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The genes in the renin—-angiotensin system are important physiologic candidates in studies of the genetic
susceptibility to hypertension. Limited information has been available in most studies on the extent of
variation in the candidate loci or the modifying effects of different environmental settings. We
consequently genotyped 13 polymorphisms at the angiotensin I-converting enzyme (ACE) locus at an
average distance of 2kb in 2776 family members from Nigeria, Jamaica and an African-American
community in the US. Allele and haplotype frequencies were similar in the three populations, with modest
evidence of European admixture in the US. Two markers were consistently associated with ACE level in the
three samples and the proportion of variance accounted for by ACE8 was similar in the three groups. No
evidence of consistent association of single markers was noted with blood pressure across the three
population samples, however. Likewise, in a haplotype-based analysis, despite significant associations
within each population, the findings were not replicated consistently across all three samples. We did
observe, however, that the overtransmitted haplotypes among hypertensives were drawn from a single

clade, suggesting that susceptibility may cluster in patterns not captured directly by our markers.
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Introduction

Many complex human traits, like blood pressure and glucose
regulation, have a large heritable component. However, the
molecular variants that shape these phenotypes have not
been identified. Genome-wide linkage studies have demon-

*Correspondence: Dr R Cooper, Department of Preventive Medicine and
Epidemiology, Loyola University Medical Center, Maywood, IL 60153,
USA. Tel: +1 708 327 9018; Fax: + 1 708 327 9009;

E-mail: rcooper@lumc.edu

Received 10 July 2003; revised 16 December 2003; accepted 23 December
2003

strated only modest consistency and few physiologic
candidate genes have been well validated.'~*

In an effort to reduce complexity, model physiologic
systems with well-characterized intermediate phenotypes
have been used. The renin-angiotensin system (RAS) is
known to have a key role in blood pressure regulation, and
numerous studies have explored the impact of variation in
the underlying genes on circulating protein levels and
blood pressure. For angiotensin I-converting enzyme
(ACE), for example, the relationship to blood pressure or
other cardiovascular outcomes in the large number of



published association studies using single markers has been
inconsistent.>~? However, linkage analyses and studies
with more extensive genotype information have suggested
that at least for blood pressure molecular variants in the
ACE gene or nearby genes may influence the phenotype of
interest.'°~'® Recently, Zhu et al'* genotyped 10 poly-
morphisms in the ACE gene in African-Americans and
European-Americans. Haplotype analysis suggested a sig-
nificant association of ACE polymorphisms to hyperten-
sion. As the complex nature of the genetic variation at
these loci is better appreciated, and more efficient
genotyping methods are developed, it may become
possible to account more fully for the extensive allelic
heterogeneity that is present.

Marked differences in the risk of high blood pressure are
observed among human populations, including those who
share a common genetic background.'>® Most hyperten-
sion studies carried out to date have had very limited
ability to incorporate these effects into the analytic design.
To obtain more information about the conditioning effect
of the environmental setting, we have been conducting
parallel population-based family studies among Nigerians,
Jamaicans and African-Americans.'®> Within this frame-
work, we set out to refine our understanding of the
potential role of genetic variation at ACE on blood pressure
by generating an extensive marker set on the studied
family members and measuring the ACE phenotype.

Methods
Subject recruitment

The sampling frame for this study was provided by the
International Collaborative Study on Hypertension in
Blacks, as described in detail elsewhere.!>'”'® In this
analysis, we used data from 1158 participants from Nigeria
who belonged to 312 families; in Jamaica 546 individuals
were enrolled from 136 families; in the US 1080 partici-
pants belonged to 312 African-American families. No
participants reported consistent treatment for hyperten-
sion in Nigeria. In Jamaica, 64 participants reported taking
antihypertensive medications at the time of the screening
examination, while this number was 208 in the US. Study
protocols were reviewed and approved by the review
boards of the participating institutions. Screenees with
elevated blood pressure in Nigeria were referred for
treatment. The Nigerian family sample was the subject of
previous reports based on a subset of marker data.'?

Determination of ACE concentration was performed
using a previously published sandwich ELISA%® with some
modifications. Genetic polymorphisms were determined as
described previously.'*!?

Statistical methods
Allele frequencies in the three population samples were
estimated from the founders by the counting method.
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Hardy-Weinberg equilibrium at each locus was assessed by
the 4> test with one degree of freedom.?! Pairwise linkage
disequilibrium (LD) was computed for the three samples
using D’*?> and r* based on the inferred haplotype
frequencies from unrelated founders by PHASE.?* The
statistical significance of a pairwise LD of the markers was
accessed by y? test.?! Individual haplotypes were inferred
from the MERLIN program?! and the haplotype frequen-
cies were estimated by maximizing the likelihood function
over all the possible haplotypes using FUGUE.**

For ACE level, measured genotype analysis accounting
for familial aggregation and covariate effects was carried
out using the computer program ASSOC available in the
Statistical Analysis for Genetic Epidemiology (SAGE)
package.”>~%7 The backward selection method was used
to select the polymorphisms best accounted for the ACE
variation in the three population samples separately.

For hypertension, because the numbers of individuals
taking antihypertensive drugs were about 19 and 12% in
the US and the Jamaican samples, respectively, a binary
trait was used instead. We defined an individual as
hypertensive if he/she was treated with antihypertensive
drugs, or if he/she was untreated and his/her residual of
systolic blood pressure or diastolic blood pressure after
adjusting for sex, age and BMI belonged to the upper 25%
of the residual distribution in the nontreated group.

Since admixture exists in the Jamaican and the US
samples, the transmission/disequilibrium test (TDT) meth-
od is more suitable for these data. We used the generalized
TDT for multiple markers proposed by Clayton®® and
implemented in the computer program TRANSMIT to
perform association of hypertension and ACE polymorph-
isms. The significance level, indicated by P-values, is
assessed by a bootstrap procedure based on 10000
replicates. For multiple polymorphisms, TRANSMIT recon-
structs haplotypes via an E-M algorithm and tests
individual haplotype as well as overall transmission
distortion.

Results

Descriptive characteristics

A total of 2784 individuals were studied in the three
populations. Given the recruitment strategy that targeted
high-risk probands, and the lack of consistent treatment at
baseline, mean blood pressures were higher in Nigeria than
either of the other two samples. Mean ACE levels were also
higher in Nigeria (P<0.05 when comparing with US or
Jamaica). No consistent intercorrelations were noted
between blood pressure and ACE. Table 1 presents the
distributions of the relevant phenotypes. Non-normality
was observed in ACE levels in Nigeria and the US and we
used the inverse of the normal cumulative distribution
function to transform the values of ACE levels in our
subsequent data analysis. General heritability for
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Table 1 Descriptive statistics of the study sample
Nigeria mean+ SD Jamaica mean+ SD US mean+ SD

Male Female Male Female Male Female
N 622 536 227 319 416 664
ACE 615.0+222.7 601.2+207.7 492.7+220.7 465.0+195 534.8+276.2 495.7 +255.2*
BMI 20.44+3.6 22.3+4.8** 23.2+4.5 27.54+6.8** 27.2+6.5 30.7 £8.0**
AGE 42.5+20.3 41.5+18.4 40.2+17.2 429+16.6 36.5+13.6 41.4+15.4*
SBP 126.9+25.1 131.1+30.2*
DBP 76.4+17.2 79.1+18.8*
No HT treatment
N NA NA 214 268 359 513
SBP 116.4+17.0 114.9+18.3 118+15.1 113.8+17.1**
DBP 69.4+14.7 67.3+14.3 70.2+12.5 68.9+11.2
HT treatment
N NA NA 13 51 57 151
SBP 155.8+23.5 142.2+26.9 136.7+16.9 134.2+19.7
DBP 87.6+20.4 83.6+16.3 80.3+11.5 76.8+12.1

*P-value <0.05 when comparing with the male group within populations.
**P-value <0.001 when comparing with the male group within populations.

Table 2 Minor allele frequencies of the ACE polymorphisms and association to ACE plasma level in the three populations

Nigeria Jamaica us
Marker Minor allele Freq (%) P-value Freq (%) P-value Freq (%) P-value
ACE1 C(C/M) 34.46 1.88x 10712 39.65 1.4%x1074 33.09 0.1
ACE2 C(A/C) 34.22 2.46 x107'3 37.17 1.4%x1073 32.16 0.043
ACE3 T(C/T) 5.91 6.52x1073 11.96 0.32 17.40 1.0
ACE4 T(A/T) 33.23 3.33x10°'° 39.34 9.6x107* 32.56 0.40
ACE5 C(C/T) 5.98 0.074 12.92 48x107* 10.97 3.63x1071°
ACEs12 C(C/M) 8.15 0.094 7.89 0.29 7.73 0.27
ACEs11 A(A/G) 3.88 0.014 9.41 4.59x107° 9.01 6.55x 107"
ACE6 T(C/T) 9.48 0.86 16.49 0.038 18.30 0.04
NewACE6 G(A/G) 0.61 0.22 0.50 0.44 0.25 1.0
ACE7 G(A/G) 36.61 3.33x107'6 39.11 3.17x10°8 40.55 1.01 x 107!
I/D I(1/D) 35.74 2.22x10716 38.13 1.39x 1078 38.60 3.13x107°
ACE8 G(A/G) 21.24 0 24.60 5.55x107'¢ 20.37 0
ACE9 2(2/3) 43.71 1.8x10°* 42.74 0.4 41.28 0.53

Allele frequencies were estimated using counting method from the extended founders with 492 in Nigeria, 204 in Jamaica and 414 in Maywood,

respectively.

ACE - estimated as familial aggregation — was 0.69, 0.36
and 0.56 for the Nigerian, Jamaican and US families,
respectively. Exclusion of all persons treated with anti-
hypertensive medications resulted in hereditability for ACE
of 0.33 in Jamaica and 0.56 in the US.

Allele/haplotype frequencies and patterns of LD

In all, 13 markers were typed at the ACE locus (Table 2) and
their positions are indicated in Zhu et al.'* The minor allele
frequencies in the three populations were similar, with the
exception of ACE3 and ACES. The minor alleles of ACE3
and ACES are much more frequent in Europeans®’ and this
result most likely represents population admixture in
Jamaica and the US.
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Using all 13 polymorphisms, common haplotypes
(ie frequency >1.5% in at least one population)
were constructed (Table 3); this set of haplotypes
accounted for 74, 62 and 68% of chromosomes in the
Nigerian, Jamaican and US samples, respectively. Haplo-
type frequencies were similar in the three populations,
with greater correspondence between the frequencies
found in Jamaicans and African-Americans with the
Nigerians, again reflecting modest European admixture.
Haplotypes TAIA3 and CTDG2 formed by the five
SNPs, ACE3, ACE4, insertion/deletion (I/D), ACE8 and
ACE9 correspond to the sets of haplotypes #9 and #13,
and #12 and #15, respectively. TAIA3 and CTDG2
were found to be more frequent in a French population
sample (31 and 33%)*° than observed in our Nigerian
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Table 3 Four clade haplotype frequencies of the ACE gene in the three populations

ACE1 ACE2 ACE3 ACE4 ACE5 ACEs21 ACEs11 ACE6 NewACE6 ACE7 I/D ACE8 ACE9 Nigeria Jamaica us
Clade 1
1 T A C A T T G C A A D A 2 12.86 7.98 10.30
2 T A C A T T G C A A D) A 3 1279 1079 1193
3 T A C A T T G C A A D G 3 10.36 6.22 6.36
6 T A C A T T G C A A D G 2 5.75 2.98 3.93
7 T A C A T C G C A A D A 3 3.42 3.78 3.2
14 T A C T T T G C A A D A 2 — 1.99 0.67
Clade 2
4 C C C T T G C A G | A 2 9.66 7.9 7.13
5 C C C T T T G C A G | A 3 7.74 5.48 412
11 C C T C G C A G | A 3 1.7 0.56 0.33
Clade 3
8 T A C A T T G C A G | A 3 2.47 2.99 3.35
9 C A T A T T G T A G | A 3 2.2 2.42 2.00
0 T C C A T T G T A G | A 3 2.14 0.45 1.93
13 T A T A T T G T A G | A 3 1.53 3.28 7.96
Clade 4
12 C C C T C T A C A A D G 2 1.61 4.51 6.05
15 C A C T C T A C A A D G 2 — 1.57 0.42
Bold letters indicate the difference in haplotypes within a clade. —, indicate haplotype frequency <1%.
sample (3.73 and 1.61%). Both TAIA3 and CTDG2 were u
more frequent in the Jamaican and US samples than in the % :
Nigerian sample (5.70 and 6.08% in Jamaicans, and 9.96 = 1j "
and 6.47% the US samples). A putative haplotype tree was i al
constructed from the 15 haplotypes using the principal of ” : = H!
maximum parsimony found in the software PAUP! and - i

Aced Acel

the evolutionary relationships among these haplotypes are - I
described in Figure 1. The haplotypes were then grouped i R e e
into four clades according to the Templeton’s algo- ko Ao

rithm.3*33 As noted, the I/D polymorphism connects clade
(1, IV) and (11, III).

The pattern of LD measured by D' and r* among the 13
markers was calculated among the unrelated individuals in
each of the three population samples (Tables 4-6). With
the exception of very low-frequency SNPs (eg NewACE6),
there was a general correspondence in the pattern across
the three groups. The average pairwise correlation for each
of the D' values between the groups was 0.86 in Nigerians
vs Jamaicans, 0.84 in Jamaicans vs African-Americans and
0.76 in Nigerians vs African-Americans. Using the haplo-
type block definition of Zhu et al,** the only common
block identified across three populations consists of ACE?,
I/D and ACE8 (D' >0.89). Presumably, due to the SNPs with
minor allele frequencies less than 20%, we did not identify
additional blocks. ACE1, ACE2, ACE4, ACE7 and I/D were
found to be in significant LD in all three samples. In the US
sample, two more markers, viz, ACE3 and ACE9, were also
in significant LD with this set of SNPs. More striking,
however, was the virtual absence of blocks where D' >0.9.
The other region of moderately high LD involved SNPs
1-4. This impression was confirmed by an analysis based

Hi

Figure 1 Cladogram of the ACE gene derived from
multilocus haplotypes.

on other haplotype block definitions currently in use® -
virtually no blocks were identified that included more than
two SNPs and many SNPs could not be placed in blocks at
all.?®

Association of ACE polymorphisms with ACE
concentration

The association of each polymorphism with ACE levels was
tested using the likelihood statistic with the adjustment of
age, gender and BMI (Table 2). Since ACE level and
medication treatment is only significantly correlated in
Maywood sample, we also adjusted medication treatment
in the analysis of Maywood sample. The largest effect was
localized to ACES for all three population samples; the
proportion of total variance in plasma ACE explained by

European Journal of Human Genetics



ACE polymorphisms, ACE level with BP
@‘ N Bouzekri et al

464

Table 4 Pairwise LD of polymorphisms in the ACE gene in the Nigerian sample (D' and r?)

Acel Ace2 Ace3 Ace4 Ace5 Aces12

Acesl1 Ace6 NewAce6 Ace7 I/D Ace8

ACE2 0.79
0.61
ACE3 0.06 0.88
0 0.02
ACE4 0.86 0.76 0.89
0.70 0.56 0.02
ACE5 0.99 0.84 0.88 0.71
0.12 0.09 0 0.06
ACEs12 0.62 0.49 1.00 0.60 0.89
0.02 0.01 0.01 0.01 0
ACEsT1 0.92 0.84 0.83 0.55 0.74 0.87
0.06 0.06 0 0.02 0.35 0
ACE6 0.20 0.13 0.85 0.72 1.00 0.77
0 0 0.43 0.03 0.01 0.01
NewACE6 0.99 0.98 0.94 0.99 1.00 1.00
0 0 0 0 0 0
ACE7 0.63 0.56 0.85 0.58 0.49 0.25
0.36 0.28 0.08 0.29 0.01 0
I/D 0.62 0.55 0.80 0.57 0.48 0.38
0.35 0.27 0.07 0.29 0.01 0.01
ACE8 0.68 0.60 0.97 0.68 0.15 0.57
0.06 0.05 0.02 0.06 0 0.01
ACE9 0.15 0.13 0.87 0.16 0.48 0.38
0.02 0.01 0.04 0.02 0.02 0.01

1.00

0

1.00 1.00

0 0

0.76 0.70 0.99

0.01 0.09 0

0.77 0.66 0.99 0.95

0.01 0.08 0 0.88

0.49 0.65 0.98 0.99 1.00

0.04 0.01 0 0.15 0.15

0.29 0.67 0.97 0.08 0.08 0.08
0 0.04 0.01 0 0 0

LD with P-values <0.0006 indicated in bold. I)' is at upper of 7% in each cell.

Table 5 Pairwise LD of polymorphisms in the ACE gene in the Jamaican sample (D' and r?)

Acel Ace2 Ace3 Ace4 Ace5 Aces12

Acesl1 Ace6 NewAce6 Ace7 1/D Ace8

ACE2 0.69
0.43
ACE3 0.11 0.73
0 0.04
ACE4 0.80 0.71 0.81
0.62 0.44 0.06
ACE5 0.96 0.72 0.83 0.98
0.19 0.12 0.01 0.19
ACEs12 0.92 0.91 0.50 0.92 0.86
0.05 0.04 0 0.05 0.01
ACEs11 0.95 0.64 0.37 0.90 0.93 0.80
0.14 0.07 0 0.12 0.67 0.01
ACE6 0.32 0.43 0.70 0.69 0.99 0.93
0.01 0.02 0.36 0.06 0.02 0.01
NewACE6 0.43 0.41 1.00 0.44 0.12 1.00
0 0 0 0 0 0
ACE7 0.42 0.36 0.64 0.33 0.61 0.68
0.18 0.12 0.09 0.11 0.03 0.02
I/D 0.39 0.32 0.65 0.30 0.73 0.68
0.15 0.10 0.09 0.08 0.04 0.02
ACE8 0.06 0.08 0.46 0.09 0.57 0.03
0 0 0.01 0 0.14 0
ACE9 0.28 0.26 0.83 0.43 0.66 0.68
0.07 0.06 0.07 0.16 0.08 0.03

0.99

0.02

0.17 1.00

0 0

0.85 0.62 0.29

0.05 0.11 0

0.88 0.67 0.28 0.94

0.05 0.13 0 0.84

0.79 0.73 0.01 0.89 0.89

0.21 0.03 0 0.16 0.15

0.98 0.68 0.10 0.14 0.17 0.20
0.13 0.06 0 0.01 0.01 0.02

LD with P-values <0.0006 indicated in bold. I’ is at upper of 7* in each cell.

this polymorphism was 21, 17 and 14% in Nigeria, Jamaica
and the US, respectively. To identify the best overall models
from each of the three populations, we performed back-
ward model selection (Table 7). Only ACE8 and ACE9 were
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retained in common in the three models; polymorphisms
in the 5 region were also significant in the three best
models but no polymorphisms from that region were
common in all three population samples.
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Table 6 Pairwise LD of polymorphisms in the ACE gene in the US African-American sample (D' and )

Acel Ace2 Ace3 Ace4 Ace5 Aces12 Acesl1 Ace6 NewAce6 Ace7 1/D Ace8
ACE2 0.79
0.60
ACE3 0.47 0.92
0.02 0.08
ACE4 0.84 0.76 0.92
0.69 0.56 0.08
ACE5 0.89 0.71 0.89 0.88
0.20 0.14 0.02 0.02
ACEs12 0.81 0.82 0.99 0.91 0.82
0.02 0.02 0.01 0.03 0.01
ACEs11 0.97 0.75 0.87 0.87 0.95 1.00
0.19 0.12 0.02 0.16 0.72 0.01
ACE6 0.44 0.51 0.75 0.86 0.93 0.65 0.92
0.02 0.03 0.53 0.08 0.02 0.01 0.02
NewACE6 0.76 0.76 1.00 0.76 1.00 1.00 1.00 1.00
0 0 0 0 0 0 0 0
ACE7 0.83 0.34 0.71 0.27 0.65 0.50 0.90 0.81 0.73
0.10 0.08 0.15 0.05 0.04 0.01 0.06 0.20 0
1/D 0.33 0.31 0.64 0.24 0.64 0.44 0.90 0.74 0.74 0.90
0.08 0.07 0.13 0.04 0.03 0.01 0.05 0.18 0 0.78
ACE8 0.11 0.06 0.40 0.09 0.65 0.98 0.89 0.82 1.00 0.96 0.96
0.01 0 0.01 0 0.21 0.02 0.31 0.04 0 0.16 0.16
ACE9 0.38 0.33 0.70 0.41 0.57 0.56 0.77 0.87 0.73 0.24 0.27 0.36
0.10 0.07 0.07 0.12 0.06 0.01 0.09 0.11 0 0.03 0.03 0.05
LD with P-values <0.0006 indicated in bold. I)' is at upper of 7% in each cell.
Table 7 Best models to fit ACE polymorphisms and plasma level in the three populations
Nigeria Jamaica us?
Marker in model BP (std) P-value  Marker in model B (std) P-value  Marker in model BP (std) P-value
ACE3 —0.25(0.085) 0.003 ACE1 —0.30(0.077) 1.2107* ACE2 —0.18(0.06) 0.003
ACE4 —0.22(0.047) 210°° ACE3 —0.31(0.130) 0.018 ACEs1.2 0.21(0.097) 0.030
ACES5 0.23(0.086) 0.007 ACEs1.1 —0.51(0.149) 6.610~* ACEs1.1 —0.43(0.112) 1.410°*
ACEs1.2 0.29(0.076) 1.4107* ACE6 0.26(0.128) 0.044 ACE8 —0.47(0.074) 1.910°1°
ACE8 —0.80(0.053) 0.0 ACE8 —0.61(0.094) 5.6610°"" ACE9 —0.11(0.052) 0.028
ACE9 —0.14(0.041) 5.610~* ACE9 —0.29(0.074) 7.210°°

#Only the US African-American sample was adjusted with hypertensive medication.
PThe estimators of linear regression coefficients and an additive model is assumed for all the SNPs.

Association with hypertension

In a test of association of each individual SNP with
hypertension, only ACE9 in the Jamaicans and ACE3,
ACE6 and ACE9 in the African-Americans were in
significant transmission distortion (P<0.05). Owing to
the potential biological link of ACE level with blood
pressure, we also examined the association of blood
pressure/hypertension with the polymorphisms identified
by modeling ACE level. Since multilocus haplotypes
may be in strong LD with a functional variant, providing
more power to detect the association, we performed
haplotype analysis using TRANSMIT in each of the
population samples separately using the backward model
selection strategy. We began by including the polymorph-
isms in the final models determined for the prediction of

ACE plasma levels (Table 7), supplemented with those
that showed marginal significance (P<0.2) in the single
locus association analysis for hypertension. At each
step, we dropped one polymorphism if the pair of
haplotype effects due to this polymorphism on hyperten-
sion was consistent, in the sense that any pair
of haplotypes distinguished by this polymorphism
were both overtransmitted or both undertransmitted, or
the frequency of one of the haplotypes was low. This
procedure is equivalent to selecting the model with the
largest global test statistic and the smallest number of
polymorphisms.

Table 8 presents the final models for each of the three
population samples. As noted previously, no associated
polymorphisms were common across the three population
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samples. In the Nigerian sample, ACE6, ACE7 and I/D were
included in the final model (global test P-value 0.007).
Haplotype CAD was transmitted more often than expected
under the null hypothesis (P=0.007). ACE7 and I/D are in
strong LD where they always appear in the major
haplotypes AD or GI. When we used only the ACE6 and
I/D polymorphisms, the global test was still significant
(P=0.019). In the Jamaican sample, ACEs12 and ACE9
were in the final model (global test P=0.046). Haplotype
T2 was overtransmitted in the hypertensive offspring
(P=0.025), while T3 was undertransmitted (P=0.0055).
ACE1, ACE3 and ACES formed the final model for the US
sample (global test P=0.0002) and haplotype TCT was
significantly overtransmitted in the hypertensive offspring
(P<0.0001). Although no polymorphisms were found in
common in the three final models, all the overtransmitted
haplotypes (ie CAD in the Nigerians, most of T2 in the
Jamaicans and TCT in the US) belong to clade [; all three of
these haplotypes were more likely to be transmitted to the
affected offspring. This result could indicate an underlying
consistency in the three populations if one assumes that
unobserved effects could be attributed to these chromo-
somes. Finally, we pooled the three samples together for
TDT analysis retaining polymorphisms ACE1, ACE3, ACES,
ACE6 ACE7, I/D, ACEsl12 and ACE9. Using the same
strategy, we obtained a final model including ACE],
ACE3, ACES, ACE6 and I/D with a global test P-value
0.007. Haplotype TCTCD was significantly overtransmitted
to the affected offspring and this haplotype again belongs
to clade 1.

Table 8 Final models fitting ACE haplotypes to hyperten-
sion status in the three population samples (analysis based
on TRANSMIT)

Haplotype freq Obs# Exp# DT P-value
Nigeria, ACE6—ACE7 -1/D

TGl 44.5 44.5 0 1.0
Cdl 138.6 149.1 3.1 0.086
CAD 328.6 311.8 6.7 0.007
Global test 0.007
Jamaica, ACEs12-ACE9

T3 136.6 149.5 7.4 0.0055
Cc3 23.6 20.3 1.9 0.1166
T2 144.9 135.1 4.8 0.025
Global test 0.045
US, ACET-ACE3-ACES

T 85.4 94.5 3.2 0.05
TCT 408.3 378.6 16.3 0.0
CCT 125.7 136.4 3.2 0.068
CCC 76.9 79.2 0.2 0.59
Global test 0.0002

P-values were estimated based on 10 000 bootstrap samples
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Discussion

ACE is a key component of the RAS that converts
angiotensin into a vasoactive compound that leads to the
constriction of resistance blood vessels and retention of salt
and water, thereby influencing both short- and long-term
blood pressure regulation. ACE level has been known to be
highly heritable for a number of years, and the strong
underlying genotype-phenotype relationship has made it
an important test system in which to examine the
complexities of quantitative traits. The ACE gene has
consequently been intensely studied as a susceptibility
gene for hypertension. Linkage was found at ACE or a
nearby locus in the Framingham Heart Study on two
occasions, although restricted to men.'®!''3¢® Among
previous studies of the ACE I/D polymorphism with
hypertension, a variety of studies have suggested that an
association exists®~73”~*3 while others have produced
negative results.®#4=46 The conflicting association results
with the I/D polymorphism further imply that a single
marker may not include sufficient information.

In this analysis, we accumulated a total of 36000
genotypes across the 25kb region of this gene in 2776
individuals. While power declined in the TDT analyses that
restricted the family units, we had considerable informa-
tion about the segregating variability at this locus. Our
association analysis between ACE plasma level and ACE
polymorphisms suggests that there is more than one
functional variant affecting ACE plasma level across the
three populations. ACE8 and ACE9 are always present in
the final models for the three populations, suggesting that
ACES alone does not summarize all the variation residing
in 3’ section of the gene. The effect of the 3’ SNPs was not
explained fully by ACES8 in all the samples, confirming a
role for variants from at least two loci within this
gene.'3?%47 This pattern was described in greater detail in
an earlier publication using a set of 35 markers in the ACE
gene in a subset of our Nigerian family members, as well as
in an independent sample of Jamaicans.'®*’ In the
Nigerian analysis, polymorphism ACE 22982, located at
the 3’ end of the gene, was apparently more influential
than ACES. All the final models in the current analysis
include the 5’ polymorphisms, confirming the presence of
an additional functional variant. Even with the relatively
strong genotype-phenotype relationship between ACE
genetic variants and the plasma level, and a robust data
set, it is still difficult to define the precise variants
responsible for the phenotypic variation. At the very least,
these results indicate that association studies of quantita-
tive traits should be highly consistent across different
populations, conditional on an effect of the variant on a
phenotype that is large enough and adequate sample size.

The effect of the ACE polymorphisms on hypertension —
if such an effect indeed exists — may be much more
complex than that observed for ACE level. In our single
locus TDT analysis, we observed a nominally significant



association with hypertension for ACE9 in Jamaicans and
ACE3 and ACE6 in the US; no markers were associated
among the Nigerians. Adjustment for multiple testing
would eliminate any associations beyond chance for the
individual polymorphisms. Further analysis of multilocus
haplotypes suggested that different combinations of ACE
polymorphisms were associated with hypertension in each
of the three populations. Cladistic analysis, however,
demonstrated that the haplotypes associated with the
increasing risk of hypertension did mainly fall into a single
clade. This result is consistent with the finding in an earlier
study of African-Americans and European-Americans,*
where the risk haplotype belonged to the clade I. This
result suggests that multiple variants in the ACE gene that
influence risk of hypertension may have become em-
bedded in specific phylogenetic branches over the course
of its evolutionary history.

We previously performed association analysis relating
blood pressure and ACE polymorphisms in the Nigerian
sample and identified that a two-locus epistasis model
(ACE4 and ACES8) provided the best fit to blood pressure
variation.'® However, in the current analysis we found that
haplotype CAD, consisting of ACE6, ACE7 and I/D, is
significantly overtransmitted to hypertensive offspring.
There are several possible explanations as to why we found
different patterns using the two approaches: (1) The
findings in both analyses could be due to chance. However,
the Nigerian result is consistent with previous results in
African-Americans and European-Americans.'**? (2) ACE4,
ACE6, ACE7, 1I/D and ACES8 are in significant LD, and
ACE7, I/D and ACES fall into a single haplotype block. The
physical linkage among these SNPs makes it more difficult
to sort out the separate identity of the causal variants.

Against a similar genetic background, African-Americans
experience higher rates of hypertension than Nigerians.
While it is evident that environmental exposures therefore
influence the expression of the genetic trait, it is not
known whether that effect is differential across environ-
ments (ie reflects gene-environment interactions). This
study demonstrates little or no gene-environment inter-
action related to ACE level; however, given the very weak
association with hypertension, it is impossible to know
whether heterogeneity across the study populations is
purely chance, or the conditioning effect of the environ-
ment. Other practical aspects, such as use of antihyperten-
sive medication in the US, made it difficult to conduct
analyses that were entirely consistent across groups.

A description of the patterns of genetic variation that
underlie complex quantitative traits continues to elude
genetic epidemiologists. In this analysis, we have con-
firmed that two loci in the ACE gene influence the
circulating level of the enzyme, however, we could not
isolate any single DNA site; if that pattern is the norm,
then dissection of the genetic background for candidate
genes will have to be carried out in great detail. Despite a
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large study sample and extensive genetic information, the
evidence for an association with hypertension remains
uncertain. If one assumes that the resolving power for
blood pressure is an order of magnitude less than for ACE
level, given the anticipated small influence of this locus,
then it might be reasonable to argue that the search process
could not go lower than identification of an association
with an entire clade. It must then follow that if causal
variants can only be localized to clades, then the search
process becomes even more difficult than generally
anticipated.
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