration of different targets in the sequencing libraries15.
This would enable us to detect the ASE in less abundant transcripts.

Although allele-specific gene expression has been reported by many studies in both human
and mousel,2,8, and several related cis-regulatory polymorphisms have been identified,
some other reports also argued that epigenetic mechanisms, especially DNA methylation,
also play a critical role24,25. Using a unique panel of eight cell lines with various degree of
genetic similarity, we found that roughly 82.5% of the global variation in ASE is determined
by genetic factors. Gimbelbrant et al recently reported that roughly 300 of 4000 human
genes are subject to random monoallelic expression in clonal lymphocyte and fibroblast
lines26. We did not observe the similar patterns in this study, which could be due to the fact
that all the four PGP lines we used are not clonal, and the four HUES lines are pluripotent
although they are mostly clonal. At the single cell level, randomly allelic drift could be
dominating for a fraction of genes in the genome. However for a population of non-clonal
cells, stochastic epigenetic effects could be averaged out, and genetic factors become
dominating. In addition, genetic effects and epigenetic effects might not be mutually
exclusive. A cis-regulatory variant could result in the change of binding affinity of either a
protein or RNA regulator, which could directly or indirectly recruit the protein complexes
related to DNA methylation or histone modifications and lead to the change of local
epigenetic status. With the integration of global allele-specific assays for gene expression
and DNA methylation (or histone modifications), such hypotheses are testable on a genome
scale.

Treating gene expression as quantitative traits (eQTLS), the genetic determinants associated
with the variation of gene expression in human population have been identified in several
recent studies27,28. The success of these studies raised the hope that the genetic variants
that were mapped to eQTLs could potentially be considered as candidates for complex
human diseases. However, limited by the availability of human samples, many studies
focused on EBV-transformed B-lymphocytes. One exception is the recent study by Emilsson
et al., which demonstrated the dramatically improved power of detecting cis-regulatory
variants when analyzing adipose tissues instead of lymphocytes from obesity patients17.
The prevalence of tissue-specific ASE revealed in our study suggests that many cis-
regulatory variants function in a tissue-specific manner. Therefore, eQTL analysis
performed on B-lymphocytes could be of limited utility to many human diseases that affect
other human cell types. Recent revolutionary advances in the reprogramming of adult
cells29 and the efficient differentiation into cell-types affected by disease30 have created
new opportunities to perform population genomic studies on disease relevant tissues.
Finally, mapping cis-regulatory polymorphisms to ASE genes would require a much smaller
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sample size than typical GWAS studies, because candidate SNPs are restricted to only ~300
sites in vicinity of the gene of interest. Once the candidate is narrowed down to a short list of
SNPs that show genotype-phenotype correlation, proof of causality can be achieved by
replacing a single allele using homologous recombination. Therefore, treating ASE as an
intermediate phenotype could be a very efficient way to identify causal polymorphisms
responsible for complex human diseases.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Digital allelotyping with padlock probes. (a) The design of padlock probe (top) and a

schematic diagram of padlock capturing experiments (bottom). (b) (c) The experimental and
analytic workflow of digital allelotyping assay.
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Figure 2.

Allele-specific expression in human cell lines of various degrees of genetic and phenotypic
similarities. (a) Consistency of allelic ratios between two technical replicates. (b—d) Tissue-
specific ASE among three PGP1 cell lines of the same genetic background. (e, f)
Hierarchical clustering of samples based on allelic ratios or genetic identity. (g) Correlation
between the allelic ratio similarity and genetic similarity.
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Figure 3.

X-inactivation in female human embryonic stem cell lines (HUES37 and HUES58).
HUES37 (a). and HUES58 (b). The x-axes are chromosomal positions for the SNPS and the
y-axes are the allelic ratios for the M-alleles. Red triangles represent the SNPs that were
called monoallelic; blue circles are the SNPs called as allele-specific; and the gray diamonds
are the SNPs with bi-allelic expression.
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Summary of allelic-specific, tissue-specific and individual-specific gene expression.

Table 2

Linel Line2 #shared het. SNPs  #tsASE calls % SNPswith tsASE
PGP1L.1 PGP1L.2 1379 20 1.5%
PGP1F.1  PGP1F.2 1586 55 2.0%
PGP1L.1 PGP1F.1 1106 110 8.5%
PGP1L.2 PGP1F.1 1218 103 7.0%
PGP1L.1 PGP1F.2 1158 115 8.5%
PGP1L.2 PGP1F.2 1280 110 7.1%
PGP1F.1 PGP1K 1252 88 5.6%
PGP1L.1 PGP1K 1087 62 4.3%
Hues37 Hues38 1153 141 10.8%
Hues37 Hues58 370 76 19.1%
Hues56 Hues38 475 97 19.0%
Hues56 Hues58 793 125 14.3%
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