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Abstract
BACKGROUND—A recent meta-analysis of genome-wide linkage scans of blood pressure (BP)
in the large (N=13,044) Family Blood Pressure Program (FBPP) identified 5 quantitative trait loci
(QTLs) on chromosomes 6, 8, 20, and 21. We conducted follow-up fine mapping studies in 1,251
African (AA) and 1,254 European American (EA) participants of the Hypertension Genetic
Epidemiology Network (HyperGEN).

METHODS—Ethnic-specific linear mixed effects models were used to test associations of BP
with genotyped and imputed single nucleotide polymorphisms (SNPs) contained in the LOD score
≥2 interval under each of the QTL peaks. We used multipoint variance components models to
perform linkage analysis conditional on each significant SNP in the QTL region to see if the SNP
explained the QTL.

RESULTS—Three intergenic SNPs (rs898164, rs2876587, rs6935795) on chromosome 6p22.3
were significantly associated with pulse pressure (using appropriate Bonferroni correction).
Conditioning on the significant SNPs reduced the chromosome 6 QTL linkage evidence by 14%–
30%. Both AAs and EAs exhibited suggestive associations between BP and intronic SNPs on
chromosomes 8q24.12 (genes: OPG in AAs, SAMD12 in EAs), 20q13.12 (genes: SLC13A3 in
AAs, SLC12A5 in EAs), and 21q21.1 (genes: C21orf34 in AAs, BC039377 in EAs).

CONCLUSIONS—Significant associations with common SNPs explained less than 1/3 of the
QTL evidence. Our results cannot refute the hypothesis that rare variants account for most of the
statistical evidence for the FBPP linkage peaks. Whole genome resequencing can identify the
variants driving the linkage peaks and GWAS hits thereby spurring investigations to deepen our
understanding of hypertension pathophysiology.
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INTRODUCTION
Hypertension afflicts approximately 26.4% (or 972 million people) of the global
population1. Determining causal genes and pathological biochemical pathways could spur
new pharmacogenomic interventions to substantially reduce the global health burden. Blood
pressure (BP) heritability remains elusive, with less than 2% of the interindividual BP
variation explained by common variants using massive sample sizes2–3. In a recent genome-
wide linkage meta-analysis of the National Heart, Lung, and Blood Institute Family Blood
Pressure Program (FBPP), Simino et al. identified 5 BP quantitative trait loci (QTLs) on
chromosomes 6, 8, 20, and 214. The QTL shoulders [with logarithm of odds (LOD) score ≥
2 under the linkage peaks] were broad (spanning 11.5 Mbps to 38.4 Mbps) and encompassed
a multitude of genes (79 to 541 in each QTL). We fine mapped the QTLs using dense single
nucleotide polymorphisms (SNPs) from the genome-wide association study (GWAS) of the
Hypertension Genetic Epidemiology Network (HyperGEN), one of four FBPP networks
included in the previous BP linkage meta-analysis (and in which GWAS data are available).

HyperGEN provided support (LOD≥1) for the linkage of BP to the QTLs on chromosome 6
for African Americans (AAs) and chromosome 21 for AAs and European Americans (EAs)
but lacked linkage evidence for the QTLs on chromosomes 8 and 204. Simino et al.4 argued
that low-frequency variants drove the FBPP linkage peaks. Mounting evidence from lipid
studies suggests that rare and low-frequency variants discovered through linkage reside in
the same genes as common variants identified by GWAS5–6. We capitalized on the much
better resolution of SNPs than linkage markers (average intermarker distance of ≈1 kbps
versus ≈7 Mbps) and the less extended linkage disequilibrium in the participants of recent
African ancestry5 to narrow the list of candidate genes and prioritize genomic regions for
future sequencing analysis. We tested all QTL regions (even those without linkage evidence
in HyperGEN) because genes harboring at least 1 trait-affecting variant in any population
may be more likely to harbor additional variants altering the gene's expression and/or
function6. We investigated whether common variants identified in this process explained the
linkage peaks by performing linkage conditional on the significant SNPs found.

METHODS
Subjects

HyperGEN is one of four FBPP networks created to identify and characterize genes
affecting hypertension. Genotyped participants were recruited by 4 field centers:
Minneapolis, Minnesota; Salt Lake City, Utah; Forsyth County, North Carolina; and
Birmingham, Alabama7. Two types of AA and EA participants were recruited: hypertensive
sibships (with ≥2 sibs having SBP≥140 mmHg, DBP≥90 mmHg, or taking hypertensive
medication(s)), and unmedicated adult offspring of one or more hypertensive siblings7.
Sibships with at least one severely hypertensive (SBP≥160 mmHg, DBP≥100 mmHg, or
taking ≥2 classes hypertensive medications) member were preferentially ascertained7.
Individuals with hypertension onset past age 60 or hypertension secondary to primary
kidney disease were excluded.7 The institutional review board at each field center approved
the study protocol and informed consent collection procedure.

GWAS DATA
All 1,264 EAs and 175 AAs were genotyped on the Affymetrix Genome-wide Human SNP
Array 5.0 (BRLMM calling algorithm). The remaining 1,083 AAs were genotyped using the
Affymetrix Genome-wide Human SNP Array 6.0 (Birdseed calling algorithm); 67 AA
families had members genotyped on both arrays. Graphical Representation of Relationships
(GRR) was run on approximately 20,000 autosomal SNPs to determine pedigree errors.
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Individuals with chip wide call rates <97% in EAs and <99% in AAs were excluded.
Mendelian errors detected by PLINK (using an integrated Affymetrix 5.0 and 6.0 dataset in
AAs) were zeroed out by setting the offspring's genotype to missing. By race and
genotyping platform, SNPs with missing rate >5%, minor allele frequency (MAF) <1%, or
Hardy-Weinberg p-value <10−6 were removed. SNPs with Hardy-Weinberg p-values <10−6

in the AA 5.0 and 6.0 integrated dataset were also removed.

Within each race, MACH8 was used to derive hidden Markov imputation models on the 200
unrelated individuals with the lowest missing rate of quality-controlled SNPs. To form a
"revised union" for the AA imputation, SNPs in the intersection of the CEU and YRI
HapMap phased data were joined with SNPs in the phased data of CEU or YRI only with a
near-zero MAF in the unphased data of the other. The AA (HapMap release 22, phased data,
"revised union" of CEU and YRI populations) and EA (HapMap release 22, phased data,
CEU population) imputation models yielded 3.01 million and 2.54 million SNPs,
respectively. We analyzed the allele dosages (the expected number of copies of the coded
allele) for each SNP. Microsatellite marker data for the conditional linkage analysis was
previously described in Simino et al.4

PHENOTYPE
Centrally trained and certified personnel measured systolic BP (SBP) and diastolic BP
(DBP) using automated Dinamap devices; the average of two measurements of SBP and
DBP were calculated for each participant. Mean arterial pressure (MAP) was estimated by
the sum of two-thirds the average DBP and one-third the average SBP. Pulse pressure (PP)
was computed as the difference between the average SBP and DBP.

For each phenotype (SBP, DBP, MAP, and PP), we used 3 methods (called "raw", "+10/5",
and "+15/10") to adjust for antihypertensive medication status. The "raw" method used the
observed BP values without any adjustment. The "+10/5" medication adjusted values9 were
derived by adding 10mmHg to SBP and 5mmHg to DBP of those known to be taking
antihypertensive or diuretic medications. Similarly, the “+15/10” medication adjusted
values10 were obtained by adding 15mmHg to SBP and 10 mmHg to DBP of those known to
be taking antihypertensives or diuretics. The observed BP phenotypes were always used for
those untreated or with unknown medication status. Medication adjusted PP and MAP were
calculated from the medication adjusted SBP and DBP values. Both the “+10/5” and
“+15/10” medication adjustments result in the same values of PP (PP+5 for medication
users).

We excluded the BP phenotypes of 29 individuals with BMI, SBP, DBP, MAP, or PP values
4 or more standard deviations from their race and sex specific mean values. Phenotypes
were adjusted for age, age-squared, age-cubed, BMI, and field center within each race and
sex subgroup, retaining covariates that were significant at the 5% level during a stepwise
linear regression. The residual phenotypes were standardized to a mean of 0 and standard
deviation of 1. We excluded 7 covariate adjusted phenotype values that were in excess of 4
standard deviations from the mean of that race and sex subgroup. Table 1 displays the
summary statistics for the analysis sample.

STATISTICAL ANALYSIS
We analyzed HyperGEN genotyped and imputed SNPs contained in the QTL shoulders
(defined by LOD score≥2 interval under each linkage peak). We used the NCBI 36 (March
2006) assembly on the UCSC Genome Browser to deduce physical
position(http://genome.ucsc.edu/)11. The first microsatellite marker on chromosome 21 had
a LOD score≥2, thus we extended the interval to the beginning of the chromosome.
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Genotyped SNPs were analyzed without any imputation of missing values. Genotyped SNPs
exclusive to the Affy 5.0 platform in AAs (called less than 175 individuals) were excluded
from analysis. Table 2 quantifies the number of SNPs analyzed within each QTL region by
ethnicity.

The R package GWAF12 was employed to fit linear mixed models of the BP residuals onto
the fixed additive effect SNP and the random polygenic effect. To control for the testing of
multiple traits with SNPs across 4 QTL regions, we applied a significance threshold of 0.05
divided by twice the total number of genotyped SNPs in all QTL regions. This is analogous
to the conventional Bonferroni correction (for the total number of tested genotyped SNPs)
applied during GWAS. This multiple testing correction also accounted for the two measured
(SBP and DBP) but not derived (PP and MAP) phenotypes. The significance threshold for
all association tests in AAs and EAs is 0.05/(2*24,326)= 1.03*10−6 and 0.05/(2*10,786)=
2.32*10−6, respectively. Similarly, a "suggestive" association threshold, defined as 1 divided
by twice the total number of genotyped SNPs in all QTL regions, took values 2.06*10−5 and
4.64*10−5 in AAs and EAs, respectively.

Inflation factors using all genotyped SNPs for each BP trait ranged from 0.91 to 1.03 in AAs
and 0.96 to 1.08 in EAs (for imputed SNPs the maximum inflation factors are also 1.03 and
1.08 in AAs and EAs, respectively). Q-Q plots of the −log10(p-values) revealed no evidence
of population stratification. Merlin13 multipoint variance components models were used to
perform linkage conditional on each individual significant SNP. We compared the genome-
wide scans that included and omitted the SNP, restricting both analyses to BP phenotypes of
participants with non-missing values of the included SNP.

RESULTS
Three intergenic SNPs (rs898164, rs2876587, and rs6935795) on chromosome 6p22.3 were
significantly associated with PP phenotypes in AAs (after applying Bonferroni-corrected
thresholds). Genotyped SNP rs2876587 was significantly (p-value=9.85*10−7) associated
with medication adjusted PP while imputed SNPs rs898164 and rs6935795 were
significantly associated with raw PP (respective p-values 4.45*10−7 and 4.54*10−7) and
medication adjusted PP (respective p-values 1.27*10−7 and 1.26*10−7). SNPs rs898164,
rs2876587, and rs6935795 have strong pairwise linkage disequilibriums; using the SNP
Annotation and Proxy Search database14 with either Youribans or CEU 1000 Genomes Pilot
1 data yielded pairwise D' values of 1 and R2 values ranging from 0.925 to 1. These SNPs
have MAFs of 0.32, individually explain over 2% of the medication adjusted PP heritability
(for heritability formula see12), and are within 3.05 Mbps of the marker (D6S2439)
significantly linked to PP (LOD=3.76) and medication adjusted PP (LOD=3.23) in FBPP
AAs. Figure 1 overlays the FBPP AA linkage evidence on the HyperGEN AA association
results for the chromosome 6 QTL region and medication adjusted PP. SNPs rs898164,
rs2876587, and rs6935795 were not significantly associated with medication adjusted PP in
EAs (respective p-values of 0.06,0.27, and 0.06) but the MAFs were much smaller
(respective values 0.13, 0.12, and 0.13) than in AAs.

None of the tested SNPs achieved statistical significance in EAs. Table 3 displays the most-
associated SNP within each chromosomal region that yielded significant or suggestive
evidence for that race. Seventy-one SNPs exhibited suggestive associations (14 in AAs, 57
in EAs) that implicated 6 additional chromosomal bands. Both AAs and EAs exhibited
suggestive associations for intronic SNPs on chromosomes 8q24.12 (genes: OPG in AAs,
SAMD12 in EAs), 20q13.12 (genes: SLC13A3 in AAs, SLC12A5 in EAs), and 21q21.1
(genes: C21orf34 in AAs, BC039377 in EAs).
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The phenotype significantly linked to a QTL in FBPP was not always the same as that
suggestively associated in HyperGEN. Chromosome 8 was linked to DBP in FBPP but was
suggestively associated with PP and SBP in HyperGEN AAs and EAs, respectively.
Chromosome 20 was linked to PP in FBPP but was suggestively associated with +15/10
MAP in HyperGEN EAs. Figure 2 displays the ethnic-specific association results for the BP
phenotype that yielded the smallest p-value within each chromosome 8, 20, and 21 QTL
region (for all graphs see the online supplement). A hash mark on the Bonferroni-corrected
significance threshold line indicates the physical location of the FBPP QTL.

Conditioning on any of the three significant SNPs decreased the linkage evidence for the
chromosome 6 QTL region by up to 30%. Peak QTL LOD scores decreased by 14% to 30%
depending on the SNP and PP phenotype (raw or medication adjusted). However, the
maximum LOD for PP phenotypes was only 0.79 at the chromosome 6 FBPP peak QTL
marker using individuals with GWAS data. Common SNPs failed to explain much of the
FBPP linkage evidence at the 5 QTLs.

DISCUSSION
This investigation reports three PP-associated variants harbored in the chromosome 6 QTL
region previously identified by the FBPP genome-wide linkage meta-analysis of AAs4.
Given our limited knowledge of the genome, the associations between PP and the three
intergenic SNPs currently lack functional justification. Forty-three percent of trait-associated
SNPs identified via GWAS are intergenic15; these SNPs could inhabit unidentified genes16

or important BP regulatory elements such as enhancers, insulators, transcription factor
binding sites, or microRNA coding sequences17. Alternatively, the significant SNPs may be
correlated with the BP-influencing variant, contained in the haplotype tagging the BP-
influencing variant, or linked to a BP-influencing copy number variant15. In this case, the
effect size of the BP-influencing variant may be vastly underestimated17.

We cannot refute the hypothesis that low-frequency variants in a small number of families
were the driving force behind the FBPP linkage peaks. The significant associations with
common SNPs explained some of the chromosome 6 QTL as evidenced by the 14–30%
decrease in QTL LOD scores during the conditional linkage analysis. However, we failed to
identify significant SNPs in the chromosome 8, 20, and 21 QTL regions, even though both
HyperGEN ethnic groups provided linkage evidence for the latter. The lack of significant
SNPs in the chromosome 21 QTL region might be attributable to insufficient power based
on the sample size, LD between the causal variant and the SNP, the frequency of the causal
variant, and/or the effect of the causal variant18. A rare variant driving a linkage peak may
not be detected in GWAS even if it has a large effect18. Therefore we cannot dismiss the
suggestive association results for the linkage phenotype (Medication adjusted PP) in both
ethnicities on chromosome 21q21.1 (see supplementary figure).

Both AAs and EAs failed to provide any linkage evidence in the chromosome 8 QTL region
but both exhibited suggestive association between BP and intronic SNPs on chromosome
8q24.12. These common causal variants may contribute too small an effect on BP to surpass
the stringent significance thresholds applied to our limited sample size18. The phenotypes
producing suggestive associations (PP in AAs and SBP in EAs) on 8q24.12 differed from
those linked in FBPP (DBP), perhaps implicating different causal genes for the two types of
evidence. However, SNP rs11573901 (Illumina Golden Gate Assay), 419 bp away from the
suggestively associated SNP in AAs (rs3134053) and also intronic to OPG, was associated
with DBP (the FBPP linkage phenotype) in 1,070 elderly participants of the Health in Men
Study (Perth, Western Australia)19.OPG codes osteoprotegerin which functions as a
negative regulator of bone resorption20. Several studies have shown an association between
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circulating levels of osteoprotegerin and BP21–23. A biologically plausible link between BP
and OPG is vascular calcification and blood vessel stiffness. Vascular calcification induced
by vitamin D3 and nicotine in rats was accompanied by an increase in SBP and up-
regulation of osteoprotegerin mRNA expression24. Osteoprotegerin was associated with
aortic pulse wave velocity (a measure of arterial stiffness) in Estonian men25.

The suggestive association between BP and SNP rs17455085 intronic to SAMD12
(8q24.12) in EAs also has external evidence. SNP rs4514016 intronic to SAMD12 yielded a
p-value of 4.52*10−5 in a family-based association test of DBP (the FBPP linkage
phenotype) in 1,233 Framingham Heart Study participants26. In Yoruban (YRI) HapMap
samples, SNP rs17455085 has been tentatively associated with expression of chromosome
18 open reading frame 1 (C18orf1) (p-value=9*10−5)27. SNP rs8096897 intronic to C18orf1
was associated (p-value=3.2*10−8) with SBP (the HyperGEN EA suggestively associated
phenotype) in the CHARGE meta-analysis2.

Similarly, both ethnic groups lacked linkage evidence but provided suggestive association
for the chromosome 20 QTL region. Follow up investigations searching for variants within
the QTLs are amply justified. Ten of 17 BP-associated novel SNPs from a large unpublished
consortium of 200,000 individuals of European descent (Ehret et al., 2011) are contained in
the LOD score ≥ 0.5 interval of primary and secondary (LOD score≥2 in any meta- or
cohort-specific analysis) QTLs4. Sequencing holds promise to detect novel variants from the
whole allele frequency spectrum. Whole genome resequencing is declining in cost and offers
an unbiased interrogation of the entire genome rather than a narrow region or exons that may
miss the causal variant. Furthermore, whole genome resequencing of diverse populations
and multiple BP traits can identify new structural and regulatory variants28 that may be vital
to parse the complex genetic architecture of hypertension.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Association of the chromosome 6 QTL region with medication adjusted pulse pressure in
African Americans. The red plus (+) and blue circle indicate association results (−log10(P-
values) for genotyped and imputed SNPs, respectively. The green dashed line indicates the
Bonferroni-corrected threshold for significance. The black connected line represents the
linkage evidence (logarithm of odds (LOD) scores) from the meta-analysis of medication
adjusted pulse pressure in FBPP African Americans.
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Figure 2.
Ethnic-specific association results for the blood pressure trait most-associated with each of
the chromosome 8, 20, and 21 QTL regions. The red plus (+) indicates a genotyped SNP
while the blue circle represents an imputed SNP. The green dashed and solid lines indicate
the Bonferroni-corrected thresholds for significant and suggestive association, respectively;
the hash mark on the significance threshold indicates the physical location of the LOD score
peak in the FBPP QTLs (Simino et al., 2011). AAs=African Americans; EAs=European
Americans
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