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Recent genome-wide association studies (GWASs) have identified common variants at 16 autosomal regions
influencing the risk of developing colorectal cancer (CRC). To decipher the genetic basis of the association sig-
nals at these loci, we performed a meta-analysis of data from five GWASs, totalling 5626 cases and 7817 controls,
using imputation to recover un-typed genotypes. To enhance our ability to discover low-frequency risk variants,
in addition to using 1000 Genomes Project data as a reference panel, we made use of high-coverage sequencing
data on 253 individuals, 199 with early-onset familial CRC. For 13 of the regions, it was possible to refine the as-
sociation signal identifying a smaller region of interest likely to harbour the functional variant. Our analysis did
not provide evidence that any of the associations at the 16 loci being a consequence of synthetic associations
rather than linkage disequilibrium with a common risk variant.

INTRODUCTION

Many colorectal cancers (CRC) develop in genetically suscep-
tible individuals, most of whom are not carriers of germline
mismatch-repair or APC mutations (1–3). Recent genome-wide
association studies (GWASs) have validated the hypothesis that
part of the heritable risk of CRC is attributable to common vari-
ation identifying susceptibility loci at 1q41, 3q26,2, 6p21.2,
8q23.3, 8q24.21, 10p14, 11q13.4, 11q23.1, 12q13, 14q22.2,
15q13.3, 16q22.1, 18q21.1, 19q13.11, 20p12.3, 20q13.33 and
Xp22.2 (4–11).

While the associations identified by GWAS provide novel
insights, for example, into the development of CRC highlighting
the role of TGF-b signalling in disease aetiology, since the tag
single nucleotide polymorphisms (tagSNPs) genotyped are

generally not strong candidates for causality elucidating the
functional basis of associations is challenging.

Fine-mapping of disease loci has traditionally been under-
taken using a combination of re-sequencing and direct typing
of SNPs within regions of association. This strategy is,
however, costly and time consuming and the ability to impute
unobserved genotypes in GWAS data sets using a reference
panel provides an attractive and practical alternative. The fidel-
ity of imputation is dependent in part on the extent to which all
variants are catalogued within reference panels and the quality
of these data.

It has recently been proposed that many GWAS signals are a
consequence of ‘synthetic associations’ resulting from the com-
bined effect of one or more rare causal variants rather than
simply linkage disequilibrium (LD) with a common risk variant
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(12). Under such a scenario many risk variants will have carrier
frequencies below the threshold of representation in sequencing
of population-based reference panels. To maximize the utility of
imputation as a means of fine-mapping CRC loci, it is therefore
highly desirable to also use high-coverage sequencing data on
CRC cases to ensure adequate representation of risk variants.

To decipher the allelic structure underscoring the CRC asso-
ciations at the 16 autosomal GWAS loci, we performed a
meta-analysis of data from five GWASs. We excluded the
Xp22.2 locus from the analysis due to the low density of
GWAS SNPs on the X chromosome. To ensure recovery of all
variants contributing to CRC risk at these loci through imput-
ation in addition to utilizing 1000 Genomes Project data (13)
as a reference panel, we made use high-coverage sequencing
data on 253 individuals, 199 of whom had familial CRC.

RESULTS

Subjects and definition of genomic regions

We studied five non-overlapping case–control series of North-
ern European ancestry, which post-QC provided GWAS data
on 5626 CRC cases and 7817 controls (Supplementary Material,
Table S1). We used Haploview to define the haplotype blocks
and recombination hotspots containing the tagSNPs previously
found to be associated with CRC risk at 1q41, 3q26,2, 6p21.2,
8q23.3, 8q24.21, 10p14, 11q13.4, 11q23.1, 12q13, 14q22.2,
15q13.3, 16q22.1, 18q21.1, 19q13.11, 20p12.3 and 20q13.33.
We did not include the Xp22.2 locus in these analyses due to
the low density of GWAS SNPs on the X chromosome and
hence the difficulty involved in imputation. To include the
possibility of long-range synthetic associations, we imputed
the regions defined by at least 1 Mb region surrounding the
tagSNP associated with CRC risk at each of the 16 loci.

Collectively, the 16 CRC risk loci were captured by 16.2 Mb
region of the genome.

Imputation panels

The 1000 genomes Phase I Interim reference panel based on low-
coverage (4–6x) sequencing of 1094 individuals from Africa
(AFR; n ¼ 246), Asia (ASN; n ¼ 286), Europe (EUR; n ¼
381) and the Americas (AMR; n ¼ 181) catalogued 203 047
SNPs mapping to the 16.2 Mb region. A total of 92 095 SNPs
were monomorphic in all five GWASs. In total, 46 829 of all var-
iants mapping to the 16 regions had frequencies ≥1%, 4658
(10%) of which were not referenced in dbSNP132.

In addition to using 1000 genomes data, we made use of deep
sequencing (.30×) data generated on 253 individuals, 199 of
whom had been diagnosed with early-onset CRC (henceforth re-
ferred to as the CG panel). Depth of sequencing coverage in the
CG panel was high across each of the target regions, 48x–58x
(Fig. 1). Concordance between Illumina OmniExpress genotype
and sequencing data in 84 samples was .99%; 139 668 SNPs
and 16 173 indels and substitutions were catalogued within the
16.2 Mb region. Of these, 96 195 were also present in the 1000
genomes panel, and a further 11 653 were monomorphic in the
five GWASs. In total, 44 478 of all variants mapping to the 16
regions of association had frequencies ≥1%, 4859 (11%) of
which were had not been catalogued by dbSNP132.

Comparison of the 1000 genomes and CG panel

Figure 2 shows the number and minor allele frequency (MAF) dis-
tribution of variants in the 1000 genomes and CG panels. Perhaps
not surprisingly a disproportionate number of the variants specific
to each panel had MAFs ,1% representing private and/or
population-specific variants with low frequency in the Northern

Figure 1. Coverage distribution withineach target region. The depth of coverage is calculatedbased on the number of reads that mapped to that positionand is averaged
over 100 kb windows. The x-axis denotes the relative position from the start of the target region.
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and Western European (CEU) population. Of the variants specific
to the CG panel having MAFs .1, 83.2% were indels. Filtering,
requiring an information (INFO) score of ≥0.4, Phet ≥ 0.01 and
MAF ≥ 1% excluded 77.9 and 72.9% of variants from the 1000
genomes and CG panel, respectively, resulting in an average of
2814 and 2730 variants successfully imputed per Mb. Thus,
through imputation we facilitated a .20-fold increase in the
number of variants that could be evaluated for association. Ap-
proximately 86% of these variants were shared by both reference
panels. The average MAF of variants in the unfiltered 1000
genomes and CG panel were 0.040 and 0.049, respectively.
After filtering, the average MAFs of these successfully imputed
variants increased to 0.175 and 0.170, respectively. The accuracy
of the two reference panels was compared using whole-genome
sequencing data on six samples. The genotypes at GWAS
tagSNP positions were used to impute these samples and the
resulting genotypes compared with the sequenced base calls.
This analysis revealed very similar results with 94.9 and 88.6%
of heterozygotes being correctly imputed in the imputations
with and without the CG panel, respectively.

Analysis of individual CRC loci

Table 1 shows the number of SNPs directly typed and successful-
ly imputed (INFO score ≥0.4, Phet ≥ 0.01 and MAF ≥ 1%) at

each of the 16 loci. Table 2 shows for each region the tagSNP
and the most associated SNP along with respective pair wise
LD metrics. Details of the 10 most highly associated variants
identified in imputation with and without the CG panel are
detailed in Supplementary Material, Table S2 (additional data
is available at http://tinyurl.com/whiffinetal2013). Regional
plots of association results and recombination rates for all 16
regions imputed with the CG panel can be found in Supplemen-
tary Material, Figure S1.

In 13 of the 16 regions, imputation provided refinement of the
association signal identifying a region of interest narrower that
the original LD block likely to harbour the functional variant.
However, for three loci, 6p21, 12q13 and 16q22.1, the LD struc-
ture is large and complex and prohibited a smaller region of as-
sociation being delineated. In addition, in 10 of the 16 regions,
the most associated SNP in the imputation was greater than an
order of magnitude more strongly associated with CRC.

In 4 of the 16 regions, 1q41, 15q13.3, 18q21.1 and 20q13.33
imputation results were consistent with and without the CG
panel and a variant significantly more associated (P-value over
an order of magnitude lower) with CRC than the original
tagSNP was uncovered (Supplementary Material, Table S2). In
all regions, in silico functional annotation of the most associated
variant, using publically available data from ENCODE, revealed
that they reside within potential regulatory regions of DNA.

Figure 2. The number of variants specific to 1000 genomes and to the CG-panel reference panels as well as those that are in common between the two panels according
to MAF.

Table 1. The 16 autosomal regions associated with CRC

GWAS tagSNP Region Position Start End Typed SNPs Successfully imputed variants
1000 genomes CG panel Overlap

rs6691170 1q41 222 045 446 221 300 000 222 300 000 98 3857 3803 3499
rs10936599 3q26.2 169 492 101 169 000 000 170 000 000 106 2509 2439 2228
rs1321311 6p21.2 36 622 900 36 100 000 37 100 000 270 2931 2993 2646
rs16892766 8q23.3 117 630 683 117 100 000 118 100 000 98 2013 2002 1784
rs6983267 8q24.21 128 413 305 127 900 000 128 900 000 162 3262 3136 2876
rs10795668 10p14 8 701 219 8 200 000 9 200 000 189 3708 3560 3285
rs3824999 11q13.4 74 345 550 73 850 000 74 850 000 94 2449 2452 2233
rs3802842 11q23.1 111 171 709 110 700 000 111 700 000 76 2443 2368 2130
rs11169552 12q13 51 155 663 50 200 000 51 400 000 73 2199 2148 1905
rs4444235 14q22.2 54 410 919 54 000 000 55 000 000 109 2282 2213 2003
rs4779584 15q13.3 32 994 756 32 500 000 33 500 000 145 2411 2446 2173
rs9929218 16q22.1 68 820 946 68 300 000 69 300 000 60 2325 2239 2072
rs4939827 18q21.1 46 453 463 46 000 000 47 000 000 141 2882 2741 2455
rs10411210 19q13.11 33 532 300 33 000 000 34 000 000 126 3730 3358 3045
rs961253 20p12.3 6 404 281 6 050 000 7 050 000 160 2168 2816 1950
rs4813802 6 699 595
rs4925386 20q13.33 60 921 044 59 400 000 61 400 000 123 3245 2416 2224

Displayed is the GWAS tagSNP, the imputed regionand the numbers of SNPs directly typed and successfully imputed (MAF ≥ 0.01, Phet ≥ 0.01, INFO ≥ 0.4) in each
individual panel and those shared between panels.
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At 1q41, the common imputed SNP rs11118883 was an order
of magnitude more strongly associated with CRC compared with
the original tagSNP (rs6691170). rs11118883 which is in LD
with rs6691170 (r2 ¼ 0.40, D′ ¼ 0.75) localizes 106 bps telo-
meric to large predicted transcription factor binding site in a
region of DNA marked by H3K4Me and H3K27Ac epigenetic
markers of enhancer regions.

At 15q13.3, the common imputed SNP rs1406389 is over two
orders of magnitude more strongly associated with CRC than
rs4779584, the original tagSNP. rs1406389 is 726 bps upstream
of GREM1 within a DNaseI hypersensitive site and a binding site
for SUZ12 predicted by ChIP-seq, a protein implicated in DNA
methylation. It is also within a putative transcript for AX747968
and is in LD with rs4779584 (r2 ¼ 0.67, D′ ¼ 0.82).

At 18q21.1, the common indel, rs4939825, is over an order of
magnitude more strongly associated with CRC than rs4929827
when using imputation with the CG panel. The most associated
variant in the 1000 genomes imputation, rs4939567 is only
67 bps away within the same predicted MafK-binding site in-
tronic in SMAD7.

At 20q13.33, the common imputed SNPs rs1741640 and
rs2236202 provided for four orders of magnitude stronger asso-
ciation than that provided by the original tagSNP, rs4925386.
rs1741640 is the most highly associated variant in the imputation
with just the 1000 genomes panel and rs2236202 is most highly
associated when the CG panel is also used. Both SNPs, which are
highly correlated (r2 ¼ 0.56; D′ ¼ 0.76), reside within large pre-
dicted ChIP-seq sites in regions of DNA that are hypersensitive
to DNaseI and have epigenetic markers of regulatory regions.

In all of these four regions, the most associated variants are
common with MAFs similar to that of the original tagSNP. In
three regions, 6p21, 8q23 and 16q22, a rare SNP was most asso-
ciated with CRC in one or both of the imputations. However, in
each case, the results were inconsistent across the imputations
and/or there was evidence of heterogeneity between studies.
Moreover, in the 6p21 and 16q22 regions the strength of associ-
ation was substantially lower than genome-wide significance.

Conditioning on the best SNP in each region revealed poten-
tial second independent hits at 1q41, 14q22.2 and 20p12.13
marked by rs74144285 (Pmeta ¼ 2.91 × 1024; Pcond ¼ 7.27 ×
1024), rs743275 (Pmeta ¼ 3.66 × 1024; Pcond ¼ 1.23 × 1023)
and rs6117251 (Pmeta ¼ 1.29 × 1025; Pcond ¼ 1.25 × 1025),
respectively; consistent with earlier observations for 14q22.2
and 20p12.13 (5). Haplotype analysis did not provide any evi-
dence that associations were not fully captured by individual
SNP associations (Supplementary Material, Table S3).

DISCUSSION

Characterizing all genetic variation within each region of
association, as we have performed here, is a critical first step
in deciphering the allelic architecture underscoring GWAS
risk loci. The advantages of characterizing all variants prior
to large-scale fine-mapping studies are that the correlations
among all genetic variants will be known, which will allow
for rapid nomination of specific variants or smaller regions
for functional studies.

Imputation of candidate regions has several advantages
namely, the increase in power afforded through combinationT
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of multiple GWAS which have been carried out on different
arrays and the increased density of markers that can be tested
for an association. The imputation increased the number of
markers by .20-fold leading to an average marker density of
�3 SNPs/kb. This is in contrast to the 1 SNP/kb density
achieved when imputing with the Pilot 1000 Genomes (Jun
2010) and HapMap3 (Feb 2009) combined imputation panels
(14) highlighting the value of updated reference panels.

While the 1000 genomes reference panel is based on a large
number of samples, only one-third of these are European and
the sequence data are low coverage leading to potential under-
calling of rare variants and higher sequencing errors in addition
to a high proportion of non-CEU variants. In contrast, our new
CG panel is based on high-coverage sequence data of 253
samples, 208 of which are of European ancestry. Moreover,
199 are genetically enriched for CRC susceptibility by the
virtue of having early-onset disease and a family history of
CRC thereby enhancing the ability to recover rare disease
causing variants. Furthermore, the high coverage of sequencing
minimizes inaccuracy in calling low-frequency variants.

In 13 of the 16 regions, the imputation successfully refined the
association signal identifying a smaller region of interest which
is the most likely location of a causal variant and/or identifying a
good functional candidate. In the remaining three regions, 6p21,
12q13 and 16q22.1, the LD is large and complex leading to many
highly correlated variants across a large region making the signal
hard to refine. In this study, while we have identified possible
candidate variants, further work is required to determine the
functional basis of associations.

In our study, we found no evidence to support the existence of
‘synthetic associations’ underscoring the currently identified
autosomal GWAS signals for CRC. At 13 of the 16 loci, the var-
iants identified as most associated with CRC in both imputations
had MAFs . 10%. At 6p21.2 and 16q22.1, the variant identified
in the 1000 genomes and CG-panel imputations, respectively,
had MAF , 0.05; however, the P-values of association across
the region are low increasing the likelihood of a spurious associ-
ation. At 8q23.3, the variants identified in both imputations are
novel and rare (MAF , 0.05); although these SNPs passed our
Phet threshold, there is some evidence that these ‘top’ SNPs are
pulled by one study. Although GWAS tagSNPs are unlikely
themselves to be functional, they appear much more likely to
tag a functional variants of a similar frequency than single or
multiple rare causal variants. Here, we have relied on imputation
to recover untyped genotypes. As rare variants can be poorly
imputed in GWAS, there remains the possibility that low-
frequency variants conferring moderate risks might have been
missed because of this strategy. To address this possibility, we
performed an analysis of haplotypes finding no evidence that
any of the association signals at these 16 loci were the result of
cryptic rare variants. While inflammatory bowel disease pro-
vides support for the existence of ‘synthetic associations’ (12),
most of the ‘evidence’ for such a model of disease association
comes from simulation studies (12,15–18). Indeed, if such a
genetic model was present, such associations would be highly
tractable by linkage analysis. No putative linkage signals have,
however, been identified in these regions. Moreover, the repro-
ducibility of many GWAS associations across different popula-
tions argues against rare variants as a common cause of GWAS
signals (19).

Our analysis suggests that rare variants conferring larger risks
do not underlie GWAS CRC signals and therefore leaves open
the question of where the missing heritability lies. One possibil-
ity is that the contribution of common variants has been underes-
timated and studies with increased power will discover more
associated common variants with gradually decreasing effect
sizes. This hypothesis is supported by the success of large-scale
meta-analysis studies. Although we believe that rare variation
does not underlie regions of CRC association identified
through GWASs, this is not to say that such variation does not
contribute to CRC risk. Current exome and whole-genome se-
quencing projects will be better powered to detect such variation.

In summary, we have extensively characterized all genetic
variation across 16 regions that have been reported to be asso-
ciated with CRC. In addition to our data providing insight into
the allelic architecture of these association signals our study find-
ings provide a resource informing functional analyses aimed at
defining the biological basis of risk loci.

MATERIALS AND METHODS

Subjects and data sets

We used GWAS data from five non-overlapping case–control
series of Northern European ancestry, which have been previously
reported (Supplementary Material, Table S1) (8,20,21). Briefly:
UK1: 890 familial colorectal tumour cases and 900 cancer-free
controls with self-reported European ancestry from the COloRec-
tal Gene Identification (CORGI) consortium (8); Scotland1: 972
early-onset CRC cases (aged ,55 years at diagnosis) and 998
population controls (8); VQ58: 1794 UK cases with stage B/C
CRC from the VICTOR (http://www.octo-oxford.org.uk/alltria
ls/infollowup/vic.html) and QUASAR2 (http://www.octo-oxford.
org.uk/alltrials/trials/q2.html) trials, together with publicly avail-
able data from 2686 population controls from the UK 1958 Birth
Cohort (VQ58) (20); CCFR1: 1175 familial CRC cases and 999
controls from the Colon Cancer Family Registry (CCFR) (http://
epi.grants.cancer.gov/CFR/about_colon.html); CCFR2: 795
CRC cases from CCFR and 2234 controls from the Cancer
Genetic Markers of Susceptibility studies of breast and prostate
cancer (21).

Genotyping

The GWAS samples were genotyped using proprietary Illumina
SNP arrays: UK1 on Hap550; Scotland1 on Hap300 + Hap
240S; 1958 Birth Cohort on Hap1M and VQ on Hap300, Hap370
or Hap660; CCFR1 and CCFR2 samples using Hap1M,
Hap1M-Duo or Omni-express arrays (Supplementary Material,
Table S1); general genotyping quality control assessment was as
previously described and all SNPs presented in this study passed
the required thresholds (11). Duplicate samples were used to
monitor genotyping quality. We excluded SNPs from analysis
with GenCall scores ,0.25; overall call rates ,95%; minor
allele frequency ,0.005; departure from Hardy–Weinberg equi-
librium in controls at P , 1024 or in cases at P , 1026. We
excluded individuals if they failed one or more of the following
thresholds: duplication or cryptic relatedness to estimated identity
bydescent .6.25%,overall successfullygenotypedSNPs , 95%,
mismatch between predicted and reported gender, outliers in a plot
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of heterozygosity versus missingness and evidence of non-white
European ancestry by principle components analysis-based ana-
lysis in comparison with HapMap samples (http://hapmap.ncbi.
nlm.nih.gov).

The adequacy of the case–control matching and possibility of
differential genotyping of cases and controls was assessed using
Q–Q plots of test statistics. lGC values (22) for UK1, Scotland1,
VQ58, CFR1 and CFR2 studies were 1.02, 1.01, 1.01, 1.01 and
1.03, respectively, thereby excluding significant differential
genotyping or cryptic population substructure.

Imputation reference panels

To impute un-typed genotypes in cases and controls, we made use
of two reference panels. First, 1000 genomes Phase I interim data
(https://mathgen.stats.ox.ac.uk/impute/impute_v2.html). Sec-
ondly, high-coverage sequencing data generated on 199 CRC
cases with European ancestry and publically accessible data on
54 healthy unrelated individuals of mixed ancestry (http://media.
completegenomics.com/documents/PublicGenomes.pdf) referred
to as the CG panel. The CRC cases had been ascertained through
CORGI and had been diagnosed with CRC before age 55 and had
at least one first-degree relative affected with CRC. Sequencing of
these253 individuals wascarriedoutusingunchainedcombinator-
ial probe anchor ligation chemistry on arrays of self-assembling
DNA nanoballs (23). To identify sequence variation in each
sample, paired end reads were aligned to the Human Genome
NCBI (National Centre for Biotechnology Information) Build
37. Variation between reference genome and each sample was
called and scored using a local de novo assembly algorithm.
Phasing of genotypes was performed using the enhanced hidden
Markov model chain program SHAPEIT (24).

Statistical and bioinformatic analysis

Analyses were primarily undertaken using R (v2.14.2), STATA
v.10 (College Station, TX 77845, USA) and PLINK (v1.07) soft-
ware. Association statistics, using an additive model, were
obtained with SNPtest (https://mathgen.stats.ox.ac.uk/genetics_
software/snptest/snptest.html). Prediction of the un-typed SNPs
was carried out with IMPUTEv2.1.0 (25). All analyses were run
twice, once with the 1000 genomes panel only and secondly
using the CG panel along with the 1000 genomes. Meta-analyses
only included markers with imputed call rates/SNP . 0.9 in all
five studies and control MAFs . 0.01. SNPs that significantly
(P , 0.001) failed to meet fitness for Hardy–Weinberg propor-
tion in any of the studies were excluded from subsequent analyses
(0.6%). Imputed data were analysed using SNPTESTv2.3.0 to
account for uncertainties in SNP prediction, and meta-analysis
was performed using METAv1.4 with a threshold of 0.4. To
filter poorly imputed SNPs, as previously recommended, we
excluded variants having overall INFO scores from
SNPTESTv2.3.0 of ,0.4 (26). Conditional association tests
were carried out using PLINK (v1.07) and Haplotype analysis
using Haploview (v4.2).

LD metrics were calculated from 1000 genomes pilot release I
data and viewed using SNAP (27). Where SNPs had not been cat-
alogued, LD metrics were calculated using in house Perl scripts
using the CG-panel data. Regional association plots of LD
metrics were then plotted using SNAP. LD blocks were

defined on the basis of HapMap recombination rate and were
viewed using the Haploview software (v4.2).

To gain insight into the biological basis of associations at each
locus, we used the program Mechanize (http://search.cpan.org/
dist/WWW-Mechanize/) to perform a comprehensive examin-
ation of genomic features associated with variants showing asso-
ciation signals equal to or stronger than that of the region’s
original tagSNP. Specifically, Mechanize was used to interro-
gate known genes, COSMIC sites, H3K27Ac, H3K4Me,
H3K4Me3, ENCODE ChIP-seq sites, CpG islands, PhastCons
conservation, DNaseI hypersensitivity, HapMap SNPs, Vista
Enhancers and Affy Exon probe data. We made use of
ENCODE data on all available cell types.

WEB ADDRESSES

The R suite can be found at http://www.r-project.org/.
Detailed information on the tagSNP panels can be found at http://
www.illumina.com/.
HapMap: http://www.hapmap.org/.
1000 Genomes: http://www.1000genomes.org/.
IMPUTE: https://mathgen.stats.ox.ac.uk/impute/impute.html.
SNPTEST: https://mathgen.stats.ox.ac.uk/genetics_software/
snptest/snptest.html.
Mechanize: http://search.cpan.org/dist/WWW-Mechanize/.
SNAP: http://www.broadinstitute.org/mpg/snap/.
META: http://www.stats.ox.ac.uk/~jsliu/meta.html.
HAPLOVIEW:http://www.broadinstitute.org/scientific-comm
unity/science/programs/medical-and-population-genetics/hap
loview/haploview.

SUPPLEMENTARY MATERIAL

Supplementary Material is available at HMG online.
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