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A haplotype map of the human genome

The International HapMap Consortium*

Inherited genetic variation has a critical but as yet largely uncharacterized role in human disease. Here we report a
public database of common variation in the human genome: more than one million single nucleotide polymorphisms
(SNPs) for which accurate and complete genotypes have been obtained in 269 DNA samples from four populations,
including ten 500-kilobase regions in which essentially all information about common DNA variation has been extracted.
These data document the generality of recombination hotspots, a block-like structure of linkage disequilibrium and low
haplotype diversity, leading to substantial correlations of SNPs with many of their neighbours. We show how the
HapMap resource can guide the design and analysis of genetic association studies, shed light on structural variation and
recombination, and identify loci that may have been subject to natural selection during human evolution.

Despite the ever-accelerating pace of biomedical research, the root
causes of common human diseases remain largely unknown, pre-
ventative measures are generally inadequate, and available treatments
are seldom curative. Family history is one of the strongest risk factors
for nearly all diseases—including cardiovascular disease, cancer,
diabetes, autoimmunity, psychiatric illnesses and many others—
providing the tantalizing but elusive clue that inherited genetic
variation has an important role in the pathogenesis of disease.
Identifying the causal genes and variants would represent an impor-
tant step in the path towards improved prevention, diagnosis and
treatment of disease.

More than a thousand genes for rare, highly heritable ‘mendelian’
disorders have been identified, in which variation in a single gene is
bath necessary and sufficient to cause disease. Common disorders, in
contrast, have proven much more challenging to study, as they
are thought to be due to the combined effect of many different
susceptibility DNA variants interacting with environmental factors.

Studies of common diseases have fallen into two broad categories:
family-based linkage studies across the entire genome, and popu-
lation-based association studies of individual candidate genes.
Although there have been notable successes, progress has been slow
due to the inherent limitations of the methods; linkage analysis has
low power except when a single locus explains a substantial fraction
of disease, and association studies of one or a few candidate genes
examine only a small fraction of the ‘universe’ of sequence variation
in each patient.

A comprehensive search for genetic influences on disease would
involve examining all genetic differences in a large number of affected
individuals and controls. It may eventually become possible to
accomplish this by complete genome resequencing. In the meantime,
it is increasingly practical to systematically test common genetic
variants for their role in disease; such variants explain much of the
genetic diversity in our species, a consequence of the historically
smyall size and shared ancestry of the human population.

Recent experience bears out the hypothesis that common variants
have an important role in discase, with a partial list of validated
examples including HLA (autoimmunity and infection)', APOE4
(Alzheimer’s disease, lipids)®, Factor yleiden {deep vein thrombosis)®,
PPARG (encoding PPARYy; type 2 diabetes)*®, KCNJI1 (type 2

_diabetes)®, PTPN22 (rheumatoid arthritis and type 1 diabetes)’?,

insulin (type 1 diabetes)?, CTLA4 (autoimmune thyroid disease, type
1 diabetes)'®, NOD?2 (inflammatory bowel disease)'""?, complement
factor H (age-related macular degeneration)"** and RET (Hirsch-
sprung disease)'“"’, among many others.

Systematic studies of common genetic variants are facilitated by
the fact that individuals who carry a particular SNP allele at one site
often predictably carry specific alleles at other nearby variant sites.
This correlation is known as linkage disequilibrium (LD); a particu-
lar combination of alleles along a chromosome is termed a haplotype.

LD exists because of the shared ancestry of contemporary chromo-
somes. When a new causal variant arises through mutation—whether
a single nucleotide change, insertion/deletion, or structural altera-
tion—it is initially tethered to a unique chromosome on which it
occurred, marked by a distinct combination of genetic variants.
Recombination and mutation subsequently act to erode this associ-
ation, but do so slowly (each occurring at an average rate of about
1078 per base pair (bp) per generation) as compared to the number
of generations (typically 10% to 10%) since the mutational event.

The correlations between causal mutations and the haplotypes on
which they arose have long served as a tool for human genetic
research: first finding association to & haplotype, and then sub-
sequently identifying the causal mutation(s) that it carries. This was
pioneered in studies of the HLA region, extended to identify causal
genes for mendelian diseases (for example, cystic fibrosis'® and
diastrophic dysplasia'®), and most recently for complex disorders
such as age-related macular degeneration'>"*.

Early information documented the existence of LD in the human
genome®?'; however, these studies were limited (for technical
reasons) to a small number of regions with incomplete data, and
general patterns were challenging to discern. With the sequencing of
the human genome and development of high-throughput genomic
methods, it became clear that the human genome generally
displays more LD* than under simple population genetic models™,
and that LD is more varied across regions, and more segmentally
structured®®, than had previously been supposed. These obser-
vations indicated that LD-based methods would generally have
great value (because nearby SNPs were typically correlated with
many of their neighbours), and also that LD relationships would

“Lists of participants and affiliations appear at the end of the paper.
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Table 1| Genotyping centres

Centre Chromosomes Technology

RIKEN 5, 11,14,15,16,17, 19 Third Wave Invader
Welicome Trust Sanger Institute 1,6,10,13, 20 umina BeadArray
McGill University and Génome Québec Innovation Centre 2, 4p lumina BeadArray

Chinese HapMap Consortium®

lllumina

Broad Institute of Harvard and MIT

Baylor College of Medicine with ParAllele BioScience

University of California, San Francisco, with Washington University in St Louis
Perlegen Sciences

3,8p, 21 Sequenom MassExtend, lllumina BeadArray
8q,9,18q, 22, X Hlumina BeadArray
4q, 7q, 18p, Y, mtDNA Sequenom MassExtend, lllumina BeadArray
12 ParAllele MIP
PerkinElmer AcycloPrime-FP
High-density oligonucteotide array

7o
5Mb (ENCODE) on 2, 4,7,
8,9,12,18 in CEU

*The Chinese HapMap Consortium consists of the Beijing Genomics (nstitute, the Chinese National Human Gename Center at By

ing, the University of Hong Kong, the Hong Kang University

of Science and Technology, the Chinese University of Hong Kong, and the Chinese National Human Genomie Center at Shanghai.

need to be empirically determined across the genome by studying
polymorphisms at high density in population samples.

The International HapMap Project was launched in October 2002
to create a public, genome-wide database of common human
sequence variation, providing information needed as a guide to
genetic studies of clinical phenotypes®'. The project had become
practical by the confluence of the following: (1) the availability of
the human genome sequence; (2) databases of common SNPs
(subsequently enriched by this project) from which genotyping
assays could be designed; (3) insights into human LD; (4) develop-
ment of inexpensive, accurate technologies for high-throughput SNP
genotyping; (5) web-based tools for storing and sharing data; and
(6) frameworks to address associated ethical and cultural issues™.
The project follows the data release principles of an international
community resource project (http://www.wellcome.ac.uk/
doc_WTD003208 html), sharing information rapidly and without
restriction on its use.

The HapMap data were generated with the primary aim of guiding
the design and analysis of medical genetic studies. In addition, the
advent of genome-wide variation resources such as the HapMap
opens a new era in population genetics, offering an unprecedented
opportunity to investigate the evolutionary forces that have shaped
variation in natural populations.

The Phase { HapMap

Phase I of the HapMap Project set as a goal genotyping at least one
common SNP every 5 kilobases (kb) across the genome in each of 269
DNA samples. For the sake of practicality, and motivated by the allele
frequency distribution of variants in the human genome, a minor
allele frequency (MAF) of 0.05 or greater was targeted for study. (For
simplicity, in this paper we will use the term ‘common’ to mean a
SNP with MAF = 0.05.) The project has a Phase II, which is
attempting genotyping of an additional 4.6 million SNPs in each of
the HapMap samples.

To compare the genome-wide resource to a more complete
database of common variation—one in which all common SNPs
and many rarer ones have been discovered and tested—a representa-
tive collection of ten regions, each 500 kb in length, was selected from
the ENCODE (Encyclopedia of DNA Elements) Project®. Each
500-kb region was sequenced in 48 individuals, and all SNPs in
these regions (discovered or in dbSNP) were genotyped in the
complete set of 269 DNA samples.

The specific samples examined are: (1) 90 individuals (30 parent-
offspring trios) from the Yoruba in Ibadan, Nigeria (abbreviation
YRI); (2) 90 individuals (30 trios) in Utah, USA, from the Centre
d’Etude du Polymorphisme Humain collection (abbreviation' CEU);
(3) 45 Han Chinese in Beijing, China (abbreviation CHB); (4) 44
Japanese in Tokyo, Japan (abbreviation JPT).

Because none of the samples was collected to be representative of a
larger population such as ‘Yoruba), ‘Northern and Western European;,
‘Han Chinese;, or ‘Japanese’ (let alone of all populations from ‘Africa,
‘Europe), or ‘Asia’), we recommend using a specific local identifier
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(for example, ‘Yoruba in Ibadan, Nigeria') to describe the samples
initially. Because the CHB and JPT allele frequencies are generally
very similar, some analyses below combine these data sets. When
doing so, we refer to three ‘analysis panels’ (YR}, CEU, CHB-JPT) to
avoid confusing this analytical approach with the concept of a
‘population’.

Important details about the design of the HapMap Project are
presented in the Methods, including: (1) organization of the project;
(2) selection of DNA samples for study; (3) increasing the number
and annotation of SNPs in the public SNP map (dbSNP) from
2.6 million to 9.2 million (Fig. 1); (4) targeted sequencing of the ten
ENCODE regions, including evaluations of false-positive and false-
negative rates; (5) genotyping for the genome-wide map; (6) intense
efforts that monitored and established the high quality of the data;
and (7) data coordination and distribution through the project Data
Coordination Center (DCC) (http://www.hapmap.org).
Description of the data. The Phase I HapMap contains 1,007,329
SNPs that passed a set of quality control (QC) filters (see Methods) in
each of the three analysis panels, and are polymorphic across the 269
samples. SNP genotyping was distributed across centres by chromo-
somal region, with several technologies employed (Table 1). Each
centre followed the same standard rules for SNP selection, quality
control and data release; all SNPs were genotyped in the full set of 269
samples. Some centres genotyped more SNPs than required by the
rules.

Extensive, blinded quality assessment (QA) exercises documented
that these data are highly accurate (99.7%) and complete (99.3%, see
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Figure 1] Number of SNPs in dbSNP over time. The cumulative number of
non-redundant SNPs (each mapped to a single location in the gt ) is
shown as a solid line, as well as the number of SNPs validated by genotyping
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quarters (Q1-Q4).
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estimated from the ENCODE data, where deep sequencing reduces
bias due to SNP ascertainment. Consistent with previous studies,
most SNPs observed in the ENCODE regions are rare: 46% had
MAF < 0.05, and 9% were seen in only a single individual (Fig. 4).
Although most varying sites in the population are rare, most
heterozygous sites within any individual are due to commen SNPs.
Specifically, in the ENCODE data, 90% of heterozygous sites in each
individual were due to common variants (Fig. 4). With ever-deeper
sequencing of DNA samples the number of rare variants will rise
linearly, but the vast majority of heterozygous sites in each person
will be explained by a limited set of common SNPs now contained (or
captured through LD) in existing databases (Fig. 3).

Consistent with previous descriptions, the CEU, CHB and JPT
samples show fewer low frequency alleles when compared to the YRI
samples (Fig. 5), a pattern thought to be due to bottlenecks in the
history of the non-YRI populations. .

In contrast to the ENCODE data, the distribution of allele
frequencies for the genome-wide data is flat (Fig. 5), with much
more similarity in the distributions observed in the three analysis
panels. These patterns are well explained by the inherent and
intentional bias in the rules vsed for SNP selection: we prioritized
using validated SNPs in order to focus resources on common (rather
than rare or false positive) candidate SNPs from the public databases.
For a fuller discussion of ascertainment issues, including a shift in
frequencies over time and an excess of high-frequency derived alleles
due to inclusion of chimpanzee data in determination of double-hit
status, see the Supplementary Information (Supplementary Fig. 3).
SNP allele frequencies across population samples. Of the 1.007
million SNPs successfully genotyped and polymorphic across the
three analysis panels, only a subset were polymorphic in any given
panel: 85% in YRI, 73% in CEU, and 75% in CHB+]PT. The joint
distribution of frequencies across populations is presented in Fig. 6
(for the ENCODE data) and Supplementary Fig. 4 (for the genome-
wide map). We note the similarity of allele frequencies in the CHB
and JPT samples, which motivates analysing them jointly as a single
analysis panel in the remainder of this report.

Table 4 | mtDNA and Y chromosome haplogroups

DNA sample®

MIDNA haplogroup YRI (60} CEU (60) CHB (45) IPT (44)
8] 0.22 - - -
L2 035 - - -
L3 0.43 - - -
A - - 013 0.04
B - - 033 030
C - - 0.09 0.07
s} - - 022 0.34
M/E - - 022 0.25
H - 045 - -
v - 0.07 - -

] - 0.08 - -
T - 032 - -
K - 0.03 - -
u - 0.23 - -
w - 0.02 - -

DNA sample”

Y chromosome haplagroup YRI (30) CEU (30) CHB (22) IPT (22)
3} 0.07 - - -
E3a 0.93 - - -
F,H K - 0.03 0.23 0.14
1 - 027 - -
R - 070 - -
C - - 0.09 0.09
0 - - - 0.45
NO - - 068 032

*Number of chromosomes sampled is given in parentheses.

A simple measure of population differentiation is Wright's Fsr,
which measures the fraction of total genetic variation due to
between-population differences*. Across the autosomes, Fsy esti-
mated from the full set of Phase I data is 0.12, with CEU and
CHB+JPT showing the lowest level of differentiation (Fs7 = 0.07),
and YRI and CHB+JPT the highest (Fsy = 0.12). These values are
slightly higher than previous reports*, but differerices in the types of
variants (SNPs versus microsatellites) and the samples studied make
comparisons difficult.

As expected, we observed very few fixed differences (that is, cases
in which alternate alleles are seen exclusively in different analysis
panels). Across the 1 million SNPs genotyped, only 11 have fixed
differences between CEU and YRJ, 21 between CEU and CHB+JPT,
and 5 between YRI and CHB+JPT, for the autosomes.

The extent of differentiation is similar across the autosomes, but
higher on the X chromosome (Fsr = 0.21). Interestingly, 123 SNPs
on the X chromosome were completely differentiated between
YRI and CHB+JPT, but only two between CEU and YRI and one
between CEU and CHB-+JPT. This seems to be largely due to a single
region near the centromere, possibly indicating a history of natural
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Figure 3 | Allele frequency and completeness of dbSNP for the ENCODE
regions. a-¢, The fraction of SNPs in dbSNP, or with a proxy in dbSNP, are
shown as a function of minor allele frequency for each analysis panel (a, YRI;
b, CEU; ¢, CHB+]PT). Singletons refer to heterozygotes observed in a single
individual, and are broken out from other SNPs with MAF < 0.05. Because
all ENCODE SNPs have been deposited in dbSNP, for this figure we definea
SNP as,‘in dbSNP’ if it would be in dbSNP build 125 independent of the
HapMap ENCODE reseq ing project. All remaining SNPs (not in
dbSNP) were discovered only by ENCODE resequencing; they are
categorized by their correlation (r?) to those in dbSNP. Note that the
number of SNPs in each frequency bin differs among analysis panels,
because not all SNPs are polymorphic in all analysis panels.
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Figure 4 | Minor allele frequency distribution of SNPs in the ENCODE data,
and their contribution to heterozygasity. This figure shows the
polymorphic SNPs from the HapMap ENCODE regions according to minor
allele frequency (blue), with the lowest minor allele frequency bin (<0.05)
separated into singletons (SNPs heterozygous in one individual only, shown
in grey) and SNPs with more than one heterazygous individual. For this
snalysis, MAF is averaged across the analysis panels. The sum of the
contribution of each MAF bin to the overall heterozygosity of the ENCODE
regions is also shown (orange).

selection at this locus (see below; M. L. Freedman et al., personal
communication). ’
Haplotype sharing across populations. We next examined the
extent to which haplotypes are shared across populations. We used
a hidden Markov model in which each haplotype is modelled in turn
as an imperfect mosaic of other haplotypes (see Supplementary
Information)*. In essence, the method infers probabilistically
which other haplotype in the sample is the closest relative (nearest
neighbour) at each position along the chromosome.
Unsurprisingly, the nearest neighbour most often is from the same
analysis panel, but about 10% of haplotypes were found most closely
to match a haplotype in another panel (Supplementary Fig. 5). All
individuals have at least some segments over which the nearest
neighbour is in a different analysis panel. These results indicate
that although analysis panels are characterized both by different
haplotype frequencies and, to some extent, different combinations of
alleles, both common and rare haplotypes are often shared across
populations.
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Figure 5 | Allele fr distrit for [ SNPs. For each

analysis panel we plotted (bars) the MAF distribution of all the Phase [ SNPs
with a frequency greater than zero. The solid line shows the MAF

1304

02 03 04 05 0 01 02 03 04
Minor allele frequency

Properties of LD in the human genome

Traditionally, descriptions of LD have focused on measures calcu-
lated between pairs of SNPs, averaged as a function of .physical
distance. Examples of such analyses for the HapMap data are
presented in Supplementary Fig. 6. After adjusting for known
confounders such as sample size, allele frequency distribution,
marker density, and length of sampled regions, these data are highly
similar to previously published surveys®.

Because LD varies markedly on scales of 1-100 kb, and is often
discontinuous, rather than declining smoothly with distance,
averages obscure important aspects of LD structure. A fuller explora-
tion of the fine-scale structure of LD offers both insight into the
causes of LD and understanding of its application to disease research.
LD patterns are simple in the absence of recombination. The most
natural path to understanding LD structure is first to consider the
simplest -case in which there is no recombination (or gene conver-
sion), and then to add recombination to the model. (For simplicity
we ignore genotyping error and recurrent mutation in this discus-
sion, both of which seem to be rare in these data.)

In the absence of recombination, diversity arises solely through
mutation, Because each SNP arose on a particular branch of the
mnunv_omw.nw_ tree relating the chromosomes in the current popu-
lations, multiple haplotypes are observed. SNPs that arose on the
same branch of the genealogy are perfectly correlated in the sample,
whereas SNPs that occurred on different branches have imperfect
correlations, or no correlation at all.

We illustrate these concepts using empirical genotype data from 36
adjacent SNPs in an ENCODE region (ENr131.2q37), selected
because no obligate recombination events were detectable among
them in CEU (Fig. 7). (We note that the lack of obligate recombina-
tion events in a small sample does not guarantee that no recombi-
nants have occurred, but it provides a good approximation for
lustration.)

In principle, 36 such SNPs could give rise to 2°¢ different haplo-
types. Even with no recombination, gene conversion or recurrent
mutation, up to 37 different haplotypes could be formed. Despite this
great potential diversity, only seven haplotypes are observed (five
seen more than once) among the 120 parental CEU chromosomes
studied, reflecting shared ancestry since their most recent common
ancestor among apparently unrelated individuals.

In such a setting, it is easy to mnnn_‘wﬁnﬁ the two most common
pairwise measures of LD: D' and r®. (See the Supplementary
Information for fuller definitions of these measures.) D' is defined
to be 1 in the absence of obligate recombination, amnmsim only due

to recombination or recurrent mutation?’. In contrast, r* is simply

CEU CHB+JPT

o.\J

0.34

05
Minor allels frequency

distribution for the ENCODE SNPs, and the dashed line shows the MAF
distribution expected for the standard neutral population model with
constant population size and random mating without ascertainment bias.
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varies by chromosome; when plotted against average recombination
rate on each chromosome (estimated from pedigree-based genetic
maps) these differences largely disippear (Supplementary Fig. 6).
Similarly, the distribution of haplotype length across chromosomes
is less variable when measured in genetic rather than physical
distance. For example, the median length of haplotypes is 54.4kb
on chromosome 1 compared to 34.8 kb on chromosome 21. When
measured in genetic distance, however, haplotype length is much
more similar: 0.104 cM on chromosome 1 compared to 0.111cM on
chromosome 21 (Supplementary Fig. 9).
The exception is again the X chromesome, which has more
extensive haplotype structure after accounting for recombination
rate (median haplotype length = 0.135 cM). Multiple factors could

LN RO

explain different patterns on the X chromosome: lower SNP density,
smaller sample size, restriction of recombination to females and

lower effective population size.

A view of LD focused on the putative causal SNP

Although genealogy and recombination provide insight into why
nearby SNPs are often correlated, it is the redundancies among SNPs
that are of central importance for the design and analysis of
association studies. A truly comprehensive genetic association
study must consider all putative causal alleles and test each for its
potential role in disease. If a causal variant is not directly tested in the
disease sample, its effect can nonetheless be indirectly tested if it is
correlated with a SNP or haplotype that has been directly tested.

ENmMO014.7931.33

LS LS

correlation with one or more others. When two variants are perfectly

ENr321.8q24.11 correlated, testing one is exactly equivalent to »amzsw the other; we
r*=1.0 in the

09 —ENr112.2p16.3
’ ENr31.2g37.1 - ENr232.9934.11 refer to such collections of SNPs (with pairwise
0.8 —ENr113.4q26 - ENr123.12q12 HapMap samples) as ‘perfect proxy sets’
8 g7| ——ENMO10.7piS2 - ENR21318q123 Considering only common SNPs (the target of study for the
§ —ENmO013.7g21.13 —All ENCODE HapMap Project) in CEU in the ENCODE data, one in five SNPs
m 081 ... ENm014.7q31.33 has 20 or more perfect proxies, and three in five have five or more.
5 05 In contrast, one in five has no perfect proxies. As expected, perfect
5 proxy sets are smaller in YRI, with twice as many SNPs (two in five)
T 04 having no perfect and a quarter as many (5%) having 20 or
g ng no perlect proxy, and a q ny g
g3 more (Figs 11 and 12). These patterns are largely consistent across
: ’ the range of frequencies studied by the project, with a trend
02 towards fewer proxies at MAF < 0.10 (Fig, 11). Put another way,
0.4 the average common SNP in ENCODE is perfectly redundant with
T : ) L three other SNPs in the YRI samples, and nine to ten other SNPs in
0o as o5 04 05 06 07 08 08 1o the other sample sets (Fig. 13).
Of course, to be detected through LD in an association study,

Proportion of recombination
correlation need not be complete between the genotyped SNP and

Figure 9 | The distribution of recombination events over the ERCODE N - .
vegions. Proportion of sequence containing a given fraction of ail the nusmm._ variant. For w&BEn. under a B::.Grnwcﬁ. disease model
recombination for the ten ENCODE regions {coloured lines) and combined and a single-locus x* test, the sample size required to detect
SNP intervals are placed in decreasing order of association to an allele scales as 1/r2 That is, if the causal SNP has

5 to one tested in the disease study, full power can be

YRI -(black line). For each line, )
estimated recombination rate*, combined across analysis panels, and the an ¥ = 0.
cumulative recombination fraction is plotted against the cumulative maintained if the sample size is doubled.
proportion of sequence. If recombination rates were ¢ each line The number of SNPs showing such substantial but incomplete
would rm exactly _..r:_m the diagonal, ..:a so _,..nnm further to the right reveal  cqrrelation is much larger. For example, using a looser threshold for
the m—‘unn:o»__%m regions where recombination is more strongly locally declaring correlation (2= 0.5), the average number of proxies
concentrated. found for a common SNP in CHB+JPT is 43, and the average in
YRI is 16 (Fig. 12). These partial correlations can be exploited
The typical SNP is highly correlated with many of its neighbours.  through haplotype analysis to increase power to detect putative
The ENCODE data reveal that SNPs are typically perfectly correlated  causal alleles, as discussed below.
to several nearby SNPs, and partially correlated to many others. Evaluating performance of the Phase 1 map. To estimate the
We use the term proxy to mean a SNP that shows a strong proportion of all common SNPs captured by the Phase 1 map, we
CEU i
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Figure 10 | The relationship among r bination rates, haplotype lengths  region of chromosome 19 (19913). Haplotypes are coloured by the number
of detectable recombination events they span, with red indicating many

Figure 8 | noavwzuoq._ of linkage disequilibrium and recombination for two
ENCODE regions. For each region (ENr131.2q37.1 and ENm014.7¢31.33),

intervals where distinct obligate recombination events must have occurred
(blue and green indicate adjacent intervals). Stacked intervals represent

regions where there are multiple recombination events in the sample history.
i d recombination rates, with hotspots shown

and gene locations. Recombination rates in cMMb ™! (blue). Non-
redundant haplotypes with frequency of at least 5% in the combined sample
(bars) and genes (black segments) are shown in an example gene-dense

events and blue few.

D' plats for the YRI, CEU and CHB+JPT analysis panels are shown: white,
The bottom plot shows

D' < 1and LOD < 2;blue, D' = 1 and LOD < 2; pink, D' < 1 and
LOD = 2;red, D' = 1 and LOD 2 2. Below each of these plotsis shownthe a5 red triangles*t.
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is simple, complete and straightforward, efficiency can be improved
with a number of simple changes. First, relaxing the threshold on r*
for tag SNP selection substantially reduces the aumber of tag SNPs
selected, with only a modest decrease in the correlations among SNPs
(Table 7). For example, reducing the r? threshold from 0.8 to 0.5
decreases the number of tag SNPs selected from the HapMap by 39%
in CHB-JPT (260,000 to 159,000) and 32% in YRI (474,000 to
325,000). The average r? value between tags and other (unselected)
SNPs falls much less dramatically than the number of tags selected,
increasing efficiency. Whether such a loss of power is justified by the
disproportionate reduction in worl is a choice each investigator will
need to make,

A second enhancement exploits multimarker haplotypes. Many
investigators have discussed using multiple SNPs (in haplotypes and
regression models) to serve as proxies for untyped sites®*, which
may reduce the number of tags required and increase the power of
analyses performed. Figure 14 illustrates the point with one such
method™, showing that a multimarker method allows greater cover-
age for a fixed set of markers (or, alternatively, fewer markers to
achieve the same coverage). Although a full consideration of this
issue is beyond the scope of this paper, the availability of these and
other data should allow the comparison and application of such
methods.

A third approach to increasing efficiency is to prioritize tags based

on the number of other SNPs captured. Whereas 260,000 SNPs are
required to provide r* = 0.8 for all SNPs in the Phase I HapMap
(CHB-JPT), the best 10,000 such SNPs (4%) capture 22% of all
common variable sites with r? = 0.8 (Table 8). Such prioritization
can be applied using different weights for SNPs based on genomic
annotation (for example, non-synonymous coding SNPs, SNPs in
conserved non-coding sequence, and candidate genes of biological
interest).
Tag transferability across populations. The most complete set of
tags would be those based on all 269 samples; however, many studies
may be performed in individuals more closely related to one
particular HapMap population, and efficiency may be gained by
selecting tags only from that population sample. (Selecting tags ina
HapMap population sample that is known to be more distantly
related than is another, for example, using CEU to pick tags for a
study of Japanese, seems inefficient.)

An important question is how tags selected in one or more analysis
panels will transfer to disease studies performed in these or other
populations. Our data do not address this question directly, although
the known similarity of allele and haplotype frequencies across
populations within continents*' is encouraging. More data are clearly
needed, however.

Tag selection based on initial genotyping. ‘Whereas the discussions
above assume de novo selection of SNPs, many investigators will
have already performed initial studies, and wish to design follow-
on experiments. The HapMap data can be used to highlight SNPs
that might potentially explain a positive association signal, or
those that were poorly captured (and thus still need to be tested)
after a negative scan. In cases where multiple SNPs are both’
associated with the trait and with each other, the HapMap data
can be queried to identify whether samples from any other analysis

Table 7 | Number of selected tag SNPs to capture all observed common
SNPs in the Phase | HapMap

¢ threshold* YRI CEV CHB + IPT
2205 324,865 178,501 159,029
208 474,409 293,835 259,779
=10 604,886 447,579 434,476

panel show a breakdown of LD in that region, and thus the
possibility of narrowing the span over which the causal variant
may reside.

Applications to the analysis of association data
Beyond guiding selection of tag SNPs, HapMap data can inform
the subsequent analysis and interpretation in disease association
studies.
Analysis of an existing genotype data set. The HapMap can be used
to inform association testing, regardless of how tags were selected.
Specifically, as long as the SNPs genotyped in a disease study have
also been typed in the HapMap samples, it is possible to identify
which SNPs are well captured by the genotyped SNPs (either singly,
or in haplotype combinations), and which are not™,

This is of particular importance for genome-wide association

studies performed using array-based, standardized genotyping

reagents, which do not allow investigators to choose their own sets
of tag SNPs. The Affymetrix 120K SNP array data included in Phase I
of the HapMap provides a simple example: in CEU 48% of HapMap
SNPs have substantial pairwise correlation (r* = 0.5) to one or more
of the 120K SNPs on the array. An additional 13%, however, are not
correlated to a single SNP, but are to a specific haplotype of two
members of the 120K panel. By identifying such haplotype predictors
in the HapMap, and testing them (in addition to the single SNPs) ina
disease study, it is likely that power will be increased (1. Pe'er et al.,
manuscript in preparation).
Evaluating statistical significance and interpreting results. An
important challenge in genome-wide association testing is to develop
statistical procedures that minimize false positives without greatly
sacrificing true positives. The challenge is amplified by the correlated
nature of polymorphism data, which makes simple frequentist
approaches that assumne independence (such as Bonferonni correc-
tion) highly conservative. To illustrate this point, we used the
ENCODE data to estimate the ‘effective number of independent
tests’ (the statistical burden of testing all common (MAF = 0.05)
variation) across large genomic regions. Specifically, we re-sampled
from the phased ENCODE chromosomes to create. mock case-
control panels in which all common SNPs were observed, but there
was not a causal allele. The resulting x* distribution for association
indicates that complete testing of common variation in each 500-kb
region is equivalent to performing about 150 independent statistical
tests (in CEU and CHB+JPT) and about 350 tests (in YRI). Although
it will probably be desirable to perform such empirical estimates of
significance within each disease study, these results illustrate
how Bonferonni correction overestimates the statistical penalty of
performing many correlated tests.
Study of less common alleles. We have focused primarily on the
hypothesis that a single, common causal allele exists, and needs to be
tested for association to disease. Of course, in many cases the causal
allele(s) will be less common, and might be missed by such an
approach.

It is possible to perform additional haplotype tests, beyond those

Table 8 | Proportion of common SNPs in Phase | captured by sets of tag
SNPs

Tag SNP set size

Common SNPs captured (%)

YRI CEY CHB + JPT
10,000 123 204 219
20,000 194 309 332
50,000 327 50.4 53.6
100,000 472 68.5 722
250,000 700 94.1 985

Tag SNPs were picked to capture common SNPs in HapMap release 16c) using the software
program Haploview.
*Pairwise tagging at different ¢ thresholds,

As in Table 7, tag SNPs were picked to capture commeon SNPs in HapMap release 16¢1 using
Haploview, sefecting SNPs in order of the fraction of sites captured. Common SNPs were
captured by fixed-size sels of pairwise tags at r* = 0.8,

1B

that capture known polymorphisms, in the hope of capturing less
common or unrepresented alleles®. Such haplotype analysis has a
long history and proven value in mendelian genetics; the causal
mutation is generally rare and unexamined during initial geno-
typing, but is frequently recognized by its presence on a long, unique
haplotype of common alleles'®'*#*2,

Admixture mapping. Although not designed specifically to enable
admixture mapping®, the HapMap has helped lay the groundwork
for this approach. Admixture mapping requires a map of SNPs that
are highly differentiated in frequency across population groups. By
typing many SNPs in samples from multiple geographical regions,
the data have helped to identify such SNPs for the design of genome-
wide admixture mapping panels® and' can be further used to
identify candidate SNPs with large allele frequency differences for
follow-up of positive admixture scan results®.

Loss of heterozygosity in tumours. Loss of heterozygosity (LOH) in
tumour tissue can be a powerful indicator of the location of tumour
suppressor genes, and_genome-wide, fine-scale LOH analysis has
been empowered by genome-wide SNP arrays”. Germline DNA is
not always available from the same subjects, however, and even if
available, typing of germline DNA doubles project costs. In lower
density scans for LOH (with markers far apart relative to the scale of
LD), long runs of homozygosity in tumours are nearly always
indicative of LOH. However, at higher densities runs of homo-
zygosity can be due to haplotype homozygosity in the inherited
germline DNA, rather than LOH.

CHB+JPT
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The HapMap data can help minimize this difficulty; previous
probabilities for homozygosity based on known frequencies of
haplotypes in the HapMap data can be used to distinguish homo-
zygosity due to haplotype sharing rather than LOH®.

tdentifying structural variants in HapMap data
Structural variations—segments where DNA is deleted, duplicated,
or rearranged—are common®”™ zand have an important role in
diseases”", The HapMap can provide some insight into structural
<ulmno.= because, in many cases, structural variants reveal
themselves through signatures in SNP genotype data. In particular,
polymorphic deletions are important to discover, because loss of
genetic material is of obvious functional relevance, and results
in aberrant patterns of SNP genotypes. These include apparent
non-mendelian inheritance of SNP alleles, null genotypes and
deviations from Hardy-Weinberg equilibrium. However, such
SNPs are routinely discarded as technical failures of genotyping.

Thus, we scanned the unfiltered Phase I HapMap data using an
approach developed and validated to identify polymorphic del-
etions from clusters of SNPs with aberrant genotype patterns
(calibrated across the multiple centres and genotyping plat-
forms™). In total, 541 candidate deletion polymorphisms were
identified, of which 150 were common enough to be observed as
homozygotes.

The properties of these candidate deletions, including experimen-
tal validation of 90 candidates, are described in ref. 74. Validated
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Figure 15 | Length of LD spans. We fitted a simple model for the decay of
linkage disequilibrinm'® to windows of 1 million bases distributed
throughout the genome. The results of model fitting are summarized for the
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CHB-+JPT analysis panel, by plotting the fitted +? value for SNPs separated
by 30Lb. The overall pattern of variation was very similar in the other
analysis panels® (see Supplementary Information).




g-0L X588 450 n3d wase(g 8¥6'66EVE X
&-OLX1TY £5°0 nd 0VW ELO'EILTY X
-0l XZOE 550 A Hd3H OZE'EZE VS X
-0l X705 £EQ A wessQ L6Z1L1'0Z X
£-OLXT8'L 9t0 A 394v1 LLY'65Y T8 [44
(-OLXETT 150 nid HasaQ 95'205'YC 8l
IX¥Zd DIXWYD

+-0LX 976 oLo 14A 'LYBLLTYSH ‘7959 IYOLI 085'SY6'e Ll
(-OLX 108 ov'0 A wesag 10'199'5L ot
-0LX 269 fAx) A ZINYY mOm.wmm..ms Sl
-0l XS6'L 9c'0 nid auno 968'268'60L 49
5-0L X LE'E 9L'0 nid SIYDISEM 'STZSWd YEC'LYL'EL L
9-0LX LT 1749 14A 9¢£G0 LBE'VO6'6L L
a-OLX LLS F144) A 1THOWd ‘2IHAD LYE'96T'TT 5
§-0LX ST 590 nId 101 669VZT LEL 4

njea-d Aauanbaiy anuad je

{e3dwiz adAto)dey uoneyndod uoiBal u) sBUI (43quinu 3seq) UAKISO4 swosowolyn

sjaured stsA[eue ay) ss0I08 JSYIP ey saouanbaxy [3(e Yim SINS 976
[eaaa1 eyep depydey 2y, “suonemdod a1 Jo auo ur wondsps sed o)
anp e se paidaooe Afferousd ‘vonenualsyip uonendod 1apisucd am
15314 "suorBai srurousd reponed ut sdaams aald9ds 10§ PDUIPIAT
‘uonIIRSs
10} S3)EPIPUED 5B 120] MIU ATUSPT-PUE UOHDS[SS INOGe sasapodAy
snotasid JO ISQUWINU € ULTGUOD SasA[eUE 353 JO sauoMno ayy
*uondafPs JO SIS e 3 ARW S3IUIIHIP
JnewaISAS SNy PUE ‘saxnies) yons 03 snsoude A[de] sem 2010y ANS
asneoaq ‘5911082180 [BUONOUTY §5015% pareduiod s ‘PUOISG "UONII[S
10J 31EN[EA3 01 S31EPIPUED JUE)IOdT 318 UOLNQLISID 3PIM- -ourouad e
] $35BD SUWIS1IXA ISOUT 3} {(IUSTureIadse JNG 01 Buwmo) axdiaut 0
JNOYYTP ST SaMSEIW 3$3Y) JO N[eA AN[osqe 3 ySnowy[y -awouald
3U1 S5O0 UOQDI[S JO SaIMBuSis JO SUONNGLUSIP Yl PIUIIEXd
am '18117 “stsd[eue Jo sadAl om1 UO 2151 S11D0J am ‘SUOSEAIT 353U} 104
‘anuan yoes 1e A[jesof paiuaua[dun sem pue ‘paAjoas
JNSIP SE SUIT} 19A0 P3LIBA 3310 JNS 35Med3q “Taaoarour xadumod

PaLINDI0 UOIIBRS LIIYM U] 130 ajepipue) | OL dlqef

sTantoy dNS JO 123 3y 10j Bunsnlpy “uonesrdde premiopysiens
1o s1uaaa1d snp— (g *817) sapa[re Aousnbay-y8ry jo souesspuodard
® PaAR[YDE JEY) HORJA[S INS JO $59001d 313 pUE—UOHELIEA UOUIIOD
uo sno0j 5,393(01g dejyder] ayJ, eiep aouanbas 3j31duro o uonda[[0d
a1 wo A1 uond3Es [ermyey Surzindooal 10j spoyIAW T ApreaN
‘(suonemdod Suowe 13y1p
sny pue) pazieso] ArestyderSoas uaaq aaey 10 (suonemdod ueumy
I Ul pajuasaidal 3q STy} PUE) PIOM ) SSOIDE A[ULIOJIUN PILMID0
ARy Aet HOND(3S JO WIIO) YoEY UONY33s Sumuereq YInory sap(rE
S[dn{ntu Jo 2IULUAIUTEW 31} PUR ‘siwerre snoadelreape jo uolexy
11 ‘SUOREINT SNOUSII[AP JO [eAOWa1 33 YBnOIy) S8 [ons ‘SAesm snot
-IeA Ul UONELIEA JU3Ua8 Jo sutaned S3DUSMFUI UOLA[S [BIIEN
‘(suonemuns 1230dwos (3121021} Uo A[3fos Suidp1
ey Iayjel) PajEN[EAI 3Q UED UOHJ3[3s JO SN[ snowmaid yorym
jsureSe uonnqunsip eomdws apm-swousd e aprrord osp eep
dedep] a1 ! @onnjoas weumy Sunnp UON3[PS 03 D3NS AIM
101} $3U23 J2A0DSTP 03 Sa1myeuB1s Yons 10} 2wouss 3y weds o3 dyqussod

gD . uf yurod pax ay Aq pasyBrpyry st auad ggy ap punose

Apemosys st :omw.uu uad 17 o uryum AiisIaAtp ._unw.m m.?.r.u:«w

p ‘Pued sisk NI 543 U] "uOiIID[AS jeimeu Jog MSes

159} Aﬂzx.c vn.»«oim-. 23ues Suc) ayy Jo uonquasip ayy | gt amsy

Kausnbaiy Aouanbaiy Aouenbeid

o'l 80 €0 20 90 S0 $'0 €0 20 VO O 0L 60 80 L'0 90 50 0 £0 20 t'0 0- Ol €D 80 20 90 SO %0 €0 20 L0 O

0 ] [}
S S Fs

413 ol a at
L8 ¢ Gt oo ? st &
I
..« g
@
2 0z pasap m:coo 00 00“0 02 m
o TN g
Hd3H 3o g
L sz ¢ 52 o2 sz §

. - oot * .
§12SNd ZINGY
. 0¢ 0¢ . w“mwn 08
* * . *
tSE uesap gLyD rGe 15}
- *
1080
ANVO or uasop xEOQ ov 0&5 o
. v(&ﬁ. . .« o * :wmm_u XD
8.28vH vnﬂmmw%ﬁco 107 GOYWevos
1dr+8HO n3o IHA
S00Z 290120 LZILEY 1PAITUNLYN SIILYY

€LEL
I soew! eIEp UOHELEA apmM-awousd Jo AiiqepieAe Syl ‘elep
dejydel ot U1 juasaxd are uomda[es [eInled Jo sarnyeuds jeuy s153
-tpodAy ay siyBry8y uoneasasqo Surpadard ay 1, "uon>3as [eIMEN
waSu@eped
pue medar YN se yons sassasoid [ea1Bo]o1q [[a0 2102 10§ snoaBejuea
-pesIp pUE °,9sU0dsaI JUNIIUIL AU} S8 [INS JUIUTUOIIAUI Y} YHM
20BJ12)UT U PIAJOAUT S3usf UT painoae) Sutaq ANSISATP pasealdtn
M UOTII[AS [EINJEU O} Snp wonduny auad gum oen s
(41s1941p 25uanbas pue) (7 Jo 1uaix2 1 18y} 21EMads 03 BumBinur
s13] ‘urmyIqmbastp.a8exur; Suons Jo swoidal ur paresof Afenuazazard
are 5245 [o0 sy pue afeurep YN 03 asucdsar ‘wsNoqeisw YN
PUE YN(T UI PaA[OALI S2ua§ sealaym ‘(T mO] Jo suoidar ur pajeso]
uay50 210w a1e sassavoid edrBororsdydonau pue sasuodsar sunwrurt
U PAAJOAUT SAUIEY *¢py gy UONNQUISIP JI2Y} UT MIXS PIXIBW € MOYS
sauad Jo sassep swos ‘Swousd ay Jo sa[ntenb awranxs omy s
22M32q P3PIAIP Affenba are sassep suad jo Ayrofewr s gEnoyQIy
“UOTEAIDSQO ST} 10§ woneue(dxs
ou aaey 3pm (%80°T 01 paredwrod se 94F2°[) SUOPOD Ul saseq JO
a8eyuaotad se fjam se {(quA Tad saua8 19 01 paxedutod se £'9) sajnienb
s1pprwt 2y) 0} paredion se Arsusp aued 131e218 aaey awoual oy jo
sayzenb uronoq pue doj sy |oq ey puy am ABusuding Asusp
3ua3 03 SUONE[21100 10] PAXOO] PUE (T JO IUAIX3 WO Paseq JwIoua3
a3y Jo saprenb pauTlrexs ap '$auas Jo UONEIGISSEP [PUONOUTY puE
ANSUap 2Y3 30q YIIM SN (I 18} FUIN 1SIY 313 10] '9ATSGO I
g IOTIS0dUI0Y
yeadar pue wsrqdiouidjod asuanbas p o 1UU0D D4H puE 1
usam13q SANISUONR]RT PaquIDSIP A[snotaa1d pauLIguod Osfe 3p ‘SA0qe
PassnSIp 58 UONELIEA 3)B1 UOREUIQUIOD3T 03 anp are suianed asayL
ae-aeus(P1 PUE gg 5817 Areyuawarddng ospe 938 151 “B1) Bus] awos
-OWIOIYD ()M P3IE[ALIO) PUE ‘SAIIIIONTAD IB3U PIIRAI[d ‘$2I3OL)
IaU mO] A[eIaU3S ST (J] 181} SUOTIBAISSQO STI0A3Id PIULIYUOD 3
-sarmyes) ausf pue uonsoduros souanbas ‘sajer
UOTEU[QUIOI3T 0] UOTIE[2IX0D 10 (T JpIM-aiuousd paumurexs sty
ap @1 uo wedun st Jo asnessq “aed adre ur queyrodurn st 531 uon
-BUTQUIO3T UT HORBLIEA *S3IMIE] IMWOUSS Y3IM (I'] JO SUORE[III0)
(01 >d) aouanbas
Sunjuep 01 paredurod siodsioy S JO SNUD AP JO PG UNBM
payorius Apemonied aIe JNOW Y1 PM SIUSWRLP gIFHL low
-1ayuny ‘(g1 “81 Areyuswajddng) s3urpuyy asa1y pauLIguod am ‘elep
depydep] oy Sutséeue ug 'sjodsioy apisino juawagd 3ty jo sardod 0}
pateduros ‘sjodsioy uy juaws(z 3y jo serdod uryyM (1DDDIDD)
juow remopred e jo aseamur projxis v 1oj A[Buppns siow
pue '530ds10y UOUEUIQUIODAY UTIIM SIUIUIA[3 -Uosodsuenolyas
G/VITHL 213 JO $520%a.Ue 10} 2dUapiad jueogrudls punoj (5. Ja1)
Apmis 1agjoue ‘£z Ja1 3o eiep U Jo sisdeue ue uj siodsioy uoneu
-1QUI053] JO SIUBUTULIZIIP JR[UIF[OWE 31} INOQR UMOTDY 14 ST I[IrT
'safeos
auy Je ‘] aseyq 10 ‘2 Ja1 1A uey) uotskaid 1a3ea1d AenueIsqns
30 dewr uoneurquIodar apm-auwroual e aploxd mm depydey jo 11
aserq eyl wadxa ap “eiep depydel] a3 WO 6] PUB 6 SILOSOUIOTYD
Uo paidalap are sjodsioy arowr ‘adurexs 1o Asusp NS JoYSny
e aaey eiep dejydery a1 a1aym suotdal otutous enueisqus T2asmoy
‘oI 3IaY], ‘sejeumss ajer jo uowspaid Ajqeumsaid pue ‘sjodsioy
19239p 03 Jamod Suisearour £/ Ja1 Aq patpmis SINS JO Jaquing 1a8re|
Ay Im ‘Asuap sajreur uo spuadap SHUAA3 13319p 03 LIIqe YL
‘£ '}21 30 eiep 3 Juisn pagnuspt
ose a19Mm (£26°91) 98, ‘eiep depydey] sy Bursn paynuapr Eomﬂo:
L1912 9} JO I2A0SIOW QY G I8 6G°0 = .4 Pue Q05 18 g0 =
153[EDS JAUY B PUNOJ SI UONE[3LI0D EEEB& A1ap (660 = b
detu 22181pad a1y 03 pue (660 = ,4) SAPAINS OM1 I8N UIMIAQ
(qQUAL$) a[Eas 3SIEOD B 18 53IBWINSI EE ut uone[ariod ajajdwos Apreau
PUY 3 “(S[Enplalpul 1z W padAiouad sENS uon[w 9°T MOqE Yim)
L1 "1 JO ®IEP 31} JO 4, SISA[eUT Te[IIiS € 03 S}NSat 353ty paredutod
am ‘Ajeoyoads -parprus sapdwes pue sxaxreur sywads 213 03 3sNq0L
are siodsioy paynuapl pue s2jel WONEUIQUIOIaL JO sArewnsy
“(Aaanadsal ‘WO 150°0 PUR QY 80T 41343
au0) suoida1 | _QIN NP Mol 3ty 03 patedwion se (D $Z1°0) Aisuaiuy

S3PILYUY

*3uaBopnasd B Si SIY) JAUIAYM SUONIRIOUUER JUBLIND WIOY| JEIIUN $1 )| 4
“uaaid usaq sey () 2usB JGWISNI 341 ‘SISING UDHEIARIOQE BUSS PIePUERIS OU 2IAUM ,

66958ELS) ¥zvad £00'809'59 X
OLLELOTS! UIND 560'v91'8t 44
¥0601185! LAYIOVID 60Z'ETLLY 6L
LEIVIES 914 168°28L'S 6t
OELILGESI NLLY £2€'720'99 8l
82250595 TESZYBLO000009SNI E0E'66E'9Z o
888572L5 SELINY 0£Y'7ZE'9T o
LE6zZaLs) w8V 669'518'9% oL
0L96y15) 9V9INZ 921'966'0F oL
E£LYEOLLSS 1¥3H 29z'vTL19 st
$599ZpIS! SY$zI15 9LLEIZY st
96855 2] 651019 i
EOL9ESYS! EDO¥NIN o1z'Z00'LL oL
LYOESTYS! 90243 SY1'70t'05 oL
PESLLBISH PY6EDTS 00000091 8
56v109954 1dy £8L'115'0L 8
86622154 gIHaY 000°000'101 v
529654 1'6682210000095N3 1L0°195'9% 14
929.40Ls! 6Y0EDTS 665'vVRLY 2
50£6£9¢54 4725770 000°000'58L £
66711s) 14x3 000°'000°28L £
09LL2888! ¥va3 000'000'60L z
zL6E6LOIS! ISWIY UE'6ZIEL 3
984950251 swiv 42434572 z
6£89Y595 ISWY £91T65°EL z
CBLYTLIS! N 4 SP9LESEL 14
LERIVSYS! sWivy €55'685°€L z
LTTEIBESH Iswiv 7Z9'E95'EL z
£EBLISLS! 1133702 LIEYRLE z
9Y06S6LS) ,EEE msza 000°000'vvZ L
SL0TIs4 000°000°9S1L L
£00Z0L1s! .Q: EBETLL'YS L
(Jaquinu aseq)
dNS CITED uopIsog Iwosowoiyy
sdNS Auouk neRURYIP-YBIH | 6 91981

aferase 13y31y ® aaey pue (@Hg 12d auo) paseds Apsop 10w a1e
siodsioy suordar | _q AP YB1Y 3 U1 Ing 153mMO] 3L} Uaa3 ‘suotdal
e ut ﬂomﬂca UORTUIqUIO’aI Paldalap am ‘g dewr onaual (paseq
.uu.&%u& FJOD?P 3 U UCTEUIQUIODaL JO $33eI (| GIN NP §°0>)
wamo] pue (;_qIWIN> 6L'7<) 19948y ayr Suaey se q g joO
SUOISa1 G7 Paidajes am A[dIrexs 10 “37eY UOTIRUIqWIOIAI UT UOTIELIEA
[e1340 01 angInuos siedsioy Jo AISUAU pue IBQUWNT 3 0
(Pl zz1 12d 3u0) $10dSH0Y HOREUIUIOI PAYRUSPY L19°1Z
Sutpnpui (71 Fiy Areuawsiddng) swousd wewny sy Surnueds
dew anausd afeds-auy e pajeard am ‘eiep deder] sy jo siseq
a1 U@ a[ess 2UY € je $3)e1 UONRUIqUISd Jo dew apim-swouad v
"UOTID3[as [BINIEU JO A101STY pue
uoneutquiosal jo A8ofo1q ay moqe sanp> apiaoid viep dejydey] ap
‘SITPNIS ISEISIP 10§ 3IINO0SAT ¢ S UOTISUNY PIPUIUT §31 0] WONIPPE U]
U01333J2s [RANJEU PUE UOHEUIQUI0II O3U) SHYS)Su)

‘MO[3Q PISSTOSIP SE ‘UONDI[IS [RINIEU JO
SULIO] UTe}I33 10 J1LT WONRWIQIIOIT MO € 01 ANP I3AIMOY ‘BSTIE OS[R
Aew (17 SuoT g STopURED] BUOUIE SI[EUIY UT 1Ll UOTIBUIGUIOIIL
[e101 pue AN UM PajRIdOSSe UAaq SEY 1BY3 ‘SIWIOSOUIOIYD
NI 3Y3 Jo 940z ut juasaxd ¢4 1 awrosourorys uo wistydrowrdjod wots.
-19AUl UMOWY Y3 03 spuodsariod sjduexs Suppus v Anuapuadapur
2A10A3 01851 313 JO $31d0D PIVIIAUT-UOU PUE PaYIDAUT 3 [eI3a] 1
Ad0> palIaAuI-UOU PUE PIIAUL UE U2dM)3( UOHRUIQIUIOIAT 35NEIAQ
:parearion Apoajiad are sgNS sjdnmur ataym suordar Suoj se eiep
depydery sy ut payayel aq osje Aewr suoisiaaut srydiotwdog
“S)UBLIEA
(NS SE [[2M §B) [RINIDNDS 0} aNP SUONEIOSSE 35eastp Ju13d33ap 10§
[rgasn aq ues sayoeordde paseq-(17 et Suneatpur ‘SINS AqIEaU Y3Ia
(1T Suons sMoys U3YYO SHONAREP RIULYUO Jo ssifeuy dudsuen
Papooua 3y 10§ [u sno3Azowroy 31e SENPIAIPUI sases Aurur UT 18l
yous ‘s3uad jo suoxa uipod aaowa1 ey g1 apapaw swsiydrowijod

S00Z 4390130 LZILEY IOAITINLYN



NATURE|Vo! 437|27 October 2005

in a manner as extreme as the well-accepted example of selection at
the Duffy (FY) locus (Supplementary Fig. 8¢). Of these 926 SNPs, 32
are non-synonymous coding SNPs and many others occur in tran-
scribed regions, making them strong candidates for functional
polymorphisms that have experienced geographically restricted
selection pressures (see Table 9 and Supplementary Information
for details). In particular, the 'ALMS! gene on chromosome 2 has
six amino acid polymorphisms that show very strong population
differentiation.

Another signature of an allele having risen to fixation through
selection is that all other diversity in the region is eliminated (known
as a selective sweep). We identified extreme outliers in the joint
distribution of heterozygosity (as assessed from shotgun sequencing
SNP discovery ‘projects) and either population differentiation or
skewing of allele frequency towards rare alleles in each analysis
panel (Supplementary Fig. 15). We identified 19 such genomic
regions (13 on autosomes, 6 on the X chromosome) as candidates
for future study (Supplementary Table 4); these include candidates
for population-specific sweeps and sweeps in the ancestral
population. Encouragingly, this analysis includes among its top-
scoring results the LCT gene, which influences the ability to digest
dairy products® and has been shown to be subject to past natural
selection®.

.Long haplotypes as candidates for natural selection. Selective
sweeps that fail to fix in the population, as well as balancing selection,
lead to haplotypes that are relatively high in frequency and long in
duration. In the HLA region (which is widely believed to have been
influenced by balancing selection) multiple haplotypes of 500 SNPs
that extend more than 1 <M in length are observed with a frequency
in the:HapMap samples of more than 1%. We identified other such
oceurrences of long haplotypes across the genome (Supplementary
Fig. 8 and Supplementary Tables 5 and 6).

An approach to long haplotypes designed specifically to identify
regions having undergone partial selective sweeps is the long range
haplotype (LRH) test®*, which compares the length of each haplo-
type to that of others at the locus, matched across the genome based
on frequency. Previously identified outliers to the genome-wide
distribution for the LRH test (Fig. 16) that have been identified as
candidates for selection include the LCT gene in the CEU sample
(empirical P-value = 1.3 X 10°), which was an outlier for the
heterozygosity/allele frequency test sbove, and the HBB gene
(empirical P-value = 1.39 X 10™*%) in the YRI sample. However,
most of the strongest signals in the LRH test (Table 10) were not
previously hypothesized as undergoing selection.

These four tests overlap only partially in the hypotheses: they
address—heterozygosity, for-example, is sensitive to older sweeps,
whereas the haplotype tests are most powerful for partial sweeps—
but encouragingly some candidate regions are found by more than
one test. In particular, six regions are identified both by long
haplotypes and by low heterozygosity, and three regions (LCT on
chromosome 2, and two regions on the X chromosome at 20 and
65 Mb) are identified by three different tests.

Confirming purifying selection at conserved non-coding
elements. Finally, we used the HapMap data to test an important
hypothesis from comparative genomics. Genomic sequencing has
shown that about 5% of the human sequence is highly conserved
across species, yet less than half of this sequence spans known
functional elements such as exons*’. It is widely assumed that
conserved non-genic sequences lack diversity because of selective
constraint (that is, purifying selection), but such regions may simply
be coldspots for mutation, and thus be of little value as candidates for
functional study.

Analysis of allele frequencies helps to resolve this uncertainty.
Functional constraint, but not a low mutation rate, results in a
downward skew in sallele frequencies for conserved sequences as
compared to neutral sequences®™®. We find that conserved non-
genic sequences display a greater skew towards rare alleles than do
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intergenic regions, as predicted under purifying selection. This skew.

is less extreme than that observed for exons (Supplementary Fig. 16),
reflecting either stronger purifying selection or the prioritization of
coding SNPs for genotyping by the HapMap centres regardiess of
validation status. This novel evidence for ongoing constraint shows
that conserved non-genic sequences are not mutational coldspots,
and thus remain of high interest for functional study.

Conclusions

The International HapMap Project set out to create a resource that
would accelerate the identification of genetic factors that influence
medical traits. Analyses reported here confirm the generality
of hotspots of recombination, long segments of strong LD,
and limited haplotype diversity. Most important is the extensive
redundancy among nearby SNPs, providing (1) the potential to
extract extensive information about genomic variation without
complete resequencing, and (2) efficiencies through selection of
tag SNPs and optimized association analyses, Beyond the bio-
medical context, these data have made it possible to identify deletion
variants in the genome, explore the nature of fine-scale recombina-
tion and identify regions that may have been subject to natural
selection.

The HapMap Project (along with a previous genome-wide assess-
ment of LD”) is a natural extension of the Human Genome Project.
‘Where the reference sequence constructed by the Human Genome
Project ‘is informative about the vast majority of bases that are
invariant across individuals, the HapMap focuses on DNA sequence
differences among individuals. Qur understanding of SNP variation
and LD around common variants in the sampled populations is
reasonably complete; the current picture is unlikely to change with
additional data. In other aspects—such as the fine details of local
correlation among SNPs, rarer alleles, structural variants, and inter-
population differences—these resources are only a first step on the
path towards a complete characterization of genetic variation of the
human population. Planned extensions of the Phase I map include
Phase I of HapMap, with genotyping of another 4.6 million SNPs
attempted in the HapMap samples, and detailed genotyping of the
HapMap ENCODE regions in additional members of each HapMap
population sampled, as well as in samples from additional popu-
lations. These results should guide understanding of the robustness
and transferability of LD inferences and tag SNPs selected from the
current set of HapMap samples.

An important application of the HapMap data is to help make
possible comprehensive, genome-wide association studies. There are
now laboratory tools that make it practical to undertake such studies,
and initial results are encouraging®. Given the low prior probability
of causality for each SNP in the genome, however, rigorous standards’
of statistical significance will be needed to avoid a flood of
false-positive results. Multiple replications in large samples provide
the most straightforward path to identifying robust and broadly
relevant associations. Given the potential for confusion if associ-
ations of uncertain validity are widely reported (and a persistent
tendency towards genetic determinism in public discourse), we urge
conservatism and restraint in the public dissemination and interpret-
ation of such studies, especially if non-medical phenotypes are
explored. It is time to create mechanisms by which all results of
association studies, positive and negative, are reported and discussed
without bias.

The success of the HapMap will be measured in terms of the
genetic discoveries enabled, and improved knowledge of disease
aetiology. Specifically, identifying which genes and pathways are
causal in humans has the potential to provide a new and solid
foundation for biomedical research. This is equally true whether the
variants that lead to the discovery of those genes are themselves rare
or common, or of large or small effect. The impact on diagnostics and
targeted prevention, however, will depend on how predictive each
given allele may be. Where genetic mechanisms underlie treatment
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responses, both more efficient trials and individualized preventive
and treatment strategies may become practical®™.

Success identifying alleles conferring susceptibility or resistance to
common diseases will also provide a deeper understanding of the
architecture of disease: how many genes are involved in each case,
whether and how alleles interact with one another® and with
envirommental exposures to shape clinical phenotypes. In this regard,
it will be important to invest heavily in the discovery and character-
ization of relevant lifestyle factors, environmental exposures, detailed
characterization of clinical phenotypes, and the ability to obtain such
information in longitudinal studies of adequate size. Where environ-
mental and behavioural factors vary across studies, replication will be
hard to come by (as will clinical utility) unless we can learn to capture
these variables with the same precision and completeness as geno-
typic variation. Technological innovation and international collab-
oration in these realms will probably be required (as they have been
in the Human Genome Project and the HapMap) to advance the
shared goal of understanding, and ultimately preventing, common
human diseases.

METHODS

The project was undertaken by investigators from Japan, the United Kingdom,
Canada, China, Nigeria and the United States, and from multiple disciplines:
sample collection, sequencing and genotyping, bioinformatics, population
genetics, statistics, and the ethical, legal, and social implications of genetic
research. The Supplementary Information contains information about project
participants and organization.

Choice of DNA samples. Any choice of DNA samples represents a comproraise:
a single population offers simplicity, but cannot be rep whereas grid-
sampling is representative of the current worldwide population, but is neither
practical nor captures historical genetic diversity. The project chose to include

&

48 individuals {16 YRI, 16 CEU, 8 CHB, 8 JPT). Although the intent was for these
same DNA samples to be included in Phase I, eight Yoruba and one Han Chinese
sample used in sequencing were not among the 269 samples genotyped. {The
nine samples are available from Coriell.)

All variants found by sequencing, and any others in dbSNP (build 121) not
found by sequencing, were genotyped in all 269 HapMap samples. If the first
attempt at genotyping was unsuccessful, a second platform was tried for each SNP.
False-positive and false-negative rates in PCR-based SNP discovery. The
falsc-positive rate of SNP discovery by PCR-based resequencing was estimated
at 7-11% (for the two sequencing centres), based on genotyping of each
candidate SNP in the same samples used for discovery.

The false-negative rate of SNP discovery by PCR resequencing was estimated
at 6%, using as the denominator a set of SNPs previously in dbSNP and
confirmed by genotyping in the specific individuals sequenced. The false-
negative rate was iderably higher, h for singl (SNPs'seen only
as a single h ygote): 15% of singl covered by high-quality sequence
‘data were not detected by the trace analysis, and another 25% were missed due to
a failure to obtain a high-quality sequence over the relevant base in the one
heterozygous individual (D. ]. Richter et al., personal communication).
False-positive and false-negative rates in dbSNP. The false positive rate
(candidate SNPs that cannot be confirmed as variable sites) estimated for
dbSNP was 17%. This represents an upper bound, because dbSNP entries that
are norphic in the 269 HapMap samples could be rare variants, or
polymorphic in other samples. We note that as the catalogue of dbSNP gets
deeper, the rate at which candidate SNPs are phic in any given sample
is observed to rise (Supplementary Table 8). This is expected because the number
of rare SNPs and false positives scales with depth of sequencing, whereas the
number of true common variants will plateau.

SNP genotyping for the genome-wide map. Genotyping assays were designed
from dbSNP, with priority given to SNPs validated by previous genotyping data
or both alleles having been seen more than once in discovery. Data from the
Chimp Genome Sequencing Project™ were used in SNP validation if they
confirmed the ancestral status of a human allele seen oaly once in discovery
{ ) y Information). Non-synonymous coding SNPs were also prior-

DNA samples based on well-known patterns of allele freq ies across
populations®, reflecting historical genetic diversity®.

For practical reasons, the project focused on SNPs present at a minor allele
frequency (MAF) Z 0.05 in each analysis panel, and thus stidied a sufficient
numbei of individuals to provide good power for this frequency range™.
Cell lines and DNA are available at the Coriell Institute for Medical Research
(http://locus.umdnj.edu/nigms/products/hapmap.html).

c .

y engag was employed to explain the project, and to learn how
the project was viewed, in the communities where samples were collected”™.
Papers describing the community engagement processes are being prepared.
One JPT sample was replaced for technical reasons, but not in time for
inclusion in this report. We surveyed cryptic relatedness among the study
participants, and identified a small number of pairs with unexpectedly high allele
sharing (Supplementary Information). As the total level of sharing is not great, and
as a subset of analyses performed without these individuals were unchanged, we
include these individuals in the data and analyses presented here.
Genome-wide SNP discovery. The project required a dense map of SNPs, ideally

itized for genotyping. Two whole-genome, array-based genotyping reagents were
used efficiently to increase SNP density: 40,000 SNPs from Wumina, and 120,000
SNPs from Affymetrix'®.

To monitor progress, the genome was partitioned into S-kb bins, with
genotyping continuing through iterative rounds until a set of predetermined
‘stopping rules’ was satisfied in each analysis panel. (1) Minor allele frequency: in
each analysis panel a common SNP (MAF 2 0.05) was obtained in each 5-kb
bin. (2) Spacing: the distance between adjacent SNPs was 2-8 kb, with at least
9 SNPs across 50 kb. (3) ‘HapMappable’ g - with available technologies it is
challenging to study centromeres, telomeres, gaps in genome sequence, and
segmental duplications. The project identified such regions'" (Supplementary
Table 9), spanning 4.4% of the finished human genome sequence, in whichonlya
single attempt to develop a genotyping assay was required. (4) Three strikes,
you're out: if the above rules were not satisfied after three attempts to develop an
assay in a given 5-kb region, or if all available SNPs in dbSNP had been tried,
genotyping was considered complete for Phase . Two attempts were considered

ficient if one attempt was of a SNP previously shown to have MAF = 0.05 in

containing information about validation and frequency of each candidate SNP.
When the project started, the public SNP database (dbSNP) contained
2.6 million candidate SNPs, few of which were annotated with the required
information.

To generate more SNPs and obtain validation information, shotgun sequen-
cing of DNA from whole-genome libraries and flow-sorted chromosomes was
performed*, augmented by analysis of sequence traces produced by Applied
Biosystems**®, and information on 1:6 million SNPs genotyped by Perlegen

the appropriate population sample in a previous genome-wide survey”. (5)
Quality control: ongoing and standardized quality control (QC) filters and three
rounds of quality assessment (QA) were used to ensure and document the high
quality of the genotype data.

QC filters were systematically performed, with each SNP tested for complete-
ness (>80%), consistency across five duplicate genotypes (=<1 discrepancy),
rmendelian inheritance in 60 trios (=1 discrepancy in each of YR and CEU), and

Sciences”, including 425,000 not in dbSNP when released (Suppl Y
Table 7). The HapMap Project contributed about 6 miltion new SNPs to bSNP.

At the time of writing (October 2005) dbSNP (hittp://www.ncbi.alm.nih.gov/
projects/SNP/} contains 9.2 million candidate human SNPs, of which 3.6 million
have been validated by both alleles having been seen two or more times during
discovery (‘double-hit' SNPs), and 2.4 million have genotype data (Fig. 1).
Comprehensive study of common variation across 5Mb of DNA. To study
patterns of genetic variation as comprehensively as possible, we selected ten 500-
kb regions from the ENCODE Praject™. These ten regions were chosen in
aggregate to approximate the genome-wide average for G+C content, recombi-
nation rate, percentage of sequence conserved relative to mouse sequence, and
gene density (Table 2).

In each such region additional sequencing and genotyping were performed to
obtain a much more complete inventory of common variation. Specifically,
bidirectional PCR-based sequencing was performed across each 500-kb region in
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Hardy-Weinberg equilibrium (P > 0.001'°?). SNPs in the Phase 1 data st passed
all the QC filters in all the analysis panels and were polymorphic in the HapMap
samples. Failing SNPs were released (with a special flag), a5 they can help to
identify polymorphisms under primers, insertions/deletions, paralogous loci
and natural selection.

Three QA exercises were carried out, First, a calibration exercise to ‘bench-
mark' each platform and laboratory protocol. Second, a mid-project evaluation
of each genotyping centre. Third, a blind analysis of a random sample of the
complete Phase I data set, A number of SNPs were genotyped more than once
during the project, or by other investigators, providing additional information
about data quality. See the Supplementary Information for full information
about the QA exercises.

An exhaustive approach was taken to mtDNA. Alignment of more than 1,000
publicly available mtDNA sequences of African (n = 87), European (n = 928)
and Asian (n = 238) geographical origin® was used to identify 210 common
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The International HapMap Consortitim (Participants are arranged by institution, listed alphabetically, and then alphabetically within
institutions except for Principa! Investigators and Project Leaders, as indicated.)

Genotyping centres: Baylor College of Medicine and ParAllele BioScience Richard A. Gibbs (Principal Investigator), John W. Belmont’,
Andrew Boudreau?, Suzanne M. Lea!", Paul Hardenbol?, Shiran Pasternak', David A. Wheeler!, Thomas D. Willis?, Fuli Yu'; Beijing Genomics
Institute Huanming Yang (Principal Investigator)?, Changaqing Zeng (Principal investigator)®, Yang Gao®, Haoran Hu?, Weitao Hu?, Chaohua
L%, Wei Lin?, Sigi Liu?, Hao Pan?, Xiaoli Tang?, Jian Wang?, Wei Wang?, Jun Yu?, Bo Zhang?, Qingrun Zhang®, Hongbin Zhao®, H Zhao?, jun
Zhou?; Broad Institute of Harvard and Massachusetts Institute of Technology Stacey B. Gabriel (Project Leader)®, Rachel Barry*, Brendan
Blumenstiel*, Amy Camargo®, Matthew Defelice?, Maura Faggart®, Mary Goyette?, Supriya Gupta®,-Jamie Moore®, Huy Nguyen®, Robert C.
Onofrio®, Melissa Parkin®, Jessica Roy*, Erich Stahl®, Ellen Winchester®, Liuda Ziaugra®, David Altshuler (Principal Investigator)*% Chinese
National Human Genome Center at Beijing Yan Shen (Principat Investigator)®, Zhijian Yao®; Chinese National Human Genome Center at
Shanghai Wei Huang (Principal lnvestigator)?, Xun Chu?, Yungang He’, Li Jin?, Yangfan Liu”, Yayun Shen’, Weiwei Sun’, Haifeng Wang’, Yi
Wang’, Ying Wang’, Ying Wang’, Xiaoyan Xiong’, Liang Xu”; Chinese University of Hong Kong Mary M. Y. Waye (Principal investigator)®,
Stephen K. W. Tsui®; Hong Kong University of Science and Technology Hong Xue (Principal Investigator)?, J. Tze-Fei Wong?®; Hllumina
Launa M. Galver (Project Leader)'?, Jian-Bing Fan™, Sarah S. Murray'®, Arnold R. Oliphant”, Mark S. Chee (Principal Investigator)'’; McGill
University and Génome Québec Innovation Centre Alexandre Montpetit (Project Leader)®, Fanny Chagnon®, Vincent Ferretti®®, Martin
Leboeuf®, Jean-Francois Olivier, Michae! 5. Phillips™, Stéphanie Roumy®, Clémentine Sallée', Andrei Verner®, Thomas J. Hudson (Principal
Investigator)'?; Perlegen Sciences Kelly A. Frazer (Principal Investigator)'s, Dennis G. Ballinger’®, David R. Cox™, David A. Hinds®, Laura L.
Stuve's; University of California at San Francisco and Washington University Pui-Yan Kwok (Principal Investigator)*, Dongmei Cai"®,
Danie! C. Koboldt”, Raymand D. Miller”, Ludmila Pawlikowska', Patricia Taillon-Miller”, Ming Xiao'; University of Hong Kong Lap-Chee
Tsui (Principal Investigator)', William Mak'®, Pak C. Sham™, You Qiang Song®, Paul K. H. Tam'; University of Tokyo and RIKEN Yusuke
Nakamura (Principal Investigator)"®%, Takahisa Kawaguchi®®, Takuya Kitamoto®, Takashi Morizono®, Atsushi Nagashima®®, Yozo
Ohnishi?®, Akihiro Sekine®, Toshihiro Tanaka?, Tatsuhike Tsunoda®®; Wellcome Trust Sanger Institute Panos Deloukas (Project Leader),
Christine P, Bird?, Marcos Delgado?, Emmanouil T. Dermitzakis?, Rhian Gwilliam?, Sarah Hunt®, Jonathan Morrison®, Don Powell?!, Barbara
E. Stranger®, Pamela Whittaker®, David R. Bentley (Principal Investigator)?

Analysis groups: Broad Institute of Harvard and Massachusetts Institute of Technology Mark J. Daly (Project Leader)**, Paul . W. de
‘Bakker*S, Jeff Barrett*S, Ben Fry*, Julian Maller*3, Steve McCarroll**, Nick Patterson?, Itsik Pe'er*%, Shaun Purcell®, Daniel J. Richter®, Pardis
Sabeti4, Richa Saxena*s, Stephen F. Schaffner?, Patrick Varilly®, David Altshuler (Principal Investigator)**; Cold Spring Harbor Laboratory
Lincoln D. Stein (Principal Investigator)®, Lalitha Krishnan®, Albert Vernon Smith?, Gudmundur A, Thorisson®; Johns Hopkins University
School of Medicine Aravinda Chakravarti (Principal Investigator)?, Peter E. Chen?, David J. Cutler?*, Carl 5. Kashuk®, Shin Lin®*; University
of Michigan Gongalo R. Abecasis (Principal Investigator)?®, Weihua Guan®, Heather M. Munro®, Zhaohui Steve Qin®, Daryl J. Thomas™;
University of Oxford Gilean McVean (Project Leader)?, Leonardo Bottolo?, Susana Eyheramendy?, Colin Freeman?, Jonathan Marchini?,
Simon Myers?", Chris Spencer?, Matthew Stephens?, Peter Donnelly (Principal Investigator)?’; University of Oxford, Wellcome Trust
Centre for Human Genetics Lon R. Cardon (Principal Investigator)®, Geraldine Clarke?®, David M. Evans®, Andrew P. Morris®, Bruce S.
Weir®®: RIKEN Tatsuhiko Tsunoda?®; US National Institutes of Health James C. Mullikin®, Stephen T. Sherry®, Michael Feolo®

Community engagement/public consultation and sample collection groups: Beijing Normal University and Beijing Genomics Institute
Houcan Zhang®, Changaqing Zeng?, Hui Zhao? Health Sciences University of Hokkaide, Eubios Ethics Institute, and Shinshu University
Ichiro Matsuda (Principal tnvestigator)®, Yoshimitsu Fukushima®, Darryl R. Macer, Eiko Suda®; Howard University and University of
Ibadan Charles N, Rotimi (Principal Investigator)®, Clement A. Adebamowo?, Ike Ajayi®, Toyin Aniagwu?®, Patricia A. Marshall*®, Chibuzor
Nkwodimmah®, Charmaine D. M. Royal®®; University of Utah Mark F. Leppert (Principal Investigator)®, Missy Dixon®, Andy Peiffer*'

Ethical, legal and social issues: Chinese Academy of Social Sciences Renzong Qiu*% Genetic Interest Group Alastair Kent*3; Kyoto
University Kazuto Kato*%; Nagasaki University Norio Niikawa®; University of Ibadan School of Medicine Isaac F, Adewale®; University of
Montréal Bartha M. Knoppers'; University of Okiahoma Morris W. Foster®®; Vanderbilt University Ellen Wright Clayton®’; Welicome Trust
Jessica Watkin®®

SNP discovery: Baylor College of Medicine Richard A. Gibbs (Principal Investigator)', John W. Belmont', Donna Muzny', Lynne Nazareth',
Erica Sodergren', George M. Weinstock!, David A. Wheeler', Imtiaz Yakub'; Broad Institute of Harvard and Massachusetts Institute of
Technology Stacey B. Gabriel (Project Leader)*, Robert C. Onofrio?, Daniel ). Richter*, Liuda Ziaugra®, Bruce W. Birren®, Mark J. Daly**, David
Altshuler (Principal Investigator)*5; Washington University Richard K. Wilson (Principal Investigator)*®, Lucinda L. Fulton®®; Welicome
Trust Sanger Institute Jane Rogers (Principal Investigator)?, John Burton®, Nigel P. Carter®, Christopher M. Clee®, Mark Griffiths?,
Matthew C. Jones?, Kirsten McLay?, Robert W. Plumb?, Mark T. Ross?, Sarah K. Sims?, David L. Willey®'

Scientific management: Chinese Academy of Sciences Zhu Chen®®, Hua Han®, Le Kang®; Genome Canada Martin Godbout®, John C.
Wallenburg®®; Génome Québec Paul L Archevéque™, Guy Bellemare®®; Japanese Ministry of Education, Culture, Sports, Science and
Technology Koji Saeki®*; Ministry of Science and Technology of the People's Republic of China Hongguang Wang®, Daochang An®5,
Hongbo Fu%, Qing Li%, Zhen Wang®s; The Human Genetic Resource Administration of China Renwu Wang™; The SNP Consortium
Arthur L. Holden®”; US National Institutes of Health Lisa D. Brooks®, Jean E. McEwen®, Christianne R. Bird*®, Mark S. Guyer®, Patrick J.
Nailers®, Vivian Ota Wang®, Jane L. Peterson®, Michael Shi®, Jack Spiegel®®, Lawrence M. Sung®, Jonathan Witonsky®?, Lynn F. Zacharia®,
Francis 5. Collins®?; Wellcome Trust Karen Kennedy*®, Ruth Jamieson*® & John Stewart*®

ions for participants: ‘Baylor Coflege of Medicine, Human Genome Sequencing Center, Department of Molecular and Human Genetics, 1 Baylor Plaza, Houston, Texas
77030, USA. 2ParAllele Bioscience, Inc.,, 7300 Shoreline Court, South San Francisco, Cafitornia 94080, USA. 3Beiling Genomics Institute, Chinese Academy of Sciences, Beijing
100300, China, “The Broad Institute of Harvard ahd Institute of T gy, | Kendall Square, Cambridge, Massachusetts 02139, USA. SMassachusetts General
Hospital and Harvard Medical Schoof, Simehes Research Center, 185 Cambridge Street, Boston, Massachusetts 02114, USA. ®Chinese National Human Genome Center at Beijing,
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3-707 N. Yongchang Road, Beijing Economic-Technologicat Development Area, 100176, China. ?Chinese National Human Genome Center at Shanghai, 250 Bi Bo Road, Shanghai
201203, China. ®The Chinese University of Hong Kong, Department of Biochemistry, The Croucher Laboratory for Human Genomics, 6/F Mong Man Wai Building, Shatin, Hang
Kong. *Hong Kong University of Science and Technology, Department of Biochemistry, Clear Water Bay, Kowloon, Hong Kong. '9)\lumina, 9885 Tawne Centre Drive, San Diego,
California 92121, USA, ™5518 Markar Road, Poway, California 92064, USA. prognosys Biosciences, Inc.,, 4215 Sorrento Valley Boulevard, Suite 105, San Diego, California 92123,
USA. PMcGill University and Génome Québec innovation Centre, 740 Drive Penfield Avnue, Montréal, Québec H3A 1A4, Canada. WUniversity of Montréal, The Public Law
Research Centre (CRDP), P.O. Box 6128, Downtown Station, Mentréal, Québec H3C 3)7, Canada. “Perlegen Sciences, Inc., 2021 Stierlin Court, Mountain View, California 94043,
USA. ®University of California, San Francisco, Cardiovascular Research Institute, 513 Parnassus Avenue, Box 0793, San Francisco, California 94143, USA. V\washington University
Schoo! of Medicine, Department of Genetics, 660 S. Euclid Avenue, Box 8232, St Louis, Missouri 63110, USA. "®yniversity of Hong Kong, Genome Research Centre, 6/F,
Laboratory Block, 21 Sassoon Road, Pokfulam, Hong Kong. BUniversity of Tokyo, Institute of Medical Science, 4-6-1 Sirokanedai, Minato-ku, Tokyo 108-8639, Japan. 20RiKEN
SNP Research Center, 1-7-22 Suehiro-cho, Tsurumi-ku Yokohama, Kanagawa 230-0045, japan. Pwellcome Trust Sanger Institute, The Wellcome Trust Genome Campus,
Hinxten, Cambridge CB10 1SA, UK. g01axa Ltd, Chesterford Research Park, Little Chesterford, Nr Saffron Walden, Essex CB10 1XL, UK. ZCold Spring Harbor Laboratory, 1
Bungtown Road, Cold Spring Harbor, New York 11724, USA. ohns Hopkins University School of Medicine, McKusick-Nathans Institute of Genetic Medicine, Broadway
ng, Suite 579, 733 N. Broadway, Baltimore, Maryland 21205, USA. Byniversity of Michi Center for Genetics, Department of ics, 1420
Washington Heights, Ann Arbar, Michigan 48109, USA. 6Center for Biomolecular Science and Engineering, Engineering 2, Suite 501, Mail Stop CBSE/ITI, UC Santa Cruz, Santa
Cruz, California 95064, USA. ¥University of Oxford, Department of Stal s, 1 South Parks Road, Oxford OX1 3TG, UK, 2niversity of Washingtan, Department of Statistics,
Box 354322, Seattle, Washingtan 95195, USA. **University of Oxtord/Wellcome Trust Centre for Human Genetics, Roosevelt Drive, Oxford OX3 78N, UK. 3%orth Carolina
State University, Bioinfarmatics Research Center, Campus Box 7566, Raleigh, North Carolina 27695, USA, 2US National Institutes of Health, National Human Genome Research
tastitute, 50 South Drive, Bethesda, Maryland 20892, USA. 32)5 National Institutes of Health, National Library of Medicine, National Center for Biotechnology tnformation. 8600
Rackville Pike, Bethesda, Maryland 20894, USA. **Beijing Normal University, 19 Xinjiekouwai Street, Beijing 100875, China. *Health Sciences University of Hokkaido, Ishikari
Tobetsu Machi 1757, Hokkaido 061-0293, Japan. Ighinshu University School of Medicine, Department of Medical Genetics, Matsumoto 390-8621, Japan. *Jnited Nations
Educational, Scientific and Cultural Organization (UNESCO Bangkok), 920 Sukhumwit Road, Prakanaong, Bangkok 10110, Thailand. Tyniversity of Tsukuba, Eubios Ethics Institute,
P.O. Box 125, Tsukuba Science City 305-8691, Japan. **Howard University, National H G Center, 2216 6th Street, NW, Washington DC 20059, USA. **University of
ibadan Callege of Medicine, Ibadan, Oyo State, Nigeria. 40Cace Western Reserve University School of Medicine, Department of Bioethics, 10900 Euclid Avenue, Cleveland, Ohio
44106, USA. *University of Utah, Eccles Institute of Human Genetics, Department of Human Genetics, 15 North 2030 East, Salt Lake City, Utah 84112, USA, **Chinese Academy
of Social Sciences, Center for Applied Ethics, 2121, Building 9, Caogiao Xinyuan 3 Qu, Beijing 100054, China. #3Genetic Interest Group, 4D Leroy House, 436 Essex Road, London
N1 3QP, UK. **Kyoto University, Institute for in b ities and Gradh School of Biostudies, Ushinomiya-cho, Sakyo-ku, Kyoto 606-8501, Japan. “*Nagasaki
University Graduate School of Biomedical Sciences, Department of Human Genetics, Sakamoto 1-12-4, Nagasaki 852-8523, Japan. “SUniversity of Qklahoma, Department of
Anthrapology, 455 W. Lindsey Street, Norman, Oklahoma 73019, USA. “Tvanderbilt University, Center for Genetics and Health Policy, SO7 Light Hall, Nashville, Tennessee
37232-0165, USA. **Welicome Trust, 215 Euston Road, London NW1 28E, UK. **Washi University School of Medicine, Gename Center, Box 8501, 4444 Forest
Park Avenue, St Louis, Missouri 63108, USA. 50Chinese Academy of Sciences, 52 Sanlihe Road, Beijing 100864, China. ®Genome Canada, 150 Metcalfe Street, Suite 2100,
Ottawa, Ontario K2P 1P1, Canada. *McGill University, Office of Technology Transfer, 3550 University Street, Montréal, Québec H3A 2A7, Canada. $3Génome Québec, 630,
boulevard René-Lévesque Ouest, Montréal, Québec H38 156, Canada. S4Ministry of Education, Culture, Sports, Science, and Technology, 3-2-2 Kasumigaseki, Chiyodaku, Tokyo
100-8959, Japan. **Ministry of Science and Technology of the People's Republic of China, 15 B. Fuxing Road, Beijing 100862, China. 56The Human Genetic Resource
Administration of China, b7, Zaojunmiao, Haidian District, Beijing 100081, China. 57The SNP Consortium, 3 Parkway North, Deerfield, s 60015, USA. 58US National Institutes
of Health, National Human Genome Research Institute, 5635 Fishers Lane, Suite 4076, Bethesda, Maryland 20892, USA. 59Novartis Pharmaceuticals Corporation, Biomarker
Development, One Health Plaza, East Hanaver, New Jersey 07936, USA. 0))5 National Institutes of Health, Office of Technology Transfer, 6011 Executive Boulevard, Rockville,
Maryland 20852, USA. ®'University of Maryland School of Law, 500 W. Baltimore Street, Baltimore, Maryland 21201, USA. $2Frost & Sullivan, 2400 Geng Road, Suite 201, Palo
Alto, California 94303, USA. “3US National lnstitutes of Health, National Human Genome Research institute, 31 Center Drive, Bethesda, Maryland 20892, USA,
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Medical News from Japan

Guidelines on Genetic Testing

JMAJ 48B(8): 429-431, 2005

Yoshimitsu Fukushima*'?

Key words Genetic test, Genetic counseling, Medical genetics, C

Introduction

Because human genetic data is so markedly
different from any other kind of human data,
guidelines have to be established and observed.
The International Declaration on Human Genetic

Data' adopted by UNESCO (United Nations

Educational, Scientific and Cultural Organiza-

tion) in 2003 states that human genetic data

should be given a special status because: )

1) they can be predictive of genetic predisposi-
tions concerning individuals:

2) they may have a significant impact on the
family, including offspring. extending over
generations, and in’some instances on the
whole group to which the person concerned
belongs:

3) they may contain information the significance
of which is not necessarily known at the time
of collection of biological samples; and

4) they may have cultural significance for per-
50NS Or groups.

The declaration states, therefore, that human
genetic data should be used only for purposes
such as |) health care, 2) medical and scientific
research and 3) legal proceedings, and that
genetic counseling should be made available in
an appropriate manner to persons involved in
genetic testing that may have significant implica-
tions for their health.

In Japan, as a result of the complete enforce-
ment of the Personal Data Protection Law in April
2005, as shown in Table 1, policies and guidelines

ed genetic counselor

have been drawn up in the respective areas of
1. research. 2. clinical practice and 3. industry.
incorporating the aims of the UNESCO Interna-
tional Declaration on Human Genetic Data. This
paper introduces guidelines directly relating to
genelic testing drawn up by the Ministry of
Health, Labor and Welfare (MHLW) [Table 1,
2.1)] and ten genetic-medicine-related societies

[Table 1,2.2)].

MHLW Guidelines for the Appropriate
Handling of Personal Information by
Health Care Providers

Because genetic data is a special type of personal
data, MHLW established as the tenth item of
these Guidelines “Handling of Genetic Data
Used for Clinical Practice”, stating that “Any
medical institution, etc. engaged in genetic test-
ing must provide genetic counseling by persons
who have specialist knowledge of clinical genet-
ics and can provide psychosocial support to the
individuals concerned and their families, etc.”
(See Table 2).

In Japan, the Guidelines for Research on the
Human Genome and Genes at 1 in Table | state
that facilities engaged in genetic analysis and
research should endeavour to establish systems
enabling them to provide genetic counseling,and,
prompted by this, a clinical section for medical
genetics was set up in most university hospitals.
(Since 2003 a National Liaison Meeting for Clini-
cal Sections of Medical Genetics has been held,
where representatives of these clinical sections
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Table 1 Policies and guidelines for genetic analysis

1. Guidelines for research

Ethics Guidelines for Human Genome/Gene .Analysis Research (Ministry of Education,
Culture, Sports, Science and Technology, Ministry of Health, Labor and Weltare, Ministry of
Economy, Trade and Industry) (Notified 28/12/2004)
<http://www.mext.go.jp/a_menu/shinkou/seimei/main.htm>

2. Guidelines for clinical practice

1) Guidelines for the Appropriate Handling of Personal Information by Health Care Providers

{MHLW) (Notified 24/12/2004)

-<http:/fwww.mhlw.go.jp/shingi/2004/12/51224-11 .html>

2

Guidelines for Genetic Tasting by ten gen

-medicine-related societies [Japan Society of

Human Genetics, Japan Society of Obstetrics and Gynecology, Japan Saciety for Pediatric
Genstics, Japanese monmg\ for Family Tumor, Japanese Society for Gene Diagnosis
and Therapy. Japanese Society for Genetic Counsefing, Japanese Soclety for Inherited
Metabolic Diseases, Japanese Soclety of Laboratory Medicine, Japanese Society for
Mass-screening, and Japanese Teratology Society (alphabetically)j (August 2001)

<http:/ljshg.jp>

3) Ethical Guideline for Contractual Human Genetic Testing (Japan Registered Clinical Labo-

ratories Association (March 31, 2001)
<http:/iwww jrcla.or.jp/news.html>

3. Guidelines in the industrial field

Guidelines on Personat Data Protaction in Fields of Economic and Industrial Enterprise Using

Personal Genetic Data (MET!)

<http:/fwww.meti.go.jp/press/20041217010/041217iden.paf>

Table 2 Handling of genetic data used for diagnosis and therapy described in Guidelines for the Appropriate

Handling of Personal Information by Health Care Providers (MHLW notified December 24, 2004)

Since genetic data bbtained from genetic tests, etc. not only includes data conceming the disposition of the individuals
concerned or the development of a disease, etc. based on genatic or karyotypic changes, but is also data that does
_not change in the fifetime of the individuals concemned and is data relating to their blood relatives. if such data were
leaked, the damage or pain suffered by the individuals concemed and their biood relatives could be huge. It is,
therefore, necessary to pay particular attention when handling test results or biological samples of blood. etc., with
reference to the UNESCO International Declaration and relevant guidelines in the area of medical research and

guidelines prescribed by relevant groups, etc.

The indlviduals concerned and their families, etc. are often very anxious when consenting to testing. for example. they

find it

ult to accurately understand the significance of the test results or do not know who 1o deal with the

predictability of disease. Thersfore, medical institutions, etc. engaged in genetic testing must provide genetic counsel-
ing by persons who have specialist knowledge -of clinical genetics and can provide psychosocial support to the

individuals concemed and their families.

for medical genetics gather to exchange informa-
tion. Details of the first and second liaison mect-

ings (2003 and 2004 respectively) are shown on

the Home Page of the Division of Clinical and
Molecular Genetics, Shinshu University Hospital 2

As a result of the establishment of these
Guidelines by MHLW. medical organizations
besides university hospitals will now also be
required to establish systems enabling them to
practice in appropriate medical genetics includ-

ing genetic counseling in the future.

Guidelines for Genetic Testing by
Ten Genetic-Medicine-Related
Societies [Table 1.2.2))

The MHLW Guidelines [Table 2] show only prin-
ciples for handling genetic data used for actual
clinical practice, but these Guidelines, which are
also formally quoted in the MHLW guidelines,
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