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A general question for linkage disequilibrium-based association
studies is how power to detect an association is compromised
when tag SNPs are chosen from data in one population sample
and then deployed in another sample. Specifically, it is
important to know how well tags picked from the HapMap
DNA samples capture the variation in other samples. To
address this, we collected dense data uniformly across the

four HapMap population samples and eleven other population
samples. We picked tag SNPs using genotype data we collected
in the HapMap samples and then evaluated the effective
coverage of these tags in comparison to the entire set of
common variants observed in the other samples. We simulated
case-control association studies in the non-HapMap samples
under a disease model of modest risk, and we observed little
loss in power. These results demonstrate that the HapMap
DNA samples can be used to select tags for genome-wide
association studies in many samples around the world.

The International HapMap Project provides empirical genotype data
for >4 million SNPs in a limited sample of 270 individuals from four
populations’. There are two fundamental questions with regard to a
dense reference panel such as HapMap. First, to what extent is power
compromised when tags are selected from incomplete genotype data
in the reference panel? Second, how is power affected when tags are
selected from a reference panel but then genotyped in another
population sample? Previously, we addressed the first question by
evaluating the quantitative relationship between marker density and
power in simulated association studies using HapMap ENCODE data

with near-complete ascertainment of common variation?. Here, we
characterize the extent to which tag SNPs picked from HapMap DNA
samples are transferable across different population samples.

To this end, we have collected dense genotype data uniformly across
HapMap and non-HapMap population samples. As part of the
Multiethnic Cohort (MEC) study®*, we compiled a list of genes in
the steroid hormone and growth factor pathways. In each of these
genes, we selected a dense set of SNPs from the public dbSNP
database® and augmented this set by SNP discovery through exon
resequencing in 190 individuals with breast and prostate cancer from
five different ethnic groups (Supplementary Table 1 online). In total,
we attempted genotyping for 3,302 SNPs in >1,000 DNA samples
from 15 population samples (Table 1 and Supplementary Table 2
online). We kept all SNPs that were successfully genotyped in all
population samples and that were polymorphic in at least one
(Supplementary Table 3 online). The final data set contained 1,679
SNPs across 25 genes with a total span of 2.6 Mb and an average
marker density of 1 SNP per 1.6 kb (Supplementary Table 4 online).

To assess the transferability of tags picked from HapMap samples for
association studies in other population samples, two relevant measures
are (i) the distribution of the correlation (%) between the allelic tests

(based on the tags) and all ‘untyped’ VarianZS (that is, SNPs not

selected as tags) present in these samples and Gi) how this translates
into study-wide power to detect an association under a specified
disease model. We prefer these measures to comparisons based on
differences in linkage disequilibrium (LD) structure, haplotype diver-
sity or allele frequencies, as the question of immediate interest is the
impact of any such differences on the power in the disease study.
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Table 1 Population samples included in this study

for tag SNP selection. For example, SNPs with

an estimated allele frequency just below the
5% threshold will not be targeted during tag
SNP selection (and may not be captured) but

Number of
chromosomes in

Samples and origin Abbreviation final data set? may well have an allele frequency above this
Yoruba from Ibadan, Nigeria, International HapMap Project YRI 120 threshold in a second sample6. Conversely,
Yoruba from Ibadan, Nigeria, Human Genome Diversity Project HGDP-YRI 50 SNPs with an estimated allele frequency just
African Americans from Los Angeles, Multiethnic Cohort MEC-AA 138 above the 5% threshold will be captured by a
African Americans from Chicago MAY 96 tag but may fall below the threshold in a
Utah, European ancestry from CEPH, International HapMap Project CEU 104 second sample and therefore may not be
Utah, European ancestry from CEPH (other) CEPH-EXT 248 included in the assessment. Furthermore,
Self-described ‘whites’ from Hawaii, from Multiethnic Cohort MEC-W 136 there is fluctuation in the estimated 7% for
Botnia, Finland BOT 116 pairs of SNPs in independent samples of
Han Chinese from Beijing, International HapMap Project CHB 88 limited size: SNPs captured with % > 08 by
Han Chinese from Beijing, Human Genome Diversity Project HGDP-CHB 80 a tag in one sample may be captured with 12
Japanese from Tokyo, International HapMap Project JPT 88 < 0.8 in a second sample (and vice versa)
Japanese from Tokyo, Human Genome Diversity Project HGDP-JPT 62 owing to random fluctuations in the chromo-
Japanese from Hawaii and Los Angeles, Multiethnic Cohort MEC-J 136 somes chosen for each sample. These effects
Native Hawaiians from Hawaii, Multiethnic Cohort MEC-H 138 are a natural consequence of sampling varia-
Latinos from Los Angeles, Multiethnic Cohort MEC-L 138

bility and employing strict allele frequency

2After QC and data filtering.

Using only the genotype data collected in each HapMap panel (YRI,
CEU, CHB and JPT), we selected tags until every SNP observed with
>5% allele frequency in that panel was captured with a pairwise > >
0.8 by at least one tag. By definition, these tags capture all (including
‘untyped’) common SNPs (>5%) at a maximum > > 0.8 in that
HapMap panel. The mean maximum 7* between the tags and the
‘untyped’ SNPs was 0.93—-0.96 (Table 2), and many ‘untyped’ SNPs
had a perfect proxy (maximum » = 1) (Fig. la-d).

Before considering transferability across population samples, it is
crucial to measure the effect of transferability to a second, independent
sample from the same population. Specifically, we expect to see
statistical fluctuation in allele frequencies around the 5% threshold

Table 2 Coverage of common variation in the population samples by the tags picked from the

HapMap samples

and ? thresholds.

We characterized the extent of sampling
variation in the HapMap reference panels by evaluating the coverage
of common SNPs in independent samples drawn from the same
population. The vast majority of the ‘untyped’ common SNPs were
still captured with a maximum 2 > 0.8: 71% in unrelated individuals
from Ibadan, Nigeria also used in the Human Genome Diversity
Project (HGDP-YRI), 89% in parent-offspring trios from Utah (from
the Centre d’Etude du Polymorphisme Humain) with northern and
western European ancestry (CEPH-EXT), 79% in unrelated
Han Chinese from Beijing from the HGDP (HGDP-CHB) and
78% in unrelated Japanese from Tokyo from the HGDP (HGDP-
JPT) (see Methods for detalls) (Table 2). In fact, most SNPs were
captured with a maximum r? > 0.5 (Fig. le-h). The observed loss is
interpreted as statistical fluctuation caused
solely by drawing independent samples of
limited size from the same underlying popu-
lation, resulting in modest 7 overestimation

All common SNPs

‘Untyped’ common SNPs during tag SNP selection.

Percentage with

A small fraction of ‘untyped’ SNPs, how-

Percentage with ~ ever, were not well captured: between 2%

Reference panel Number of  Population Mean maximum Mean maximum and 11% of ‘untyped’ SNPs had a maximum
(HapMap samples) picked tags  sample maximum r? r’>0.8 maximum r? r’>08 < 0.5 in the second, independent sample

from the same population (Fig. 1e-h). Upon
YRI 724 YRI 0.97 100% 0.93 100%

closer inspection, these poorly captured SNPs
YRI 724 HGDP-YRI 0.92 87% 0.82 71%

typically had a lower allele frequency (Fig. 2)
YRI 724 MEC-AA 0.87 79% 0.73 56% All SNPs with a maximum 2 < 0.5 CEPH
YRI 724 MAY 0.87 80% 0.73 56% ! in ”

EXT had a frequency below 5% in the Hap-
CEU 470 CEU 0.97 100% 0.95 100% Map CEU panel (a few were monomorphic)
CEU 470 CEPH-EXT 0.95 939% 0.91 89% and were consequently missed, as no tags were
CEU 470 MEC-W 0.92 86% 0.87 78% explicitly picked to capture them. Thus,
CEU 470 BOT 0.93 89% 0.89 83% the observed loss is due to the fluctuations

in the allele frequency estimates, not to differ-
CHB 388 CHB 0.97 100% 0.95 100% ences in LD structure. We still observed
CHB 388 HGDP-CHB 0.91 86% 0.87 79% this thresholding effect, to a lesser degree, in

HGDP-YRI, HGDP-CHB and HGDP-JPT.
JPT 415 JPT 0.97 100% 0.96 100% Some ‘untyped” SNPs were captured
JPT 415 HGDP-JPT 0.92 85% 0.88 78% poorly even though they were observed at
JPT 415 MEC-J 0.94 91% 0.91 86% >5% frequency in the reference panel, reflect-

Coverage is expressed as the mean maximum r2 and the percentage with maximum r2 >

tags) and ‘untyped’ SNPs with frequency >5% in each population sample.

ing a decrease in LD between the tags and
these SNPs.

0.8 for all SNPs (including
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Figure 1 Performance of tags evaluated in multiple population samples, expressed as the percentage of common SNPs
(excluding the tags) captured within a given maximum r2 range (three bins: 0 < 2 < 0.5,0.5 < 2 < 0.8 and 0.8 < 2
< 1.0). Tags were picked from the HapMap DNA samples so that every SNPs with >5% allele frequency was captured by
a tag with pairwise 2 > 0.8. We show performance (i) in each HapMap sample: (a) YRI, (b) CEU, (c) CHB and (d) JPT;
(ii) in additional samples from the same populations as the HapMap samples: (e) HGDP-YRI (using tags from YRI),

(f) CEPH-EXT (using tags from CEU), (g) HGDP-CHB (using tags from CHB) and (h) HGDP-JPT (using tags from JPT) and
(iii) in other samples: (i) MEC-AA (using tags from YRI), (j) MAY (using tags from YRI), (k) MEC-W (using tags from tEU),
() BOT (using tags from CEU) and (m) MEC-J (using tags from JPT). The darker shade represents SNPs captured by a

perfect proxy (maximum r2 = 1[
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Having assessed the transferability within samples of the same
population, we next examined transferability to samples with similar
continental ancestry as the CEU and JPT HapMap panels but sampled
from different populations. Using the tags picked from HapMap CEU
samples, we evaluated the coverage of common variants in self-
described ‘white’ individuals from Hawaii (MEC-W) and in indivi-
duals from the Botnia region of Finland (BOT). The performance of
the CEU tags in these novn—HapMap samples was very similar to that
in CEPH-EXT (Fig. 1k-1). The mean maximum r? for ‘untyped’ SNPs
was 0.87-0.89 (Table 2’. In both samples, only 4% of ‘untyped’
variants were captured with a maximum > < 0.5. We also evaluated
the coverage in Japanese samples from Hawaii and Los Angeles
(MEC-]) for tags picked from HapMap JPT samples (Fig. 1m).
Performance was similar: 86% of ‘untyped’ variants were captured

HGDP-YRI

CEPH-EXT

1.0
0.8 -
06 -

0.4

Maximum r2

0.2

0.0

with a maximum 2 > 0.8 with a mean maximum 72 of 0.91 (Table 2),
and only 2% were captured with a maximum > < 0.5. Thus, in these
samples there is little loss in coverage beyond that observed in
independent samples from the same population.

We next evaluated the performance of tags picked from the YRI
HapMap samples in African American samples from Los Angeles
(MEC-AA) and from Chicago (MAY). Of all ‘untyped” common
variants, 56% were captured with a maximum 7 > 0.8, with a
mean maximum 2 of 0.73 (Table 2). A comparatively larger fraction
of SNPs (18%) was capturved with a maximum 7 < 0.5 (Fig. 1ij). We
did not find this surprisin% in light of estimates that African Americans
have 80%-85% African ancestry’. A tagging strategy that takes into
account the combined African and European ancestry of these samples
would be expected to improve coverage, as we will demonstrate below.

T
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Figure 2 The relationship between the allele frequency observed in the HapMap reference panel (from which tags are picked) and the maximum r2 between
the tags and all ‘untyped’ SNPs with >5% frequency in HGDP-YRI, CEPH-EXT, HGDP-CHB and HGDP-JPT. Tags were picked from each HapMap reference
panel to capture all SNPs with >5% frequency in that panel (threshold indicated by vertical lines). No explicit attempt was made to capture SNPs with
<5% frequency in the reference panel. SNPs that are poorly captured (maximum r2 < 0.5) tend to have lower allele frequency. The gray horizontal lines

separate the three 2 bins used in Figure 1.
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Table 3 Relative power in simulated case-control association studies in non-HapMap

(Table 3). Relative power decreased by only

populations ~5% in MEC-W and BOT (using CEU tags)
and remained unchanged in MEC-J (using JPT
Simulated Relative power Relative power tags). Performance was lower in the African
Reference panel Number of case-control for all causal for ‘untyped’ American MEC-AA and MAY samples: relative
(HapMap samples) picked tags panel alleles (%) causal alleles (%) power was 81% using tags picked in YRI. (For
YRI 704 HGDP-YRI 95 87 the sake of comparison, if we used the CEU
YRI 704 MEC-AA 92 81 tags alone, relative power dropped to 63%.)
YRI 704 MAY 92 81 We attempted to improve the power for the
African American samples by picking tags
CEU 470 CEPH-EXT 97 95 from all four HapMap population samples
CEU 470 MEC-W 96 91 combined (rather than picking tags from
CEU 470 BOT 96 89 YRI only). At an additional genotyping cost
CEU 470 MEC-H 94 89 (22% more tags), this ‘cosmopolitan’ tagging
CEU 470 MEC-L 92 83 approach increased the relative power to
89%-90% for the ‘untyped’ common SNPs
CHB 388 HGDP-CHB 96 92 in both African American samples (Table 3).
This demonstrates that tags from the HapMap
JPT 415 HGDP-JPT 96 92 populations are able to provide good power in
T 415 MEC-J 9 92 these samples. It is likely that tag SNP selec-
_ tion could be made more efficient by incor-
CosmOpOI!tan 885 MEC-AA 9% %0 porating knowledge about the ancestry of
Cosmopolitan 885 MAY 96 89 . .
Cosmopolitan 885 MEC.H 99 % sample.s. Power did not deteriorate when tags
Cosmopolitan 885 VIECL 97 o4 were picked from YRI and CEU only (exclud-

ing CHB and JPT), but it did result in fewer

Tags were picked from a reference panel (HapMap sample) to capture all SNPs observed with >5% frequency in that
panel with a pairwise maximum r2 > 0.8. The relative power is the power to detect causal alleles (SNPs with >5%
frequency in the non-HapMap population sample) in comparison with the observed power when all causal alleles are
tested directly (no tagging). Power is given for all common SNPs as well as for the subset of common SNPs that were
‘Cosmopolitan’ refers to the set of tags that captures all common SNPs across all four

not picked as tags (‘untyped’).
HapMap populations.

Although these results are encouraging, we wanted to obtain a more
direct estimate of statistical power in a disease study. Because of the
correlated nature of dense SNP data and the number of statistical tests,
it is not straightforward to estimate power directly from the r
distribution. Thus, we simulated case-control association studies for
each non-HapMap population sample using a recently described
procedure’. for each non-HapMap sample, we nominated each
common SNP with >5% allele frequency as ‘causal’ in turn, and
we generated a large number of simulated case-control panels We
evaluated power by performing the association tests (based on the
same tags selected from the HapMap samples as above) in these case-
control panels and counting the number of panels in which we were
able to detect an association at a gene-wide corrected P value of 0.01,
averaged over all 25 genes.

Testing all common SNPs in the simulated case-control panels
resulted in an absolute power of 82% in HGDP-YRI, 84% in CEPH-
EXT and HGDP-CHB and 85% in HGDP-JPT. This is substantially
higher than the power in HapMap ENCODE data under the identical
genetic model (60% in YRI and 68% in CEU and CHB+JPT)?. This is
due to an overall reduction in the multiple testing burden, because the
genes in the present data set are smaller and have less complete
ascertainment than the 500-kb regions of the HapMap ENCODE
project. We report the power to detect all common causal alleles, as
well as the power to detect ‘untyped’ common variants as a con-
servative estimator, and we express both relative to the power obtained
by testing all common SNPs in the case-control sample (as if we had
genotyped all common SNPs directly).

In independent samples from the same populations as the HapMap
samples, power was 87%—-95% for the ‘untyped’ common SNPs relative
to the power obtained by testing all common SNPs in those samples

tags. This is not unexpected: tags from CHB
and JPT that are not redundant with tags from
YRI and CEU include SNPs that are unique to
these two East Asian populations.

For some population samples like native
Hawaiians (MEC-H) and Latinos (MEC-L)
from the MEC, there is no obvious choice of HapMap reference
panel from which to pick tags. Nevertheless, when we used CEU in
our initial attempt, relative power was 89% for ‘untyped’ variants in
MEC-H, and power in MEC-L was only slightly worse (Table 3). The
cosmopolitan tags improved relative power to 94%-96% in both
population samples, albeit at a greater genotyping cost.

Recently, we introduced specified multimarker (haplotype) tests as a
means to improve upon pairwise tagging in terms of genotyping
efficiency without sacrificing power?. In this approach, specific haplo-
types act as effective surrogates for single tag SNPs. This keeps the
multiple testing burden constant while decreasing the number of tags
(but requiring greater genotyping quality). When we used this
‘aggressive’ tagging approach to capture all common SNPs with
2 > 0.8, the genotyping burden was reduced by 15%-23% compared
with pairwise tagging. Power in the simulated case-control association
studies remained essentially unchanged with this more efficient
tagging approach (data not shown). Hence, this multimarker strategy
is robust to transferability, at least for the DNA samples tested here. A
notable implication of this result is that specified multimarker tests
inferred from a dense reference panel (such as HapMap) can act as
effective predictors for some untyped SNPs. We have recently demon-
strated that this approach can provide a substantial boost in the
coverage of commercially available whole-genome products®.

Our results are broadly consistent with other assessments of tag
transferability®2%. Although LD structure is known to vary between
population samples'>?1=24, we have demonstrated empirically that a
standard tagging approach in the four HapMap population samples
can capture common variation effectively in many other independent
samples. Most of the observed loss in coverage and power results from
fluctuations in allele frequency and 1% estimates owing to sampling
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variation. We conclude that tag SNPs selected from the HapMap DNA
samples are likely to provide good power to study the role of common
polymorphisms in complex traits in many sample collections.

METHODS

DNA samples. We collected genotype data in the following DNA samples:
30 parent-offspring trios from the Yoruba people in Ibadan, Nigeria (YRI),
27 parent-offspring trios from Utah, USA, with northern and western European
ancestry (from the Centre d’Etude du Polymorphisme Humain; CEU),
45 unrelated Han Chinese people from Beijing, China (CHB) and 44 unrelated
Japanese people from Tokyo, Japan (JPT) used the International HapMap
Projectl; 25 unrelated individuals from Ibadan, Nigeria (HGDP-YRI),
40 unrelated Han Chinese from Beijing, China (HGDP-CHB) and 31 unrelated
Japanese from Tokyo (HGDP-JPT) from the Human Genome Diversity
Project?2%; 62 trios from Utah with northern and western European ancestry,
from the CEPH collection (CEPH-EXT); 70 self-described African American
(MEC-AA), 69 self-described native Hawaiian (MEC-H), 70 self-described
Japanese (MEC-J), 70 self-described Latino (MEC-L) and 70 self-described
‘white’ (MEC-W) samples from the Multiethnic Cohort study conducted in
Hawaii and California (mainly Los Angeles); 30 trios from Botnia, Finland
(BOT) and 48 unrelated African Americans from Chicago (MAY). These studies
were approved by the Human Subject Institutional Review Boards at the
respective institutions, and informed consent was obtained from all subjects.

SNP discovery. We performed exon resequencing in 95 cases of advanced breast
cancer and 95 cases of advanced prostate cancer from the Multiethnic Cohort
study. These are 19 samples from each of the five populations represented in the
Multiethnic Cohort (see above) that do not overlap with the samples used to
collect genotype data). Summary statistics are given in Supplementary Table 1.
Resequencing in these samples was specifically performed to enrich for
common functional (missense, splice site, UTR) variants not present in dbSNP
at the time (we note that this project started before the International HapMap
Project). Of the 542 SNPs that were discovered by resequencing in the 25 genes,
157 were present already in dbSNP and not attempted for validation. Of the
remaining novel SNPs, 355 were processed for further validation (primers were
designed successfully), and 240 were validated by genotyping in the resequen-
cing panel. There are only 14 SNPs that are nonsynonymous, with a frequency
of >1% in the entire resequencing panel ( = 190), and only seven
nonsynonymous SNPs had a frequency of > 1"(0 in the Multiethnic Cohort
panel (n = 349). All SNPs used in the analysis were validated.

SNP genotyping. A dense set of SNPs was selected for genotyping from two
sources: (i) SNPs discovered by resequencing that were not in dbSNP (version
117) and that were located in exons or UTRs and, subsequently, (ii) SNPs from
dbSNP (version 119) and Celera databases prioritizing ‘double-hit’ and mis-
sense SNPs. Genotyping was performed to generate an initial map of roughly
evenly spaced SNPs in the African American MEC samples to classify regions
according to their degree of LD and to provide a guide for further genotyping.
SNP density was preferentially increased in regions of low(er) LD as inferred
from the initial map. In total, we attempted 3,302 SNP assays in 1,029 samples
using the Sequenom MassArray and Illumina GoldenGate platforms (Supple-
mentary Table 2). Concordance between the Sequenom and Illumina plat-
forms was 98.2% (12,927 out of 13,170) for 863 markers typed in 16 identical
samples. In the 15 population samples, on average, 84% (2,774) of the
attempted assays passed quality control filters, defined as genotyping complete-
ness >90%, no more than one concordance error, no more than one Mendel
inheritance error and P > 0.001 for the Hardy-Weinberg test (Supplementary
Table 3) This resulted in a working set of 1,842 SNPs that passed quality
control in all 15 population samples, including 1,679 SNPs that are poly-
morphic in at least one population sample (1,473 SNPs with > 5% frequency;
Supplementary Table 4). All genotype data were phased using the program
PHASE 2.1.1 (ref. 27) to produce phased chromosomes that were used in all
analyses?®. For the purposes of estimating (high) r* values between SNPs, the
impact of potential phasing errors is expected to be minimal®®.

Simulation of case-control association studies. For all non-HapMap samples,
we simulated case-control panels of each gene to evaluate the power to detect
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an association. We used a multiplicative genetic model in which we designated
all common SNPs, one by one, to be ‘causal’. For each causal SNP, we made
case-control panels by sampling with replacement chromosomes from the
phased data to give 1,000 cases and 1,000 controls (4,000 chromosomes in
total). As a function of the allele frequency of the designated ‘causal’ allele, we
set the genotype relative risk to obtain a constant 95% power at a nominal P of
0.01 using a 2 x 2 2 test. We generated 75 replicate case-control panels per
causal SNP, and all SNPs have an equal chance of being causal. We also
generated 75,000 control-control (null) panels by sampling chromosomes at
random from the phased data. These null panels have no causal SNP and were
used to derive gene-wide significance thresholds.

Tag SNP selection. We used the program Tagger to derive a set of tag SNPs
from the HapMap reference panel such that each allele that satisfies the allele
frequency threshold is captured at the given 7 threshold either by a single tag
(pairwise tagging)®® or by a specified multimarker (haplotype) test (‘aggressive’
tagging)?. We noticed that the efficiency gain afforded by aggressive tagging was
less than that observed in previous analyses of the HapMap-ENCODE datal2.
This is likely due to the fact that this study focuses on gene regions of ~ 100 kb
in size, compared with 500-kb ENCODE regions where tagging can benefit
from long-range LD.

Cosmopolitan tagging. We have implemented a ‘cosmopolitan’ tagging approa-
ch that maximizes, for every additional tag, the total number of captured alleles
(at the user-defined threshold: here, 7> > 0.8) in multiple reference panels. To
illustrate, our approach will pick a SNP with more proxies in multiple reference
panels (such as CEU and YRI) as a tag in favor of a SNP with only few proxies in
a single panel (such as CEU). This procedure does not directly combine the
(phased) genotype data for multiple panels (which could inflate or deflate
correlations between markers), but rather evaluates multiple panels in parallel.
This is similar in spirit to the TagIT!* and MultiPop-TagSelect methods™.

Power calculations. We evaluated power by performing the allelic tests (based
on the selected tags) in the simulated null panels and the case-control panels.
We derived significance thresholds from the null panels that correspond to a
gene-wide corrected P of 0.01. The power is the fraction of case-control panels
in which we observed a test statistic greater than the significance threshold. We
report the power relative to that obtained by testing all common SNPs in that
non-HapMap sample directly, averaged over all 25 genes.

URLs. Genotype data and SNP summary statistics can be found at http://www.
uscnorris.com/Core/DocManager/DocumentList.aspx?CID=13. Tagger can be
found at http://www.broad.mit.edu/mpg/tagger/.

Note: Supplementary information is available on the Nature Genetics website.
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