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Letter

Human genetic variation recognizes functional
elements in noncoding sequence
David Lomelin,1,6 Eric Jorgenson,2,3 and Neil Risch1,4,5
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Neurology, University of California, San Francisco, San Francisco, California 94143, USA; 3Ernest Gallo Clinic and Research Center,

University of California, San Francisco, Emeryville, California 94608, USA; 4Department of Epidemiology and Biostatistics, University of

California, San Francisco, San Francisco, California 94143, USA; 5Division of Research, Kaiser Permanente Northern California,

Oakland, California 94612, USA

Noncoding DNA, particularly intronic DNA, harbors important functional elements that affect gene expression and
RNA splicing. Yet, it is unclear which specific noncoding sites are essential for gene function and regulation. To identify
functional elements in noncoding DNA, we characterized genetic variation within introns using ethnically diverse human
polymorphism data from three public databases—PMT, NIEHS, and SeattleSNPs. We demonstrate that positions within
introns corresponding to known functional elements involved in pre-mRNA splicing, including the branch site, splice
sites, and polypyrimidine tract show reduced levels of genetic variation. Additionally, we observed regions of reduced
genetic variation that are candidates for distance-dependent localization sites of functional elements, possibly intronic
splicing enhancers (ISEs). Using several bioinformatics approaches, we provide additional evidence that supports our
hypotheses that these regions correspond to ISEs. We conclude that studies of genetic variation can successfully dis-
criminate and identify functional elements in noncoding regions. As more noncoding sequence data become available, the
methods employed here can be utilized to identify additional functional elements in the human genome and provide
possible explanations for phenotypic associations.

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

Genome-wide association studies have begun to identify large

numbers of genetic variants that influence the risk of human dis-

eases and variability in human traits. A striking feature of the

newly associated variants is that the top signals often occur at DNA

sites that do not encode amino acids. Because the function of

noncoding DNA is less well understood than that of coding DNA,

researchers are left to speculate about the functional effect of

these variants. Methods that elucidate the function of noncoding

DNA can complement the knowledge gained from association

studies and in so doing lead to a more complete understanding of

gene function and disease etiology. Here, we examine the distri-

bution of genetic variation that exists within the human species to

identify functional elements in the human genome.

The most common differences in DNA sequence between

individuals are single nucleotide polymorphisms (SNPs), that is,

changes to a single DNA base pair. Sites with low genetic diversity

have been suggested to be under purifying selection and therefore

indicate functionally important regions within the genome. Con-

sequently, calculation of nucleotide diversity, which provides a

measure of genetic variation, is commonly employed to recognize

functional sites and to characterize genetic variation (Cargill et al.

1999; Halushka et al. 1999; Leabman et al. 2003; Myrick et al.

2005; Urban et al. 2006).

To this end, surveys of DNA variation in humans have been

undertaken to better understand the characteristics of functional

sites in the genome. To date, most of these surveys have focused on

genes. Two surveys—one of variation in 106 genes associated with

cardiovascular disease, endocrinology, and neuropsychiatry, and

another of 75 genes involved in blood pressure homeostasis and

hypertension—showed that there was reduced variation at non-

synonymous (change in amino acid) sites within coding regions,

particularly when the changes led to nonconservative (change in

amino acid whose biochemical properties differ from the native

amino acid) mutations (Cargill et al. 1999; Halushka et al. 1999).

Additional work on 24 human membrane transporter genes

showed that sequence variants in positions that lead to non-

synonymous substitutions have lower allele frequencies when

compared with other sequence changes (Leabman et al. 2003).

Follow-up work by the same group measured the in vitro activity

of polymorphic transmembrane transporters, revealing that the

transporters with high-frequency variants retained function, while

those with low-frequency variants more often lost activity or dis-

played reduced function (Urban et al. 2006). In general, alleles that

are functionally deleterious will be selected against and thus

under-represented among high-frequency variants, and over-

represented among low-frequency variants.

Supported by experiments like those described above, many

have emphasized studying coding as opposed to noncoding vari-

ants for phenotypic effects since these changes can have a direct

effect on the protein sequence, and therefore are more likely to

alter its function (Risch 2000). There are, however, also clear ex-

amples of mutations in noncoding regions, including those within

introns, being responsible for diseases (Langford et al. 1984;

Vijayraghavan et al. 1986; Kuivenhoven et al. 1996; Webb et al.

1996; Yu et al. 1999). Additionally, many genome-wide association

(GWA) studies have now found associations between intronic

variants and diseases such as breast cancer and diabetes (Easton

et al. 2007; Hunter et al. 2007; Scott et al. 2007).

An important problem in GWA studies is that even after a lo-

cus is implicated in causing a disease, using linkage disequilibrium
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to associate a specific noncoding variant with the disease can be

inconclusive since these noncoding variants typically don’t offer

any information about the functional effect of the DNA change,

whereas changes in coding DNA have clearer consequences

(Freimer and Sabatti 2007). Given that previous studies have suc-

cessfully used human polymorphism data to characterize func-

tional elements within human coding regions, the present study

demonstrates that biologically active sites within noncoding re-

gions, specifically introns, show the same reduced genetic variation

characteristics that are seen within coding regions. In addition, we

use human polymorphism data to identify novel location-specific

intronic sites that suggest the presence of functional elements

within noncoding DNA, which may represent intronic splicing

enhancers.

Intron structure

A typical eukaryotic gene is composed of several short coding se-

quences (exons) interspersed with longer noncoding regions (in-

trons) (Fig. 1). After the cell transcribes a heteronuclear RNA

(hnRNA, or pre-mRNA) from a gene, the intronic regions must be

removed by the cell’s splicing machinery before its final form

(mRNA) can be used for translation—a process commonly known

as RNA splicing. The complex responsible for this task is the spliceo-

some, which is composed of five small nuclear RNAs (snRNAs)—U1,

U2, U4, U5, and U6—and more than 60 polypeptides that

must precisely recognize the 59 and 39 intron edges (splice sites)

to properly excise the intron from the mRNA (Cartegni et al.

2002). The snRNAs form a complex with proteins known as

small nuclear ribonucleoprotein particles (snRNPs). Any mistakes

in this process lead to aberrantly spliced mRNAs that are mis-

translated.

There are several elements within introns that associate with

a number of factors from the spliceosome. Analysis of a large

number of pre-mRNAs has shown that there are consensus se-

quences at the 59 and 39 splice sites that are highly conserved and

promote spliceosome assembly: (1) the 59 splice site, characterized

by the conserved sequence 59-GURAGU-39 where the first two

residues are particularly conserved (>99%) across eukaryotic in-

trons (and R denotes purine); (2) the 39 splice site, with the con-

served consensus sequence 59-NYAG-39 (where Y denotes pyrimi-

dine and N denotes all nucleotides); and (3) a region upstream of

the 39 splice site known as the polypyrimidine tract (PPT), which is

a stretch of 10 or more nucleotides, the majority of which are py-

rimidines (uracil and cytosine nucleotides) (Fig. 1) (Lodish et al.

2000). The branch site is another important motif that aids in in-

tron identification, spliceosome formation, and lariat formation

during mRNA splicing. This sequence, 59-YURAY-39 (the boldface

branch point site bulges out during binding and is highly con-

served), is typically degenerate within mammalian pre-mRNAs. Its

localization is also highly variable, but confined to 15 to 50 bp

upstream of the 39 splice site, since the spliceosomal element that

binds to the branch site must first be recruited by elements that

recognize the 39 splice site (Lodish et al. 2000).

Results

Genetic variation by gene region

The measured values of genetic variation for various genomic

sections (Table 1) are similar to those from other studies (Cargill

et al. 1999; Halushka et al. 1999; Leabman et al. 2003; Schneider

et al. 2003). As expected, synonymous coding sites show the

highest u and p values, supporting our assumption of functional

neutrality for these sites; by comparison, the nonsynonymous

coding sites show greatly reduced diversity (t = 18.91, P < 0.001

for u; t = 13.85, P < 0.001 for p), consistent with their functional

significance. Variation in the untranslated regions (UTRs) is also

significantly reduced compared to synonymous coding variation,

both for 59 UTRs (t = 2.18, P < 0.05 for u; t = 2.79, P < 0.01 for p) and

39 UTRs (t = 3.93, P < 0.001 for u; t = 3.48, P < 0.001 for p).

Of particular interest, intronic variation for the first 50 nu-

cleotides is significantly reduced compared to synonymous coding

sites, both on the 59 side (t = 5.86, P < 0.001 for u; t = 4.03, P < 0.001

for p) and the 39 side (t = 7.16, P < 0.001 for u; t = 4.76, P < 0.001

for p). It is clear that much of this reduction is due to positions +1

to +6 on the 59 side (t = 16.99 for u, P < 0.001; t = 9.92, P < 0.001 for

p) and positions�1 to�6 on the 39 side (t = 9.54, P < 0.001 for u; t =

9.86, P < 0.001 for p). However, the remaining positions also show

significant reduction in variation compared to synonymous sites,

both for positions +7 to +50 on the 59 side (t = 3.65, P < 0.001 for u;

t = 2.68, P < 0.01 for p) and positions �7 to �50 on the 39 side (t =

5.91, P < 0.001 for u; t = 4.76, P < 0.001 for p). We also note that

while there is slightly reduced (nonsignificant) variation on the

39 side of introns compared to the 59 side overall, the pattern is

quite different comparing the first six nucleotides versus the

remaining 44. For the first six nucleotides (positions +1 to +6 on

the 59 side,�1 to�6 on the 39 side), there is less variation on the 59

side than the 39 side (t = 3.24, P < 0.001 for u; t = 0.53, P = not

significant [NS] for p). In contrast, for the remaining nucleotides,

there is less variation on the 39 side than the 59 side (t = 2.29, P =

0.011 for u; t = 0.80, P = NS for p). This likely reflects greater

functional constraints on the 39 side than the 59 side, suggesting

that the reduced variation of the first six nucleotides of the 59 splice

site is due to that region harboring one of the very few mechanisms

of 59 splice site recognition (elaborated in the following sections).

The patterns of reduced variation in introns observed here lead to

the finer analysis of specific nucleotide sites, as described below.

59 splice site

The measured genetic variation observed within each individual

position in the intronic 59 splice site highlights important func-

tional information that agrees with some of the known in-

teractions that take place in this region (Supplemental Fig. S1).

Positions +1 through +6 are strongly reduced for both u and p

values (Supplemental Fig. S1a). These reductions are highly sta-

tistically significant (Supplemental Fig. S1b), reinforcing the

known interactions with the U1 and U6 snRNPs (Kramer 1996;

Staley and Guthrie 1998). A second re-

gion that appears to have reduced ge-

netic variation is located at positions +24

through +30. This result suggests the

presence of a distance-dependent func-

tional element that is consistent across

introns and genes. Due to the way posi-

tions were chosen for analysis using the

Figure 1. Known conserved motifs within the intron. The numbering system is relative to the intron/
exon boundary of each splice site and is not to scale with the consensus sequences above. (SS) Splice
site; (PPT) polypyrimidine tract.
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distance from the splice site, this general region may represent the

preferred location of a functional motif consistent across all in-

trons and genes. To further characterize the properties of this

cluster, a sliding window of length 6 bp was used to measure the

genetic variation across every hexamer within this region (see

Methods). This allowed the measurement of the joint statistical

significance for the individual positions within the predicted

functional cluster in addition to all neighboring areas and effec-

tively ‘‘smoothes’’ the observed distribution. Figure 2 confirms that

both the 59 splice site and the more distal predicted functional

region show statistical significance as in the original analysis

(hexamers starting at positions +21 through +25 correspond to

positions +21 through +30), while the remainder of the sequence

shows polymorphism levels associated with nonfunctional re-

gions. The sequence range from position

+36 through +45 also shows a modest

tendency toward reduced levels of varia-

tion, but these locations were not statis-

tically significant.

39 splice site

Analyses similar to those described above

for the 59 splice site were also performed

for the 39 splice site. In this case, positions

�50 through �1 were analyzed (Supple-

mental Fig. S2). Of notable importance,

positions �1 through �5 all showed re-

duced genetic variation, including posi-

tion �4, which is not conserved between

humans and other species (Abril et al.

2004). The reduced variation observed

at positions �1 and �2 agrees with the

known binding of the U2AF1 (also known

as U2AF35) snRNP to the AG motif (Wu

et al. 1999). A sliding window analysis was

performed to characterize the joint varia-

tion of neighboring positions for all hex-

amers upstream of the 39 splice site, as was

done previously for the 59 splice site

(Fig. 3). Unlike the 59 splice site, this region

shows an extended range of sites with re-

duced genetic variation, which is likely

due to the increased presence of func-

tional motifs such as the polypyrimidine

tract and the branch site. The extended

range of hexamers with reduced variation

levels from starting positions �6 through

�10 reflects the functional importance

of the polypyrimidine tract. Likewise,

the presence of two regions of reduced

variation from�23 through�27 and�35

through �39 suggests the localization

of functionally important sequences

from nucleotide positions �23 through

�32 and �35 through �44 (e.g., the

branch site).

Next, we examined 46 intron se-

quences with experimentally determined

branch site locations (Ruskin et al. 1984,

1985; Zeitlin and Efstratiadis 1984;

Padgett et al. 1985; Reed and Maniatis

1985; Hornig et al. 1986; Harmuth and Barta 1988; Kuivenhoven

et al. 1996; Query et al. 1997; Gozani et al. 1998; Hamlington et al.

2000; Ast et al. 2001; Khan et al. 2004; Kralovicova et al. 2004; Kol

et al. 2005; Vivenza et al. 2006; Vuillaumier-Barrot et al. 2006) and

found that the average position of the branch site adenosine is at

position �26, which is consistent with the region from �23

through �32 harboring branch site sequences.

Branch site

Given the variable positioning of the branch site, our previously

described analyses of the 39 splice site can only elucidate what

might be generalized preferences for the branch site distance from

the 39 intron–exon boundary. Therefore, to not only characterize

Table 1. Population genetic parameters u and p (6SE)

Section Section details Base pairs ua pa

Coding All 1,336,617 7.52 6 0.21 4.78 6 0.23
Nonsynonymous 1,029,502 5.41 6 0.23 3.04 6 0.24
Synonymous 307,115 14.49 6 0.44 10.55 6 0.51

Intron 59, positions +1 to +50 431,348 11.25 6 0.34 7.89 6 0.37
59, positions +7 to +50 378,756 12.29 6 0.37 8.60 6 0.42
59, positions +1 to +6 52,592 3.75 6 0.46 2.73 6 0.59
59, positions +1 to +6

(three most proximal)
11,106 4.27 6 0.87 2.93 6 1.12

59, positions +1 to +6
(three most distal)

11,156 2.67 6 0.64 1.46 6 0.70

39, positions �1 to �50 431,049 10.53 6 0.33 7.53 6 0.35
39, positions �7 to �50 378,403 11.10 6 0.35 8.14 6 0.39
39, positions �1 to �6 52,646 6.46 6 0.70 3.14 6 0.52
39, positions �1 to �6

(three most proximal)
11,148 8.72 6 1.22 4.78 6 1.09

39, positions �1 to �6
(three most distal)

11,172 6.17 6 0.99 3.28 6 0.91

UTR 59 (positions �1 to �50) 42,981 12.34 6 0.89 7.98 6 0.83
39 (positions +1 to +50) 35,953 10.85 6 0.72 7.13 6 0.79

aValues of u and p are 3104. Total of 941 genes derived from the combined data sets.

Figure 2. Distribution of human polymorphism for hexamers in the 59 splice site using the combined
data sets. u and p values for each hexamer starting at the shown nucleotide positions of the 59 splice
site. Brightly colored bars indicate sites where both u (cyan) and p (yellow) are statistically significant.

Polymorphism recognizes functional sites

Genome Research 313
www.genome.org

 Cold Spring Harbor Laboratory Press on June 4, 2026 . Published by genome.cshlp.orgDownloaded from 

http://genome.cshlp.org/
http://www.cshlpress.com


regions�23 to �27 and�35 to �39, but also obtain more detailed

insight into the functionally important positions within the

branch site given its overall degeneracy, we trained a hidden

Markov model (HMM) to identify its most likely location within

a given sequence (see Supplemental Methods).

We then used this HMM jointly with the PSSM-polyYapproach

(see Supplemental Methods) to identify putative branch sites and

then characterize the polymorphism level for the five nucleotides

within the branch site pentamer (59-YURAY-39). Results are given in

Figure 4. It is clear that the adenosine (A) site is most reduced in

genetic diversity within the branch site sequence (Fig. 4). This

finding is consistent with the fact that the A site is highly conserved

within human branch sites and directly participates in lariat for-

mation and intron splicing (Lodish et al. 2000). The only other

position that shows reduced polymorphism values is the U site,

which is located 2 bp upstream of the conserved adenosine site.

We then examined the frequency distribution for the pre-

dicted location of the conserved adenosine residue within the

branch site. The distribution showed a peak at position �25, with

a range of �22 to �26 (Fig. 5). We note that this places the most

likely location of the proximal conserved branch site uracil be-

tween positions �24 and �28. Therefore, in terms of reduced se-

quence variation, we would expect that the greatest reduction

would occur at the average positions of the conserved adenosine

and uracil, which are positions�23 to�27. Examination of Figure

3 and Supplemental Figure S2 shows that positions �23 to �27

correspond precisely to a peak region of reduced polymorphism

that we first detected. As another test, we recalculated u and p

distributions for hexamers for the 39 introns, but in this case only

included the introns for which we had a branch site prediction. In

addition, we removed the predicted branch sites from this analysis,

to determine the extent to which the predicted branch sites could

explain the previously observed localized pattern of reduction in

genetic diversity. The results are provided in Supplemental Figure

S3. Compared to Figure 3, there is a clear attenuation of the pre-

viously seen reduction of diversity at hexamer start sites �23 to

�27, which is no longer statistically significant. However, the re-

duction in diversity in this region is not

fully attenuated, suggesting that other

functional motifs may lie in this region

that have yet to be identified.

Intronic splicing enhancers/silencers

To further explore the existence of other

functional sequences in the 39 splice site

region, we developed an algorithmic search

for motifs based on reduced genetic vari-

ation (see Supplemental Methods). We

included nucleotides �19 through �48

for this search, to cover the entire region

of reduced polymorphism that we had

previously observed. We note that this

includes the most prominent location

for the branch site, and therefore we ex-

pected to detect the branch site motif in

this search (in effect, a positive control).

Results for the region from �19

through �35 showed positive hits to se-

quences that match a consensus motif

corresponding to the known branch-site

motif of 59-YURAY-39 (Supplemental Fig.

S4). On the other hand, the region from �31 through �48 did not

reveal any sequences similar to the known branch site motif.

However, a positive hit in this region to the unique and distinct

motif CCUGG did appear, where the second C had significantly

reduced polymorphism levels. This sequence is a subsequence of

a known intronic splicing enhancer GGGCCUGGG previously

identified upstream of the 39 splice site (McCullough and Berget

1997).

Then, we examined the frequency distribution of the CCUGG

motif upstream from all 39 splice sites. We found the distribution to

be positively skewed and highest at positions �35 to �47 (Fig. 6),

which are within the region of reduced polymorphism previously

noted. This distribution supports our conjecture that the reduced

genetic variation of nucleotides �31 through �48 is due to the

presence of what may be intronic splicing enhancers.

Next, we recalculated u and p distributions for hexamers for

the 39 introns as described above. In this case, we removed the

predicted motif from this analysis, to determine the extent to

which the predicted motifs could explain the previously observed

Figure 3. Distribution of human polymorphism for hexamers in the 39 splice site using the combined
data sets. u and p values for each hexamer starting at the shown nucleotide positions of the 39 splice
site. Brightly colored bars are sites where both u (cyan) and p (yellow) are statistically significant.

Figure 4. Distribution of polymorphism for the branch site predicted
using the joint PSSM-polyY and HMM prediction method on the com-
bined data sets. u and p values for each position of the branch site motif.
Brightly colored bars are sites where both u (cyan) and p (yellow) are
statistically significant.
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localized pattern of reduction in genetic diversity. The results are

provided in Supplemental Figure S5. Compared to Figure 3, there is

a modest attenuation of the previously seen reduction of diversity

at hexamer start sites�35 to�44, which does not fully explain the

previously observed reduction of nucleotide diversity in this re-

gion. This is not unexpected, as Figure 6 did not show a particu-

larly sharp peak in that region and the lone CCUGG motif is not

sensitive enough to detect all functionally related sequences.

Thus, it appears that additional work is required to fully explain

the functional sequence elements in this region.

On the 59 side of the intron, we previously observed a peak of

reduced genetic variation from nucleotide 21 through nucleotide

30 measured from the 59 splice site. We therefore ran the genetic

variation motif finder from positions +17 through +34 of the 59

splice site in order to capture all possible pentamers that overlap

the originally predicted region from +21 through +30. Results in-

dicated a consensus sequence of GGGCUGGG being the func-

tional motif within this region (Supplemental Fig. S6). We found

this motif matches a known intronic splicing enhancer G3X0–4G3

(McCarthy and Phillips 1998), which suggests that the region from

nucleotides +21 through +30 may also be a generalized location for

intronic splicing enhancers. We characterized the frequency dis-

tribution of the subsequence GGCUGG of this intronic splicing

enhancer downstream from the 59 splice site. We found that the

distribution of this motif is elevated, although not predominant, at

positions +21 through +30 (Fig. 7), with additional peaks at posi-

tion +11 and +16. In this case, we also examined hexamer diversity

of intronic segments after removing the predicted motifs as de-

scribed above for the branch site (Supplemental Fig. S7). As

expected from the reduced location specificity of this motif, there

was only a modest attenuation of the diversity reduction pre-

viously seen. Thus, additional functional elements likely exist in

this region that have yet to be detected.

Tajima’s D

Tajima’s D was calculated for all data sets and all populations

combined for the 59 and 39 splice site sequences for the original and

smoothed data (Supplemental Figs. S8, S9). As expected, D was

uniformly negative for all hexamers (Supplemental Fig. S9). The

general patterns observed, particularly for the 39 splice site data,

recapitulate the original patterns observed for u and p, where D is

most negative at hexamer start positions �1, �25, and �37. The

pattern on the 59 splice site side is less clear, although D appears

reduced at position 1, as expected. The fact that p is reduced more

than u at locations where both are reduced is consistent with pu-

rifying selection having occurred at these locations.

Discussion
Using the intronic polymorphism data from three different data-

bases, we have shown that human genetic variation can be used to

identify regions of functional importance within noncoding re-

gions. The intron motifs that are known to bind with various spli-

ceosome elements—the 59 and 39 splice sites, branch site region,

and polypyrimidine tract—all show reduced polymorphism levels

that are unlikely to be observed within nonfunctional elements. It is

commonly accepted that mutations of synonymous sites in coding

regions are neutral, since a mutation at these sites will not change

the amino acid sequence (Chamary et al. 2006). Therefore, we used

the u and p values observed within these positions to generate

distributions of nonfunctional variation. Also, prior studies have

shown that synonymous sites have the largest u and p values of all

coding, 59 UTR, and 39 UTR sites (Cargill et al. 1999; Halushka et al.

1999), and we found the same. We note, however, there are

a number of caveats to using this distribution for measuring sta-

tistical significance. Mutations at synonymous sites can (1) stabilize

mRNA secondary structure, which can beneficially prevent pre-

mature degradation or impede translation (Chamary et al. 2006;

Nackley et al. 2006); (2) alter regulatory splicing motifs such as ex-

onic splicing enhancers and silencers (Wang et al. 2005); and (3)

change protein structure through the modification of translation

rates due to codon usage bias (Kimchi-Sarfaty et al. 2007). For these

reasons, distributions of u and p values from synonymous sites

might underestimate the true distribution of u and p values for

nonfunctional regions. However, this would result in an increase of

false negatives and a decrease of false positives in terms of inferring

functional sites relative to using a true nonfunctional distribution.

Therefore, if anything, our analyses would be conservative in terms

of inferring functional sites based on reduced polymorphism.

While the 59 and 39 splice site are identified perfectly due to

their precise location once the intron/exon boundaries have been

recognized and the polypyrimidine tract’s positioning is relatively

stable, the properties of other elements whose positions are more

variable, such as the branch site, will not always align to a specific

location. Nonetheless, the signature of reduced polymorphism

levels associated with functional motifs can still be observed. For

example, the region that is most likely to contain the branch site,

�23 through �32 from the 39 splice site, shows lower levels of

variation than other areas farther from the intron/exon boundary.

We also analyzed the properties of the individual positions of

Figure 5. Distribution of the position of the branch site adenosine
residue from the 39 splice site using the joint PSSM-polyY and HMM
prediction method. Distances are relative to the 39 splice site.

Figure 6. Distribution of the position of the subsequence CCUGG from
a known intronic splicing enhancer. Distances are relative to the 39 splice site.
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the branch site and found two positions with reduced genetic

variation—the adenosine occupying the fourth position of the

consensus motif, and the position 2 bp upstream occupied by

a uracil. Mutations within the uracil residue have been found to

cause Ehlers-Danlos syndrome (Burrows et al. 1998), extrapyra-

midal movement disorder (Janssen et al. 2000), and fish-eye dis-

ease (Kuivenhoven et al. 1996). These findings, in addition to the

known functional properties of the adenosine residue, suggest that

these two positions within the branch site are essential for main-

taining splicing function.

Another finding was the prediction of a distance-dependent

localization for a functional region downstream from the 59 splice

site from nucleotide positions +21 through +30, consistent with

observations from other studies that disease-causing mutations

can occur downstream from the 59 splice site in the +21 through

+32 nucleotide range (Matsushima et al. 1995; McCarthy and

Phillips 1998; Lew et al. 2004; Seth et al. 2008). The cause for these

diseases is mutation in intronic splicing enhancers at these loca-

tions that decrease splicing efficiency and cause exon skipping.

Intronic and exonic splicing enhancers and silencers (ISE, ISS, ESE,

ESS) are motifs that can regulate splicing by promoting or inhib-

iting the retention of exons within genes (Matlin et al. 2005). The

fact that this analysis included different gene classes and all of their

introns suggests that this may be a generalized distance-dependent

localization for ISEs, as another study has suggested (Yeo 2004).

In order to investigate the other regions of reduced genetic

variation we observed on both the 59 and 39 sides, we devised

a novel motif-finding algorithm based on identifying sequence

motifs of reduced genetic variation, used jointly with a previously

described motif-finding algorithm (PSSM-polyY). We first vali-

dated these algorithms by showing that they correctly identified

the branch site consensus motif in the region from nucleotides

�19 to �35 from the 39 splice site. When we used the same algo-

rithms to identify motifs of reduced genetic variation between

nucleotides �31 and �48, the motif CCUGG was identified. This

sequence matches a subsequence of a previously identified in-

tronic splicing enhancer GGGCCUGGG that is upstream of the 39

splice site (McCullough and Berget 1997).

In the region of +21 to +30, we found the consensus sequence

GGGCUGGG, which matches a previously characterized intronic

splicing enhancer G3X0–4G3 (McCarthy and Phillips 1998). Addi-

tionally, this indicates that G3CUG3 is the predominant intronic

splicing enhancer sequence at this position. The CU positions

between the surrounding G3 motifs were the sites that showed the

greatest reduction in genetic variation, suggesting that these po-

sitions are important for proper function. However, previous ex-

perimental studies have indicated that splicing efficiency is not

altered by mutations at these sites, whereas mutations in the sur-

rounding G3 motifs adversely affect function (McCullough and

Berget 1997; McCarthy and Phillips 1998). Further analyses will be

required to reconcile the difference between the empirical data we

observed and the prior experimental data.

While the genetic variation observed in the first six nucleo-

tides of both the 39 and 59 splice sites was highly reduced, one

notable observation was at position �4 of the 39 splice site. Prior

studies have suggested that this position is not conserved within

humans or across species (Abril et al. 2004). However, our analyses

did demonstrate reduction of genetic variation at this position,

although only of modest statistical significance. This suggests that

studies of genetic variation in humans may be able to detect re-

gions of intermediate functional importance that may be missed

through multi-species comparative methods.

Our results also provide some guidance regarding interpreta-

tion of human genetic association studies, when significant asso-

ciations occur at nucleotides within introns. While the splice sites,

branch sites, and polypyrimidine tract are clear targets of func-

tional impact, we have shown that other regions and motifs, albeit

less well localized, are also potentially functional when mutated.

Our algorithms were only partially successful in identifying these

motifs. Further work should explore additional methods for

identifying these functional elements.

Methods

Data
Sequence data were collected from three different sources. The UCSF
Pharmacogenetics of Membrane Transporters project contains se-
quence data for 43 human membrane transporter genes that were
generated by sequencing 100 African Americans, 100 Caucasians,
30 Asians, 10 Hispanics, and seven Pacific Islanders (Stryke et al.
2003). The SeattleSNP database is composed of sequence data for
290 genes involved in human inflammatory response obtained by
sequencing 24 African-Americans and 23 Caucasians (Crawford
et al. 2004). The NIEHS SNP database is composed of sequence data
for 386 genes involved in DNA repair and cell cycle pathways
obtained by sequencing 90 individuals who were representative
of the U.S. population and include European Americans, African-
Americans, Mexican Americans, Native Americans, and Asian-
Americans (NIEHS phase 1) in an undisclosed proportion. An ad-
ditional set from the NIEHS database was also used that is composed
of sequence data from 222 genes obtained by sequencing 95
individuals: 27 African-Americans, 22 Caucasians, 22 Mexican
Americans, and 24 Asian-Americans (NIEHS phase 2) (Livingston
et al. 2004). To obtain a larger sample size for improved statistical
estimates, we combined all data sets for our analyses.

Population genetic parameters

For this study, nucleotide diversity was measured using the two
population genetic parameters u and p (e.g., see Hartl and Clark
1997). u represents the standardized proportion of segregating
sites in a sequence, and p is the average proportion of nucleotide
differences per site between all pairs of chromosomes in the sam-
ple. The formulas for u and p are given by:

û =
S

a1

and

Figure 7. Distribution of the position of the subsequence GGCUGG
from a known intronic splicing enhancer. Distances are relative to the 59

splice site.
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P̂ =

+
Lseq

i=1

Xi n�Xið Þ

+
Lseq

i=1

n
2

� � ;

where

S =
xpoly

Lseq
a1 = +

n�1

i=1

1

i

and Lseq is the sequence length, xpoly is the number of polymorphic
sites, n is the number of chromosomes, and Xi is the number of
chromosomes carrying the variant allele at position i of seq.

These measurements were used because they are normalized
for both sequence length and sample size. Both are estimates of
the population genetic parameter 4Nem, where Ne is the effective
population size and m is the per site mutation rate per generation.
Under a model of neutral evolution, both u and p should be equal.
Significant differences between both u and p can indicate natural
selection or population expansion or contraction.

One commonly employed method to test if a given sequence
is evolving neutrally or under some type of selection is the statistic
known as Tajima’s D (Tajima 1989). The premise of this statistic is
the expected difference between p and u under varying conditions.
Under neutral evolution of a population of constant size, D is
expected to be 0. Under purifying selection, negative values of D
are expected, although recent population expansion can also cre-
ate negative values of D. Positive values of D occur under balancing
selection or recent population decrease. The formula for Tajima’s D
is given by:

D =
P̂� ûffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

c1û=k + ea1ûða1û� 1=kÞ
� �q ;

where

e =
c2

a2
1 + a2

c1 = b1 �
1

a1
c2 = b2 �

n + 2

a1n
+

a2

a2
1

b1 =
n + 1

3ðn� 1Þ b2 =
2ðn2 + n + 3Þ
9nðn� 1Þ a2 = +

n�1

i=1

1

i2
k = Lseq:

Comparison of u and p across genomic regions

To compare mean u and p values between different gene regions,
we employed t-tests. However, u and p values are influenced by the
racial/ethnic composition of each individual study, and poten-
tially by the class of gene. Therefore, to control for these potential
differences, we used a matched pair t-test, where we compared u or
p values between regions within each gene (e.g., exons vs. introns),
and then evaluated the mean value of the derived t-statistic. The
standard errors of mean u and p values reported in Table 1 were
calculated across all genes.

Statistical analysis of u and p at individual sites

While the approach above is appropriate for nucleotide sequences
of sufficient length, it is inadequate for studying single nucleotides
because the large majority of u and p values will be 0. We therefore
took the following approach. For nucleotides at a specific sequence
location, we concatenated them into a single sequence and cal-
culated the u and p values for that created sequence. Then, to be
able to distinguish between nucleotide positions in the genome

that are neutrally evolving and those undergoing selection, a ref-
erence empirical distribution of the u and p values associated with
nucleotides from nonfunctional regions created in a similar fash-
ion is required. Any measured values can then be compared to this
nonfunctional distribution.

Distributions were generated for each of the four data sets by
taking 10,000 random samples of synonymous sites and calculating
u and p values for each sample. Only fourfold degenerate (synon-
ymous) sites from each database were used during the random
sampling, and separate distributions were made for u and p. Theo-
retically, both u and p normalize for sequence length, but for small
lengths it can be difficult to differentiate between a functional and
nonfunctional sequence because variation is expected to be low
even in a large sample. For this reason, length-based distributions of
u and p were generated that corresponded to the length (L) of the
query sequence that was being tested for functionality—each of the
10,000 u and p values were calculated from L random data points.

Selection of nucleotide regions

A number of factors influenced the choice of nucleotide regions
selected for analyses. Due to the limited length of introns se-
quenced within the PMT database and the known location of some
functional motifs within introns, the 50 base pairs flanking exons
from all introns were measured for genetic variation. The same
numbering nomenclature shown in Figure 1 was used. The 59 and
39 splice sites, also known as the donor and acceptor sites, re-
spectively, refer to the intron/exon boundaries located at the 59

and 39 parts of an intron. Numbering is relative to the location of
the splice site. For instance, position +2 at the 59 splice site is two
bases into the intron, whereas position +2 at the 39 splice site is two
bases into the exon. Genetic variation was measured from posi-
tions +1 through + 50 of the 59 splice site and �50 through �1 of
the 39 splice site at every individual position. For example, the
genetic variation measured at position �7 was taken from every
intron within every gene from every database at position �7 rel-
ative to the 39 splice site. Intron/exon boundaries were previously
defined for every gene within each database; thus, the same
boundaries were used in our analyses.

Selection of sliding windows of length 6

Analysis of single sites within introns produced large variability.
Therefore, to obtain a clearer picture of regional variation, we also
examined sliding windows of six adjacent nucleotides. The choice
of six nucleotides was based on a compromise between the need for
smoothing and the potential loss of site-specific variation. Thus,
this approach will detect reductions in variation that are regional
as opposed to single site-specific, although signals may also emerge
for single sites for hexamers that overlap that single site, provided
the single-site reduction is large. Sliding windows of length 3 and 4
were also generated and were found to produce nearly identical
results to those of length 6 (data not shown).
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