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RNA sequencing reveals the role of splicing
polymorphisms in regulating human
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Expression levels of many human genes are under the genetic control of expression quantitative trait loci (eQTLs). Despite
technological advances, the precise molecular mechanisms underlying most eQTLs remain elusive. Here, we use deep
mRNA sequencing of two CEU individuals to investigate those mechanisms, with particular focus on the role of splicing
control loci (sQTLs). We identify a large number of genes that are differentially spliced between the two samples and
associate many of those differences with nearby single nucleotide polymorphisms (SNPs). Subsequently, we investigate the
potential effect of splicing SNPs on eQTL control in general. We find a significant enrichment of alternative splicing (AS)
events within a set of highly confident eQTL targets discovered in previous studies, suggesting a role of AS in regulating
overall gene expression levels. Next, we demonstrate high correlation between the levels of mature (exonic) and un-
processed (intronic) RNA, implying that ~75% of eQTL target variance can be explained by control at the level of
transcription, but that the remaining 25% may be regulated co- or post-transcriptionally. We focus on eQTL targets with
discordant mRNA and pre-mRNA expression patterns and use four examples: USMG5, MMAB, MRPL43, and OASI, to dissect
the exact downstream effects of the associated genetic variants.

[Supplemental material is available for this article. The sequencing data from this study have been submitted to the NCBI

Sequence Read Archive (http://www.ncbi.nlm.nih.gov/Traces/sra/sra.cgi) under accession no. SRA026779.]

Expression quantitative trait loci (eQTLs), defined as loci in which
genetic variation is associated with changes in the expression
levels of target genes, have been studied extensively over the past
decade and shown to be widespread in human populations. Par-
ticular attention has been paid to their possible role in complex
genetic disorders (Emilsson et al. 2008; Nica et al. 2010). Numerous
studies have correlated gene and transcript isoform expression
levels with nearby, cis-acting genetic markers (Morley et al. 2004;
Cheung et al. 2005; Stranger et al. 2005; Pastinen et al. 2006; Dixon
etal. 2007; Goring et al. 2007; Kwan et al. 2008; Montgomery et al.
2010; Pickrell et al. 2010). We generally assume that causative
polymorphisms, which are in linkage disequilibrium with the as-
sociated markers, are responsible for regulating transcript levels.
However, in a vast majority of cases, the actual regulatory mech-
anisms have not been elucidated. In particular, it is not known
if eQTLs act preferentially at the level of transcription or at the
level of mRNA processing or stability (Gilad et al. 2008; Veyrieras
et al. 2008).

There exist only isolated instances in which the molecular
mechanisms of regulatory single nucleotide polymorphisms (SNPs)
have been identified. For example, a SNP in the CHI3L2 promoter
has been implicated in recruiting variable amounts of RNA poly-
merase, suggesting regulation at the level of transcription (Cheung
et al. 2005). In a contrasting case, a SNP affecting a polyade-
nylation site of IRF5 has been shown to affect the length of the
3’ untranslated regions (UTRs) (Graham et al. 2007), which, in
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turn, results in variable levels of the entire protein-coding region
of the gene, presumably by affecting the stability of the entire
mRNA molecule. Additional evidence from computational analy-
ses shows an excess of SNPs associated with eQTLs both in the
promoter and in the 3’ regions of genes, suggesting that SNPs af-
fecting mRNA stability may, in general, post-transcriptionally
regulate gene expression levels (Veyrieras et al. 2008; Pickrell et al.
2010). Since expression control using 3" UTRs has also been ob-
served in other model systems (Sandberg et al. 2008), it has been
proposed that SNPs altering microRNA binding sites may be a
common mechanism of genetic control—however, no evidence
currently exists for this mechanism. Finally, for several genes,
splicing regulatory SNPs that exert control on the type of isoform
as well as the total amount of mRNA produced have been identi-
fied, providing further evidence for cotranscriptional regulation
of eQTL targets (Field et al. 2005; Pinyol et al. 2007; Kwan et al.
2008). However, with the exception of individual examples, the
overall proportion of eQTL targets regulated at the level of tran-
scription compared co- and post-transcriptionally could not be
determined until now.

Recently, next-generation RNA sequencing (RNA-seq) has
been shown to be an effective way of simultaneously profiling
both gene expression levels and the types of isoforms that are be-
ing expressed (Marioni et al. 2008; Wang et al. 2008). Two in-
dependent groups have shown that RNA-seq is capable of identi-
fying eQTLs and providing insights into their regulatory
mechanisms (Montgomery et al. 2010; Pickrell et al. 2010). Those
two studies have estimated that there are 839 and 939 eQTLs in
Northern European and Nigerian populations, respectively, dem-
onstrating the power of this approach. In our study, we extend
those findings by providing the first estimate of the proportion of
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eQTLs acting transcriptionally versus co- or post-transcriptionally
and by describing in detail three typical mechanisms underlying
post-transcriptional regulation by eQTLs. We use ultra-deep RNA
sequencing data from two healthy, unrelated HapMap individuals of
European descent (NA12891 and NA12892) to characterize all al-
ternative splicing (AS) events, to dissect in depth the number of
previously identified eQTLs and to describe the differences in the
expressed transcripts at single-base resolution. Specifically, using our
unique RNA preparation method, we contrast results obtained from
exonic (mostly processed mRNA) and intronic (mostly unspliced
pre-mRNA) sequences to draw conclusions regarding the relative
prevalence of various modes of regulation. We then focus our anal-
ysis on four genes with discordant mRNA and pre-mRNA expression
patterns to illustrate how SNPs can affect gene and isoform expres-
sion by affecting splice-site strength and usage or mRNA stability.

Results

We sequenced total, poly(A)-enriched RNA from two unrelated
HapMap CEU lymphoblast cell lines. Although, compared to pre-
vious population-wide studies, our approach uses only two in-
dividuals, this allows us to obtain very high sequencing depths,
with true “single-base” resolution in deconvoluting transcript
structures. Below, we first describe the potential biases present
within RNA sequencing data. We then characterize global AS
events, with particular attention on those associated with genetic
variation in the vicinity of exon junctions. Finally, we investigate
the potential involvement of splicing and other regulatory mech-
anisms as underlying causes of eQTL action. In order to ensure that
the differences observed between our two samples are truly genetic
and not caused by random sample-to-sample variation, we focus
the latter part of our analysis on genes known to be genetically
controlled from independent studies.

Detection of biases across transcripts

Whole-transcript profiling of RNA expression data suffers from
uneven coverage of transcripts due to variation in GC content,
sample preparation, and fragmentation of the template. In our
earlier analysis of exon microarray data (Bemmo et al. 2008), we
noted a strong 5’ versus 3’ bias, resulting in frequent saturation of
signal at the 5’-end and reduction of signal at the 3'-end of genes.
Since RNA sequencing library construction uses several steps that
could result in similar biases [e.g., poly(A) selection and random
priming], we investigated whether sequencing-based transcript
profiling results in coverage bias across genes. As expected, we
found reduced coverage at the 3’ region (Fig. 1). This is the effect of
reduced likelihood of random priming during first-strand cDNA
synthesis at the edge of the transcript (Bemmo et al. 2008). How-
ever, contrary to expectations, we did not find a loss of coverage of
long transcripts that may be caused by RNA degradation combined
with poly(A) selection. The coverage does not decrease with dis-
tance from the 3’ end of the molecules, even for transcripts longer
than 10 kb (data not shown). However, we did observe a decrease of
coverage at the 5’ end of genes. Such an effect is predicted to result
from fragmentation of RNA molecules (Wang et al. 2009). As a re-
sult of these “edge” biases, our data set may have reduced power to
detect AS events occurring near the termini of the gene, such as
alternative poly(A) sites, and alternative promoter usage. However,
data generated using this RNA sequencing protocol is well suited
for estimating whole gene expression level and detecting AS events
involving internal exons.
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Figure 1. Sequencing coverage as a function of the position across
a transcript in NA12892. For all genes longer than 1000 nt and expressed
above a nominal background (=10 reads), the number of mapping reads
at each position of the transcript is plotted against the distance to the
transcript ends. Data points have been averaged within 10-nt bins.

Detection of alternatively spliced variants and sQTLs

We searched for alternative splicing of cassette exons by identify-
ing exons that are skipped in a subset of the transcripts and where
the two adjacent flanking exons are constitutively included. These
cassette exons were then filtered for those that show statistically
significant differential splicing between the two individuals used
in our study, which was assessed using a Fisher’s exact testona 2 X
2 contingency table. The list of all cassette exons is provided in
Supplemental Table 1.

Since we are interested in AS events that are genetically reg-
ulated, we compiled a list of all the polymorphic SNPs in our two
samples within 200 bp of the splice junctions of these cassette
exons. We then analyzed their potential effect on the choice of
splicing site. AS events with proximal polymorphic SNPs show
a twofold enrichment for the most significant changes (using
a nominal P < 0.01 cutoff) in splicing between the two samples
(Supplemental Fig. 1), suggesting that these SNPs are at least partly
responsible for the splicing differences observed between the two
samples. We further assessed the potential of these SNPs to modify
exonic splicing enhancer (ESE) motifs (Cartegni et al. 2003), as well
as the strength of the resulting splicing site, by using a maximum
entropy-based scoring method (Supplemental Table 2; Yeo and
Burge 2004). In order to determine whether these computational
predictions can be used to infer the effect of the SNP on splicing,
we tested whether the levels of exon inclusion correlated with
these metrics. We found no correlation between exon inclusion
levels and the strength of splicing enhancer binding sites (data not
shown), suggesting that ESE predictions themselves are a poor
indicator of the effect of SNPs on splicing patterns. However, we
found excellent agreement between the maximum entropy (MES)
scores and the levels of exon inclusion. We first selected all SNPs
predicted to result in JAMES| > 1 between the two samples. Next, in
order to select the confident subset of cassette exons that were
differentially spliced between samples, we ranked the cassette
exons by their P-value and carried out a false discovery rate (FDR)
correction (Benjamini-Hochberg). For all 19 cassette exons that
passed the 0.05 FDR correction, the direction of the splicing
change (exon inclusion level) agreed with the theoretical predic-
tion of splice site strength (100% concordance, sign test P=1.9 X
107°). The list of cassette exons, the corresponding SNPs, and
their predicted effect on splice sites is shown in Table 1. As
expected, this level of concordance decreases with relaxed statis-
tical significance levels and AMES cutoffs. However, this approach
illustrates that the combination of RNA-seq data and theoretical
predictions can be used to identify sQTLs, even with only two
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Table 1. SNPs affecting strength of cassette exon splicing sites

verify that this is true for our selected

SNP Distance to

eQTL targets. We found a high level of
correlation (Pearson R? = 0.56) between

Gene Chromosome  position junction Type logo(FC)®  P-value®  AMES® . )
expression differences from RNA se-
IFI44L 1 78,866,669 3 Intron 5'SS  3.58 838 x 107> 1.98 quencing experiments and those pre-
IFIH1 2 162,844,751 1 Intron 5'SS  —7.53  7.55x 107** -8.28  viously obtained from exon array experi-
e 5 mamen 3 el b3 ssexiom gy mems (g 2 Kwan et ol 2008). The
,478, ntron 5’ . .08 X 10~ . i i -
MED16 19 822,604 2 Inton5'ss  7.53 552x102° s corelationwas further improved by con
C8orfs9 8 86,318,715 2 Intron 5'SS —4.30 128 x 10722 —g19  sidering only genes with the highest
MMAB 12 108,483,431 0 Exon 5’SS 264 256x107'® 478 microarray FCs: R* = 0.69 for the top 100
I%El\%f 1)2( 43'2(2)46"34913 ; :EXOF\ 5'55§S 2217 1332 X 18’2 1721 genes, R? = 0.73 for the top 50 genes. This
, , ntron 5’ -5. .03 X 10 —7. . . .
KDMAC 9 6,709,060 11 Intron 3'SS  —5.87 3.63 x10°® 1.1 E‘:l of correlation is remarkable since
ARFGAP3 22 41,536,894 0  Exon3'SS -3.04 139x107 514 it hasbeen obtained using independent
NFE2L2 2 177,905,115 1 Intron 5SS —5.69 5.01 x 1077 —8.18  biological replicates, distinct cDNA library
RNHT 1 495,006 10 Intron 3'SS  1.58  4.89 X 10*‘3‘ 1.92  preparation protocols, and compares hy-
LSS 21 46,463,920 6 Intron 35S ~2.74  1.02x 10 ~248  pridization-based (microarray) and direct
BCR 22 21,986,148 7 Intron 3'SS  3.58 1.44 X 10 2.03 . hes. It should b
C30rf31 3 11,861,365 0 Exon 5'SS 1.65 3.00x 1073 532 Sequencing approaches. It should be
CNTROB 17 7,788,680 1 Exon 5'SS  —3.56 4.87 x 107> —4.7  noted that a high level of correlation be-
RSRC2 12 121,557,431 8 Intron 3'SS  —3.10 491 X 10’2 -3.4 tween microarray and RNA-seq eQTL re-
BAT1 6 31,615,041 1 Intron 3'SS  —1.39  1.92 X107 -3.18  ¢ylts has also been observed by others

Polymorphic SNPs located in the vicinity of exon boundaries for cassette exons differentially spliced
between the two samples analyzed. SNPs displaying a difference in maximum entropy score >1 and
associated with significant changes in splicing (0.05 FDR correction, see text) are shown.

?log, transformation of the fold change (FC) of exon skipping between the two samples.

bStatistical significance of the differential splicing (ratio of exon inclusion) between the two samples.

“AMES: difference in maximum entropy score for the two samples.

samples. Three of the 19 AS events have been observed and vali-
dated in our previous study (Coulombe-Huntington et al. 2009).
Importantly, the remainder are novel, underscoring the utility of
this approach as an alternative to population-based designs, and its
ability to identify the effects of rare variants, which may be ob-
served in a pairwise comparison but may not exert a detectable
effect within a larger cohort.

RNA sequencing and microarray eQTL target expression
differences are concordant

In order to establish the connection between sQTLs and eQTLs, we
decided to focus the subsequent analysis on genes that previously
have been shown to be genetically controlled. We first set out to
demonstrate that our RNA sequencing data are concordant with
previous microarray results and do, indeed, support previous eQTL
findings. We examined the top 500 eQTLs, based on statistical
significance of the correlation between marker genotype and ex-
pression levels, from two previous analyses (Stranger et al. 2005;
Kwan et al. 2008). We further selected only those genes for which
the SNPs associated with the eQTLs were polymorphic in the two
individuals used in our study (NA12891 and NA12892) and were
expressed above a nominal background level (defined as more than
10 reads targeting the gene in at least one of the samples). Hence,
we compared expression level differences predicted from pub-
lished microarray results to those obtained from RNA sequencing
experiments. To estimate gene expression levels, we counted all
the sequencing reads mapping to the mRNA of each gene (exons
and exon—-exon junctions). The results were quantile-normalized
and log,-transformed, and the log-ratios (fold change [FC]) were
used to measure the difference in gene expression levels between
the two individual samples. Previous experiments found general
agreement between microarray and RNA-seq results (Marioni et al.
2008; Mortazavi et al. 2008; Wang et al. 2009), particularly for
genes with medium expression levels. However, we wanted to

(Montgomery et al. 2010; Pickrell et al.
2010), but our two-sample analysis gives
a clear and concise answer as to how the
two technologies compare.

The correlation was notably lower
for the results obtained using the 3’-tar-
geted Illumina microarray platform: R =
0.43 for the top 50 eQTLs. This discrepancy can be explained by
the differences in platform design; the exon array tiles the probes
roughly evenly across each transcript, a strategy that is similar to
mapping sequencing reads to a gene, whereas the Illumina plat-
form relies on a single probe generally targeted to the 3’ region or
individual exons of each gene. This lower correlation level suggests
that a considerable proportion of eQTLs detected using 3’ micro-
arrays may be isoform eQTLs, or sQTLs. Here, we define isoform
eQTLs as those affecting only expression of a particular isoform,
as opposed to all transcripts originating from a given locus, and
where the overall total amount of mRNA expressed by the locus is
not significantly affected. Such isoform eQTLs may affect alter-
native promoter usage, alternative splicing, or premature termi-
nation of the transcript.

log, (FC) RNA Seq
&
e
[=]
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5
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Figure 2. Correlation between expression level differences of the top
500 eQTL targets predicted by an exon array study (Kwan et al. 2008) and
our RNA sequencing study. Gene expression levels from RNA sequencing
data were obtained by counting all the short sequencing reads mapping
to the mRNA of each gene (exons and exon—exon junctions). Results were
normalized and log,-transformed, and the log-ratios (fold changes [FC])
between NA12891 and NA12892 were used to measure the difference in
gene expression between the two individuals. The Pearson correlation is
shown as the R? value.
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The majority of eQTLs act at the level of transcription

Our method of cDNA preparation for sequencing retains a detect-
able fraction of unprocessed heteronuclear RNA (Ge et al. 2009).
This is the primary, unspliced RNA fraction, or pre-mRNA. Based
on the comparison of the number of reads mapping to intronic
and exonic reads, respectively, we estimate that ~3% of all RNA
molecules in our data set originate from the heteronuclear fraction.
Heteronuclear RNAs contain introns, and since intronic sequences
are, on average, an order of magnitude longer than exonic se-
quences, more than one-third of our reads map to introns (see
Methods). Thus, we are able to obtain a considerable amount of
information about the levels and types of pre-mRNAs present in
our sample. Specifically, comparing intronic and exonic RNA levels
provides valuable information regarding the mechanisms con-
trolling gene expression levels. If the expression of a gene is reg-
ulated at the level of transcription, the amounts of mature mRNA
and unprocessed pre-mRNA levels will be affected equally. How-
ever, if a gene is regulated post-transcriptionally, the levels of
intronic RNA should remain relatively unchanged, while the level
of mature exonic mRNA will vary. We investigated the two hy-
potheses by comparing the fold-changes in the levels of intronic
and exonic sequences within each of the top 500 eQTLs compiled
from exon array experiments (Kwan et al. 2008). We find a very
high level of correlation (Pearson test, R = 0.76) between the
expression levels measured in exons and introns (Fig. 3), imply-
ing that 76% of the variation in the expression of these genes can
be explained by regulation at the level of transcription. Hence, we
conclude that transcriptional regulation is responsible for the
control of the majority of eQTLs observed in human lympho-
blasts.

We hypothesize that the remaining eQTL targets may be
regulated co- or post-transcriptionally. In accordance with this
hypothesis, we observe that the slope of the regression line of
intronic versus exonic data is below the diagonal (i.e., slope =
0.81), demonstrating that exonic variation is more pronounced
than intronic variation (Fig. 3). The expectation under the hy-
pothesis of purely transcriptional regulation would be a slope
of 1, representing effects of equal magnitude observed in exons
and introns. The regression analysis again demonstrates that
variation within exons alone is responsible for 20%-25% of the
observed change in expression. This co- or post-transcriptional
regulation may take place at the level of mRNA stability or splicing.
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Figure 3. Correlation between expression levels of exons and introns
within the eQTL targets used in the study (see text). This correlation can
be used to infer the number of eQTLs acting at the level of transcription
versus the number of eQTLs acting co- or post-transcriptionally. The
R?-value represents the Pearson correlation, and the y-value represents the
slope of the regression line.

Alternative splicing is involved in regulation of eQTL targets

We have previously described a large number of genes that are
affected by common splicing polymorphisms, including variants
that alter the strength of the consensus splice sites (Table 1) or
regulatory RNA sequences located in the vicinity of the splice sites
(Kwan et al. 2007, 2008; Coulombe-Huntington et al. 2009). A
number of differentially expressed genes (eQTL targets) exhibit
concurrent differences at the levels of total mRNA produced and
the type of isoform produced (sQTL targets). We set out to in-
vestigate the connection between these two phenomena. Specifi-
cally, are the total RNA levels of genes commonly regulated by
splicing polymorphisms? If this is the case, eQTL targets should
contain detectable alternatively spliced variants more often than
expected by chance, or in other words, at a higher frequency than
anon-eQTL set of genes. To test this hypothesis, we identified the
splicing events (cassette exons, alternative 5’ and 3’ splice site us-
age) that were differentially represented between the two individ-
uals (at P <0.001, one-tailed x2 test). We find a significant, roughly
twofold enrichment of these AS events in eQTL targets as com-
pared to non-eQTL genes expressed at comparable levels (Table 2).
It should be noted that the overall proportion of AS events within
the eQTL set is lower than 10%, meaning that for genes where
the overall expression of the transcript is under genetic control,
regulation at the level of splicing has a significant effect but is
not likely to account for more than 10% of the total variance.
We examined our list of AS events within eQTL targets to
identify the clearest examples of regulation of mRNA levels by
differential splicing. Three types of mechanisms were observed: (1)
SNPs altering the efficiency of splice sites leading to alternative
splice site usage; (2) SNPs activating pseudoexons resulting in
premature termination codons and likely nonsense-mediated de-
cay; and (3) SNPs altering splicing within 5" UTRs, thereby affect-
ing the stability of the mRNA. We describe in detail the regulatory
mechanisms of the SNPs most likely to be responsible for the ob-
served variation in the genes USMGS, MMAB, OAS1, and MRPL43.
Furthermore, these four genes show significant inconsistencies
in mRNA and pre-mRNA expression differences between the two
individuals, indicating a post-transcriptional mode of regulation.

USMG5

Illumina microarray results predicted a threefold difference in ex-
pression of this gene between NA12891 and NA12892, and RNA-
seq estimates are in agreement. However, the total number of
intronic reads is unchanged between the two samples (FC = 1.02),
suggesting that the difference in expression of USMGS5 does not
take place at the level of transcription. Further examination of the
splicing patterns of USMGS5 reveals that exon 2, a known cassette
exon, is more frequently retained in individual NA12892 (Fig. 4A).
On the other hand, individual NA12891 mostly skips this exon
and instead exhibits increased read coverage in a region slightly
upstream, which was subsequently identified as an alternative
exon (1a). These two alternative exons are almost always mutually
exclusive in our two samples and have opposite effects on mRNA
expression: The increased retention of exon 2 correlates with in-
creased overall transcript levels, whereas inclusion of exon 1a oc-
curs concomitantly with reduced overall expression (Fig. 4).

We propose that SNP rs7911488, located in exon 2, is re-
sponsible for this expression pattern based on Figure 4 and our
earlier exon microarray study (Kwan et al. 2008). The alternate
G allele, associated with elevated inclusion levels of exon 2, is
predicted to introduce the binding sites for two exonic splicing
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Table 2. Alternative splicing events within eQTLs

Stranger Kwan
etal. etal.
Control (2005) (2008)
Genes without AS events 77047 203 240
Genes with significant AS events 322 16 22
Proportion of genes with AS events 0.041 0.0788 0.091
Significance of enrichment, P-value 0.0075 0.0003

“The number of alternative splicing events were counted in a set of control
non-eQTL genes, in the eQTLs identified in an lllumina microarray study
by Stranger et al. (2005), and in an exon microarray (HuEx) study by Kwan
et al. (2008). A one-tailed x? test of homogeneity was used to determine
the significance of the differences between the two eQTL gene sets and
the control genes.

enhancers: SF2/ASF (also known as SRSF1) and SRp55 (also known
as SRSF6) (Cartegni et al. 2003). In contrast, no binding sites for
any known SR protein splicing factors are present within the se-
quence containing the reference T allele, associated with skipping
of exon 2 and lower transcript coverage (Fig. 4C). The association
between rs7911488, USMGS isoforms, and USMGS expression level
is an example of how an SNP can alter splicing efficiency, in this case
by introducing splicing factor binding sites, leading to differential
isoform expression and consequently to differences in gene expres-
sion in a genotype-dependent manner (mechanism 1; see above).
This is further compounded by the fact that the SNP is in the 5’ UTR
and thereby may affect mRNA stability (mechanism 3).

MMAB

We have previously noted that the MMAB gene contains an un-
annotated exon (6a) (Fig. 5), whose inclusion is regulated by a trio
of SNPs in close proximity to its donor splice site (Coulombe-
Huntington et al. 2009). Figure SA clearly shows the correct
splicing and increased inclusion levels of this exon in NA12892.
This inclusion is associated with decreased expression levels of
the entire gene: Individual NA12892 has a 5.7-fold increase in ex-
pression of exon 6a, yet a 1.5-fold decrease in total MMAB ex-
pression compared to NA12891 (Fig. 5C). The alternative exon of
MMAB exhibits a high level of allelic expression with SNP
152287180 in individual NA12892 (Fig. 5D). This imbalance is not
seen in heterozygous intronic SNPs throughout the gene, sug-
gesting that the regulatory effect on gene expression takes place at
the post-transcriptional level, and is most likely due to the in-
clusion of the alternative exon. This exon is in-frame but in-
troduces a stop codon immediately downstream from exon 6,
likely resulting in nonsense-mediated decay and the correspond-
ing decrease in mRNA levels of the gene. This is an example of
mechanism 2: The inclusion of exon 6a is increased with the
presence of the alternate bases of the three SNPs affecting the do-
nor splice site and results in a premature termination codon and
nonsense-mediated decay.

MMAB is of particular interest because of its involvement
in the cobalamine pathway. Mutations in MMAB result in the
metabolic disorder methylmalonic aciduria, type cblB, and poly-
morphisms near the gene have recently been associated with high-
density lipoprotein (HDL) cholesterol levels, the “good choles-
terol.” Fogarty et al. (2010) found that the alternate alleles of two
MMAB SNPs lead to higher expression of the full-length MMAB
transcript resulting in lower HDL levels. The SNP 152287180
expressed in NA12892 appears to have the opposite effect in terms
of MMAB expression. As noted above, the T allele of 152287180

leads to the inclusion of exon 6a and decreased expression of
MMAB. Thus, it is plausible that rs2287180 also plays a role in HDL
levels by decreasing MMAB expression.

OASI

Although the variation in this gene has been studied experimen-
tally (Bonnevie-Nielsen et al. 2005), with microarrays (Kwan et al.
2007, 2008) and, more recently, with RNA-seq (Pickrell et al. 2010),
we present it as an example in view of additional isoforms and
allelic expression evidence uncovered in our analysis, which fur-
ther clarifies the genetic control of OAS1 expression. Furthermore,
the OAS1 locus has high disease relevance, having been associated
with susceptibility to type 1 diabetes (Field et al. 2005), West Nile
virus (Lim et al. 2009), dengue virus (Lin et al. 2009), and multiple
sclerosis (Fedetz et al. 2006). OAS1 has previously been identified as
an eQTL in microarray analyses (Stranger et al. 2005; Kwan et al.
2008), and we and others (Bonnevie-Nielsen et al. 2005; Kwan et al.
2007; Pickrell et al. 2010) have further described a splice eQTL
involving the SNP rs10774671.

It is previously understood that the alternate A allele of
1510774671 disrupts the splice acceptor site in the terminal exon
creating two alternative OAS1 isoforms: p48, which uses a down-
stream splice site within the last exon; and p52, which shifts the
splice site by 1 bp (Bonnevie-Nielsen et al. 2005). Remarkably, from
our RNA-seq data, we can additionally show that the decreased

A
NA12891 (rs7911488 T homozygote)

NA12892 (rs7911488 G homozygote)
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Figure 4. In USMGS5, inclusion of exon 2 is associated with increased
transcript expression, and inclusion of exon T1a is associated with de-
creased transcript expression. The reference T allele of rs791148 is asso-
ciated with inclusion of exon Ta, and the alternate G allele is associated
with inclusion of exon 2. (A) Screenshots taken from Integrated Genome
Viewer (IGV) illustrating the read coverage of the two samples in USMGS5.
The Y-axis for both tracks is scaled to a maximum read count of 1150
(measured as number of reads mapping to a given nucleotide). (B) The
different USMGS5 isoforms observed. (C) The percentage of each isoform
(color-coded as in B) observed in the allele-specific alignment for both
individuals. The height of each pie chart is representative of the gene
expression for USMG5 as measured by the number of reads mapping to
the exonic and intronic regions of the gene. The number of isoforms
present in each individual was deduced by counting the number of splice
junction reads spanning a unique splice junction for each of the isoforms
(junction 1a-2 for isoform 1; junction1-3 for isoform 2; junction 1a-3 for
isoform 3; and junction 1-2 for isoform 4).
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Figure 5. Correlation of SNP rs2287180 to overall MMAB transcript
expression and to expression of MMAB novel exon 6a. (A) Screenshots
taken from IGV illustrating the read coverage of MMAB. The maximum
height for both tracks is set to 700. (B) The different MMABisoforms seen in
the alignment. (C) The percentage of transcripts (color-coded as in B)
including and excluding exon 6a in NA12891 and NA12892. To measure
the transcripts including exon 6a, the number of reads mapping to the
junctions 6-6a and 6a-7 was averaged, and to measure the number of
transcripts excluding exon 6a, the number of reads mapping to junction
6-7 were counted. The height of each pie chart is representative of the
gene expression for MMAB. (D) The number of reads supporting the ref-
erence and alternate alleles for rs2287180, respectively, in individual
NA12892.

level of exonic expression is associated with an increased retention
of the last intron in NA12892 (Fig. 6A). This individual expresses
two additional isoforms associated with rs10774671 that have
been previously identified (Fig. 6B; Pickrell et al. 2010). In the first
isoform, p42, the A allele causes preferential use of an alternative,
proximal polyadenylation site within the penultimate exon. Until
the advent of RNA-seq, it was not known that p42 is preferentially
expressed in conjunction with the A allele. The A allele is also re-
sponsible for the second isoform (isoform 4 or p44), which uses an
alternative, cryptic splice site within the last intron, upstream
of the affected splice site, and constitutes ~25% of the transcripts
for this genotype (Fig. 6C). Additional evidence portraying the
allele-specific expression of OAS1 is provided by SNPs throughout
the transcript (Fig. 6D). Finally, we identify a completely novel
isoform (isoform 6), resulting from alternative splice acceptor site
usage within exon 3. This isoform appears not to be under genetic
control and is present in ~5% of transcripts produced by each
genotype, further increasing the potential proteomic diversity
introduced by this locus. In summary, the alternate allele of
rs10774671 disrupts a splice acceptor site and instead is prefer-
entially included in alternatively spliced isoforms that use up-
stream splice sites or retain the last intron, illustrating that this
eQTL functions by mechanism 1 (Fig. 6C,D).

MRPL43

The gene MRPL43 has been detected as an eQTL target in several
previous studies (Stranger et al. 2005; Kwan et al. 2008). Exon array
analysis indicated that MRPL43 may be controlled by an sQTL with
expression of several isoforms of the gene varying in genotype-
dependent ratios; however, the precise nature of those isoforms

could not be identified. Here, we identify the probable causative
SNP, 152863095, affecting the splicing and overall mRNA isoform
levels within this gene. rs2863095 is immediately downstream
(3 bp) from the splice donor site of exon 3, and the alternate A
allele is predicted computationally to significantly strengthen this
splice site (maximum entropy increase of 4.26) (Yeo and Burge
2004). As a result, the vast majority of G-containing transcripts
fail to splice this exon and instead use a downstream poly-
adenylation site to terminate the transcripts, as demonstrated
in individual NA12891 (Fig. 7B,C). In contrast, transcripts con-
taining the A allele preferentially use this splice site to produce
several longer alternative isoforms. Indeed, individual NA12892,
who is heterozygous for 152863095, exhibits both a much larger
proportion of MRPL43 isoforms and higher expression of these
isoforms (Fig. 7C). The responsible SNP also demonstrates a con-
siderable expression imbalance within the short isoform (Fig.
7D), providing further evidence that the G allele is associated
with production of this transcript. This regulatory effect is an
example of how an SNP can alter the efficiency of an existing
splice site and introduce alternative isoforms (mechanism 2).
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Figure 6. OAS] isoforms. (A) Screenshots from IGV displaying the read
coverage within the OAST gene. The maximum height of both tracks is
2000. (B) All possible isoforms seen in OAST and their association with SNPs
rs1131454, rs60623134, rs10774671, and rs1051042. Larger font in-
dicates stronger allelic imbalance (not to scale), and if both alleles are
shown, then there is no evidence for genetic control on isoform production
by this SNP. Isoforms 1, 2, 3, and 4 differ only by exon 6: inisoform 1 itis the
normal exon 6; in isoform 2 it is shifted by 1 bp (exon 6’); in isoform 3 it is
shifted by 98 bp (exon 6"); and in isoform 4 it begins within the intron (exon
6""). (C) Relative percentages of isoforms seen within individuals NA12891
and NA12892. The number of isoforms is inferred by the number of reads
mapping to unique splice junctions for most isoforms (junction 5-6 for
isoform 1; junction 5-6 for isoform2; junction 5-6" for isoform 3; junction
5 to 6" for isoform 4; junction 2-3' for isoform 6). For isoform 5, expression
was measured by the number of reads mapping 25 bp past the end of exon
5 (still within the extended exon). The height of each pie chart is repre-
sentative of the gene expression for OAST. There is a 1.9-fold increase in
expression in favor of individual NA12892. (D) The number of reads sup-
porting the reference and alternate alleles seen in individual NA12892.
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Figure 7. Isoform eQTLs found in MRPL43. (A) Screenshots from IGV
displaying the read coverage within MRPL43. The maximum height of
both tracks is 370. (B) Various isoforms detected in MRPL4 3 and their allele
specificity (if any) to SNP rs2863095. (C) Relative percentages of isoforms
(color-coded as in B) seen within individuals NA12891 and NA12892.
Expression of each isoform was measured by counting the number of
reads mapping to a junction specific for most isoforms (junction 3-3a for
isoform 2; junction 3’-3a for isoform 3; junction 3-4 for isoform 4; junction
5-7 for isoform 6). For isoform 1, the expression was estimated as the
number of reads mapping 110 bp after exon 3, since it is the only isoform
that should be expressed at this point. The expression of isoform 5 was
deduced by subtracting the number of reads supporting isoform 6 from
the number of reads spanning junction 3-4, since they are the two isoforms
using this splice junction. The height of each pie chart is representative of
the gene expression for MRPL43. (D) Ratio of reference to alternate alleles
seen in individual NA12892.

MRPL43 was recently found within a disease locus for spastic
paraplegia with mental retardation (Dursun et al. 2009). Rese-
quencing of MRPL43, which was the top candidate out of 87 genes
within the locus, identified no mutations; however, a 20-fold in-
crease in mRNA levels was seen between two patients and five
controls, all of whom are from the same family. It is possible that
the more subtle regulatory effects in the MRPL43 eQTL exert less
visible phenotypic effects across human populations.

Discussion

The preponderance of expression quantitative trait loci has now
been extensively documented (Morley et al. 2004; Cheung et al.
2005; Stranger et al. 2005; Pastinen et al. 2006; Dixon et al. 2007;
Goring et al. 2007; Kwan et al. 2008; Montgomery et al. 2010;
Pickrell et al. 2010). Many human genes are variably expressed
in a genotype-dependent manner. The estimated number of such
genes has reached thousands, as the power of studies and tech-
nologies have both improved (Goring et al. 2007; Ge et al. 2009).
Many eQTLs have been validated across studies, and many
have been found to act in multiple tissues (Heinzen et al. 2008;
Bullaughey et al. 2009; Kwan et al. 2009).

More recently, our group (Kwan et al. 2007, 2008; Coulombe-
Huntington et al. 2009), followed by several others (ElSharawy

et al. 2009; Montgomery et al. 2010; Pickrell et al. 2010), has
demonstrated the parallel existence of isoform eQTLs, loci that
may not affect the overall gene expression levels but alter their
transcript structure in a genotype-dependant manner. These iso-
form eQTLs can function at the level of alternative splicing, al-
ternative polyadenylation sites, or alternative promoter usage.
Subsequently, we have been able to identify and validate a large
number of genetically controlled splicing variants, along with
their regulatory SNPs whose function can often be predicted in
silico (Coulombe-Huntington et al. 2009).

RNA-seq provides an unprecedented opportunity to inves-
tigate splicing-level variation. It has been shown to be highly ac-
curate and replicable, resulting in 85% validation rates of detected
splicing events by RT-PCR (Griffith et al. 2010). In this study, we
demonstrate that we can reliably predict the effect of SNPs on the
splicing of cassette exons, even when comparing only two sam-
ples. Although an analysis of two samples, carried out with no
technical replication, will typically identify a large number of sto-
chastic variation between samples, we show that by focusing on
variable cassette exons with SNPs in close proximity to splice sites,
we achieve 100% accuracy in predicting the effect of those SNPs
on exon inclusion. Only three of the cassette exons reported
here have been identified as targets of sQTLs in a previous study
(Coulombe-Huntington et al. 2009), while the remainder are novel,
further demonstrating the utility of this approach.

On a technical level, we find that current RNA-seq protocols
provide, on average, consistent coverage of transcripts with no
significant dependence on gene length and little variation in
coverage of the interior portions of genes (Fig. 1). This renders the
method highly suited for profiling overall transcript expression
levels and detecting alternative splicing of interior, cassette ex-
ons. However, there are significant biases against both the 3’ and
5’ transcript termini, resulting in loss of coverage and relatively
poorer detection of alternative initiation and termination sites
of genes. Since these effects are most likely related to RNA-level
fragmentation (Wang et al. 2009) and reduced efficiency of ran-
dom priming in the vicinity of fragmented template (Bemmo et al.
2008), future adjustment of protocols for isoform-level analysis
may include the use of poly(T) primers to better capture the
3" fragments, and cDNA template fragmentation to prevent
the loss of signal at the 3’ ends. It should be noted that many of
the biases observed in current studies may be overcome entirely
by third-generation sequencing technologies (Schadt et al. 2010),
which minimize sample preparation requirements, require no
template amplification, provide sequence data originating from
single RNA molecules, and promise to provide information not
only on individual splicing events, but also reveal the exact com-
binatorial RNA structure of individual transcripts.

Our method of template preparation employed in this study
is essentially similar to other current protocols (Marioni et al. 2008;
Sandberg et al. 2008; Griffith et al. 2010; Montgomery et al. 2010;
Pickrell et al. 2010), with the distinction of using only a single (as
opposed to repeated) poly(A) selection step. As a result, our tem-
plate retains significant amounts of unspliced, pre-mRNA, allow-
ing us to profile the levels of both exonic and intronic sequences.
We use this information to investigate the relationship between
sQTLs and eQTLs and draw some general conclusions regarding
the mechanisms of eQTL action.

It is likely that eQTLs act through a combination of tran-
scriptional, cotranscriptional (e.g., splicing), and post-transcrip-
tional (e.g., RNA stability) mechanisms. However, in order to
identify regulatory SNPs, it is of high interest to determine which
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of the mechanisms are predominant. In our present study, by
comparing results based on intronic RNA (unprocessed, hetero-
nuclear) with those based on exonic RNA (predominantly spliced,
polyadenylated), we conclude that a large majority (~75%) of
eQTLs control their targets at the level of transcription. The re-
maining 25% are likely to act co- or post-transcriptionally, possibly
via splicing or mRNA stability-related mechanisms. This consti-
tutes the first empirical evidence quantifying the relative impor-
tance of transcriptional and post-transcriptional mechanisms on
regulating eQTL targets. Furthermore, by focusing on the genes for
which the intronic and exonic analyses produce discordant results,
we were able to identify and dissect in fine detail four examples
of genes regulated by SNPs affecting alternative splicing. This
analysis further establishes the connections between eQTLs and
sQTLs and points out approaches for pinpointing causative reg-
ulatory polymorphisms.

Both eQTLs and sQTLs are hypothesized to be involved in
human phenotypic diversity and susceptibility to disease (Faustino
and Cooper 2003; Dewan et al. 2006; Emilsson et al. 2008; Lim
etal. 2009; Andrés et al. 2010; Cooper 2010; Musunuru et al. 2010;
Nica et al. 2010). In order to be able to use eQTLs as diagnostic
markers, as well as for any future therapeutic possibilities, it is es-
sential to identify the causative SNPs, along with their mecha-
nisms of action. To date, very few eQTLs have been dissected at the
molecular level, and little is known about the predominant
mechanisms linking genetic variation and gene expression levels.
Our study makes new inroads toward understanding the mecha-
nisms underlying the effects of genetic variation on human gene
expression.

Methods

RNA extraction and cDNA synthesis

The two samples analyzed here are the unrelated parents from
a HapMap CEU trio: NA12892 and NA12891. Lymphoblastoid cell
lines (LCLs) were obtained from Coriell, and cell culture was car-
ried out under standard conditions (Kwan et al. 2008). We ex-
tracted total RNA and applied a cDNA synthesis protocol on het-
eronuclear RNA, which allowed us to measure unspliced primary
transcripts. Approximately 150 pg of total RNA was isolated,
treated with 6 U of DNase I, and poly(A)-enriched using the
MicroPoly(A)Purist protocol (Ambion). The first- and second-
strand cDNA synthesis was carried out on 1 pg of poly(A)-enriched
RNA using random hexamers, and second-strand cDNA synthesis
was performed using the Superscript Double-Stranded cDNA Syn-
thesis Kit (Invitrogen). The protocol was based on that described by
Ge et al. (2009) in the study of allelic expression using Illumina
bead arrays.

High-throughput sequencing

cDNA from each sample was subjected to sequencing using the
MNlumina GAIIx technology. We obtained seven lanes of paired-
end, 76-bp reads per sample. Reads were processed using ELAND
(Cox 2007) to those that passed quality control in FASTQ format.
This provided an average of 143 million post-quality-control reads,
for a total of 10.1 Gb of sequence per sample. In total, 95% and
94% of reads were mappable to the genome for NA12891 and
NA12892, respectively. The majority of the remaining reads likely
aligned to multiple positions in the genome and, as a consequence,
were filtered and excluded from downstream analysis. These re-
petitive locations likely represent gene families, such as paralogs
and pseudogenes.

In order to estimate the relative proportions of unspliced,
heteronuclear pre-mRNA molecules and the processed, mature
mRNA molecules, we compared the number of reads mapping to
exons and introns in all RefSeq-annotated genes. The total number
of intronic reads was then normalized by the total length of in-
trons (in kilobases) contained within all genes expressed at de-
tectable levels, while the number of exonic reads was normalized
by the length of exons (in kilobases) for the same set of genes.
Genes with an average of at least 1 read per base pair were con-
sidered expressed for these calculations. For NA12891 we obtained
the following results: normalized mean intronic read count =
0.05742; normalized mean exonic read count = 1.928. For
NA12892, the corresponding numbers were very similar: normal-
ized mean intronic read count = 0.05654; normalized mean exonic
read count = 1.710. Together, these numbers suggest that exons
are targeted on average at a rate 32 times higher than introns,
when adjusted for size. This, in turn, implies an ~3% fraction of
unspliced hRNA molecules in the sample.

Sequence alignment

In order to quantify gene and isoform expression levels, the se-
quencing reads were aligned to each annotated gene in the human
genome. We used the BWA aligner due to its proven ability to ef-
ficiently call indels (Li and Durbin 2009). Our pipeline involved
first aligning the reads to the reference genomic sequence. Since,
similarly to SNPs within microarray probe sequences (Benovoy
et al. 2008), individual-specific genotype differences are known to
introduce biases during the alignment process (Degner et al. 2009),
we constructed four individual-specific reference sequences. Fach
sequence corresponded to a phased haplotype of one set of au-
tosomes. Phased haplotypes were obtained from the 1000 Ge-
nomes website (http://www.1000genomes.org/). Since these two
individuals had been sequenced at a high coverage as part of the
pilot project, we were confident that the resulting sequences were
highly accurate and did, indeed, constitute nearly perfect refer-
ences for the purpose of quantitative mapping. For each in-
dividual, we mapped the reads to the two distinct haplotypes,
combined the results, and filtered out duplicates to make sure
that each read was only counted once.

The reads that were not confidently mappable to the genome
were presumed to originate from exon-exon junctions. Thus, the
remainder of the reads were aligned to a library of junction se-
quences constructed from 75 bases (or the length of the exon if less
than 75) of each upstream exon, fused to the 75 bases (or the
length of the exon) of the downstream exon. In order to account
for novel splice isoforms, we created a library of all possible con-
secutive exon-exon junctions, based on the UCSC gene annota-
tion (Rhead et al. 2010).

Alternative splicing analysis

AS events were detected by identifying mutually exclusive splice
junctions. Any two splice junctions with one matching coordinate
and one distinct coordinate indicate an AS event. In the case of cas-
sette exons (exon skipping), the read counts for two junctions sup-
porting the inclusion were combined and compared with the read
counts for the junction supporting exon skipping. Only sets of ad-
jacent exons were considered. The difference and significance of
differential splicing between samples were tested using Fisher’s exact
test. Supplemental Files with read counts and statistics for gene ex-
pression and alternative splicing for the eQTLs used in this study, after
filtering out genes with low expression levels, are available online.
From a list of all SNPs present in our two samples obtained
from the 1000 Genomes website (http://www.1000genomes.org/),
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we selected those SNPs that are polymorphic in the two individuals
of our study and lying within 200 bp of alternative splice junc-
tions. Splice site strength was scored using a maximum entropy-
based method (Yeo and Burge 2004). Exonic splicing enhancer
(ESE) motifs were scored as follows: For each polymorphic SNP
in the vicinity of a splicing junction, the surrounding 15-bp se-
quence was analyzed with ESEfinder 3.0 (Cartegni et al. 2003),
using sliding windows of 7 bp. For each SNP, the highest score
for these sliding windows is reported (Supplemental Table 2).

Expression analysis

We used SAMTools (Li et al. 2009) to extract SNPs with a phred-like
score >20 and indels with a phred-like score >50 from the alignment
data. Integrated Genome Viewer (http://broadinstitute.org/igv)
was used to visualize the data. In order to estimate gene expression
levels, we used all reads mapping within the maximal genomic
locus containing each gene and its known isoforms, along with all
the exon-exon junction reads within the same interval. To esti-
mate expression at the mRNA level, we used only the reads map-
ping to exonic regions and to junctions for genes with at least 10
mapped reads. To estimate expression at the heteronuclear, pre-
mRNA level, we used only reads mapping within introns in the
same set of genes. Analysis of alternative splicing was carried out by
comparing the numbers of reads mapping to alternative, mutually
exclusive junctions. Expression-level counts were quantile-nor-
malized in order to account for systematic differences between the
two samples.

Comparison to microarray studies

From the top (statistically most significant) 500 eQTLs of two
previous microarray analyses (Stranger et al. 2005; Kwan et al.
2008), we selected a subset of genes for which the SNPs associated
with the eQTLs were polymorphic and had at least 10 reads map-
ping to it in at least one of the two individuals. To estimate gene
expression levels, we counted all the sequencing reads mapping to
mRNA of each gene (exons and exon-exon junctions). The results
were quantile-normalized and log,-transformed, and the log-ratios
were used to measure the difference in gene expression levels be-
tween the two individual samples. Pearson correlations were used
to assess the level of similarity between the two technologies.

Transcriptional regulation

To determine whether a given gene is regulated transcriptionally
or post-transcriptionally, high-confidence eQTLs associated with
SNPs for which our samples are polymorphic were selected. The
number of reads mapping to the gene’s exons and introns were
counted, and the fold-changes were compared between the sam-
ple-specific alignments for each individual.
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