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Alternative pre-mRNA splicing increases proteomic diversity and provides a potential mechanism underlying both
phenotypic diversity and susceptibility to genetic disorders in human populations. To investigate the variation in
splicing among humans on a genome-wide scale, we use a comprehensive exon-targeted microarray to examine
alternative splicing in lymphoblastoid cell lines (LCLs) derived from the CEPH HapMap population. We show the
identification of transcripts containing sequence verified exon skipping, intron retention, and cryptic splice site usage
that are specific between individuals. A number of novel alternative splicing events with no previous annotations in
either the RefSeq and EST databases were identified, indicating that we are able to discover de novo splicing events.
Using family-based linkage analysis, we demonstrate Mendelian inheritance and segregation of specific splice isoforms
with regulatory haplotypes for three genes: OAS1, CAST, and CRTAP. Allelic association was further used to identify
individual SNPs or regulatory haplotype blocks linked to the alternative splicing event, taking advantage of the
high-resolution genotype information from the CEPH HapMap population. In one candidate, we identified a
regulatory polymorphism that disrupts a 5� splice site of an exon in the CAST gene, resulting in its exclusion in the
mutant allele. This report illustrates that our approach can detect both annotated and novel alternatively spliced
variants, and that such variation among individuals is heritable and genetically controlled.

[The microarray data from this study have been submitted to GEO under accession no. GES7952.]

The human genome is estimated to contain ∼20,000–25,000
genes, and recent studies suggest that ∼50%–75% of multi-exon
genes undergo alternative splicing (AS), generating multiple
mRNA isoforms and greatly increasing human proteomic diver-
sity (Lander et al. 2001; Modrek et al. 2001). The splicing of
mRNA is a highly regulated process involving the interactions of
trans-acting splicing factors and cis-acting regulatory motifs. Dis-
ruptions of this process through mutations within these factors
and regulatory signals may play an important role in phenotypic
diversity and genetic disorders (Faustino and Cooper 2003; Nis-
sim-Rafinia and Kerem 2005; Black and Graveley 2006).

Recent advances in microarray technology hold great prom-
ise for the genome-wide detection of AS events (Lee and Roy
2004). Small to large-scale microarrays have been designed using
probes spanning predicted exon junctions (Modrek et al. 2001;
Johnson et al. 2003; Ule et al. 2005; Sugnet et al. 2006; Zhang et
al. 2006), probes targeted toward individual exons (Frey et al.
2005), or a combination thereof (Srinivasan et al. 2005) and ap-
plied to identification of AS events that are tissue-specific, for the
most part. However, one caveat of these studies utilizing custom-
ized arrays is a bias toward genes with solid EST and cDNA evi-
dence for known AS events and that are therefore limited in their
usefulness as a discovery tool for de novo splicing events. Here,
we have chosen to use an alternative array design, the Affymetrix
GeneChip Human Exon 1.0 ST Array, which is less biased toward
known AS events by targeting multiple probes to individual ex-

ons and allowing simultaneous, exon-level detection of expres-
sion levels for 1.4 million probe sets covering over one million
known and predicted human exons (Fig. 1). Exon-tiling arrays
have several advantages over exon-junction arrays: flexibility of
probe placement, exact transcript structures do not need to be
known a priori, and most AS events can be monitored without
designing probes specific to all possible junctions. However, it
should be noted that exon arrays do not provide immediate in-
formation on transcript structures containing candidate alterna-
tive events.

We show that (1) the Exon Array is able to detect AS at a
level that is comparable in sensitivity as other microarray meth-
ods, and (2) we can identify quantitative and qualitative varia-
tions in splicing among individuals. Preliminary analysis esti-
mates that up to 5% of all RefSeq exons are differentially spliced
between individuals. Our approach for establishing a genetic ba-
sis for the variation in splicing uses lymphoblasts derived from
individuals of the CEPH population (Cohen et al. 1993), where
we take advantage of the high resolution HapMap genotype in-
formation from these samples (Altshuler et al. 2005) to perform
allelic association studies.

Results

Examination of splicing differences between two CEPH
HapMap individuals

We investigated differences in exon-level expression in lympho-
blastoid cell lines (LCLs; three biological and five technical rep-
licates, for a total of 15 replicates per individual) from two unre-
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Article is online at http://www.genome.org/cgi/doi/10.1101/gr.6281007.
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lated individuals from the CEPH HapMap population (GM12750
and GM12751). We defined the splicing index (SI) as the expres-
sion level of a given probe set (representing one exon) divided by
the expression of the corresponding meta-probe set (representing
the gene), to control for differences in gene expression levels
between samples (Clark et al. 2002; Srinivasan et al. 2005). Prin-
cipal component analysis (PCA) indicates that the majority of the
variance in SI is due to individual differences, while the remain-

der is due to biological and technical fac-
tors, suggesting that splicing variation
between the two cell lines is frequent
(Fig. 2). Three of the replicates from in-
dividual GM12750 appear to be outliers
and were removed from all subsequent
analyses.

The array contains sequences from
two main sources: high confidence
mRNAs from RefSeq and GenBank data-
bases and ESTs from dbEST, and a lower
confidence set of speculative gene struc-
tures predicted using software such as
GENSCAN (Burge and Karlin 1997),
TWINSCAN (Korf et al. 2001), and Exo-
niphy (Siepel and Haussler 2004). For
this study, we restricted our analyses to
the high confidence set of mRNAs and
probe sets. Inclusion of the low confi-
dence theoretical probe sets may con-
tribute expression values that go toward
the overall summary and calculations of
the meta-probe set score and may ad-
versely affect the SI and all subsequent
analyses. In doing so, the number of
probe sets has been reduced approxi-
mately fivefold, from 1.4 million to
277,000 probe sets belonging to core
RefSeq transcripts.

One of the potential issues regard-
ing the use of microarrays, particularly
with respect to our study of looking at
differences in splicing between individu-
als, is the effect of polymorphisms
within the probes that potentially affect
binding affinities. Single nucleotide
polymorphisms (SNPs) are very com-
mon genetic variations and occur at a
frequency of one in 1000 bp in the hu-
man genome (Sachidanandam et al.
2001). Considering such a high fre-
quency of SNPs, we would expect a large
number of the probes to contain SNPs
and, in some of the cases, to be polymor-
phic between the individuals that we are
examining. In the comparison of two in-
dividuals, if a SNP exists within the tar-
get sequence in only one of the indi-
viduals, probe binding and intensity will
most likely be negatively affected in this
sample. This would result in an apparent
lower SI relative to the individual with
the wild-type allele, potentially leading
to a false-positive identification of differ-

ential probe set expression. We circumvent this issue by conser-
vatively masking out all probes containing SNPs from the dbSNP
database (release 126) and all HapMap SNPs polymorphic be-
tween our two samples, from the calculation of probe set and
meta-probe set summaries. However, there are most likely un-
known SNPs that are not yet annotated that may be present
within the probes on the array, and all candidate probe sets will
be dealt with on a case by case basis, examining the probe set for

Figure 1. (A) Schematic for coverage of probe sets across the entire length of the transcript. Yellow
regions are exons, whereas gray regions represent introns. The short dashes underneath the exon
regions indicate individual probes of 25 nucleotides in length representing the probe set. The Af-
fymetrix GeneChip Human Exon 1.0 ST Array allows for exon-level expression profiling in a single chip,
and can interrogate over one million predicted exons within the human genome. (B) Flowchart for
processing and analysis of chips to validation of alternative splicing events. Total RNA is extracted from
the two cell lines (n = 15 replicates per individual) and is transcribed to cDNA and labeled with biotin.
The total cDNA is then hybridized to the exon chip, followed by washing and staining with an
anti-streptavidin antibody. Chips are then scanned, and hybridization data are processed and analyzed
by the Affymetrix Power Tools (version 1.6) software package. A splicing index is calculated for ∼1.4
million probe sets covering one million exons. A subset of 20 alternative splicing events predicted
between the two individuals using an unpaired t-test (P < 8.915 � 10�4) on the splicing index and
other criteria (see Methods), are then validated by (1) RT-PCR using exon body primers flanking the
probe set of interest and (2) sequencing of the RT-PCR products.
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any discordant probes within them. Probes showing below back-
ground intensities in all samples were also masked out before
calculation of probe set summaries in order to avoid potential
influences of these low intensity probes on the estimated exon
and transcript expression levels. After masking out all of these
SNP-containing and background intensity probes, 234K probe
sets remain for analysis.

After summarizing probe set scores, ∼76K probe sets did not
pass the statistical DABG (detected above background) criteria
(see Methods) and therefore were not included in subsequent
analyses. In order to identify candidates from the remaining
158K probe sets suggestive of differential splicing between the
two individuals, we performed a t-test comparing the log-
transformed SI scores on replicates of the two groups. Since there
is no clear method for optimal determination of statistical cutoffs
(Thomas et al. 2005), we applied three different methods for
multiple testing correction. The Bonferroni correction provided
the most conservative estimate (P = 3.159 � 10�7, significance
threshold P = 0.05), yielding 1892 potential probe sets (1.2% of
expressed “core” probe sets) showing differential splicing. The
false discovery rate (FDR) (Benjamini and Hochberg 1995; Storey
and Tibshirani 2003) at a 0.01 significance level provided the
least conservative estimate (P = 8.915 � 10�4), with 8771 (5.7%)
potential splicing events. We also ascertained the significance
values using an empirical null distribution of P-values from the
observed data, by shuffling the SI scores for all samples of each
probe set (Churchill and Doerge 1994). For each probe set, we
calculated an empirical P-value by comparing our observed, non-
permuted P-value to the distribution of permuted P-values, fol-
lowed by Bonferroni correction on the permuted P-values. This
method estimates 4020 (2.6%) differentially spliced probe sets
between the two individuals. The average fold change in SI of

all significant probe sets at the Bonfer-
roni, permuted, and FDR corrected cut-
offs are 1.85-fold, 1.48-fold, and 1.45-
fold, respectively, showing a positive
correlation between significance and
fold-change expression.

We applied some additional bio-
logical and statistical criteria to the data
set (see Methods), reducing the number
of candidate probe sets to 1028. From
this list, we proceeded to test a random
selection of probe sets ranging from the
highest significance level to those near
the FDR cutoff. A small subset of 20 can-
didates were subjected to validation by
reverse transcriptase–polymerase chain
reaction (RT-PCR) using a pair of primers
in two distinct exons flanking a third
exon containing the predicted probe set.
The presence of alternative isoforms for
nine transcripts was confirmed by RT-
PCR (Table 1; Supplemental Fig. 1),
which translates into a 45% validation
rate. However, our study evaluates the
ability of this microarray technology to
identify alternative AS events de novo in
genetically diverse populations. Restrict-
ing our candidates to those showing EST
and cDNA evidence of AS in sequence
databases reduces the number of cases

from 20 to 12, thereby increasing our success rate to 60% (seven
out of 12). This is similar to the observed rates in a genome wide
junction array study (73/153 = 48%) (Johnson et al. 2003) and a
smaller custom array of both exon and junction primers (11/
20 = 55%) based on a priori knowledge of AS events (Le et al.
2004).

Analysis of validated AS events

Based on EST and RefSeq evidence, seven of the nine probe sets
with confirmed AS are predicted to confer exon-skipping events,
with the exception of the OAS1 and SFRS5 genes. Two OAS1
splice variants (RefSeq accession nos. NM_016816 and
NM_002534) are predicted to encode isoforms with alternative 3�

splice site (ss) usage of the last downstream coding exon. The
probe set identified in the SFRS5 gene is located within an intron
between exons 4 and 5 and represents an intron-retention event.
In total, seven of the nine probe sets that were identified in this
study show annotated evidence in EST and RefSeq databases of
AS. Probe sets corresponding to exons from the PPFIA1 and
SIDT1 genes show no previous evidence of AS, demonstrating
that the array can detect novel splicing events.

In three (CAST, PPFIA1, OAS1) of the top four validated
splicing events with the highest degree of fold-change in SI be-
tween individuals, we observe a clear predominance of one iso-
form in one individual versus the alternate variant in the second
individual. The majority of candidates with lesser fold changes
show the presence of both splice variants in each of the individu-
als. From a biological perspective, the presence or absence of one
of the two splice variants between individuals is more likely to
have a functional consequence than are cases where two splice
variants are expressed in all individuals with subtle differences in

Figure 2. Principal component analysis. A three-dimensional plot of the splicing index data showing
the three passages of five technical replicates each of individuals GM12750 and GM12751, on the left
and right sides, respectively. The three biological replicates are shown as purple, orange, and yellow
spheres, respectively. The three outliers that were removed from all subsequent analyses are shaded in
a blue sphere. The percentage of variance attributed to principal components one and two is shown
on the X- and Y-axes, respectively. Plots were created using the Partek Genomics Suite software
package (Partek).
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relative ratios. Loss of function from one variant without com-
pensatory effects from expression of the alternative splice iso-
form may have drastic differences in downstream effects. How-
ever, until a complete validation of all candidate probe sets is
performed, we cannot estimate how many of these “all-or-none”
splicing events are present compared with the observation of
both isoforms in each individual.

In one of our candidate genes, sequence analysis of the RT-
PCR products identified a variant using a cryptic splice site within
the predicted exon. Two OAS1 transcripts show alternative 3� ss
usage in the predicted last exon of the gene, resulting in differential
stop codon usage and a longer 3� UTR in one transcript. In the
future, sequence analysis of all validated probe sets will be nec-
essary to accurately determine cryptic splice site usage, especially
those in close proximity to the annotated splice site, which may
be beyond the resolution of standard gel electrophoresis.

The available EST and mRNA-based evidence of AS in most
of our candidate genes provides support and validation for our
array-based discovery of known alternatively spliced transcripts.
More importantly, the identification of new PPFIA1 and SIDT1
splice variants provide confidence that we may be able to dis-
cover novel AS events and increase the catalog of the human
transcriptome.

Association of splicing to cis-regulatory haplotypes

An important goal of this study was to demonstrate the genetic
component of AS, specifically the inheritance of a splicing pat-
tern and its association to a cis-regulatory haplotype. Using the SI

of an exon as a quantitative trait, we performed regression-based
linkage analysis (implemented in Merlin) (Abecasis et al. 2002)
within a three-generation family (CEPH 1444) for the nine veri-
fied AS events detected in this study. At a nominal level of
LOD > 0.59, corresponding to P < 0.05, we observed evidence of
linkage between SI scores and the corresponding chromosomal
region in the OAS1 (LOD = 0.76), CRTAP (LOD = 1.29), and CAST
(LOD = 1.98) genes. RT-PCR based analysis confirmed segrega-
tion of the splicing pattern with the associated haplotype
through all three generations of this pedigree (Fig. 3).

The association between alternatively spliced isoforms and
genetic variation was examined further by testing our nine can-
didates on a larger panel of 60 unrelated HapMap CEU individu-
als. In many cases, both splice variants are expressed in different
ratios in various individuals, but the RT-PCR approach that was
used here was not sensitive enough to quantify the relative iso-
form levels and establish a statistical association with a regula-
tory haplotype. Other methods based on the use of fluorescent
dyes such as TaqMan PCR (Gibson et al. 1996) may be more
sensitive in detecting relative amounts of each isoform, although
the cost associated with this technology is prohibitive for large-
scale validation of predicted AS events. In clear cases where only
one of the isoforms or the other is expressed, classical RT-PCR is
a more suitable method. We were able to confirm the previously
described association of OAS1 variants to a candidate regulatory
polymorphism (Field et al. 2005), and establish that the CRTAP
splicing variant is rare and does not occur outside of members of
CEPH family 1444 (data not shown).

Table 1. Candidate genes with alternative splicing events

Gene
name

RefSeq
accession

nos. Function AS event

Expected
sizes of PCR

products PSID
Log2

(ratio) P-value
RefSeq

evidence
EST

evidence

KIAA0460 NM_015203 Hypothetical
protein
LOC23248

Exon skipping 226, 304 2358260 �0.55 1.24 � 10�5 No Yes

LOC93349 NM_138402 Hypothetical
protein
LOC93349

Exon skipping 415, 490 2531328 �0.44 2.53 � 10�5 No Yes

CRTAP NM_006371 Cartilage-associated
protein precursor

Exon skipping 309, 438 2616180 �0.55 1.80 � 10�5 No Yes

SIDT1 NM_017699 SID1
transmembrane
family,
member 1

Exon skipping 200, 284 2636499 �0.56 1.04 � 10�9 No No

CAST NM_001750 Calpastatin Exon skipping 234, 273 2821249 �2.82 2.26 � 10�16 Yes Yes
NM_173060
NM_173061
NM_173062
NM_173063

PPFIA1 NM_177423 PTPRF interacting
protein �1

Exon skipping 283, 436 3338488 �0.73 1.27 � 10�5 No No

NM_003626
OAS1 NM_016816 2�,5�-oligoadenylate

synthetase 1
Alternate SS 487, 585 3432462 1.34 5.84 � 10�7 Yes Yes

NM_002534
NM_001032409

SFRS5 NM_006925 Splicing factor,
arginine/serine-
rich 5

Intron retention 155, 439 3542221 1.03 5.46 � 10�9 No Yes

NM_001039465
HHAT NM_018194 Hedgehog

acyltransferase
Exon skipping 208, 403 2378404 0.51 2.81 � 10�5 No Yes

Candidate alternatively spliced (AS) probe sets between two unrelated CEPH HapMap individuals (GM12750 and GM12751) that were validated by
RT-PCR. The corresponding Affymetrix probe set ID (PSID), the nature of the observed AS event, and log-transformed fold-change in splicing index ratio
between GM12750/GM12751 are indicated, as well as RefSeq and EST-based evidence for AS.
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The most interesting example of allelic association was iden-
tified in the CAST gene, which encodes for calpastatin, a calpain
protease inhibitor. There are at least 11 known isoforms of cal-
pastatin, all differing in their N-terminal regions (Fig. 4B) (Lee et
al. 1992). The predicted alternatively spliced exon of the CAST
gene is supported by RefSeq and EST evidence of AS and encodes
a portion of the first of four repetitive protease-inhibition do-
mains. Consequently, removal or disruption of these calpain-
inhibition domains may affect functionality and/or tissue speci-
ficity of the protein (Takano et al. 1993). The splicing pattern in
the entire panel was correlated to a single SNP (rs7724759) that is
most likely the causative polymorphism resulting in our differ-
entially spliced isoforms. The SNP is located at the 3� end of the
exon and involves a G to A substitution that abates the weak
consensus 5� ss sequence. All individuals genotyped as homozy-

gous GG for rs7724759 have an intact 5�

ss sequence and properly splice the
exon, resulting in the larger PCR prod-
uct. Individuals homozygous for AA at
this position have a nonfunctional 5� ss
on both alleles that is improperly recog-
nized by the splicing machinery; as
such, the exon is excluded and accounts
for the shorter, lower molecular weight
band. When both isoforms are observed,
the individual is heterozygous for this
SNP and has both wild-type and poly-
morphic alleles. This exon also demon-
strated linkage in the CEPH 1444 family,
as previously mentioned, and examina-
tion of the pedigree clearly shows the in-
heritance of the two haplotypes through
the three generations (Fig. 3C).

We also examined the remaining
eight AS events for both functional do-
mains encoded within the respective ex-
ons and also for putative cis-acting SNPs
that may control the splicing patterns.
We did not identify any domains for any
of the exons except a putative trans-
membrane domain within the HHAT
exon. In most of the cases, the closest
polymorphic SNPs between individuals
GM12750 and GM12751 were all lo-
cated either in the 5� or 3� flanking in-
trons but at significant distances (>100
bp) from the splice site. We were able to
identify SNPs either within or in close
proximity (<100 bp) to the putative AS
exon for the SIDT1 and OAS1 genes and
within the retained SFRS5 intron. SNP
rs2271494 is located 25 bp upstream of
the SIDT1 exon and is found within the
polypyrimidine tract. Mutations within
this region may alter binding between
the large subunit of the U2 small nuclear
ribonucleoprotein particle (snRNP) aux-
iliary factor, U2AF, to this motif (Singh
et al. 1995). The SNP rs151042 is located
within exon 7 of the OAS1 gene and is
part of a haplotype block where another
SNP marker, hCV2567433, at the exon 7

splice-acceptor site, has been shown to result in the usage of an
internal splice site in the mutant allele (Bonnevie-Nielsen et al.
2005). In the one example of intron retention for the SFRS5 gene,
we identified a SNP (rs3104) centrally located within the intron;
however, it does not appear to disrupt any known intronic splice
enhancer or silencer. These results demonstrate that association
studies of alternatively spliced exons with well-genotyped indi-
viduals are valuable in identifying the potential polymorphisms
linked to the splicing event.

Discussion

Identifying AS events is important to understanding the diversity
and complexity of the human genome, and we report on the use

Figure 3. Heritability of alternative splicing. Inheritance of alternative splicing for genes (A) OAS1, (B)
CRTAP, and (C) CAST. Left panel shows pedigree structure of CEPH/UTAH family 1444 with the auto-
somal dominant inherited splice pattern as blue symbols. Haplotypes for each of the eight founder
chromosomes are labeled A, B, C, D, E, F, G, and H, and the two inherited haplotypes of each family
member are indicated within the symbol. The regulatory haplotype is shown as bold white text.
Squares represent males, and circles represent females. CEPH/UTAH 1444 pedigree is labeled as fol-
lows: 1 (GM12739), 2 (GM12740), 3 (GM12741), 4 (GM12742), 5 (GM12743), 6 (GM12744), 7
(GM12745), 8 (GM12746), 9 (GM12847), 10 (GM12747), 11 (GM12748), 12 (GM12749), 13
(GM12750), and 14 (GM12751). The right panel shows the two transcript isoforms of the genes.
Exon-body primers are shown above the flanking exons of the predicted alternatively spliced exons.
Shown below the transcript isoforms are the RT-PCR results. Lanes are numbered from 1–14 according
to the pedigree on the left.
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of a comprehensive exon-tiling array in our experimental design
to discover such events between individuals. The same microar-
ray design has also been recently used for a complete analysis of
tissue-specific differences in splicing (Gardina et al. 2006; Clark
et al. 2007) and is potentially useful for many pairwise compari-
sons of splicing. Since the design of this array is not biased to-
ward a priori knowledge of AS events, there is more potential for
detecting novel splicing events. We demonstrated that novel iso-
forms can be discovered using this microarray, and others have
recently shown the same (Gardina et al. 2006; Clark et al. 2007).
A number of different types of splicing events were identified,
including exon exclusion, intron retention, and the use of cryp-
tic splice sites. Exon-tiling arrays provide an advantage over exon
junction arrays in their ability to identify the use of cryptic splice
sites due to the design of probes within an exon. Exon-junction
probes can detect the joining of two exons at specific, known
splice sites and are not as effective at the detection of novel,
unannotated cryptic splice site usage. However, one disadvan-
tage of tiling probes only within exons is its inability to provide
information on how all the individual exons are linked within
the different splice isoforms of a particular gene, a feature more
suited to an exon-junction probe array. Proper design of an exon
junction array for the entire human genome to interrogate all
possible gene structures requires too many probes for every pos-
sible joining event. Such a design is more suitable for the exami-
nation of a smaller number of events, as demonstrated recently
(Ben-Ari et al. 2006; Valverde et al. 2006; Zhang et al. 2006). Each
of these array designs possesses advantages and disadvantages,
and given comparable false-positive rates obtained in this study
and other splicing microarray studies, both are useful and infor-
mative in the identification of AS events. A follow-up study using

a custom microarray consisting of a combination of exon and
exon-junction probes may prove useful for confirming AS events
and examining all possible transcript structures for a smaller sub-
set of genes. This study focused on differentially expressed probe
sets located within in-frame coding exons. Validation of probe
sets corresponding to out-of-frame exons were not looked at, but
these may introduce an upstream stop codon through cryptic
splice site usage. This may confer differences in post-
transcriptional regulation through nonsense-mediated decay.
Probe sets located within 5�/3� UTRs can also have widely varying
biological functional consequences, such as changes in promoter
regions or polyadenylation and transcript termination differ-
ences.

Exactly how much differential splicing is occurring between
any two individuals is still unknown. We estimated that up to
2.5% of all RefSeq exons expressed in lymphoblasts may show
differential expression between the two samples tested, after fac-
toring in our current validation rate, although a more accurate
determination on the amount of differential splicing events will
require a proper ROC-type analysis. However, this study exam-
ines splicing in lymphoblasts, and this estimate may change de-
pending on the tissue tested. Alternative splice variants of the
same gene can be expressed in multiple cell types to exert differ-
ent functional and regulatory effects, which may also be indi-
vidual specific. Neuronal tissues are known to have high levels of
splicing (Yeo et al. 2004), and it is not unreasonable to assume
that the amount of splicing between individuals may be higher
in brain tissues than in lymphoblasts. A more complete picture
may be ascertained by pairwise comparison of splicing in many
tissues between individuals.

The large amount of genotyping information within iden-

Figure 4. Association of alternative splicing and genotypes for the CAST gene. (A) RT-PCR of CAST exon against a panel of unrelated parents from each
of the 30 HapMap CEU trios. Sample names are colored according to their genotype for SNP rs7724759: homozygous GG (green), homozygous AA
(red), and heterozygous AG (black). (B) Four known isoforms of the CAST gene are shown with their RefSeq accession numbers on the left and the
candidate probe set shaded in gray. Shown below is the sequence of the exon in capital letters and flanked by the intronic sequence in lower case. The
SNP rs7724759 is located at the last position of the exon and is a G to A substitution that disrupts the consensus splice site sequence.
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tified populations from the HapMap project provides a tremen-
dous resource for associating known SNPs or regions of linkage
disequilibrium with genetic differences such as copy number
variation, allelic imbalance, and AS, or phenotypic traits that
may convey an increased risk of disease. Here, we have shown
that this approach can be used to identify one or more SNPs
associated with some of the splicing events identified. Further
examination of the nature of the polymorphisms and their loca-
tion relative to the spliced exon can give insight as to whether it
is part of a larger cis-regulatory haplotype or in fact the causative
SNP disrupting a splice site consensus sequence, an exonic splic-
ing enhancer (ESE) or silencer (ESS), an intronic splicing en-
hancer (ISE) or silencer (ISS), or other splice regulatory motifs
such as the branch point or the polypyrimidine tract. Assigning
a definitive causative effect of the SNP will require further experi-
mental validation in vitro, such as monitoring splicing activity in
cells using splice reporter constructs (Mayeda and Krainer 1999).
However, it is quite possible that there are unannotated SNPs
proximal to the exon that are responsible for the differential
splicing, and resequencing of the genomic regions neighboring
the exons will be necessary to identify these polymorphisms.

Although we identify a candidate exon from the CAST gene
showing genetic association with expression level changes, we do
not know how often this occurs in a human population on a
genome-wide scale. One method of properly assessing how com-
mon inherited splicing occurs would be to perform a whole-
genome association study with more individuals from the Hap-
Map population, using the SI scores as a quantitative trait. This is
very similar to recent whole-genome association studies that sug-
gest that common genetic variation explains much of the gene
expression differences among individuals (Stranger et al. 2005,
2007). Carrying out a similar analysis at the exon level will yield
better estimates of how common this heritability and genetic
association is in humans.

The identification of SNPs within specific individuals in a
population that affect splicing is an important issue to address
when considering its relevance to possible resistance or suscep-
tibility to disease states. An estimated 20%–30% of disease-
causing mutations is believed to affect pre-mRNA splicing (Faus-
tino and Cooper 2003), through the disruption of splice sites,
exonic and intronic splicing enhancers and silencers, or RNA
secondary structure. In this study, the two OAS1 splice variants
identified have been previously associated with a SNP at an exon
splice-acceptor site. This polymorphism results in the usage of an
internal splice site in the mutant allele, which is thought to con-
fer differences in host susceptibility to viral infection in type I
diabetes patients (Field et al. 2005). A genome-wide analysis with
well-genotyped CEPH HapMap individuals will be an important
starting point in identifying many more AS events and the caus-
ative polymorphisms involved in human diseases.

Methods

Cell line preparation
RNA samples were obtained from 74 Epstein-Barr virus-
transformed LCLs belonging to the CEPH (Center d’étude du
polymorphisme humain) reference individuals from the state of
Utah in the United States (CEU). For this study, we used DNA
samples from 60 unrelated individuals that have been genotyped
for approximately four million SNPs by the International Hap-
Map Project (Altshuler et al. 2005). Additionally, LCLs from
CEPH pedigree 1444 (14 samples) were included to examine ge-

netic influences on AS in a three-generation family. Cells were
grown at 37°C and 5% CO2 in RPMI 1640 medium (Invitrogen)
supplemented with 15% heat-inactivated fetal bovine serum
(Sigma-Aldrich), 2 mM L-glutamine (Invitrogen), and penicillin/
streptomycin (Invitrogen). Cell growth was monitored with a
hemocytometer, and cells were harvested at a density of
0.8 � 106 to 1.1 � 106 cells/mL. Cells were then resuspended
and lysed in TRIzol reagent (Invitrogen). For all LCLs, three suc-
cessive growths were performed (corresponding to the second,
fourth, and sixth passages) after thawing frozen cell aliquots.

Affymetrix exon arrays
RNA was isolated using TRIzol reagent following the manufac-
turer’s instructions (Invitrogen). The RNA quality was assessed
using RNA 6000 NanoChips with the Agilent 2100 Bioanalyzer
(Agilent). Biotin-labeled target for the microarray experiment
were prepared using 1 µg of total RNA. The RNA was subjected to
a rRNA removal procedure with the RiboMinus Human/Mouse
Transcriptome Isolation Kit (Invitrogen), and cDNA was synthe-
sized using the GeneChip WT (Whole Transcript) Sense Target
Labeling and Control Reagents kit as described by the manufac-
turer (Affymetrix). The sense cDNA was then fragmented by UDG
(uracil DNA glycosylase) and APE 1 (apurinic/apyrimidic endo-
nuclease 1) and biotin-labeled with TdT (terminal deoxynucleo-
tidyl transferase) using the GeneChip WT Terminal labeling kit
(Affymetrix). Hybridization was performed using 5 µg of bioti-
nylated target, which was incubated with the GeneChip Human
Exon 1.0 ST array (Affymetrix) at 45°C for 16–20 h. Following
hybridization, nonspecifically bound material was removed by
washing and detection of specifically bound target was per-
formed using the GeneChip Hybridization, Wash and Stain kit,
and the GeneChip Fluidics Station 450 (Affymetrix). The arrays
were scanned using the GeneChip Scanner 3000 7G (Affymetrix),
and raw data was extracted from the scanned images and ana-
lyzed with the Affymetrix Power Tools software package (Af-
fymetrix).

For the initial study, three separate passages of two unre-
lated individuals, GM12750 and GM12751, from the CEPH 1444
pedigree were used, with five technical replicates of each growth,
for a total of 15 arrays hybridized for each sample. Multiple rep-
licates were used to assess the relative contributions of biological
and technical noise to the observed exon and transcript levels. In
particular, since this array uses probe cells with a feature size that
is only one-quarter of previous expression array designs, we
aimed to determine whether they showed greater technical vari-
ability or higher background noise and also to identify a mini-
mum number of biological and technical replicates required for
an acceptable signal-to-noise ratio. For the linkage studies of the
CEPH 1444 pedigree, three passages for each of GM12739,
GM12740, GM12750, and GM12751 were used along with single
replicates for the remaining 10 individuals.

Analysis of array hybridization data
The Affymetrix Power Tools software package (Affymetrix) was
used to quantile normalize the probe fluorescence intensities and
to summarize the probe set (representing exon expression) and
meta-probe set (representing gene expression) intensities using a
probe logarithmic intensity error model (see http://
www.a f fymet r ix . com/suppor t / t echnica l / t echnote s /
plier_technote.pdf). Probe sequences that map to SNPs in a par-
ticular sample may give rise to altered binding affinities and in-
fluence intensity data and the resulting SI scores (data not
shown); therefore, probe sets were cross-referenced to the dbSNP
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database (release 126) for the presence of polymorphisms within
the probes, and SNP-containing probes were excluded from this
analysis. Probes showing sub-background levels of expression in
all samples were also removed to reduce the influence of these
probes on total probe set and meta-probe set expression levels.
We calculated mean probe intensities for a set of anti-genomic
probes, which we designated as background expression. For each
probe on the array, if the intensity for all samples was less than
the background expression plus two standard deviations for the
same GC content, then the probe was excluded from the sum-
mary calculations. The SI score was calculated by simply dividing
the probe set intensity by the meta-probe set intensity (i.e., exon
expression/gene expression) after the addition of a stabilization
constant (13) to both the probe set and meta-probe set scores.

PCA was performed on the SI scores from all chips using the
Partek Genomics Suite software package (Partek) in order to at-
tribute the variance averaged over all exons to sources of vari-
ability, and to determine a confidence level in the consistency of
expression profiles from biological and technical replicates.
Comparison of expression data from individuals GM12750 and
GM12751 identified outliers for three replicates of GM12750
(Fig. 2) that were excluded from all subsequent analyses.

To analyze splicing differences between the two samples for
each probe set, an unpaired Student’s t-test was performed using
the log-transformed SI values for all remaining replicates (12 of
GM12750 and 15 of GM12751) of each individual (R statistical
package, version 2.3.0). Probe sets showing significantly different
SI scores were ranked by P-value. Linkage analysis tests of SI
scores cosegregating with chromosomal regions for the CEPH
1444 family was carried out using MERLIN (version 1.0.1) with
default settings (Abecasis et al. 2002). The scan was performed
using a region spanning 20 SNP markers centered on the probe
set.

Differentially spliced probe sets were filtered using a number
of criteria including: (1) detectable level above background
(DABG < 0.05) for both the probe set and the meta-probe set to
which it belongs; (2) normalized meta-probe set scores with a
minimum intensity score of 50; (3) the transcript defined by a
minimum of three exons; and (4) size of the exon corresponding
to the probe set is divisible by three. This last criterion was added
to ensure that changes resulting from exon inclusion/exclusion
would be in frame, which has been observed in a high percentage
of conserved and species-specific alternative exons (Magen and
Ast 2005). For two sample comparisons, we also required that
transcript expression levels between samples was less than two-
fold.

RT-PCR and sequence analysis
Total RNA was treated with 4 U of DNase I (Ambion) for 30 min
to remove any remaining genomic DNA. First-strand cDNA was
synthesized using random hexamers (Invitrogen) and Superscript
II reverse transcriptase (Invitrogen). For all candidate probe sets,
locus-specific primers within the adjacent, flanking exons were
designed using Primer3 (Rozen and Skaletsky 2000) software.
Primers were designed within exons that had the following re-
strictions: (1) flanking exon expression level above background
(DABG < 0.05) and (2) the flanking exon itself was not predicted
to be alternatively spliced. Approximately 20 ng of total cDNA
was then amplified by PCR using Hot Start Taq Polymerase (Qia-
gen) with an activation step of 15 min at 95°C followed by 35
cycles of 30 sec at 95°C, 30 sec at 58°C, and 40 sec at 72°C and a
final extension step of 5 min at 72°C. Amplicons were visualized
by electrophoresis on a 2.5% agarose gel. Sequencing of the two
products whose sizes corresponded to the predicted larger exon/

intron-inclusion and shorter exon-skipped forms confirmed the
AS. We perfomed BLAST analysis of the two splice variants
against the non-redundant and EST databases at the National
Center for Biotechnology Information (NCBI) to verify if both
sequences are known or whether a novel splice isoform has been
identified.
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