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DNA sequence diversity in a 9.7-kb region
of the human lipoprotein lipase gene

Deborah A. Nickerson?, Scott L.Taylor!, Kenneth M. Weiss2, Andrew G. Clark3, Richard G. Hutchinson?,
Jari Stengard®, Veikko Salomaa®, Erkki Vartiainen®, Eric Boerwinkle® & Charles F. Sing’

Lipoprotein lipase plays a central role in lipid metabolism and the gene that encodes this enzyme (LPL) is a candi-
date susceptibility gene for cardiovascular disease. Here we report the complete sequence of a fraction of the LPL
gene for 71 individuals (142 chromosomes) from three populations that may have different histories affecting the
organization of the sequence variation. Eighty-eight sites in this 9.7 kb vary among individuals from these three
populations. Of these, 79 were single nucleotide substitutions and 9 sites involved insertion-deletion variations.
The average nucleotide diversity across the region was 0.2% (or on average 1 variable site every 500 bp). At 34 of
these sites, the variation was found in only one of the populations, reflecting the differing population and muta-

tional histories. If LPL is a typical human gene, the pattern of sequence variation that exists in introns as well as

exons, even for the small number of samples considered here, will present challenges for the identification of

sites, or combinations of sites, that influence variation in risk of disease in the population at large.

Introduction

The Human Genome Project is progressing towards the identifica-
tion of an entire human reference sequencel2. As our knowledge
of this sequence grows, so will our need to explore the levels of nat-
ural variation relative to this reference sequence, among individu-
als and between human populations®=>. Knowledge of DNA
sequence variation among individuals will play an important role
in understanding the history and organization of the human
genome as well as the aetiology of the complex links between geno-
typic variation and variation in traits that are determinants of
human health and disease susceptibility and resistance®.

In the absence of complete sequence data, much emphasis has
been placed on how to infer the location of causal variants in
genes that influence human health and disease susceptibility378.
Even with candidate genes, we have relied on our ability to detect
the presence of disease susceptibility mutations at a locus by
using nearby markers chosen for their regional chromosomal
location and informativeness”8. The pattern and magnitude of
linkage disequilibrium among such markers and between mark-
ers and disease susceptibility loci can affect the efficacy of associ-
ation studies in populations. Complete sequence data provides
the ultimate level of resolution for characterizing these patterns
of disequilibrium.

There is considerable literature on the use of polymorphic
markers in genetic studies’®. Markers are used in linkage studies
to search for candidate genes’ and in association studies to identify
the functional allelic variations in candidate genes that influence
inter-individual variation in risk factor levels or risk of developing
disease’®. A major weakness of linkage and association studies is
that they rely on incomplete data about sequence variation, so that

the distribution of linkage disequilibrium among pairs of
nucleotide sites across a gene, and the consistency of that linkage
disequilibrium (or lack thereof), cannot be adequately assessed.

To gain a greater understanding of the type and amount of
human DNA sequence variation, its history, and the relationship
of its contemporary organization to the continuous distribution
of measures of human health among individuals in the popula-
tion at large (such as blood pressure or plasma cholesterol levels),
we are undertaking a multidisciplinary and multinational project
known as MDECODE (Molecular Diversity and Epidemiology of
Common Disease). In this report, we describe a systematic survey
of the natural sequence variation in approximately one-third of
the LPL gene. Lipoprotein lipase plays an important role in
human lipid metabolism, and it is one of three related human
lipases, together with the hepatic and pancreatic lipasesi®.
Human LPL encodes a protein of 448 amino acids that has several
well-characterized functional domains including the APOC-I1I
binding site, the heparin-binding clusters used to localize LPL to
the endothelial wall and the domains contributing to the active
site?0-12, Similar to many of the genes involved in human lipid
metabolism, a number of functional DNA sequence variations in
LPL have been identified in individuals expressing clinically
abnormal lipid profiles that are often associated with coronary
artery disease, atherosclerosis and/or obesity?013-15  Lijttle is
known about the spectrum of DNA sequence variation in the
general population for LPL (ref. 10), or any of the genes involved
in human lipid metabolism.

The contiguous DNA sequence data presented in this report
represents one of the largest bodies of sequence data on multiple
individuals for the same gene, obtained from the population at
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Fig. 1 A schematic diagram of the human LPL gene. a, The entire gene spans
approximately 30 kb of genomic DNA. b, The region sequenced in 71 individuals
spans 9.7 kb of the LPL gene from the 3" end of intron 3 to 5" end of intron 9.
¢, The types and distribution of repeat sequences within the target region iden-
tified by RepeatMasker. d, The location of the 88 DNA variants identified by
sequencing the 71 individuals across the 9.7-kb region.

large. Individuals were selected for sequencing without regard to
disease status from three populations: African-Americans (Jack-
son, Mississippi); Europeans (North Karelia, Finland); and Euro-
pean-Americans (Rochester, Minnesota). These populations
were chosen for studies of the genetics of cardiovascular disease
risk factors because they represent a range of low (Rochester),
intermediate (Jackson) and high (North Karelia) coronary heart
disease (CHD) prevalence rates. The availability of sequence data
will add a new dimension of information to our ongoing efforts
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to understand the role of genetic variation in determining the
distribution of CHD within and between these populations.

We present 9.7 kb of LPL sequence for 142 chromosomes (71
individuals sampled from the three populations; 24 from Jack-
son, 24 from North Karelia and 23 from Rochester). Although
studies of phenotypic variation with larger sample sizes will be
done as an extension of these findings, our object in this paper is
to report on the type and amount of sequence variation and the
distribution of that variation within and among three human
populations that differ in CHD prevalence. In a separate reportl®,
we present an analysis of the organization of the observed
variation into haplotypes and test hypotheses about the historic
origins and evolutionary forces that most likely shaped the con-
temporary genomic organization of LPL.

Results

High throughput analysis of DNA variations in LPL
Human LPL, located on chromosome 8p22, has ten exons dis-
tributed across approximately 30 kb of genomic DNA (ref. 10;
Fig. 1a). For this analysis, we focused on the 3" end of the gene
and sequenced a region of 9,734 bp that spans from the 3" end of
intron 3 to the 5" end of intron 9 (Fig. 1b). A contiguous baseline
reference sequence for the target region was assembled from
existing exon and intron sequences obtained from GenBank, and
joined together by sequences obtained from directed primer
walking across the gaps. Overall, this 9.7-kb region is typical of
most human sequences, with the majority of sequence found in
non-coding introns (8,736 bp, approximately 90% of the target
sequence), and approximately 10% of the sequenced region
(998 bp) involved in encoding a polypeptide (exons 4, 5, 6, 7, 8
and 9). This region also contains a number of common human
interspersed repeat sequences (Fig. 1c). The positions of all vary-
ing sites are indexed with regard to their location on the baseline
reference sequence (Fig. 1d).

Following amplification, DNA variants were identified by direct
fluorescence-based sequencing of PCR products using the
PolyPhred program®’. PolyPhred identifies heterozygous sites by
scanning the assembled sequence traces for: (i) the presence of a
drop in normalized fluorescence peak height at a position when
compared to the respective peak height for all individuals that are
homozygous at the position, and (ii) the presence of another base
(a second peak) that accompanies the drop in fluorescence peak
height. Representative examples of 2 of the 81 new variants identi-
fied by PolyPhred among the LPL sequences are shown (Fig. 2).
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Fig. 2 Novel DNA variants identified in LPL using sequence analysis. a, Consed view of a frequent DNA polymorphism identified at position 205 among the assem-
bled sequences (complement of position 8852 in the target sequence). The homozygous nucleotide selected for the consensus sequence is colour-coded by black
lettering, while the alternative homozygote at this position is identified as a high-quality base mismatch (gold). Heterozygotes are tagged blue by the PolyPhred
program. b, Trace view of the homozygous nucleotide selected for the consensus (A peak). ¢, Trace view of the homozygote for the alternative allele (C peak) and
d, heterozygous position containing both the C and A peaks. e, An example of a less frequent DNA variant identified at position 248 among the assembled traces
(position 2131 in the target sequence). f, Trace view of a homozygous sequence versus g, a heterozygous sequence.
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Table 1 « Sequence variants identified in LPL

Relative frequency?
Jackson North Karelia Rochester

Ms Finland MN Total

Position®  Variant® Coveraged (n=24) (n=24) (n=23) (n=71)
106 C-A 2.09 0.96 0.96 0.87 0.93
110 A-C 1.69 0.92 1.00 1.00 0.97
1458 G-A 2.39 0.94 0.94 0.93 0.94
325 T-C 3.59 0.94 0.98 0.89 0.94
343 (TG)3-(TG)4  3.39 0.60 0.96 0.86 0.81
479 T-C 2.79 0.83 1.00 1.00 0.94
551 (A)3-(A)2 2.89 0.83 0.40 0.46 0.56
736 T-C 2.49 0.63 0.40 0.46 0.49
1216 C-G 2.59 0.74 0.96 0.78 0.83
1220 T-C 2.59 0.75 0.96 0.78 0.83
1286 C-T 2.49 0.96 0.94 0.77 0.89
1547 A-C 1.79 0.96 1.00 1.00 0.99
1571 C-G 2.49 0.85 0.40 0.50 0.58
1756 A-T 1.89 0.98 1.00 1.00 0.99
1828 C-G 2.49 0.94 1.00 1.00 0.98
1939 A-G 3.39 0.94 1.00 1.00 0.98
1961 A-T 3.39 0.96 1.00 1.00 0.99
2131 C-T 2.69 0.69 0.94 0.78 0.80
2500 G-A 2.09 0.88 0.90 0.78 0.85
2589 C-G 2.0 0.98 1.00 1.00 0.99
2619 A-G 2.3 0.85 1.00 1.00 0.95
2638 C-T 2.4 0.98 1.00 1.00 0.99
2849¢ A-G 1.4 1.00 1.00 0.98 0.99
2987 T-G 2.19 0.56 0.94 0.76 0.75
2996 C-A 2.19 0.92 0.77 0.85 0.85
3022 G-A 2.79 0.96 0.94 0.78 0.89
3248 C-G 2.89 0.94 1.00 1.00 0.98
3290 M7-(M8 2.49 0.96 0.94 0.80 0.90
3297  (A)4-(A)S5 2.49 0.94 1.00 1.00 0.98
3553 C-T 2.99 0.96 1.00 1.00 0.99
3609 T-C 2.49 0.87 0.00 0.00 0.96
3723 T-C 2.09 0.87 0.75 0.83 0.81
3843 G-A 1.99 0.91 0.79 0.85 0.85
4016 C-G 2.19 0.91 1.00 1.00 0.97
4202 G-A 2.09 0.96 1.00 1.00 0.99
4343 A-T 2.59 0.50 0.69 0.67 0.62
4346 C-G 1.79 0.92 0.85 0.91 0.89
4418 C-T 2.49 0.48 0.83 0.89 0.73
4426 T-C 2.29 0.83 1.00 1.00 0.94
4509 T-C 2.79 0.94 0.40 0.45 0.60
4576 A-T 2.89 0.96 0.92 0.95 0.94
4823 (ATTT)8 1.89 0.17 0.02 0.00 0.06
(ATTT)9f 0.40 0.52 0.43 0.45
(ATTT)10 0.13 0.13 0.24 0.16
(ATTT)11 0.23 0.27 0.22 0.24
(ATTT)12 0.06 0.06 0.11 0.08
(ATTT)13 0.02 0.00 0.00 0.01

Relative frequency®
Jackson North Karelia Rochester

MS Finland MN Total

Position® Variant® Coverage? (n=24) (n=24) (n=23) (n=71)
4872 G-A 1.59 0.26 0.27 0.35 0.29
4907 C-A 1.59 1.00 1.00 0.98 0.99
4935 T-C 2.09 0.75 0.74 0.65 0.71
5085 G-A 1.79 0.85 0.00 0.00 0.95
5168 T-C 3.19 0.64 0.65 0.65 0.65
5371 G-A 5.39 0.96 1.00 1.00 0.99
5395 (A)8-(A)9  3.49 0.63 0.73 0.65 0.67
5441 T-C 2.69 0.91 0.89 0.74 0.85
5554 A-C 2.79 0.63 0.75 0.65 0.68
5560 A-G 2.69 0.00 0.06 0.02 0.03
5687 T-C 3.19 0.60 0.74 0.65 0.66
6176¢ G-A 1.59 1.00 1.00 0.98 0.99
6196° C-T 1.89 0.98 1.00 1.00 0.99
6203¢ A-G 1.49 0.98 1.00 1.00 0.99
6250 C-T 1.79 0.35 0.19" 0.33 0.29
6283 C-T 1.79 1.00 1.00 0.95" 0.99
6595 G-C 1.0 0.83 0.82 0.73 0.80
6678 T-G 1.59 0.62 0.73 0.61 0.66
6718 A-G 1.6 0.60 0.73 0.65 0.66
6760 G-A 1.6 0.96 1.00 1.00 0.99
6772 A-G 1.6 0.83 1.00 1.00 0.94
6793 T-G 1.69 1.00 0.98 0.98 0.99
6840 T-C 1.79 1.00 0.98 1.00 0.99
6863 C-T 1.69 0.88 0.83 0.74 0.82
6939-6942 delAAAT 2.09 1.00 0.90 0.98 0.96
7315 G-C 1.89 0.67 0.83 0.75 0.75
7344 A-G 1.29 0.83 1.00 1.00 0.94
7360 A-G 1.69 0.73" 0.08" 0.37 0.39
7413 T-C 1.99 1.00 0.98 1.00 0.99
7754¢ A-C 1.49 0.23 0.17 0.24 0.21
8088-8089 insAG 1.59 0.92 0.54 0.52 0.66
8089 G-T 1.59 0.96 0.90 0.91" 0.92
8285 C-G 2.39 0.85 1.00 1.00 0.95
8292 A-C 2.29 0.90 0.75" 0.86 0.84
8393 -G 299 0.60 0.73 0.63 0.65
8502 G-C 2.69 0.96 1.00 1.00 0.99
8533 A-C 1.79 0.57 0.74 0.63 0.65
8537 A-C 1.79 0.98 0.98 0.93 0.96
8538 (A)3-(A)2 1.79 0.16 0.28 0.20 0.21
8644 T-C 2.29 0.94 0.88 0.91" 0.91
8755 G-A 1.79 0.67 0.27 0.37 0.44
8852 T-G 2.29 0.54 0.73 0.63 0.64
9040¢ C-G 1.79 1.00 1.00 0.96" 0.99
9402 A-G 2.19 0.94 1.00 1.00 0.98
9712 G-A 1.29 0.83 0.81 0.72 0.79
9721 G-A 1.29 0.63 0.81 0.67 0.70

aRelative frequency of the baseline allele for base substitutions and diallelic insertion/deletion variations, and as reported for the tetranucleotide repeat. °Posi-
tion in the baseline sequence. ®Substitution and diallelic insertion/deletion variants are reported as the allele in the baseline sequence(alternative allele). 9Aver-
age number of times each site was covered with a confirming sequence read. ©DNA variant in coding region. fAllele for tetranucleotide repeat found in the
baseline sequence. 9Indicates opposite strand confirmation. "Chi-square tests of Hardy-Weinberg equilibrium at Pr (0.05 level of statistical significance).

When a frequent variant is identified in a population (Fig. 2a),
homozygotes for each of the alternative alleles are usually present
as high-quality base mismatches (with regard to the consensus
sequence; Fig. 2b,c) as well as a number of heterozygotes contain-
ing these alternative alleles (colour-coded blue by the PolyPhred
program; Fig. 2a,d). In comparison, when the relative frequency
of a variant is low, they are usually identified by infrequent het-
erozygotes among homozygotes (Fig. 2e,f, homozygote; Fig. 2g,
heterozygote, note the drop in the C peak and the underlying T
peak, alternative allele for this heterozygous position). These
DNA variants would be missed without the use of specialized soft-
ware that can accurately detect heterozygotes among homozy-
gotes, as both base-calling programs (Phred and ABI) applied to
these individual samples miscalled the heterozygous sites as
homozygous (Fig. 2e,g; ref. 17).

nature genetics volume 19 july 1998

Nature and distribution of sequence variation in LPL

In total, 88 variable sites were identified among 71 individuals
across the scanned sequence (Fig. 1d). Each variable site has been
confirmed by resequencing the PCR products from the same or
opposite strand (Table 1; gives the average number of confirmations
at each of these sites across the 71 individuals). Single base substitu-
tions were the most frequent form of DNA variation (79 of 88 vari-
ants, 90%). Among these sites, transition substitutions were more
prevalent (47 of 79, 59%) than transversions (32 of 79, 41%; ref. 18).
Insertion/deletion variants occurred less frequently (9 of 88 vari-
ants, 10%), which is consistent with other studies of human DNA
sequence variation®®, Furthermore, the majority of insertion/dele-
tion variants (8 of 9) reflect copy number changes in regions known
to be highly polymorphic, for example short tracts of polynu-
cleotide (A or T), dinucleotide, or tetranucleotide sequences?-22,
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Fig. 3 Comparison of observed and expected heterozygosities. a, Each circle
represents the difference between observed heterozygosity at a nucleotide
site and the expected Hardy-Weinberg heterozygosity calculated as 1 - Zp;?,
where p; is the frequency of each nucleotide in each population. Solid dots are
for the data pooled across populations. The solid dots show some tendency
toward a deficit in observed heterozygosity due to the Wahlund effect,
whereas the open circles show no such trend. b, Uniform distribution of P-val-
ues for the significance tests of departures from Hardy-Weinberg reflect consis-
tency with the null hypothesis.

Most of the scanned sequence was non-coding, and as
expected, the majority of variable sites were found in non-coding
regions (81 sites in 8,736 bp). In the coding regions, 7 out of 998
sites varied, and the relative number of varying sites in coding
(1 in every 142 bp) and non-coding (1 in 108 bp) regions were
similar. This is so despite the lower nucleotide diversity in coding
regions due to the lower heterozygosity of the varying sites within
the coding regions. Among the sites identified in the coding
region, three had variations from the baseline sequence that
would lead to amino-acid substitutions (2849: 291Asn - Ser, refs
14,15; 6176: 370Val — Met; 6203: 379Thr - Ala), and one variable
site would lead to a premature truncation of the protein by two
amino acids (9040: 447Ser - Ter, ref. 23). The remaining variable
sites detected in the coding region (positions 145, 6196, 7754)
were silent, third-base substitutions (Table 1).

Distribution of the sequence variation

Except for a tetranucleotide repeat (position 4823), all of the
variable sites were diallelic in samples from the three popula-
tions. The relative genotype frequencies in each sample fitted the
Hardy-Weinberg expectation with remarkable fidelity (Fig. 3a).
Only 6 out of 193 tests had a chi-square significant at the 5% level
(Table 1), and the overall distribution of P-values was close to
uniform (Fig. 3b). In this regard, there was no systematic devia-
tion towards an excess or deficit of heterozygosity and no ten-
dency of the deviation to cluster along the sequence (Fig. 3a).
Any tendency toward over- or under-calling of heterozygous sites
would be expected to result in a skew in the pattern of deviations
from Hardy-Weinberg.

Fig. 4 A plot of the heterozygosity for the 88 variant sites found in the LPL
sequence. The majority of sites (87 of 88) were diallelic, and there was one
tetranucleotide repeat with heterozygosity greater than 65% present among
the variants. More than one-half of the variant sites exceed a heterozygosity of
10% among the individuals examined.
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The mean observed heterozygosity for the 88 varying sites
across all samples was 0.20 (Fig. 4). Mean observed heterozygosi-
ties for the 88 sites within Jackson, North Karelia and Rochester
samples were 0.22, 0.17 and 0.20, respectively. Seventy-eight of
the eighty-eight variations identified in LPL were found in the
Jackson sample, whereas 56 of 88 and 59 of 88 variants were iden-
tified in the samples from North Karelia and Rochester, respec-
tively (Fig. 4). Fifty-one of the sequence variations were detected
in all three samples. Of the 34 population-specific sites, 27 were
found in the sample from Jackson, 2 in the sample from North
Karelia and 5 in the sample from Rochester. These findings are
not unexpected since it is known that Africans are generally
genetically more variable than people from other regions of the
world, and also because African-Americans are admixed between
Africans and Europeans, yielding an additional source of vari-
ability*. As expected, many of the variants found in only one
sample were rare. Only a few of the variants associated with a sin-
gle sample had heterozygosities greater than 0.10 (13 of 34), and
all of these were associated with the sample from Jackson.

Sequence diversity in LPL

In terms of total sequence diversity (including nucleotide substi-
tutions, insertion/deletion and repeat variations), the three pop-
ulations revealed similar levels of nucleotide diversity (diversity is
defined as the expected heterozygosity averaged across all sites).
Nucleotide diversity is equivalent to the expected number of
nucleotide differences per site between a random pair of chromo-
somes drawn from the population. Across the three populations,
the estimate of nucleotide diversity was 0.002, which is approxi-
mately one variant every 500 bp (Table 2). As the majority (five of
seven) of the coding region variations were rare in the three sam-
ples (Table 1), the sequence diversity of coding-region sequences
was lower (0.0005, or 1 in every 2,000 bp) than that found in
non-coding regions (0.0021, or 1 in every 476 bp). Several inter-
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Table 2 =« Sequence Diversity in LPL

Jackson, North Karelia,
Sequence?type  No. of sites  Mississippi, USA Finland
All Sites 88 0.0020 + 0.0010 0.0016 + 0.0008
Coding 7 0.0006 + 0.0005 0.0004 + 0.0004
Non-coding 81 0.0022 +0.0011 0.0017 + 0.0008
Repeat 26 0.0035 + 0.0019 0.0027 +0.0016
Non-repeat 62 0.0017 + 0.0009 0.0013 + 0.0007

Rochester,
Minnesota, USA TotalP Sequence Diversity in bp
0.0020 + 0.0010 0.0020 + 0.0010 1in 500 bp
0.0007 + 0.0006 0.0005 + 0.0005 1in 2,000 bp
0.0021 +0.0010 0.0021 +0.0010 1in 476 bp
0.0033 +0.0018 0.0032 +0.0018 1in 312 bp
0.0017 + 0.0008 0.0017 + 0.0008 1in 588 bp

aRepeat refers to interdispersed sequences identified using RepeatMasker. Non-repeat includes coding and non-repeat, non-coding sequences. PAll 71 individuals.

spersed repeats are located in the target sequence (Mer, Alu, L1
and simple repeat sequences, Fig. 1c). We found that the
nucleotide diversity associated with these sequences is high
(0.0032, or 1 in every 312 bp) when compared with non-repeat
containing sequence (0.0017, or 1 in every 588 bp).

A visual representation of this diversity across the LPL
sequence among the 71 individuals is shown (Fig. 5). In this rep-
resentation, the variable sites are colour-coded for each of the
individuals that are homozygotes for the allele with highest rela-
tive frequency across the samples (blue), homozygotes for the less
frequent allele (yellow) or heterozygotes (red). A consensus
sequence was constructed using the most common nucleotide at
each site. On average, each individual differed from this consen-
sus sequence at approximately 22 positions (range 4 to 40 posi-
tions) either by being heterozygous or homozygous for the rare
allele. In fact, nearly all the individuals sequenced (67 of 71),
could be uniquely identified based on their sequence across this
region. Two pairs of individuals from different populations had
identical genotypes. In one case an individual from Rochester
had the same genotype as one from Jackson, and in the other
case, an individual from North Karelia had the same genotype as
an individual from Jackson.

Discussion

The amount of DNA variation found in LPL highlights the poten-
tial problems associated with interpreting genetic studies that
consider only a few marker sites per gene. The variation found in
this gene is considerably greater than generally appreciated in bio-
medical genetics. Even in a small sample of 71 adults unselected
for health status, we found 88 variable sites, 78 of them with rela-
tive allele frequencies greater than 1% in the pooled sample. These
data suggest that the levels and patterns® of sequence variation
found in the human genome could pose a challenge in identifying
the sites, or combination of sites, that influence variation in risk of
disease within and among populations.

DNA sequencing is the most sensitive method for finding
DNA polymorphisms and mutations?. In the present study, 81
of the 88 variable sites that were not previously reported (two
new sites in coding and seventy-nine new sites in non-coding
regions) may now be used in genetic analyses of this region. The
remaining seven sites had been identified by scans to find cod-
ing-region variants or restriction fragment length polymor-
phisms (RFLPs). Screens for RFLPs in LPL previously identified
2 of the 88 variable sites (Pvull, variant at position 4509, ref. 25;
Hindlll, variant at position 8393, ref. 26). Even if every known
restriction enzyme with five- or six-base specificities?” were
applied to the target LPL sequence, only 34 of the 88 variable
sites would have been discovered.

In addition to its sensitivity, full DNA sequence analysis pro-
vides complete knowledge of the type, position and context of
every variation in a single pass, regardless of whether it is a single
nucleotide substitution or insertion/deletion variation®. This
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information is key in searching for functional variations which
could reside in coding or non-coding regions, or represent a
combination of variants such as those observed in the APOE
gene?8, By sequencing just 71 individuals unselected for disease
status, two previously reported coding region variants were iden-
tified. These include one that leads to a premature truncation of
the enzyme by two amino acids but does not appear to influence
LPL function?®, and another previously reported variant (2849:
291Asn - Ser) that has been associated with premature athero-
sclerosis!®. The latter was identified in only 1 of the 71 sequenced
individuals as a heterozygote. This demonstrates the sensitivity of
the approach as well as its potential to uncover functional vari-
ants, as the variant at 291 (Asn - Ser) has been shown to decrease
the catalytic function of LPL (ref. 15). Two new missense varia-
tions were also identified in the coding region (6176: 370Val -
Met; 6203: 379Thr - Ala). The functional significance of these
new LPL variants remains to be determined. Four of the seven
variable sites (57%) identified in the coding region of LPL would
lead to changes in the primary sequence of the protein. Analysis
of sequence differences between 47 human and rodent genes
revealed 4.7 synonymous substitutions for every nonsynony-
mous substitution3?, One might expect that the proportion of

Individuals

Variable sites

a b c

Fig. 5 Comparison of the 71 individuals to the reference LPL sequence for the
88 variant sites. Homozygotes for the allele with highest relative frequency
across the populations (most common allele) for a variable site (blue), homozy-
gotes for alternative alleles (gold) and heterozygotes (red) are indicated. Black
denotes positions where genotypes were not obtained. Genotypes from a, the
24 samples from Jackson, MS, b, the 24 samples from North Karelia, Finland,
and c, the 23 samples from Rochester, MN.
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nonsynonymous variants in the population would be higher than
the proportion of nonsynonymous substitutions between
species, because some of these variants are likely to be deleterious
and have a lower probability of drifting to fixation. The propor-
tions of synonymous and nonsynonymous variants in coding
regions of human genes vary widely across different types of
genes3!, and it is an important question to determine the causes
for this variation.

As so few regions of the genome have been systematically
scanned for variation in more than just a handful of individuals,
our knowledge about sequence diversity is still in its infancy.
Sequence analysis of LPL detected a somewhat higher level of
diversity (nucleotide diversity equal to 0.002, or about 1 variable
site per 500 bp) than had been estimated from a conservative
analysis of allelic variation obtained from a scan of the human
genome sequence database3!. The diversity in LPL falls within the
range of reported values, 0.001 to 0.003 (refs 3,31,32), and is simi-
lar to the reported estimate for the human B-globin gene which
has been sequenced across 3 kb for a larger number of individu-
als®, It is likely that the amount of sequence diversity will vary
widely across different regions of any given gene, and across the
genome. In this regard, a higher level of sequence diversity was
found associated with the interspersed repeat sequences in LPL, 1
in 312 bp. Therefore, these sequences in other genes may be a rich
source of new polymorphic markers3.7:34,

One consequence of the observed sequence diversity is that
each individual is heterozygous at an average of 17 sites, even in
just the sequenced third of the LPL gene. This finding has impli-
cations for the study of the biological and statistical relationships
between genotype variation and trait variation in all areas of
biology and medicine. If the rest of the LPL gene is as variable, an
average individual would be heterozygous at more than 50 sites.
If this is truly the case, a definitive study of the impact of LPL on
the risk of disease would require typing nearly 300 variable sites
to explore which alleles defined by specific sites, or combinations
of sites, might influence trait variation. Clearly this possibility
poses a daunting challenge for characterizing causation, if for no
other reason than the sheer size of the samples required to search
through the huge number of genotypes present.

One approach to this inferential problem is to take advantage
of the population-historic processes that generate the variation.
Mutation arises rarely and stochastically over time at individual
sites along a gene. For a mutation to achieve high frequency takes
many generations, during which the mutation can also disperse
geographically from its origin. Most mutations occur in novel
sites relative to an ancestral consensus sequence. This generates a
hierarchical pattern of variation along individual chromosomes
(for example, haplotypes; refs 35,36). Related haplotypes are
often found in a similar location; thus, human population his-
tory affects the distribution of variation. In a separate report on
the gene structure of this region of LPL (ref. 16), we identify 88
unique haplotypes in the 142 chromosomes sampled (coinciden-
tally equaling the number of variable sites). We find that recom-
bination along the chromosomal region may be as important as
mutation in generating the observed pattern of variation. As a
result, the sequence relationships do not fall in a neat, cladistic
(hierarchical) structure that would result in the absence of
recombination. However, there is considerable linkage disequi-
librium in the data and it exhibits complex patterns within and
between populations?®,

For most chronic diseases having a complex multifactorial aeti-
ology, research is still in the gene-discovery stage. That is, genome
scans are currently underway to identify candidate genes like LPL.
Itis interesting to consider the variation revealed by LPL in light of
the gene discovery problem, as well as its implications with respect
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to recently proposed strategies for identifying candidate genes for
complex human phenotypes334, One recent suggestion has been
to develop a dense, single nucleotide polymorphism (SNP) map
because of their frequency within the genome and ease of geno-
typing334. Generally, the idea is to use a high-density map of SNPs
that could be genotyped on a single hybridization chip. Even the
proposed density of such a map, containing about 100,000 mark-
ers, or one every 33,000 bp, would only include one marker in the
entire LPL gene, and thus no more than 1 of the 88 variable sites
we have found in our sample.

It has been suggested that moderately polymorphic SNP mark-
ers, with allele frequencies of 0.2 to 0.5 for the rarest allele, be
considered for the development of higher density genetic maps34.
This would be analogous to the search in the past decade to
develop a genetic map of highly polymorphic microsatellite
markers for mapping studies using pedigrees or families. How-
ever, the requirements for markers for disequilibrium mapping
of disease susceptibility genes in populations may be somewhat
different. A site that is heterozygous in one population may be
monomorphic in others, so a SNP marker map must be devel-
oped for multiple populations. The ultimate value of an SNP
map for identifying candidate genes by population-based associ-
ation studies depends on the haplotype structure of the
variation!6. For example, sites that are variable in all human pop-
ulations and/or have the highest heterozygosity will tend to be
older, while rare single-site variations that have larger effects on
an individual’s risk of disease may have arisen more recently.
Such a high-risk susceptibility mutation may exhibit stronger
population-specific linkage disequilibrium with SNP sites that
may have arisen more recently and may thus have lower heterozy-
gosity. A map of exclusively high-heterozygosity SNPs may lose
valuable information compared to a high density map that
includes lower-heterozygosity markers.

Previously, genetic studies have relied on regional or random
DNA markers, and therefore, incomplete data on DNA variation.
Our analysis of LPL has employed technologies that permit the
resolution of diploid sequence data on a practical scale. We have
applied a process for the simultaneous analysis of diploid
sequences from large numbers of individuals, using newly devel-
oped software combined with confirmatory repeat sequencing,
allele-specific PCR or PCR followed by restriction digestion; this
makes it possible to identify essentially all the variation in a can-
didate gene from a chosen sample population. Future improve-
ments in this technology will increase its power, yielding the
desired level of data completeness3’. Our work shows that such
advances will reveal a level of complexity that has not yet been
contemplated, one that necessitates a sobering but much more
realistic view of the biological and statistical relationships that
exist between genotypic and phenotypic variation.

For example, based on the variation seen in LPL, it seems
unlikely that only a small number of alleles in individual candi-
date genes’ may influence the natural variation of disease risk fac-
tors. This may be true for rare alleles with very strong effects on
risk, but it is unlikely to apply to alleles of more modest effect
which, by being more common in the population, are of higher
public health importance338. Even without new mapping studies,
the lists of candidate genes for many important diseases are
already long, especially where our understanding of the biochem-
ical aetiology of these diseases is well-known. A spot sampling of
only one or even a few varying sites in or near each candidate gene
is likely to miss important causal relationships that exist.

The structure of human genetic variation in the population at
large is based on the influence of mutation, recombination and
differential reproduction of particular genetic combinations
which is shaped by the demographic history associated with the
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dispersal of our species across all continents of the world. Over
time and space, population genetic forces have produced the
amount, geographic distribution, chromosomal arrangement and
phenotypic effects that we seek to understand. Maturing sequenc-
ing technologies have made possible the complete characteriza-
tion of the extant genetic variation. This is a long-awaited but
necessary step in our efforts to understand how such variation
originated and how it might be used to predict and understand
variation in measures of human health. The complexity of the
problems we will face in exploring these issues is being brought
into sharper focus by the type of genetic data reported here.

Methods

Population samples. Individuals from three populations were sampled: (i)
Europeans from North Karelia, Finland (n=24), who are participants in
ongoing studies within a region having one of the world’s highest frequen-
cies of CHD; (ii) European-Americans from Rochester, Minnesota
(n=23), who are participants in the Rochester Family Heart Study of car-
diovascular risk and risk factor variation; and (iii) African-Americans from
Jackson, Mississippi (n=24) who are participants in ongoing studies of the
genetics of essential hypertension and its complications. All subjects were
selected for this survey of DNA sequence variation without respect for their
disease status or the level of any risk factor trait.

PCR and sequencing primers. Primers for PCR amplification of genomic
DNA and for sequencing of the amplified products were assembled using
standard phosphoramidite chemistry on an Applied Biosystems 394 DNA
synthesizer. The LPL target region was amplified from each genomic DNA
sample in nine overlapping segments and sequenced using the amplifica-
tion primers as sequencing primers as well as internal sequencing primers
for long PCR fragments as follows: (i) 5~CACTAGAGAATATTTTCTCTC-
TC-3" and 5'~AAAAGCAGGAACACAGATTTGG-3" (936 bp, 60 °C), and
sequencing primers 5~-TGGCATTGCAGGAAGTCTGAC-3" and 5'-GTG-
TTCTTCCCGGAGACATGAC-3; (ii) 5-GGCCAAATGTGTATATGA-
AAAC-3" and 5'—-CCATGACTGTAGAATAGGAGC-3" (475 bp, 60 °C);
(iii) 5-AGAGGACTTGGAGGTAAATATT-3 and 5-GACTCCTTGGTT-
TCCTTATTTA-3" (1783 bp, 63 °C), and sequencing primers 5-ATG-
TTACTGGAACAGAAGATG-3, 5-GACATTGGGACCTACCTAGG-3',
5-TCCAAGGTGGAGGTTGATTTC-3 and 5-CTGGTCCACATCTGG-
GTAAA-3’; (iv) 5-AGGCTGGAGACTGTTGTAAAT-3" and 5-CTC-
AGGTTTCCATCTCTGGATTC-3" (1229 bp, 60 °C) and sequencing
primer 5'-CTATCAACTCTGTTATGGTGGC-3; (v) 5-CAGACC-
TAAAAGGAATGGTCGG-3" and 5-CTGTAATCCCAGTTACTCAGG-3
(952 bp, 60 °C) and sequencing primer 5~CAGATCTCTTAAGACT-
GATGGT-3"; (vi) 5~ACCATCAGTCTTAAGAGATCTG-3 and 5-ATCT-
CAAAGGCCTGATTGGTA-3" (1466 bp, 55 °C) and sequencing primers
5-CTGTAATCCCAGTTACTCAGG-3', 5'-GCTCAGTTACCCAGGCTG-
GAG-3', 5-CTTTCCTTTTAACCTCTCCCC-3" and 5-CTAGGGAGAT-
CAAATCAGAAG-3’; (vii) 5-GGTTCTGAATTGCCTGACTATT-3" and
5 -TTCCAGCATTTATCCTAATGAC-3" (1533 bp, 55 °C) and sequencing
primers 5~-TGAGGTCTTTCCTCTATTTGATAT-3" and 5-GAGATG-
GAGTCTCTCTCATTG-3'; (viii) 5~CATCAATTACAGTCGTACCTAT-3
and 5~-TCAGCTTTAGCCCAGAATGC-3" (1881 bp, 62 °C) and sequenc-
ing primers 5-TTCTGAATGATTGACTTCAGG-3, 5-GGGAAG-
TGACAGTATTTTTG-3", 5-GAGCAGTCTTATGTTACTGGGC-3" and
5'-TACACTAGCAATGTCTAGCTGA-3; (ix) 5 ~-TCATTTGCAGAAAGG-
AAAGG-3" and 5 ~AATTCAGAACAGGAGTAGTG-3" (794 bp, 62 °C).

DNA amplification. DNA samples from 24 African-Americans from Jack-
son, MS, 24 individuals from North Karelia, Finland and 23 individuals of
mixed European descent from Rochester, MN (71 individuals altogether)
were amplified across the target region (9.7 kb) in LPL. All amplification
reactions were performed in a 96-well microtitre plate thermal cycler (PTC
100, MJ Research). The PCRs were assembled (50 pl total volume) with a
standard buffer (10 mM Tris-HCI, pH 8.3, 50 mM KCI, 1.5 mM MgCl,,
0.001% gelatin), the four deoxynucleotide triphosphates (40 uM each),
primer (0.5 uM of each), Taq polymerase (0.5 U; Perkin-Elmer-Cetus) and
genomic DNA (20 ng). Following assembly, the reactions were covered
with mineral oil (50 pl). Thermal cycling was performed with an initial
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denaturation at 94 °C for 1 min followed by 35 cycles of denaturation at
95 °C for 20 s, primer annealing for 30 s (temperatures specified above with
primer sequences) and primer extension at 72 °C for 2 min. After 35 cycles,
a final extension was carried out at 72 °C for 5 min.

DNA sequencing. Following DNA amplification, PCR products were
purified by cutting the specific product from a 1% low-melt agarose gel
and isolating the product with the Wizard PCR preps purification system
(Promega) as described!®, or by treating the amplified product with
enzymes to inactivate the unincorporated primers and deoxynucleotide
triphosphates in the samples. Enzymatic treatment was accomplished by
mixing the PCR product (6 pl) with exonuclease | (1 pl, 10 U/ul; Amer-
sham) and shrimp alkaline phosphatase (1 pl, 2 U/pl; Amersham) and
incubating at 37 °C for 15 min followed by 80 °C for 15 min to inactivate
the exonuclease and alkaline phosphatase enzymes prior to sequencing. In
our hands, PCR products treated with these enzymes sequence as well as
those isolated by agarose gel electrophoresis coupled with column purifi-
cation’. Cycle sequencing was performed according to the manufac-
turer’s instructions using ABl PRISM Dye Terminator Sequencing Kits
with Amplitag DNA polymerase, FS (Perkin Elmer). The entire enzyme-
treated PCR sample (8 pl), or the gel-purified sample (8 ul), was used as
the sequencing template. The sequencing primer (3.2 pmol, PCR primer
or internal primer, see above) and dye terminator (8 pl) ready-reaction
sequencing premix was added to each template. Following a denaturation
step at 96 °C for 2 min, dye terminator reactions were incubated at 96 °C
for 155,50 °C for 1 s and 60 °C for 4 min for 25 cycles. Excess dye-termi-
nators were removed by ethanol precipitation. The extension products
were evaporated to dryness under vacuum (Savant Instruments), resus-
pended in loading buffer (3 pl, 5:1, 1% deionized formamide/50 mM
EDTA, pH 8.0), heated for 2 min at 90 °C and loaded onto an Applied
Biosystems 373 sequencer.

Sequence analysis and polymorphism identification. The ABI sequence
software (version 2.1.2) was used for lane tracking and first pass base-call-
ing (Perkin-Elmer). Chromatograms were transferred to a UNIX work-
station (Sun Microsystems Inc.), base-called with Phred (version 0.961028;
refs 39,40), assembled with Phrap (version 0.960731), scanned by Poly-
Phred (version 0.970312; ref. 17) and the results viewed with Consed (ver-
sion 4.0; ref. 41). Interspersed repeats in the target sequence were identified
by RepeatMasker. Specific descriptions and documentation on Phred,
Phrap, Consed and RepeatMasker are available at http://www.genome.
washington.edu. DNA polymorphisms within the sequencing traces were
identified using PolyPhred?”. Polyphred has been designed to parse infor-
mation from Phred and Phrap output files, and to provide input to Consed
to aid in the identification of heterozygous single nucleotide substitutions
by colour-coding potential sites. Sequencing traces were analysed using
command line parameters requiring a peak drop ratio of 0.65, and a second
peak ratio of 0.25. Once identified by PolyPhred, variants were visually
inspected, scored and automatically entered into a database for subsequent
analysis. Each variant position has been confirmed by reamplifying and
resequencing the variant site from the same or opposite strand. Further-
more, because of the sequence overlap within the analysed regions, more
than one call for each genotype was often obtained for each position in a
sample (Table 1). With regard to data quality and accuracy, it is important
to note that: (i) the base-calling program we applied, Phred, has a signifi-
cantly higher accuracy in calling bases correctly, in other words, a lower
error rate, than even the ABI software3; (i) the genotype accuracy was
estimated to be greater than 99.9% based on genotype confirmation
obtained from multiple or opposite strand sequencing (6,248 genotypes in
the initial data set and a total of 7,115 additional confirming genotypes for
87 of the 88 sites; Table 1), and by genotype confirmations obtained by
allele-specific PCR assays, allele-specific PCR combined with sequence
analysis of the specific products and/or RFLP analysis (an additional 384
confirming genotypes covering 42 of 88 sites); (iii) we detected several pre-
viously known variants as well as new variants in LPL (refs 10,14,25,26);
(iv) the nucleotide diversity in coding regions was lower than found in
non-coding regions as expected and the overall nucleotide diversity was
comparable to another large-scale study; and (v) there was no significant
deviation from expected estimates of heterozygosity at each site.

GenBank accession number. LPL, AF050163
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